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Ama, Aita eta Idoiari





I will not die an unlived life. I will not
live in fear of falling or catching fire. I
choose to inhabit my days, to allow my

living to open me, to make me less
afraid, more accessible, to loosen my

heart until it becomes a wing, a torch,
a promise. I choose to risk my

significance; to live so that which came
to me as a seed goes to the next as a

blossom and that which came to me as
a blossom, goes on as fruit.
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Laburpena

Azken hamarkadetan, bibrazioen aurkako aplikazioen helburu nagusia osagaien
bizitza erabilgarria, erosotasuna eta segurtasuna areagotzea izan da. Hala ere, gaur
egungo aplikazioek lan-baldintza aldakorretara moldatzeko malgutasuna behar dute.
Hori dela eta,material adimenduak gero eta gehiago erabiltzen ari dira industriako sek-
tore ezberdinetan. Material talde honen barruan elastomero magnetoerreologikoak
daude, eremu magnetiko baten eraginpean beraien propietateak aldatzen dituztelako.

Tesi doktoral honenhelburunagusia elastomeromagnetoerreologikoenpropietate
magnetotermikobiskoelastikoak aztertzeada, aplikazio industrialetanelastomeromag-
netoerreologikoen erabilpena areagotu ahal izateko.

Hiru matrize ezberdin eta zortzi partikula-kontzentrazio bolumetriko erabili dira
elastomero magnetoerreologiko isotropo eta anisotropoak sintetizatzean. Galera-
faktorea eta metatze-modulua aztertzen dituen irizpide berria proposatu da sinteti-
zaturiko laginen tarte biskoelastiko lineala definitzeko. Gainera, tarte honen sintesi-
eta karakterizazio-aldagaiekiko menpekotasuna aztertu da. Tarte biskoelastiko linea-
la definitu ostean, sintesi- eta karakterizazio-aldagaien eragina propietate magneto-
biskoelastiko linealetan aztertu dira. Horrela, material hauen atenuazio maximoaren
aldakuntza definitu da.

Bestalde, konpresio-entsegu magnetodinamiko berria diseinatu eta fabrikatu da,
elastomero magnetoerreologikoak frekuentzia altuetan neurtu ahal izateko. Konpre-
sioko propietateak neurtzeko prozedura definitu eta gero, elastomero magnetoerre-
ologiko isotropoenkonpresio-tartebiskoelastiko lineala aztertuda. Horrela, partikula-
kontzentrazioaren, frekuentziaren eta eremu magnetikoaren eragina propietate mag-
netobiskoelastiko linealetan definitu da.

Azkenik, bimodelomagneto-biskoelastiko berri garatu dira, bata elastomeromag-
netoerreologiko isotropoetarakoetabestea anisotropoetarako. Bi ereduetan, bilakaera
biskoelastikoa aurreikusteko lau parametroko deribatu frakzionarioen eredua erabili
da. Arrhenius-en eredua erabiliz tenperaturearen eragina modelatu da, eta proposa-
turiko eredu biskoelastikoari gehitu zaio. Gainera, proposaturiko ereduko parametro
bakoitzeanpartikula-kontzentrazioakdueneragina aztertu etamodelatuda. Elastome-
ro magnetoerreologiko isotropoetan eremu magnetikoak eragiten duen modulu mag-
neto induzitua modelatzeko, dipolo-dipolo interakzioetan oinarritua dagoen eredua
garatu da. Elastomero magnetoerreologiko anisotropoei dagokienez, eremu magneti-
koarekikomenpekotasunamodelatzekomaterial hauenpermeabilitatemagnetikoetan
oinarritua dagoen eredua garatu da. Eredu biskoelastikoa eta eredumagnetikoa elkar-
tuz, elastomero magnetoerreologiko anisotropoen bilakaera magnetobiskoelastikoa
aurreikusten duen eredu berri bakar bat garatu da.





Resumen

En las últimas décadas, se han desarrolladomúltiples aplicaciones anti-vibratorias
con el fin de aumentar la vida útil de los componentes, el confort y la seguridad. La
mayor parte de estas aplicaciones utilizan materiales que no se pueden adaptar a unas
condiciones de trabajo variables, por lo que surgen como alternativa los materiales in-
teligentes. Dentro de éste grupo de materiales, se encuentran los elastómeros magne-
torreológicos que poseen la capacidad de modificar sus propiedades cuando se aplica
un campo magnético externo.

El principal objetivo de ésta tesis es analizar el comportamientomagneto-térmico-
dinámico de los elastómeros magnetorreológicos para incrementar su uso en aplica-
ciones industriales.

Se han sintetizado elastómeros magnetorreológicos isótropos y anisótropos con
tres matrices diferentes y ocho concentraciones volumétricas de partículas. Se ha
propuestounnuevocriterioparadefinir el rangoviscoelástico lineal de los elastómeros
magnetorreológicos a cortadura analizandoel factor depérdida y elmódulode almace-
namiento. Además, se ha estudiado la influencia de las variables de síntesis y de carac-
terización en el rango viscoelástico lineal, y en las propiedadesmagneto-viscoelásticas
de los elastómeros magnetorreológicos isótropos y anisótropos, lo que ha permitido
establecer la máxima atenuación de estos materiales.

Adicionalmente, se ha diseñado e implementado un nuevo ensayo magneto-
dinámico de compresión para caracterizar los elastómeros magnetorreológicos a altas
frecuencias. En este modo de trabajo se han establecido el límite viscoelástico lineal y
las propiedades magneto-viscoelásticas en función de la concentración de partículas,
frecuencia y campo magnético.

Por último se han creado dos nuevos modelos magneto-viscoelásticos, uno para
elastómeros magnetorreológicos isótropos y otro para anisótropos. Ambos, utilizan
un modelo de derivadas fraccionarias de cuatro parámetros para describir el carác-
ter viscoelástico, al que se ha acoplado el modelo de Arrhenius para incluir la tem-
peratura. Cada uno de los parámetros del modelo viscoelástico se ha analizado y
modelado en función de la concentración de partículas. En el modelo viscoelástico
de elastómeros magnetorreológicos isótropos se ha implementado un nuevo modelo
magneto-inducido basado en la interacción dipolo-dipolo para incluir el efecto del
campo magnético. En cuanto a los elastómeros magnetorreológicos anisótropos, se
ha desarrollado un nuevo modelo para el módulo magneto-inducido a partir de las
permeabilidades magnéticas. Este modelo se acopla al efecto viscoelástico dando un
único modelo magneto-viscoelástico para elastómeros magnetorreológicos anisótro-
pos.





Abstract

In the last decades, many anti-vibration applications have been developed to in-
crease the life time of components, the comfort and the security. Most of these appli-
cations are based on materials that cannot be adapted to variable working conditions,
so that smart materials arise as an alternative. Within these group ofmaterials, magne-
torheological elastomers are foundwhose dynamic properties can be reversiblymodi-
fied and controlled by an external magnetic field.

The main goal of the presented dissertation was to analyse the magneto-thermo-
dynamic behaviour of magnetorheological elastomers to enhance its use in industrial
applications.

Isotropic and anisotropic magnetorheological elastomers samples were synthe-
sised with three different matrices and eight particle contents to study the shear
magneto-viscoelastic properties. A new criteria analysing the loss factor and storage
moduluswasdetermined todefine the shear linear viscoelastic regionofmagnetorheo-
logical elastomers, and the influence of synthesis and characterisation variables in the
linear region was studied. Within this linear region, the magneto-viscoelastic proper-
ties of isotropic and anisotropicmagnetorheological elastomers were studied, and the
maximum attenuation variability of these materials was established.

A new magneto-dynamic compression test was designed and manufactured, and
the procedure to characterise magnetorheological elastomers at high frequencies in
compressionmodewas implemented. Furthermore, the linear viscoelastic regionwas
defined in these working mode, and the magneto-dynamic properties were analysed
as a function of the particle content, the frequency and the magnetic field.

Finally, two new magneto-viscoelastic models were developed, one for isotropic
and another one for anisotropic magnetorheological elastomers. In both models, the
viscoelastic nature was modelled using a four-parameter fractional derivative model,
and the influence of temperature was introduced using the Arrhenius model. More-
over, the influence of particle content in each parameter was analysed and mode-
lled, and a new magneto-induced modulus model based on the dipole-dipole interac-
tions was coupled with the developed models for isotropic magnetorheological elas-
tomers. In respect of anisotropic magnetorheological elastomers, a new magneto-
induced modulus model was developed using magnetic permeability components,
and it was coupled to the viscoelastic effect in a single magneto-viscoelastic model
for anisotropic magnetorheological elastomers.
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1.1 Motivation and background

In the last decades, many anti-vibration applications have been developed to in-
crease the life time of components, the comfort and the security. Most of these
applications are basedonmaterials that cannot be adapted to variableworking con-
ditions, so that smart materials arise as an alternative. Within these group of mate-
rials, magnetorheological elastomers are found whose dynamic properties can be
reversibly modified and controlled by an external magnetic field.

Smart materials are those materials which can vary their properties depen-
ding on an external effect, such as piezoelectric materials, shape memory alloys,
temperature-responsive polymers, ferrofluids, etc. In 1948, Rabinow (1948)
found that somematerialsmodify their propertieswhen an externalmagnetic field
was applied, and they recovered their initial propertieswhen the fieldwas removed.
This property variability due to an external magnetic field is called magnetorheo-
logical (MR) effect. There are three type of MR materials according to the main
media—magnetorheological fluids (MRF), magnetorheological gels (MRG) and
magnetorheological elastomers (MREs).

In the last three decades, the main studied topics have been the magnetorheo-
logical fluids. Thesematerials consist ofmagnetisable particles suspended in a non-
magnetic fluid media. MRFs operate within a post-yield continuous shear or flow
regime (López-López et al. 2012). When amagnetic field is applied toMRFs, par-
ticles are aligned and characterised by the yield stress. Nevertheless, MRFs show
drawbacks such as particle sedimentation, environmental pollution due to leaks,
and problems to keep the fluid in the application device (Ginder et al. 2002).

In order to overcome the drawbacks of the MRFs, the fluid media have been
substituted by a polymeric matrix. These materials are named as magnetorheolo-
gical elastomers (MREs). MREs always operate in the pre-yield regime (Carlson
and Jolly 2000).

TheMREs have been used in applications such as isolators (Ladipo et al. 2016;
Sun et al. 2015), seismic isolator (Yu andYang 2012), seat isolators (Li et al. 2012)
anddumpers (Tuet al. 2014). During thedesigning andprototypingof these appli-
cations, the dynamic properties of these materials and its dependency with the
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1. Introduction

synthesis and working conditions have to be known. Furthermore, appropriate
constitutive models are supportive for the design of MRE applications.

Dynamic characterisations of MREs have been performed using oscillatory
movements, as tensile, compression or shear movements. The shear movement
can be rotational or linear, and the magnetic field is perpendicular to the move-
ment. In the literature, most of the works have studied the shear mode because
there are commercial equipment developed for magnetorheological characterisa-
tions. However, in tensile and compression tests the movement is linear and the
magnetic field is parallel to mechanical strain Varga et al. (2006).

The most important property of MRE materials is the variability of the dy-
namic properties depending on the applied magnetic field. These variability have
been studied analysing the storage modulus variation with an external magnetic
field, and have been measured with the relative MR effect, also known as MR ef-
fect. That effect was defined as the ratio between the change in its storagemodulus
with and without magnetic field and the storage modulus without magnetic field
(Chen et al. 2008a).

Within the synthesis variables the most significant components are the main
matrix, particle content and pre-structure process. The MR effect is dependent
on the matrix and it is larger using a softer matrix (Yang et al. 2015), although
natural rubber is used due to its good dynamic properties. Therefore, an equi-
librium have to be obtained between the dynamic properties and the MR effect.
The particle content is also a determinant synthesis parameter—a larger content
increases the dynamic properties of MREs (Wang et al. 2011) and improve the
MR effect (Lokander and Stenberg 2003b). During the cross linking or vulcanisa-
tion process, the magnetic field aligns the particles in chains obtaining chain-like
structures once the elastomer is vulcanised. Those MRE samples are considered
as anisotropicMREs (Ju et al. 2015), and thosewhich are synthesisedwithout any
magnetic field are named isotropicMREs (Bellucci et al. 2016). The dynamic pro-
perties (Lu et al. 2012) and the MR effect are larger for anisotropic MREs (Schu-
bert and Harrison 2015).

The dynamic properties of MRE are also dependent on the characterisation
variables. As many viscoelastic materials, MREs can be modelled by the complex
modulus when they are working in the linear viscoelastic region (Jones 2001). At
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low strains, the behaviour is independent of strain, but at higher strains the be-
haviour is non-linear. This behaviour is known in the literature as the Payne effect
(Payne 1962). In general, the dynamic properties and theMR effect are increased
with frequency (Li et al. 2010), temperature (Wang et al. 2011) andmagnetic field
(Carlson and Jolly 2000). Furthermore, the MR effect is larger within the linear
region (Jung et al. 2016; Lokander and Stenberg 2003a; Schubert and Harrison
2015).

During the prototyping of the MRE applications, finite element simulations,
which are based on appropriate constitutive models, are also supportive. The pre-
dominant behaviour ofMREs is the viscoelastic one owing to the nature of thema-
trix. However, the influence of the particle content, the particle-matrix interaction
and the external magnetic field in the viscoelastic properties have to be analysed
and modelled.

The modelling of the viscoelasticity of these materials have been done by dif-
ferent constitutive models, as classical differential models and fractional deriva-
tive models. One of the classical differential model used in MREs was the stan-
dard linearmodel (Chen and Jerrams 2011;Han et al. 2012), also known as Zener
model (Zener 1948). TheBoltzmanndifferentialmodel have also been used in the
modelling of the viscoelastic behaviour of MREs (Behrooz et al. 2014; Liao et al.
2013).

In order to avoid the addition of many material parameters, fractional deriva-
tive models can be used containing less material parameters and with a physical
interpretation (Pritz 1996), and are very useful to model the dynamic behaviour.
Therefore, fractional derivative models have been used to study the viscoelastic
behaviour of MREs (Guo et al. 2014; Zhu et al. 2013).

The viscoelastic behaviour of MREs is modified due to the embedded parti-
cles during the vulcanisation process (Lu et al. 2012). That is why, the interaction
between the filler (particle) and thematrix have beenmodelled (Guth 1945; Leng
et al. 2013).

In the literature, the dipole-dipole interaction model proposed by Jolly et al.
(1996a) to model the magnetic field influence in the MRE properties is the most
used one. Furthermore, Davis (1999) extended this model to take into account
the interaction of all particles of a chain. The variation of the modulus due to the
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magnetic field have also been modelled using an effective permeability of MREs
(Dong et al. 2013; Leng et al. 2013).

With this brief frame, the present thesis aims to analyse the magneto-thermo-
dynamic behaviour of MREs. The present dissertation has been developed as a
compendium of scientific publications and it is presented as an academic thesis
format. The current thesis comprises five chapters including the first one for the in-
troduction and the fifth one for the conclusions. The three central chapters (Shear
magneto-thermo-dynamic characterisation, Compression magneto-dynamic characte-
risation, andMagneto-viscoelastic modelling) provides a brief summary of the publi-
cations to which they are associated.

Chapter 2, Shear magneto-thermo-dynamic characterisation, summarises the
synthesis process and the shear characterisation tests of isotropic and anisotro-
pic MREs, and the influence of synthesis and characterisation variables in the
magneto-viscoelastic properties of MREs are analysed. A criteria to define the lin-
ear viscoelastic region of MREs is proposed analysing the loss factor and the sto-
rage modulus. Furthermore, the influence of synthesis (matrix, volumetric parti-
cle content and pre-structure) and characterisation variables (frequency, tempera-
ture and magnetic field) in the LVE region are analysed. From that analysis, a
strain amplitude is determined to study the shear magneto-viscoelastic properties
of isotropic and anisotropic MREs.

Chapter 3, Compression magneto-dynamic characterisation, is focused on a new
compression test for a wide frequency range, and the linear region in compression
mode to study the magneto-dynamic properties of isotropic MREs is analysed. A
new compression test (design, manufacture and procedure) is proposed to charac-
terise MREs at high frequencies, up to 200 Hz. The LVE region is analysed in
compression mode and the influence of particle content and frequency is studied.
Furthermore, the linear compressionmagneto-dynamic properties are analysed at
high frequencies.

Chapter 4, Magneto-viscoelastic modelling, presents two magneto-viscoelastic
models, one for isotropic MREs and another on for anisotropic MREs, including
the influence of frequency, temperature, particle-matrix interaction and magnetic
field. The viscoelastic behaviour of isotropic MREs is modelled using a four-
parameter fractional derivative model, and the influence of temperature is cou-
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pled using the Arrhenius model. The evolution of each parameter is studied as a
function of the particle content for isotropicMREs. Amagneto-inducedmodulus
(modulus owing to an external magnetic field) model based on the dipole-dipole
interaction is proposed to predict the influence of themagnetic field. Furthermore,
the viscoelastic, the particle-matrix and themagneto-inducedmodulusmodels are
coupled in a single three-dimensional magneto-viscoelastic model. In respect of
anisotropic MREs, the viscoelastic behaviour is modelled with a four-parameter
fractional derivative model, and a magneto-induced modulus model is developed
adapting the López-López et al. (2012)model and introducing experimentalmag-
netic permeability components for anisotropic MREs. Both models, are coupled
in a single magneto-viscoelastic model.

1.2 Scope of the thesis

The main goal of the present dissertation was to analyse the magneto-thermo-
dynamic behaviour of magnetorheological elastomers. In order to meet this main
goal, the study comprise the following specific objectives:

• Implement an experimental shear procedure to analyse the shear magneto-
thermo-dynamic properties of isotropic and anisotropic MREs within the
linear viscoelastic region.

• Develop an experimental compression technique to analyse the compres-
sion magneto-viscoelastic properties of isotropic MREs within the linear
viscoelastic region.

• Develop two magneto-viscoelastic models to predict the shear magneto-
viscoelastic behaviour of isotropic and anisotropic MREs in a wide range
of working conditions.
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This chapter aims therefore to synthesise isotropic and anisotropic MREs, and
analyse the shear magneto-thermo-dynamic properties of MREs within the linear
viscoelastic region. To that end, a synthesis procedure is determined for each ma-
trix. Subsequently, a standardmethod is defined to determine the linear viscoelas-
tic region ofMREs, and the influence of synthesis and characterisation parameters
in the linear region are analysed. Finally, the magneto-viscoelastic properties of
MREs are studied within the linear viscoelastic region.

2.1 Introduction

Magnetorheological elastomers (MREs) are classified as smart materials whose
dynamic properties can be reversibly modified and controlled by an external mag-
netic field. These materials consist of magnetisable particles embedded in a poly-
meric matrix.

TheMREs are used in applications such as isolators (Liao et al. 2012), seismic
isolator (Yu and Yang 2012), seat isolators (Li et al. 2012) and dumpers (Tu et al.
2014). However, the dynamic properties of thesematerials have to be determined
to obtain the adequate design of the products. Hence, the dependence of synthe-
sis and characterisation variables on the dynamic properties of MREs have to be
determined.

The shear dynamic characterisations of MREs are performed by oscillatory
movements, which can be rotational or linear, and the external magnetic field is
perpendicular to the movement. The double lap shear test have widely been used
in the literature andwas adapted to dynamicmachines (Behrooz et al. 2014;Danas
et al. 2012; Jolly et al. 1996b; Norouzi et al. 2016) and electrodynamic shakers
(Blom and Kari 2005; Lejon and Kari 2013; Yang et al. 2015). Dynamic mechan-
ical analysers (DMA) have also been used to characterise MREs (Lu et al. 2012;
Pickering et al. 2015;RaaKhimi andPickering2016;Wanget al. 2015). According
to rotational movements, in the literature themost usedmachines are the rheome-
ters, which are equipped with a magnetorheological device(Feng et al. 2015; Gao
and Wang 2016; Li and Nakano 2013; Stepanov et al. 2007; Yunus et al. 2016).

Asmany viscoelastic, materialsMREs can bemodelled by the complexmodu-
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lus when they are working in the linear viscoelastic (LVE) region (Jones 2001).
At low strains, the behaviour is independent of the strain, while at higher strains
the behaviour is non-linear, which is known in the literature as the Payne effect
(Payne 1962). Within the LVE region, for a given harmonic shear strain (γ), the
shear stress (τ)will also beharmonicwith aphase lag (δ) respect to the shear strain
(equations 2.1 and 2.2).

γ(t) = γmax · e
iωt (2.1)

τ(t) = τmax · ei(ωt+δ) (2.2)

where γmax is the amplitude of the shear strain, τmax is the shear stress amplitude, t
is time, and ω is the angular frequency. Both are used to obtain the shear complex
modulus (G∗),

G∗ =
τ(t)
γ(t)

=
τmax · ei(ωt+δ)

γmax · eiωt
=

τmax

γmax
(cos δ + i sin δ) . (2.3)

The shear complex modulus consists of a real part, storage modulus (G′), and
an imaginary part, loss modulus (G′′).

G′ =
τmax

γmax
cos δ (2.4)

G′′ =
τmax

γmax
sin δ (2.5)

The loss factor (tan δ) is the relation between the lossmodulus and the storage
modulus (Equation 2.6).

tan δ =
G′′

G′ (2.6)

Theproperty variationofMREmaterials owing to anexternalmagnetic field, is
larger in the low strain region orwithin the LVE region (Jung et al. 2016; Lokander
and Stenberg 2003a; Schubert and Harrison 2015). Therefore, the linear region
has to be determined to maximise the property variability. The linear viscoelastic
region is defined by the LVE limit, which is determined at the point where the
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G′ andG′′ become dependent on the strain. Tian et al. (2013a) analysed the LVE
regionof isotropicMREs, forwhich they used stress–strain curves and also storage
modulus–strain curves. To determine the LVE region, Gordaninejad et al. (2012);
Ju et al. (2012) and Qiao et al. (2012) defined a linear elastic deformation at 1%
of strain, because at high strains the shear modulus become dependent on strain.

In the literature, few studies have analysed the influence of synthesis and char-
acterisation variables on the LVE region. Tian et al. (2013a) concluded that par-
ticle content decreases the LVE region of the MRE materials. Bellan and Bossis
(2002) showed that for MREs with large particle content, the Payne effect be-
comes larger. The influence of temperature in the LVE limit of polymers is rarely
studied, although it was determined that the strain limit increases with a decrease
in the polymer stiffness (Airey and Rahimzadeh 2004). Nevertheless, the LVE re-
gion of some polymers decreases with the increment of temperature (Arenz 1998;
Leblanc 2012). Moreover, Starkova and Aniskevich (2007) proposed that the
LVE region of polymers is wider with a higher transition temperature.

Magneto-viscoelastic properties are dependent on synthesis and characterisa-
tion variables. One of themost important properties ofMREmaterials is the varia-
bility of the dynamic properties depending on the applied magnetic field, and it is
measured with the relative MR effect, also known as MR effect. That effect is de-
fined as the ratio between the change in its storagemodulus with andwithoutmag-
netic field and the storage modulus without magnetic field (Chen et al. 2008a),

MR effect =
G′

H − G′
0

G′
0

× 100 (2.7)

where G′
H is the storage modulus at a certain magnetic field and G′

0 is the storage
modulus in the absence of a magnetic field.

Within the synthesis variables, the decisive components are the main matrix,
particle content and pre-structure process (vulcanisation of isotropic or anisotro-
pic samples). The mechanical performance was improved replacing the silicone
rubber (SR)bynatural rubber (NR)(Chenet al. 2007a). Chenet al. (2008b) stud-
ied the damping properties of MRE elastomers based on different matrices. The
MR effect is dependent on the matrix and it is larger using a softer matrix (Lokan-
der and Stenberg 2003b; Yang et al. 2015). Therefore, an equilibrium has to be
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obtained between the dynamic properties and the magneto-induced modulus.

Particle content is a key parameter to determine the dynamic mechanical pro-
pertiesofMREsunder the samecharacterisationconditions (Huet al. 2005). Both
storagemodulus and loss factor increase with the particle content (Fan et al. 2011;
Wang et al. 2011; Zhu et al. 2013). The MR effect of MREs is also influenced by
the particle content; specifically, the effect is higher with a larger volumetric par-
ticle content (Ge et al. 2013; Gordaninejad et al. 2012; Lokander and Stenberg
2003b; Ubaidillah et al. 2016b).

Embedded particles can be randomly distributed or aligned in chains. Isotro-
pic MREs are cured without the influence of a magnetic field. On the other hand,
chains are obtained by applying an externalmagnetic field during the pre-structure
process; samples with oriented chains are called anisotropic MREs. Anisotropic
samples showhigherMReffect than isotropic ones (Schubert andHarrison 2015).
While dynamic properties are larger for anisotropic samples (Lu et al. 2012), the
loss factor decreases when an external magnetic field is applied to theMREduring
characterisation (Sun et al. 2008).

The dynamic properties of MRE are also dependent on characterisation varia-
bles as strain, frequency, temperature and magnetic field. The MR effect is larger
within the linear region (Jung et al. 2016; Lokander and Stenberg 2003a; Schubert
and Harrison 2015). Moreover, dynamic properties increases with the frequency
(Li et al. 2010) and theMReffect is increasedwith temperature (Wang et al. 2011).
When a larger magnetic field is applied, the magneto-induced modulus and the
MR effect are increased (Carlson and Jolly 2000).

In this chapter, isotropic and anisotropic MREs are synthesised for different
matrices. The characterisation of the synthesised samples is performed with a
rheometer equipped with a magnetorheological device. A standard procedure is
proposed to define the linear viscoelastic region of MREs, which analyses the sto-
rage modulus and the loss factor. The influence of synthesis (matrix, particle con-
tent andpre-structure) and characterisation variables (frequency, temperature and
external magnetic field) are studied to determine the LVE region and the shear
magneto-thermo-dynamic properties. All these results were published in the pa-
pers attached in the section 2.8. scientific contribution.
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2.2 Critical review

From the reviewed bibliography it can be concluded that there is a lack of a criteria
to determine systematically the LVE region of viscoelastic materials, and how the
synthesis and characterisation variables influence the linear region in shear mode.
In the literature, the LVE region was defined analysing the storage modulus, while
the loss factor have not been studied.

Moreover, it is observed that some synthesis variables as particle content mo-
dify the LVE limit (Tian et al. 2013a). Airey and Rahimzadeh (2004) concluded
that the strain limit is increased when the polymer stiffness increases. However,
the influence of the matrix and the pre-structure have not been studied for MREs.

Characterisation variables also influence the LVE region, which is decreased
for somepolymerswith the incrementof temperature (Arenz1998;Leblanc2012).
Nevertheless, the influences of frequency and magnetic field have not been anal-
ysed in shear mode.

According to magneto-viscoelastic properties, synthesis and characterisation
variables have to be analysed to obtain the largerMR effect. While theMReffect is
larger in theLVE region (Jung et al. 2016; Lokander andStenberg 2003a; Schubert
and Harrison 2015), there are few works analysing the influence of synthesis and
characterisation variables in its properties within the LVE region.

In this chapter, therefore, a standard procedure is developed to define the LVE
region analysing storage modulus and loss factor. The influence of synthesis (ma-
trix, particle content, and pre-structure) and characterisation variables (frequency,
temperature, and externalmagnetic field) in the LVE region are studied. The shear
magneto-viscoelastic properties are analysed within the LVE region, and the influ-
ence of synthesis and characterisation variables are studied.

2.3 Aims

Thegoalof this chapter is to implement anexperimental shearprocedure to analyse
the shearmagneto-thermo-dynamic properties of isotropic and anisotropicMREs
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within the linear viscoelastic region. The specific objectives are:

• Define a procedure to analyse the LVE region of any rubber material.

• Analyse the influence of synthesis and characterisation variables in the LVE
region of MREs.

• Analyse themagneto-thermo-dynamicproperties ofMREs tomaximise the
MR effect.

2.4 Synthesis

In this chapter, isotropic and anisotropicMREs filled with ferromagnetic particles
were synthesised using three different matrices, and eight particle contents were
analysed.

The synthesised matrices were a natural rubber (NR), a high temperature vul-
canising silicone rubber (HTV-SR), and a room temperature vulcanising silicone
rubber (RTV-SR). The NR and HTV-SR were vulcanised at 180 °C and RTV-SR
was vulcanised at room temperature. RTV-SR is a polydimethylsiloxane (PDMS)
based rubber and has two components: the main matrix WACKER Elastosil® M
4644 A and the vulcaniser WACKER Elastosil® M 4644 B mixed in 10:1 ratio.

For synthesising theMREs,CIPwas used as ferromagnetic ironparticle; it had
a spherical shape and average size of 1.25 ± 0.55 μm. The shape and the size of the
particles was analysed using a scanning electronmicroscope (SEM) image (Figure
2.1). The image was obtained by a SEM working in low vacuum conditions and
microanalysis, JEOL JSM5600 LV, and with a voltage acceleration of 15 kV.These
particles were provided by BASF. The volumetric contents studied in this chapter
were: 0%, 1%, 5% 10%, 15%, 20%, 25% and 30%.

Lokander and Stenberg (2003a) defined themaximumparticle content when
all particles are in contact one to each other, and the voids between them is re-
placed by rubber. This content is defined as the critical particle volume concentra-
tion (CPVC),

CPVC =
100× ρapp

ρFe
(2.8)
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where ρapp is the apparent density of the filler, and ρFe is thematerial density of the
filler, 2400 and 7800 kg/m3 respectively. Therefore, the CPVC for the particles
used in this thesis is 30.76% and the synthesised maximum content was 30%.

Figure 2.1 SEM image of the carbonyl-iron powder particles

The synthesis process was the same forNR andHTV-SR (NE-9340)matrices
because of the vulcanisation temperature and solid state of the raw material. For
the mixing process, a two-roll mixing mill was used, and the particles were added
gradually. A homogenous mixture was poured into a 1 mm thick mould, and the
mould was then placed in an oven at 180 °C under a hydraulic pressure of 200 bar.

TheRTV-SRmatrix had two components, and vulcanisation beganwhenboth
were mixed. The main matrix (Elastosil® M 4644 A) and the particles were mixed
by hand, and vacuum cycles were applied for 30 min to extract air bubbles gene-
rated during mixing. Then, the vulcaniser was added, and vacuum cycles were
again applied to remove air bubbles. Finally, the homogenousmixture was poured
into a 1 mm thick mould.

For the RTV-SR matrix, two pre-structure conditions were studied: pre-
structure without a magnetic field (isotropic MRE) and with a magnetic field
(anisotropic MRE). During pre-structuring, a magnetic field was applied in the
thickness direction (Figure 2.2) to obtain a chain alignment of the particles in the
directionperpendicular to the characterisation shear strain (Varga et al. 2006). The
magnetic field density was 130 ± 10 mT measured by the Gaussimeter FH-54.

To guarantee the particle distribution (isotropic and anisotropic MREs), ima-
ges were obtained using a Nova NanoSEM 450 scanning electron microscope
(SEM)working under low vacuum conditions with a voltage acceleration of 18 kV.
Figure 2.3 shows SEM images of the 15% RTV-SR MRE sample: in Figure 2.3(a),
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Figure 2.2 Sketch of the anisotropic MRE sample vulcanisation device

a homogeneous particle distribution can be seen (isotropic MRE), and in Figure
2.3(b), the particles are aligned perpendicular to the surface in the direction of the
applied external magnetic field during vulcanisation (anisotropicMRE).While in
Figure 2.1 the particles were agglomerated, after synthesising isotropic samples
(Figure 2.3(a)) particle agglomerations were not seen in isotropicMREs and they
were randomly distributed.

(a) (b)

Figure 2.3 SEM images of the 15% RTV-SR MRE: (a) isotropic and (b) anisotropic sample

2.5 Shear test

The shear dynamic characterisations of MREs are performed by oscillatory move-
ments, which can be rotational or linear, and the external magnetic field is per-
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pendicular to the movement. The double lap shear test have widely been used in
the literature and have been adapted to dynamic machines (Behrooz et al. 2014;
Norouzi et al. 2016) and electrodynamic shakers (Lejon andKari 2013; Yang et al.
2015). Dynamic mechanical analyser have also been used to characterise MREs
(Raa Khimi and Pickering 2016;Wang et al. 2015). According to rotational move-
ments, in the literature the most used machines are the rheometers, which are
equipped with a magnetorheological device(Gao and Wang 2016; Yunus et al.
2016).

In this chapter, characterisations were performed using an Anton Paar Physica
MCR501 rheometer equippedwith aMRD70/1Tmagnetorheological cell, and a
parallel plate configuration was used. One of the plates had a serrated surface, and
its diameterwas 20mm(PP20/MRD/TI/P2). The tested samples had adiameter
of 20mm and a thickness of 1mm, and for each vulcanisedmaterial three samples
were studied.

Theanalysed frequency rangewas 1–40Hz, and the studied temperature range
was 15–65 °C controlled using a Julabo F-25 water-based heating/cooling system.
To avoid sliding between the samples and the plates, and to increase theMR effect,
a normal force of 5 N was defined (Dong et al. 2012). The magnetic field goes
from the minimum intensity of 0 kA/m to a maximum of 616 kA/m. After each
characterisation, a demagnetization cyclewas applied. In the samples, the possible
magnetisation was tested, and it was seen that the magnetisation was minimum
because the measured field was below 15 ± 8 μT.

Two different tests were performed: strain sweep tests and frequency sweep
tests. Strains sweep test were used to determine the LVE region variation owing to
matrix, particle content, pre-structure of the samples, frequency, external charac-
terisation magnetic field and temperature. Once the LVE region was defined, fre-
quency sweep testswere performed to analyse themagneto-viscoelastic properties
of isotropic and anisotropic MREs.

Within the linear region, the storage modulus and the loss factor are constant
(Nashif et al. 1985). Gordaninejad et al. (2012) defined a limit when the stress–
strain relation becomes non-linear at 1%of strain. Moreover,Wereley et al. (2006)
define the LVE limit for magnetorheological fluids (MRF) at the point where the
storage modulus deviates 10% from the plateau value.
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2. Shear magneto-thermo-dynamic characterisation

In this thesis, it is the first time the loss factor and the storage modulus are
separatedly analysed to define the LVE region in shear mode. For this purpose, a
straight line is approached for each (G′ and tan δ), and the LVE limit is defined at
the point where the experimental data deviates 10% from the approached straight
line (Figure 2.4).
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Figure 2.4 Storage modulus(G′) ( ) and loss factor (tan δ) (•) versus strain to define the LVE
region

To perform LVE region characterisation, 50 points were defined from 0.001%
to 10% logarithmically spaced, and at each point measurements were made for
5 seconds. This logarithmic scale allows covering a wider range of deformations.
These tests were made at two frequencies which limit the interest frequency band,
1 and 40 Hz.

After the LVE region was defined, frequency sweep tests were performed at a
strainwhichguarantees that all resultswere in theLVEregion. A lineardistribution
of 40 frequencies between 1 and 40 Hz was applied. The measurement period
for each point was 5 seconds, and three magnetic fields were analysed within the
range of 0–616.7 kA/m. The studied temperatures ranged from 15 °C to 65 °C,
with an increment of 10 °C, and were controlled using a Julabo F-25 water-based
heating/cooling system.
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2.6 Results

In this section, a summary of the results presented in the three papers, towhich the
chapter refers and include it in sec 2.8., are shown. In Agirre-Olabide et al. (2014)
the criteria todetermine theLVEregionwasdefined, and the influenceof synthesis
and characterisation variables in the RTV-SRmatrix was studied. Furthermore, in
Agirre-Olabide et al. (2015) threematrices were analysed, and the variation of the
LVE was studied as a function of synthesis and characterisation variables. Using
the LVE region defined in Agirre-Olabide et al. (2014; 2015), in Agirre-Olabide
and Elejabarrieta (2017) the shear magneto-viscoelastic properties were studied.

In this summary, the influence of synthesis (matrix, particle content and pre-
structure) and characterisation variables (frequency, temperature and magnetic
field) in the LVE region are shown, and the linear magneto-thermo-dynamic pro-
perties in shear mode are studied as a function of matrix, particle content, pre-
structure, frequency, temperature and magnetic field.

2.6.1 Linear viscoelastic region

A summary of the results published in (Agirre-Olabide et al. 2014; 2015) about
the analysis of the LVE region of MREs are presented in this subsection.

The influence of the strain in the viscoelastic properties of elastomeric mate-
rials is called the Payne effect (Payne 1962); with an increase in strain, the storage
modulus (G′) decreases and the lossmodulus (G′′) increases. At low strains (LVE
region), the magnetorheological effect is larger (Jung et al. 2016; Lokander and
Stenberg2003a; Schubert andHarrison2015)and theproperties remain constant;
however, at higher strains, the viscoelastic properties depends on the applied am-
plitude. Figure 2.5 shows the mentioned influence for the RTV-SR matrix with
30% particle content.

In Figure 2.4, can be seen that the LVE limit defined by the loss factor is more
restrictive than theLVE regiondeterminedby the storagemodulus. That iswhy, all
the results shown in this section are related to the loss factor analysis. Nevertheless,
the LVE region of the storage modulus is also analysed because in the literature it
is the analysed variable to study the linear viscoelasticity. All the LVE limits of the
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Figure 2.5 Influence of the strain in the (a) storage modulus (G′), loss modulus (G′′) and (c)
loss factor (tan δ) of the 30% isotropic RTV-SR sample as a function of frequency, at 25 °C and 0
kA/m

analysed variables are shown inTable 1, Table 2 andTable 3ofAgirre-Olabide et al.
(2015) in sec. 2.8.

First, the synthesis parameters, i.e. matrix, particle content and pre-structure
are analysed. The influence of the matrix is shown in the Figure 2.6, where three
matrices are analysed without particles. HTV-SR is the matrix that has the lowest
LVE regiondefinedby the loss factor, while theRTV-SRmatrix has the largest LVE
limit. That is why the softer the matrix, the larger the LVE region.
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Figure 2.6 Influence of the matrix in the LVE limit for the 0% particle content, at 25 °C and 1 Hz

Theparticle content has a large influence in the LVE region. When the particle
content is increased, the LVE limit defined by the loss factor is decreased. More-
over, this behaviour is also seen for all thematrices analysed in this thesis (Table 1,
Table 2 and Table 3 Agirre-Olabide et al. (2015)). However, the influence of par-
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ticle content is dependent on the matrix. When the matrix is softer the influence
of particles is greater, hence in this case the influence on the RTV-SR is larger than
on the HTV-SR.

The particle distribution is also a variable that has to be taken into account, be-
cause anisotropicMREs have the tendency to decrease the LVE region. When the
loss factor is analysed at the same particle volume fraction, the anisotropic samples
have lower LVE region (Table 1 Agirre-Olabide et al. (2014)).

Characterisation variables such as frequency, magnetic field and temperature
also determine the LVE region of each sample. When the frequency is increased,
the LVE strain limit defined by the loss factor is also increased; therefore, the incre-
ment of frequency increases theLVE region. For theNRandRTV-SR samples and
all working conditions (Table 1, Table 2 and Table 3 Agirre-Olabide et al. (2015))
the LVE limit is also increased with the increment of frequency.
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Figure 2.7 Influence of temperature in the LVE region for the 0% HTV-SR and 0% RTV-SR
samples at 1 Hz

The influence of temperature in the LVE region depends on the matrix. Fi-
gure 2.7 analyses the influence of temperature. HTV-SR andRTV-SRmatrices are
analysed without particle content, and two different behaviours can be seen. The
loss factor determined that the LVE limit increases for HTV-SRwith temperature,
whereas RTV-SR sample LVE region is reduced. The reason for this behaviour
could be explained by the transition temperature (Tg). The matrices studied in
this study are working in the rubbery region when the temperature is increased
(over the transition temperature (Jones 2001)) because the storage modulus and
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2. Shear magneto-thermo-dynamic characterisation

the loss factor decreasewith the temperature. Therefore, theRTV-SRsampleshave
the higherTg, and it is proposed that samples are working close to theTg when the
temperature is increased. That is why the LVE region is decreased.

The external magnetic field depends on the matrix. Thus, NR and HTV-SR
increase the LVE region with increments of the magnetic field. However, the in-
fluence on the LVE limit of the RTV-SR samples is not evident.

As a summary of the LVE limits determined by the loss factor, the influence of
the synthesis and characterisation variables are shown in Table 2.1.

Table 2.1 Summary of the influence of synthesis and working conditions in the LVE region of
MREs

LVE RTV-SR HTV-SR NR

Particle content ↓ ↓ ↓
Frequency ↑ ↑ ↑
External magnetic field ∼ ↑ ↑
Temperature ↓ ↑ ↑

2.6.2 Magneto-dynamic properties

A summary of the results published in Agirre-Olabide and Elejabarrieta (2017)
about the analysis of the shearmagneto-thermo-dynamic properties are presented
in this subsection. Magneto-viscoelastic properties are studied as a function of
matrix, particle content, frequency, temperature and external magnetic field.

MRE material are working in the rubbery region because the storage modu-
lus and loss factor increase with frequency (Figure 2.8). Furthermore, when the
matrix is stiffer, the energy dissipation is larger. However, the loss factor of softer
matrices is more sensitive to frequency.

When the particles are embedded in a matrix, new interactions are created
between particles and matrix; consequently, a mechanical reinforcement is cre-
ated which increases the storage modulus owing to the formation of a physically
bonded filler network and to strong polymer-filler couplings (Aloui and Klüppel
2015;Phewthongin et al. 2006). Theenergydissipation also increaseswith thepar-
ticle content owing to increased friction between particles (Ju et al. 2015; Shuib
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et al. 2015). The influence of particle content in the loss factor is dependent on
the matrix, and the larger influence occurs for the softer matrix. The loss factor of
the RTV-SR and NR increases with particle content owing to the particle friction,
while the frequency dependence is reduced for themaximumparticle content NR
samples.

As an example, in Figure 2.8 the influence of temperature (from 15 °C to 65
°C) in the frequency band from 1 to 40 Hz is shown for the 10% RTV-SR sample.
The storage modulus and loss factor decrease with the increment of temperature
for all the studied samples; this represents the inverse of the frequency effect.

The influence of temperature depends on the particle content. Within the stu-
died temperature ranges, its influence on the storage modulus is larger with the
particle content, whereas the influence on the loss factor is decreased. At high
particle content levels, the influence of temperature in storage modulus is larger
than the frequency one. On the other hand, the loss factor of the studied samples
is more sensitive to frequency than to temperature.
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Figure 2.8 Evolution of (a) the storage modulus (G′) and (b) the loss factor (tan δ) of the 10%
isotropic RTV-SR as a function of frequency, with temperature ranging from 15 °C to 65 °C and 0
kA/m

These properties can be modified by applying an external magnetic field. As
an example, Figure 2.9 shows the 30%RTV-SR sample. Theviscoelastic properties
are modified, and the influence on the storage modulus is larger than that on the
loss modulus. However, the influence of the magnetic field is completely depen-
dent on the matrix. In the literature, the influence of the magnetic field is studied
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2. Shear magneto-thermo-dynamic characterisation

by the magnetorheological (MR) effect (equation 2.1). The MR effect increases
with particle content but it is more sensitive for the softer matrix, RTV-SR. These
results are in agreement with those reported by Shuib et al. (2015) and Jung et al.
(2016).
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Figure 2.9 Influence of the magnetic field in the (a) storage (G′) and (b) loss modulus (G′′) as a
function of frequency for the 30% isotropic RTV-SR sample at 25 °C

MREs are widely applied as vibration isolators. Therefore, the variation of
dissipated energy or loss modulus is studied. The loss modulus MR effect, ana-
logously to the MR effect, is defined as

Loss modulusMR effect =
G′′

H − G′′
0

G′′
0

× 100 (2.9)

whereG′′
H is the loss modulus at a certain magnetic field, andG′′

0 is the loss modu-
lus in the absence of a magnetic field. The measurement of the different matrices
under the same characterisation conditions indicate that the MR effect and loss
modulus MR effect are larger for a softer matrix, which is in agreement with liter-
ature (Yang et al. 2015). To maximise the MR effect and the loss modulus MR
effect, RTV-SR–based anisotropic MRE samples were synthesised.

The dynamic properties are modified when a rubber matrix filled with soft
magnetic particles is vulcanised under a magnetic field (Lu et al. 2012; Schubert
andHarrison 2015). Both storage and lossmodulus increasewith particle content
and frequency for the anisotropic sample. Particle chains are created in the MRE
sample, and consequently, the interaction forces between particles increase, in
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turn increasing the storage and lossmodulus (Figure 2.10) (Ju et al. 2015). Howe-
ver, the maximum influence of the pre-structure process is seen in the MR effect
and loss modulusMR effect. The influence of themagnetic field is larger for aniso-
tropic samples than for isotropic ones (Figure 2.10). The particle interactionmag-
netic forces are larger for anisotropic samples because particles are aligned, and
consequently, the distance between particles decreases. As the particles come clo-
ser, the energy dissipation increases owing to the slipping of the particles. Thema-
ximum MR effect of 30% and loss modulus MR effect of 21% was obtained with
the 30% anisotropic RTV-SR sample.
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Figure 2.10Variation of (a) storage (G′) and (b) loss modulus (G′′) of isotropic and anisotropic
15% RTV-SR samples as a function of frequency owing to the magnetic field at 25 °C

2.7 Conclusions

In this chapter, MRE samples were synthesised and characterised under the same
conditions. Three matrices, eight volumetric particle contents, and two pre-
structureswere synthesised, andSEMimages validated themixing and vulcanising
process. The linear viscoelastic regionwas determined and the influence of synthe-
sis and characterisation variables was studied. Using a strain amplitude within the
LVE region, the shear magneto-thermo-dynamic properties were analysed.

A new standard procedure to determine the LVE region ofMREs was defined,
which included the analysis of storage modulus and loss factor. Besides, with that
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procedure, the influence of synthesis (matrix, particle content and pre-structure)
and characterisation parameters (frequency, temperature and magnetic field) in
the shear LVE region was studied. From the storage modulus and loss factor ana-
lysis, it was observed that themost restrictive dynamic property to define the LVE
region was the loss factor.

Thematrix is a key synthesis parameter to determine theLVE limit of theMRE.
The softer the matrix, the larger the LVE region of the MRE. Moreover, the LVE
region was reduced with the increment of particle content.

Characterisation variables also determined the LVE region ofMREs. Frequen-
cy increased the LVE region of the MREs in all the analysed working conditions.
Furthermore, the magnetic field and the temperature influence depended on the
matrix.

The shear magneto-viscoelastic properties of the synthesised MREs were ob-
tained in the LVE region. The storage and loss modulus increased with frequency,
while decreased with temperature; this is a typical behaviour of viscoelastic mate-
rial within the rubbery region.

The storage and loss modulus increased with the particle content for all the
studied matrices in shear mode. However, the influence on each matrix was diffe-
rent. At high particle content levels, the influence of temperature in storagemodu-
lus was larger than that of frequency. On the other hand, the loss factor of the
studied samples was more sensitive to frequency than to temperature.

The MR effect was dependent on the viscoelastic nature of the matrix. Larger
MR effects occurs when the matrix was softer. In this chapter, RTV-SR was the
softermatrix, and it showedmaximum storage and lossmodulusMReffect. There-
fore, the influence of particle content and externalmagnetic field in the storage and
loss modulus were completely dependent on the matrix.

Tomaximise the storage and loss modulusMR effect, anisotropicMREs were
synthesisedwith the softermatrix (RTV-SR).Anisotropic samples showed a larger
shear storage and loss modulus than isotropic ones. Both were increased when a
magnetic field was applied owing to larger particle-particle interaction forces, 30%
MR effect and 21% loss modulus MR effect.
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Abstract
The linear viscoelastic behaviour of magnetorheological elastomers is analysed in this work according to their formula-
tion and working conditions. This study comprised both the synthesis of different magnetorheological elastomers and
the strain and frequency sweep characterization under different magnetic fields and temperatures. The characterization
was performed by a Physica MCR 501 rheometer from Anton Paar, equipped with a magnetorheologic cell 70/1T MRD.
In the synthesis with a given elastomeric matrix, samples with different magnetic particle content are studied with two
types of curing conditions: under the action of a magnetic field (anisotropic magnetorheological elastomers) and without
a magnetic field (isotropic magnetorheological elastomers). The working conditions are excitation frequency, tempera-
ture and the applied external magnetic field. In this work, a new procedure to determine the linear viscoelastic beha-
viour is proposed; the loss factor is analysed in addition to analysing the storage modulus to determine the linear
viscoelastic region of each sample. The results show that high temperatures and magnetorheological elastomers with
higher volume fraction of magnetic particles restrict the linear viscoelastic behaviour of magnetorheological elastomers.

Keywords
Magnetorheological elastomers, viscoelasticity, linear viscoelastic region, complex shear modulus, loss factor

Introduction

Magnetorheological elastomers (MREs) are classified
as smart materials whose dynamic properties can be
reversibly modified and controlled by an external mag-
netic field. These materials consist of magnetizable par-
ticles embedded in a polymeric matrix. The behaviour
of MREs is similar to that of magnetorheological fluids
(MRFs); whereas MRFs work over the pre-yield
regime, MREs work under the named post-yield regime
(Carlson and Jolly, 2000).

Magnetizable suspended particles can be homoge-
neously dispersed in the matrix or aligned in chains.
Chain-like structures are obtained by the application of
an external magnetic field during the cross-linking pro-
cesses due to the field-induced interactions created
between the particles and are called anisotropic MREs.
However, elastomers are called isotropic MREs when
they are cured without the influence of an external
magnetic field (Li et al., 2008; Varga et al., 2006).

The magneto-dynamic characterization of MREs
has been made by dynamic mechanical studies applying
oscillating forces. Most of the testing use the double
lap shear technique, where a MRE layer is adhesively
bonded between three metallic plates (Shen et al., 2004;

Wang et al., 2011). This applied the magnetic field in
the perpendicular direction of the shear stress or in the
parallel direction of the aligned particle chains. The
magnetic field is applied by an electromagnet.
Nevertheless, new characterization techniques are used
in rheometers, which apply a rotational shear stress
instead of applying a linear shear stress. This test has
been used to analyse the particle chain orientations,
creep and recovery behaviour of MREs, and the influ-
ence of external magnetic field on the MRE properties
(Boczkowska et al., 2012; Li et al., 2010a).

In the literature, many constitutive models have
been developed to predict the behaviour of the MREs
at different testing conditions (Li et al., 2010a) and dif-
ferent interactions between the components of MREs
(Galipeau and Ponte Castañeda, 2013; Leng et al.,
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2013; Ponte Castañeda and Galipeau, 2011; Shen et al.,
2004).

Many materials, such as fluids and polymers, show
viscoelastic behaviour. MRFs also show viscoelastic
behaviour, and these can be modelled by a complex
modulus (Wereley et al., 2006), but the characterization
is valid only if the complex modulus is measured within
the linear viscoelastic (LVE) region. The elastic limit
yield stress is defined as the point at which the storage
modulus deviates significantly from the plateau value
in the LVE range.

However, Laun et al. (2010) defined a LVE region
for low-strain amplitudes. MRF response is predomi-
nantly elastic in the small-amplitude region, and at
large shear amplitudes, the predominant response is
viscous.

Similar to MRFs, MREs work at the LVE region at
low deformations. Li et al. (2010b) developed a four-
parameter model to describe the performance of the
MREs. Besides, a rheological model is defined to pre-
dict the dynamic behaviour of MREs, which models
the viscoelasticity of the polymer, magnetic field–
induced properties and interfacial slippage between
matrix and particles (Chen and Jerrams, 2011). To
determine the LVE region, Gordaninejad et al. (2012)
defined a linear elastic deformation at 1% of strain,
because at high strains, MRE has a nonlinear beha-
viour due to the nonlinear behaviour of the compres-
sion and shear modulus.

The aim of this work is to study the LVE region limit
for MREs in different compositions, pre-structure and
working conditions. Besides, the influence of the synth-
esis and the characterization variables in the LVE limit,
such as particle content, the particle structure (isotropic
and anisotropic), frequency, external magnetic field and
temperature is studied for the first time. Oscillatory
tests are used to obtain the dynamic properties of the
MREs, and the viscoelastic behaviour is modelled by
the dynamic complex modulus (Jones, 2001). In the lit-
erature, the storage modulus was analysed to determine
the LVE limit; this work defines a new procedure to
analyse both the loss factor and the storage modulus to
determine the LVE region of each sample under the
mentioned conditions.

MRE synthesis

In this study, the MRE samples are compounded by a
paramagnetic matrix, a vulcanizer and ferromagnetic
particles. The matrix used is the silicone WACKER
ELASTOSIL� M 4644 A and the vulcanizer
WACKER ELASTOSIL� M 4644 B, both are mixed
in the ratio 10:1 respectively.

Spherical carbonyl-iron powder particles are
embedded in the matrix with an average particle size of
1.25 6 0.55 mm (Figure 1). The carbonyl-iron particles

are supplied by BASF, the chemical company,
Germany.

The synthesis process consists of blending the parti-
cles and the matrix. After all, vacuum cycles are applied
to the homogeneous mixture for 30 min. Subsequently,
the vulcanizer is added, and the vacuum cycles are
repeated at the same conditions. The cycle quantity
varies with the particle volume fraction.

In this work, two pre-structure conditions are stud-
ied: under an external magnetic field (anisotropic
MRE) and without its influence (isotropic MRE).

Anisotropic samples have been pre-structured by a
device where neodymium magnets are applied
(Figure 2). The device guarantees a homogeneous mag-
netic flux because of the ferromagnetic plates. The
mentioned field is applied along the thickness of the
sample (Varga et al., 2006). The intensity of the field
during the pre-structure is 0.13 6 0.01 T and is mea-
sured by a Gaussmeter FH-54.

The maximum volume fraction of particles is esti-
mated at 30% from equation (1), known as critical par-
ticle volume concentration (CPVC), which is

Figure 1. SEM image of the carbonyl-iron powder particles.
SEM: scanning electron microscope.

Figure 2. Sketch of the anisotropic pre-structure device.
MRE: magnetorheological elastomer.

Agirre-Olabide et al. 2075

 at UNIV NEBRASKA LIBRARIES on April 14, 2015jim.sagepub.comDownloaded from 

2. Shear magneto-thermo-dynamic characterisation

29



independent of the type of matrix (Lokander and
Stenberg, 2003)

CPVC =
100 3 rapp

rFe

ð1Þ

where rapp is the apparent density of the carbonyl-iron
powder particles, the ratio between the volume (includ-
ing the voids or pores which may contain) and its
real weight, and rFe is the density of the iron, 2400 and
7800 kg/m3, respectively.

Three particle volume fractions are synthesized: min-
imum of 0%, maximum of 30% and an intermediate
one of 10%. Two pre-structure conditions are used to
obtain isotropic and anisotropic samples.

The nomenclature used in this work to define each
sample is as follows: first of all, the particle content is
defined and after this the pre-structure, for example,
10%_0.13T, which means that the sample has 10% of
carbonyl-iron powder particles and the pre-structure
condition was 0.13 T of constant magnetic field.

Finally, scanning electron microscope (SEM) images
are used to guarantee the homogeneous particle distri-
bution for isotropic samples and the particle chain
structures for anisotropic MREs. The images are
obtained by a SEM e of low vacuum and microanalysis,
JEOL JSM 5600 LV, and with a voltage acceleration of
20 kV. Figure 3(a) shows an isotropic MRE sample
where the particle distribution is homogeneous, and in
Figure 3(b), the particle chain structure is observed,
aligned in the magnetic field direction.

MRE characterization

Viscoelastic materials, similar to MREs, could work
within the LVE region or at the non-LVE region
(Jones, 2001). This work studies the LVE region

variations due to the particle content, frequency, exter-
nal magnetic field, the pre-structure of the samples and
the temperature. The rheological test used to define the
LVE region was a strain sweep using oscillatory rheo-
metry. Once the LVE region limit is defined, the
dynamic properties of the MREs are studied within
the linear region and in the nonlinear region to show
the influence of the LVE limit on the dynamic
properties.

The results in this study were obtained using an
Anton Paar Physica MCR 501 rheometer equipped
with the MRD 70/1T magnetorheological cell and the
parallel disc configuration. The parallel disc diameter
was 20 mm (PP20/MRD/TI/P2). The magnetic field
goes from the minimum intensity of 0 kA/m to a maxi-
mum of 616.7 kA/m. After each characterization, a
demagnetization cycle was applied.

The frequency range goes from 1 to 40 Hz, and the
temperatures analysed were 25 �C, 30 �C and 40 �C con-
trolled with water-based heating/cooling system Julabo
F-25. Moreover, a 3 N constant normal force was
applied to avoid slipping between the sample and the
plates.

Strain sweep tests control the applied strain to the
sample and measure the shear stress at a constant fre-
quency. Assuming that the analysed MRE samples had
a linear behaviour, the strain is harmonic (equation
(2)), and the stress is also harmonic but with a given
phase difference with respect to the strain (equation
(3))

g tð Þ= gmax � ejvt ð2Þ

t tð Þ= tmax � ej vt + dð Þ ð3Þ

where gmax is the amplitude of the shear strain, tmax is
the amplitude of the shear stress and the constant d is

Figure 3. SEM images of MREs with carbonyl-iron particles: (a) isotropic MRE and (b) anisotropic MRE. White arrows indicate
magnetic field direction.
SEM: scanning electron microscope; MRE: magnetorheological elastomer.
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the phase difference between the strain and stress. Both
are used to obtain the shear complex modulus

G�=
t tð Þ
g tð Þ =

tmax � ej vt + dð Þ

gmax � ejvt
=

tmax

gmax

cos d+jsindð Þ

ð4Þ

The shear complex modulus consists of a real part, the
storage modulus or the rigidity (G#), and an imaginary
part, loss modulus or the energy dissipation (G$)

G0=
tmax

gmax

cos d ð5Þ

G00=
tmax

gmax

sind ð6Þ

The loss factor (tan d) is the relation between the loss
modulus and the storage modulus (equation (7))

tan d=
G00

G0
ð7Þ

At the LVE region, the storage modulus and the loss
factor are independent of the strain (Figure 4) (Nashif
et al., 1985). Wereley et al. (2006) determined the elastic
limit yield stress for MRF as the point where the stor-
age modulus deviates 10% from the plateau value.
Laun et al. (2010) develop a MRF model taking into
account the storage and the loss modulus at the linear
and nonlinear regions.

In this work, both the storage modulus and the loss
factor deviation are studied to define the LVE region.
First of all, a criterion to define the LVE region of the
storage modulus and the loss factor is established. A
straight line with a null slope is defined by the method
of the least squares for both the storage modulus and
the loss factor. Next, the limit of the LVE region is
defined as the point where the storage modulus and the
loss factor deviate 10% from the approximated straight
line according to Wereley et al. (2006) (Figure 4).

To perform LVE region characterization, 50 points
are defined from 0.001% to 10% logarithmically spaced,
and at each point, measurements were made for 5 s. This
logarithmic scale allows covering a wider range of defor-
mations. These tests were made at two frequencies which
limit the interest frequency band, 1 and 40 Hz.

Once the LVE region is defined, the dynamic prop-
erties of MREs are studied using the frequency sweep
tests. There were 40 points measured from 1 to 40 Hz
linearly spaced, and each point was measured for 5 s.
As an example, the characterized sample was
30%_0.13T at a constant temperature of 25 �C, and
two strain amplitudes were analysed within the LVE
region and a strain amplitude in the nonlinear region,
even if a LVE behaviour is assumed in the nonlinear
zone to define the storage modulus and loss factor.

Results

The LVE region depends on the particle volume frac-
tion, pre-structure, frequency, external magnetic field
and temperature. First of all, an experimental inherent
error is defined by the experimental strain sweep test
and the sample type. This way, the repeatability of the
test is shown in Figure 5, where the storage modulus
and the loss factor are represented for the 0% sample
at a frequency of 40 Hz. The storage modulus has a
3% relative error, and the loss factor has a 5% relative
error.

After the relative error of the test is defined, the LVE
region of the specimens is analysed as a function of the
particle content, pre-structure, frequency, external mag-
netic field and temperature. The more representative
LVE limit of the storage modulus and the loss factor
for all the samples as a function of the analysed vari-
ables is given in the Table 1 at 25 �C, 30 �C and 40 �C.

The LVE region defined by the loss factor is more
restrictive than the region defined by the storage

Figure 4. Storage modulus (j) and loss factor (�) versus strain
to define the LVE region.
LVE: linear viscoelastic.

Figure 5. Repeatability of the 0%_0T sample at 40 Hz. Storage
modulus (j) and the loss factor (�) versus strain.
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modulus (Figure 4). However, the storage modulus
LVE region is also analysed. The LVE region is
reduced with the increment of the particle content inde-
pendent of the frequency, external magnetic field and
pre-structure for both the storage modulus and the loss
factor (Table 1). As Phewthongin et al. (2006) said, the
matrix (chlorinated polyethylene/natural rubber
matrix) is reinforced by the particles (silica particles)
due to the physical interactions between particle and
matrix, and therefore, the LVE region is reduced. The
temperature is another variable that limits the LVE
region, because the temperature increase reduced the
LVE region (Figure 6). That decrease is a typical beha-
viour of an elastomeric matrix (Jones, 2001).

Table 1 shows the LVE regions of the storage modu-
lus and loss factor as a function of the synthesis, fre-
quency, magnetic field and temperature. Figure 7 shows
the increment of the LVE region when the frequency isT
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Figure 7. LVE region limit increment due to the frequency for
the 0%_0T sample storage modulus (j) and the loss factor (�)
versus strain.
LVE: linear viscoelastic.

Figure 6. Influence of the temperature on the loss factor LVE
limit of the 30%_0.13T sample.
LVE: linear viscoelastic.
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raised up (Nashif et al., 1985). Isotropic MRE sample
shows that tendency, but for anisotropic MREs, it is
not a predominant trend.

The LVE limit can also be obtained from the stress–
strain diagrams. For it, the same criterion defined pre-
viously is used, and to define the linear function para-
meters, the least-squares method is performed. In
Figure 8(a), the shear stress–strain diagram of the
0%_0T sample is shown, where the LVE region is
broader with the increment of the frequency. However,
in Figure 8(b), the stress–strain diagram of the 30%_0T
sample, the influence of the frequency is not appre-
ciated. Therefore, the particle content increment
reduces the LVE limit, which can be seen in Figure 8,
and diminishes the influence of the frequency. The LVE
limits defined in the strain–stress diagram are similar to
the LVE limits defined by the storage modulus in
Table 1.

The pre-structure is also a variable that has to be
taken into account, because anisotropic MRE has the
tendency to decrease the LVE. When the loss factor is
observed at the same particle volume fraction, the ani-
sotropic samples have lower LVE region (Table 1).

Finally, the external magnetic field tends to reduce
the LVE region. Table 1 shows that the limit of the
LVE region is limited by the maximum volume fraction
of anisotropic sample when it works at the maximum
temperature under magnetic field and at the lowest
frequency.

Once the LVE region is defined, a frequency sweep
test is done to determine the importance of the LVE
region limit. As an example, the 30%_0.13T sample is
tested at 25 �C, so that the LVE region limit is 0.06
which is defined in Table 1. Therefore, the strain ampli-
tude used is 0.01% and 0.05% within the LVE region,
and 0.1% and 1% in the nonlinear region, assuming a
viscoelastic behaviour for the storage modulus and the

loss factor. The repeatability is analysed (Figure 9)
where the error is less than 1% for the storage modulus
and less than 2% for the loss factor.

Figure 10 shows that within the LVE region, the
storage modulus is linear, and there is a variation of
2% at all the frequency ranges when the strain ampli-
tudes are lower than the LVE limit, which is in accor-
dance with Gordaninejad et al. (2012). However, when
the strain amplitude is out of the LVE region, the stor-
age modulus decreases 23% with the increment of the
strain from 0.05% to 0.1%. The rigidity reduction is
63% when the strain increases from 0.05% to 1.0%,
which is in accordance with the reports by Popp et al.
(2010) in the nonlinear region.

The loss factor also varies with the strain amplitude
(Figure 11). When the amplitude is within the LVE
region, the variation is of 8%. Nonetheless, an ampli-
tude higher than the LVE region limit increases the loss

Figure 8. Shear stress–strain diagrams at 1 and 40 Hz for the (a) 0%_0T sample and (b) 30%_0T sample.
LVE: linear viscoelastic.

Figure 9. Repeatability of the frequency sweep test for the
30%_0.13T sample. Storage modulus (j) and the loss factor (�)
versus frequency at 0.05% strain amplitude.
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factor to 15% with an amplitude of 0.1%. On the other
hand, an increment of 63% is observed in the loss fac-
tor when the strain amplitude is 1.0%.

Conclusion

A new standard procedure to determine the LVE region
of MREs has been defined, which includes the analysis
of the storage modulus and the loss factor. Besides,
with that procedure, the influence of the composition
and pre-structure, and the test parameters on the LVE
is studied. From the storage modulus and loss factor
analysis, it is observed that the most restrictive dynamic
property to define the LVE region is the loss factor.
Independently of the frequency, external magnetic field
and the pre-structure, the LVE region is reduced with
the increment of the particle volume fraction and the

temperature. The dynamic properties of the MREs are
independent of the strain in the strain range lower than
the limit established by the LVE. Hence, the LVE
region limit has to be defined to predict the linear beha-
viour of the MREs.
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Iker Agirre-Olabide, Maria Jesus Elejabarrieta and M Mounir Bou-Ali

Abstract
The aim of this work is to study the linear viscoelastic region limit of isotropic magnetorheological elastomers at differ-
ent compositions and working conditions. Regarding the synthesis process, the matrix and the particle content are ana-
lysed. The analysed matrixes are a natural rubber, a silicone rubber and ELASTOSIL" silicone, and three particle
contents are synthesised. The influence of the characterisation variables on the linear viscoelastic limit, that is, frequency,
external magnetic field and temperature, is also analysed. Strain sweep tests are used to determine the dynamic complex
modulus. The loss factor and the storage modulus are analysed to define the linear viscoelastic limit of each isotropic
magnetorheological elastomer sample in all the working conditions. The results show that the linear viscoelastic region
of the magnetorheological elastomers is defined by the loss factor. Moreover, the volumetric particle content reduces
and frequency increases the linear viscoelastic region of all the matrixes, whereas the external magnetic field and the
temperature influences are matrix dependent.

Keywords
Magnetorheological elastomers, matrix, viscoelasticity, linear viscoelastic, complex shear modulus

Introduction

Magnetorheological elastomers (MREs) are considered
as smart materials because they have the ability to vary
their dynamic properties when a magnetic field is
applied, due to the particles embedded in the matrix.
The MR effect is the variation of the storage modulus,
when an external magnetic field is applied (Lokander
and Stenberg, 2003a; Yu et al., 2012). This effect is
influenced by the matrix because a softer matrix has a
larger MR effect (Popp et al., 2008). Furthermore, the
effect is larger for samples with larger particle content
up to a limit of around 30% volumetric content,
depending on the particle size (Gong et al., 2007;
Lokander and Stenberg, 2003a). Temperature and
strain are also decisive for the dynamic properties of
MREs (Lokander and Stenberg, 2003a; Zhang et al.,
2011). The MR effect is dependent on strain and thus
larger at small strain amplitudes (Lokander and
Stenberg, 2003a).

The characterisation of MREs is performed by oscil-
latory movements, such as shear or compression move-
ments. The shear movement can be rotational or linear
where the external magnetic field is perpendicular to the
movement. These techniques have been used to deter-
mine the properties of the MREs and the influence of

pre-structure, creep and recovery, and external mag-
netic field (Boczkowska et al., 2012; Li et al., 2010).

The viscoelastic behaviour of MREs can be
described by the complex modulus in the frequency
domain (Wereley et al., 2006). The complex modulus is
valid for the linear viscoelastic (LVE) region, which is
defined by the LVE limit. The limit is determined at the
point where the G# and G$ become dependent on the
strain.Tian et al. (2013) analysed the LVE region of iso-
tropic MREs, for which they used stress–strain curves
and also storage modulus–strain curves. They conclude
that particle content decreases the LVE region of the
MRE materials. When the storage modulus is depen-
dent on strain, it decreases with the increment of strain,
a behaviour called the Payne effect (Payne, 1962).
Bellan and Bossis (2002) showed that for MRE with
large particle content, the Payne effect becomes larger.
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The LVE region of MRE isotropic samples is
reduced with the increment of the external magnetic
field (Tian et al., 2013). To determine the LVE region,
Gordaninejad et al. (2012) defined a linear elastic
deformation at 1% of strain, because at high strains,
MRE has a non-linear behaviour due to the non-linear
behaviour of the compression and shear modulus.
Moreover, Agirre-Olabide et al. (2014) defined the
LVE region of a silicone rubber MRE at 0.029%,
which is determined by the loss factor.

Due to the importance of the LVE region, the LVE
region of three different elastomers with three volu-
metric particle contents in different working conditions
is analysed in this work. The matrixes analysed are a
natural rubber and two silicone rubber containing
Carbonyl Iron Powder (CIP) spherical particles with an
average particle size of 1.25 6 0.55 mm. One of the sili-
cones is based on two components, the matrix and the
vulcaniser, and vulcanises at room temperature; the
other is vulcanised at high temperature. The analysed
synthesis variables are the matrix and the particle con-
tent, and the characterisation variables are frequency,
external magnetic field and temperature. An oscillatory
rotational shear test is performed to define the LVE
region of each sample in all working conditions. The
viscoelastic behaviour of isotropic MREs is modelled
by the dynamic complex modulus (Jones, 2001), and
the loss factor is analysed to define the LVE limit;
furthermore, the storage modulus is also analysed in
relation to the work published in the literature.

Isotropic MRE synthesis

The three different isotropic matrixes analysed in this
work are two types of silicone rubber and a natural rub-
ber. The difference between the types of silicone rubber
lies in the degrees of softness and also the vulcanisation
process. One of the types of silicone rubber is the sili-
cone WACKER ELASTOSIL" M 4644 A and the vul-
caniser WACKER ELASTOSIL" M 4644 B, mixed to
a ratio of 10:1, respectively, which vulcanises at room
temperature. The vulcanisation of the other silicone
rubber, NE-9340, and the natural rubber takes place at
a high temperature, 180#C.

The particles embedded in the matrix are spherical
CIP particles. The average particle size is 1.25 6 0.55
mm and particles are supplied by BASF, The Chemical
Company.

The synthesis process also depends on the matrix.
The process of the silicone rubber that vulcanises at
room temperature, ELASTOSIL, is considered next.
First, the particles and the main matrix are mixed and
vacuum cycles are subsequently applied for 30 min to
remove the air bubbles generated during the mixing.
After this, the vulcaniser is mixed and again vacuum

cycles are applied for 30 min to remove the air bubbles.
The number of cycles depends on the particle content.
Then, the mixture is poured into a 1-mm-thick mould
to obtain a sample of 1-mm thickness, and after 12 h,
the samples are vulcanised.

On the other hand, the mixing process for silicone
rubber and natural rubber is different. For the mixture,
a two-roll mixing mill is used, and the particle content
is added gently to guarantee a homogeneous mix. Then
the mixture is poured into a 1-mm-thick mould and is
placed in an oven at 180#C and with a compression
pressure of 200 bar for 10 min.

The maximum particle content analysed in this
work is 30% volumetric content and is defined by the
critical particle volume concentration (CPVC) criter-
ion (Lokander and Stenberg, 2003b). This criterion is
independent of the matrix. Three volumetric particle
contents are synthesised in this work for each matrix.
The maximum particle content is 30% and the minimum
is 0% for the three matrixes. An intermediate particle
content of 10% is also defined for the ELASTOSIL
matrix and 15% for silicone and natural rubber.

MRE characterisation

MRE materials could work within the LVE region or
at the non-linear region as viscoelastic materials (Jones,
2001). The results of this study were obtained using an
Anton Paar Physica MCR 501 rheometer equipped
with the MRD 70/1T magnetorheological cell and the
parallel disc configuration. The parallel disc diameter
was 20 mm (PP20/MRD/TI/P2). The magnetic field
intensities range from the minimum of 0 kA/m to the
maximum of 616.7 kA/m. After each test, demagnetisa-
tion cycles are applied to guarantee the same initial
conditions for each test. The analysed frequencies are 0
and 40 Hz. One of the assumptions in the LVE theory
is that the inertia forces of the sample are negligible in
the oscillatory shear deformation. According to Ferry
(1980), the inertia force will be small if the density r is
small compared with G#/h2n2, where h is the thickness
of the sample and n is the oscillatory frequency in hertz.
This criterion is equivalent to saying that the sample
thickness is small compared with the wavelength of a
shear wave propagated through the medium (1)

r! G0

h2n2
ð1Þ

Therefore, in this work, the thickness of the sample
is 1 mm and the highest frequency is 40 Hz. Moreover,
the more critical situation would be the sample which
has the lowest storage modulus; hence, the studied situ-
ation is the ELASTOSIL sample at 40 Hz and 40#C
with a storage modulus of 110,000 Pa. The density of
the samples is 1070 Kg/m3

Agirre-Olabide et al. 1881
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1070 kg=m3 ! 110, 000

0:0012402
= 6875, 000 kg=m3 ð2Þ

From equation (2), we concluded that the inertia forces
are negligible.

Temperatures are 25#C for all samples, 40#C for the
ELASTOSIL and 60#C for the silicone and natural
rubber. These are controlled with a water-based heat-
ing/cooling system Julabo F-25. To avoid slipping
between the samples and the plates and to increase the
MR effect (Dong et al., 2012), a normal force of 3 N is
defined.

When the test is running, the controlled parameter is
the strain, and consequently, the shear stress is mea-
sured at a constant frequency. The strain sweep test is
performed to determine the LVE limit of each sample
and conditions. For the strain sweep test, a logarithmic
slope is defined and ranges from 0.001% to 10%; 50
points are measured and for each point, 5 s are
measured.

However, to determine the limit of each sample and
condition, the shear dynamic complex modulus has to
be defined. Assuming that the behaviour of the ana-
lysed MRE is linear, the strain is harmonic, and conse-
quently, the stress is also harmonic, but with a given
phase difference (3). Both are used to obtain the shear
dynamic complex modulus (G*) (Ferry, 1980)

G* =
tmax $ ej vt + dð Þ

gmax $ ejvt
=

tmax

gmax

cos d+j sindð Þ ð3Þ

where gmax is the amplitude of the shear strain, tmax is
the amplitude of shear stress and d is the phase differ-
ence between the strain and stress. The shear complex
modulus is composed of a real part or storage modulus
(G#) and an imaginary part or loss modulus (G$). The
relation between both is the loss factor (tan d).

Once the complex modulus is defined, the LVE limit
is defined. Within the linear region, the storage modu-
lus and the loss factor are constant (Nashif et al., 1985).
Gordaninejad et al. (2012) defined a limit when the
strain–stress relation becomes non-linear at 1% of
strain. Moreover, Wereley et al. (2006) define the LVE
limit for magnetorheological fluids (MRFs) at the point
where the storage modulus deviates 10% from the pla-
teau value. However, Laun et al. (2010) analysed the
storage and the loss modulus to define the linear and
non-linear regions of the magnetorheological models
for the MRF.

In this work, the loss factor and the storage modulus
are analysed (Agirre-Olabide et al., 2014). For this pur-
pose, a straight line is approached for each (G’ and tan
d), and the LVE limit is defined at the point where the
experimental data deviate 10% from the approached
straight line (Mezger, 2006) (Figure 1). In all the figures
of this wok, the same criterion is used to define the stor-
age modulus (!) and the loss factor (%).

Results

The LVE region is dependent on the synthesis and the
working conditions, such as matrix, particle content,
frequency, the external magnetic field and temperature.
The loss factor and the storage modulus of each sample
at all working conditions are analysed.

In Figure 1, it can be seen that the LVE limit defined
by the loss factor is more restrictive than the LVE
region determined by the storage modulus. That is why
all the results shown in this work are related to the loss
factor analysis. Nevertheless, the LVE region of the
storage modulus is also analysed because in the litera-
ture it is the analysed variable to study linear viscoelas-
ticity. All the LVE limits in all the analysed variables
are shown in Tables 1 to 3.

First, the synthesis parameters, that is, the matrix
and the particle content, are analysed. The influence of
the matrix is shown in Figure 2, where the three
matrixes are analysed without particles. Silicone rubber
is the matrix that has the lowest LVE region defined by
the loss factor, while the ELASTOSIL matrix has the
largest LVE limit. The same conclusion is obtained
from the storage modulus analysis. That is why the
softer the matrix, the larger the LVE region.

Figure 3 shows the influence of the particle content;
as an example, natural rubber and three particle con-
tents are shown. The particle content has a large influ-
ence on the LVE region. When the particle content is
increased, the LVE limit defined by the loss factor is
decreased. Moreover, this behaviour is also seen for all
the matrixes analysed in this work (Tables 1 to 3).
From the storage modulus analysis, the LVE region is
also decreased with an increment of particle content.
These results are in accordance with those shown by Li
and Nakano (2013). The decrease of the LVE region is
explained by the reinforcement experienced by the

Figure 1. LVE criterion for the silicone rubber without
particles and at 1 Hz.
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matrix when particles are embedded in a matrix due to
physical interactions (Phewthongin et al., 2006).
However, the influence of the particle content is depen-
dent on the matrix. When the matrix is softer, the influ-
ence of the particles is greater; hence, in this case, the
influence on the ELASTOSIL is larger than that on the
silicone rubber.

The characterisation variables such as frequency,
magnetic field and temperature also determine the LVE
region of each sample. The frequency analysis is shown
in Figure 4, where the 15% particle content silicone
rubber sample is analysed as an example. When the fre-
quency is increased, the LVE strain limit defined by the
loss factor is also increased; therefore, the increment of

Table 1. LVE strain limits of the ELASTOSIL matrix for all analysed working conditions.

25#C 40#C

Sample 0 kA/m 616.7 kA/m Sample 0 kA/m 616.7 kA/m

1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz

Storage modulus
0% 0.874 1.220 – – 0% 0.850 1.141 – –
10% 0.485 0.524 0.524 0.640 10% 0.454 0.561 0.331 0.412
30% 0.157 0.148 0.189 0.190 30% 0.208 0.153 0.156 0.186
Loss factor
0% 0.131 0.251 – – 0% 0.119 0.184 – –
10% 0.106 0.165 0.086 0.146 10% 0.060 0.099 0.040 0.116
30% 0.074 0.088 0.075 0.063 30% 0.069 0.080 0.064 0.074

LVE: linear viscoelastic.

Table 2. LVE strain limits of the natural rubber matrix for all analysed working conditions.

25#C 60#C

Sample 0 kA/m 616.7 kA/m Sample 0 kA/m 616.7 kA/m

1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz

Storage modulus
0% 0.529 0.484 – – 0% 1.899 1.774 – –
15% 0.225 0.243 0.290 0.272 15% 0.590 0.482 0.619 0.587
30% 0.126 0.139 0.138 0.167 30% 0.185 0.158 0.196 0.188
Loss factor
0% 0.169 0.179 – – 0% 0.256 0.398 – –
15% 0.094 0.094 0.118 0.114 15% 0.127 0.175 0.158 0.231
30% 0.045 0.051 0.059 0.058 30% 0.074 0.074 0.080 0.080

LVE: linear viscoelastic.

Table 3. LVE strain limits of the silicone rubber matrix for all analysed working conditions.

25#C 60#C

Sample 0 kA/m 616.7 kA/m Sample 0 kA/m 616.7 kA/m

1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz 1 Hz 40 Hz

Storage modulus
0% 0.333 0.405 – – 0% 0.402 0.489 – –
15% 0.190 0.231 0.229 0.279 15% 0.190 0.231 0.229 0.231
30% 0.130 0.133 0.157 0.191 30% 0.157 0.159 0.157 0.191
Loss factor
0% 0.108 0.131 – – 0% 0.130 0.158 – –
15% 0.074 0.075 0.089 0.090 15% 0.074 0.075 0.089 0.090
30% 0.042 0.051 0.061 0.075 30% 0.051 0.062 0.074 0.062

LVE: linear viscoelastic.
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the frequency increases the LVE region. For the natu-
ral rubber and ELASTOSIL samples and all the work-
ing conditions (Tables 1 to 3), the LVE limit is also
increased with the increment of frequency (Nashif et
al., 1985). Moreover, the same behaviour is seen at the
LVE limit defined by the storage modulus.

Unlike the previously analysed variables, the exter-
nal magnetic field depends on the matrix. Thus, natural
rubber and silicone rubber increase the LVE region
with increments of the magnetic field. As an example,
in Figure 5, the 15% particle content natural rubber
sample is shown. But the influence on the LVE limit of
the ELASTOSIL samples is not evident. Furthermore,
the external magnetic field effect is similar for the loss
factor and the storage modulus.

The influence of temperature is also analysed and
depends on the matrix. Figure 6 analyses the influence
of temperature and matrix. Silicone rubber and

ELASTOSIL matrixes are analysed without particle
content. In Figure 6, two different behaviours can be
seen. The loss factor defined that the LVE limit
increases for silicone rubber with temperature, whereas
ELASTOSIL sample LVE region is reduced. The influ-
ence of temperature on the LVE limit is rarely studied,
although it is determined that the strain limit is
increased with a decrease in stiffness (Airey and
Rahimzadeh, 2004), as for the silicone and natural rub-
ber analysed in this work. Nevertheless, the LVE region
of some polymers is decreased with the increment of
the temperature (Arenz, 1999; Leblanc, 2012), such as
the ELASTOSIL sample (Figure 6). The reason for this
behaviour could be explained by the transition tem-
perature (Tg). The matrixes studied in this study are
working in the rubbery region when the temperature is
increased, over the transition temperature (Jones,

Figure 3. Influence of particle content on the LVE region for
the natural rubber samples.

Figure 5. Influence of the external magnetic field on the LVE
region for the 15% natural rubber sample.

Figure 4. Influence of frequency on the LVE region for the 15%
silicone rubber sample.

Figure 2. Influence of the matrix on the LVE limit.
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2001), because the storage modulus and the loss factor
decrease with the temperature. Moreover, Starkova
and Aniskevich (2007) proposed that the LVE region is
wider with a higher transition temperature. Therefore,
the ELASTOSIL samples have the higher Tg, and it is
proposed that samples are working close to the Tg

when the temperature is increased. That is why the
LVE region is decreased.

Moreover, the combination of particle content and
frequency is analysed. However, to analyse the combi-
nation, a stress–strain diagram is used. A first-order
polynomial function is approach to the Figure 7(a)
curves, and then the LVE limit is determined at the
point where the shear stress deviates 10% from the
approach function. In Figure 7(a) and (b), the silicone
rubber samples are used with a logarithmic and linear
scale, respectively. The increment of frequency increases
the LVE region. However, when frequency and particle
content are combined, the increment of frequency is
reduced. Figure 7(b) shows that the increment of fre-
quency is larger when particle content is smaller. The
values of the LVE strain limits determined by these dia-
grams are similar to LVE limits determined by the stor-
age modulus because the influence of the storage
modulus on the dynamic complex modulus is larger
than the loss modulus or the imaginary part.

As a summary of the LVE limits determined by the
loss factor, the influence of the synthesis and character-
isation variables is shown in Table 4.

Conclusion

The LVE region limit has to be defined to predict the
linear behaviour of the MRE. The LVE region of the
MRE materials is defined by the loss factor, because it
is more restrictive than the limit defined by the storage
modulus.

The matrix is a determinant synthesis parameter to
determine the LVE limit of the MRE. The softer the
matrix, the larger the LVE region of the MRE.
However, the contribution of particle content in the
LVE region depends on the matrix and working condi-
tions. Furthermore, an increment in the particle con-
tent decreases the LVE limit.

The characterisation variables also determine the
LVE region of the MRE. The frequency increases the
LVE region of the MRE in all analysed working

Figure 7. Influence of particle content and frequency on the
LVE region: (a) logarithmic scale and (b) linear x-axis scale.

Figure 6. Influence of temperature on the LVE region for the 0%
silicone rubber sample and for the 0% ELASTOSIL sample at 1 Hz.

Table 4. Summary of the influence of synthesis and working
conditions on the LVE region of MRE.

LVE ELASTOSIL Silicone
rubber

Natural
rubber

Particle content # # #
Frequency " " "
External magnetic field ~ " "
Temperature # " "

LVE: linear viscoelastic; MRE: magnetorheological elastomer.
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conditions. Furthermore, the magnetic field and the
temperature influence depend on the matrix.
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Abstract This work studies the influence of synthesis vari-
ables on the lineal viscoelastic properties of elastomers filled
with soft magnetic particles. Three matrices [natural rubber
(NR), high-temperature vulcanising silicone rubber (HTV-
SR), and room-temperature vulcanising (RTV-SR)] and three
volumetric particle contents (0%, 15%, and 30%) were stud-
ied. Anisotropic samples were synthesised with a softer matrix
to obtain a larger magnetorheological (MR) effect, and the
variation of their properties under an external magnetic field
was examined. All samples were characterised within the lin-
eal viscoelastic (LVE) region using a rheometer, because the
MR effect is larger within this region. The influence of the
matrix, particle content, and pre-structure on the viscoelastic
properties of the synthesised samples was studied. The storage
and loss modulus increased with the frequency owing to the
viscoelastic behaviour of an elastomer in the rubbery phase.
Both moduli also increased with the filler content. The influ-
ence of the filler is dependent on the matrix, and the maximum
variation was seen in the NR-based samples. However, the
maximum MR effect was seen in the samples with a softer
matrix, and the effect was enhanced in the anisotropic sam-
ples. In this work, the MR effect on the loss modulus was
studied, and the tendencies were found to be similar to those
of the storage modulus. The main contribution of this work is
that all dynamic behaviour results were comparable because
all synthesis variables and characterisation conditions were
identical. Therefore, how the particle content, frequency, and
magnetic field affects each matrix can be studied.

Keywords smart polymers . magnetorheological elastomer .

synthesis . lineal viscoelasticity . dynamic properties

Introduction

Elastomers filled with magnetic particles, also called
magnetorheological elastomers (MREs), are classified as
smart materials because their properties vary under an external
magnetic field. One of the ratios used to measure the
variabilityof the properties is the magnetorheological (MR)
effect; it is defined as the ratio of the difference in storage
modulus with and without a magnetic field to the storage
modulus without a magnetic field, as defined in Eq. (1) [1].

MR effect ¼ G1−G0

G0
; ð1Þ

where G0 is the rigidity without the magnetic field andG1, the
rigidity under a magnetic field during characterisation. The
MR effect is dependent on synthesis variables such as the
matrix, particle content, and pre-structure.

Chen et al. [2] studied the influence of the matrix in the
mechanical properties using a natural rubber (NR) and a sili-
cone rubber (SR). The mechanical performance improved re-
placing the SR with NR. Chen et al. [3] studied the damping
properties of MRE elastomers based on different matrices. A
low damping ratio matrix leads to a low damping rationMRE.
Lokander and Stenberg [4] studied SR-based MRE samples
and concluded that a larger MR effect is obtained with a softer
matrix.

Previous studies used soft or hard magnetic particles as the
filler material. When hard magnetic materials are used in
MRE samples, magnetic nonlinear behaviour is obtained ow-
ing to the nature of the material [5]. Furthermore, energy
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dissipation increases when using hard magnetic materials ow-
ing to the rotation of the particles [6]. However, previous
studies used soft magnetic particles for the reversibility of
properties in the absence of a magnetic field [7–9].

Particle content is a key parameter to determine the dynam-
ic mechanical properties of MREs under the same characteri-
sation conditions [10]. Both the storage modulus and the loss
factor increase with the particle content [11–13]. The MR
effect of MREs is also influenced by the particle concentra-
tion; specifically, the effect is higher with larger volumetric
particle content [12, 14–16].

Embedded particles can be randomly distributed or aligned
in chains. Isotropic MREs are cured without the influence of a
magnetic field. On the other hand, chains are obtained by
applying an external magnetic field during the pre-structure
process; samples with oriented chains are called anisotropic
MRE. Anisotropic samples show higher MR effect than iso-
tropic ones [17].

Li et al. [18] and Zhu et al. [13] mentioned that the initial
and dynamic mechanical storage modulus of MREs increase
with the magnetic field during the pre-structure process.
Nonetheless, this modulus increases until the saturation of
the MR effect. However, the loss factor decreases when an
external magnetic field is applied to the MRE during charac-
terisation [19].

The viscoelastic properties of the materials are also depen-
dent on the characterisation conditions. Strain is one of the
most important properties owing to the Payne effect [20]. In
the lineal region at low strains, this behaviour is independent
of the strain, and the time-dependent stress and strain can be
expressed in a sinusoidal form [21]. However, at higher
strains, the behaviour is nonlinear. Lokander and Stenberg
[14] show that the MR effect of isotropic MREs decreases
with the strain amplitude, whereas the damping ratio increases
[3].

Gordaninejad et al. [15], Ju et al. [12], and Qiao et al. [22]
defined the lineal viscoelastic limit at a strain of 1%. Qiao
et al. [22] analysed the lineal viscoelastic behaviour of
MREs and determined that the limit decreases with an in-
crease in the external magnetic field. Agirre-Olabide et al.
[23, 24] determined the lineal viscoelastic (LVE) region by
analysing the loss factor which guarantees lineal dynamic
characterisation at room temperature. This region was
analysed as a function of the matrix, particle content, pre-
structure, frequency, temperature, and external magnetic field.

In this work, the influence of synthesis and characterisation
variables on the viscoelastic properties of MREs are analysed
under the same characterisation conditions. In previous works,
we determined the LVE region under different conditions and
for different samples [23, 24]; in this study, those regions were
used to study the dynamic behaviour and maximise the MR
effect of MREs. The studied synthesis variables were the ma-
trix and particle content, and the influence of the pre-structure

was analysed using a softer matrix. Three matrices were
vulcanised: NR, room-temperature vulcanising silicone rub-
ber (RTV-SR), and high-temperature vulcanising silicone rub-
ber (HTV-SR); all matrices were filled with soft magnetic
particles. The analysed characterisation variables were fre-
quency and magnetic field. To study the energy dissipation
due to the magnetic field, the loss modulus MR effect was
defined. The main contribution of this work is that the influ-
ence of the particle content, frequency, and magnetic field in
each matrix can be compared because the characterisation
conditions for all samples were identical.

Experimental

Isotropic elastomers filled with soft magnetic particles were
synthesised using three different matrices; for the anisotropic
sample, the softer matrix was used. As a soft magnetic filler,
carbonyl iron powder (CIP) particles were used, and three
particle contents were studied. Characterisation was per-
f o rm e d u s i n g a r h e om e t e r e q u i p p e d w i t h a
magnetorheological device for the magnetic field, and all fre-
quency sweep tests were performed within the LVE region.

Material

In this study, three rubber materials were used: NR, HTV-SR,
and RTV-SR. NR and HTV-SRwere vulcanised at 180 °C and
HTV-SR was vulcanised at room temperature. HTV-SR had
two components: the main matrix WACKER Elastosil® M
4644 A and the vulcaniser WACKER Elastosil® M 4644 B
mixed in 10:1 ratio.

For synthesising the MREs, CIP was used as the ferromag-
netic iron particle; it had a spherical shape and average size of
1.25 ± 0.55 μm. The shape and the size of the particles was
analysed using scanning electron microscope (SEM) image
(Fig. 1). The image was obtained by a SEM working in low
vacuum and microanalysis, JEOL JSM 5600 LV, and with a
voltage acceleration of 15 kV. These particles were provided
by BASF. Three volumetric concentrations were used:

Fig. 1 SEM image of carbonyl iron powder particles

 139 Page 2 of 9 J Polym Res  (2017) 24:139 

2. Shear magneto-thermo-dynamic characterisation

47



without particles (0%), intermediate concentration (15%), and
maximum concentration (30%).

Lokander and Stenberg [14] defined the maximum particle
content when all particles are in contact one to each other and
the voids between them is replaced by rubber. This content is
defined as the critical particle volume concentration (CPVC),

CPVC ¼ 100� ρapp
ρFe

; ð2Þ

where ρapp is the apparent density of the filler and ρFe is the
material density of the filler 2400 and 7800 respectively.
Therefore, the CPVC for the particles used in this work is
30.76% and the maximum content synthetized was 30%.

Preparation of isotropic and anisotropic samples

The synthesis process is the same for NR and HTV-SR (NE-
9340) matrices because of the vulcanisation temperature and
solid state of the raw material. For the mixing process, a two-
roll mixing mill was used, and the particles were added grad-
ually. A homogenous mixture was poured into a 1-mm-thick
mould, and the mould was then placed in an oven at 180 °C
under compression pressure of 200 bar.

The RTV-SR matrix had two components, and vulcanisa-
tion began when both were mixed. This matrix (Elastosil® M
4644 A) and the particles were mixed by hand, and vacuum
cycles were applied for 30min to extract air bubbles generated
during mixing. Then, the vulcaniser was added, and vacuum
cycles were again applied to remove air bubbles. Finally, the
homogenous mixture was poured into a 1-mm-thick mould.

For the RTV-SR matrix, two pre-structure conditions were
studied: pre-structure without a magnetic field (isotropic
MRE) [23] and with a magnetic field (anisotropic MRE)
[24]. During pre-structuring, a magnetic field was applied in
the thickness direction to obtain a chain alignment of the par-
ticles in the direction perpendicular to the characterisation
shear strain [17]. The magnetic field density was
0.13 ± 0.01 T as measured by the Gaussimeter FH-54.

To guarantee that the synthesised samples were isotropic
and anisotropic MRE samples, images were obtained using a
Nova NanoSEM 450 scanning electron microscope (SEM)
working under low vacuum conditions with an acceleration
voltage of 18 kV. Figure 2 shows SEM images of the 15%
MRE sample: in Fig. 2a, a homogeneous particle distribution
can be seen (isotropic MRE), and in Fig. 2b, the particles are
aligned perpendicular to the surface in the direction of the
applied external magnetic field during vulcanisation (aniso-
tropic MRE). While in Fig. 1 the particles are agglomerated,
after synthesising isotropic samples (Fig. 2a) particle agglom-
erations were not seen is isotropic MREs and they were ran-
domly distributed.

Characterisation

This work studies the dynamic behaviour of MREs within the
LVE region. For this purpose, dynamic frequency sweep tests
were performed to determine the lineal dynamic properties of
the analysed MRE.

Characterisation was performed using an Anton Paar
Physica MCR 501 rheometer equipped with a MRD 70/
1 T magnetorheological cell, and a parallel plate config-
uration was used. One of the plates had a serrated sur-
face, and its diameter was 20 mm (PP20/MRD/TI/P2).
The tested samples had a diameter of 20 mm and thick-
ness of 1 mm, and for each vulcanised material, three
samples were studied.

The frequency range of 1–40 Hz was analysed, and all tests
were performed at a temperature of 25 °C controlled using the
Julabo F-25 water-based heating/cooling system. To avoid
sliding between the samples and the plates and to increase
the MR effect, a normal force of 5 N was defined [25].

Three external magnetic fields were studied: minimum of 0
kA/m, intermediate of 347 kA/m, andmaximum of 616 kA/m.
In the samples, the possible magnetisation was tested, and it
was seen that the magnetisation was minimum because the
measured field was below 15 ± 8 μT.

Fig. 2 SEM images of 15%
RTV-SR MRE: (a) isotropic and
(b) anisotropic samples
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Frequency sweep tests were performed within the LVE
region at a strain of 0.01%, as defined in our previous works
[23, 24].

As the samples were tested in the lineal region, the visco-
elastic behaviour can be modelled by the complex shear mod-
ulus (G*), which is independent of the strain. The complex
shear modulus is defined by the shear strain and shear stress.
Owing to the lineal behaviour, the applied shear strain is har-
monic, and consequently, the shear stress is also harmonic
[26]. From the relationship between the two, the dynamic
shear modulus is defined as

G* ¼ τ tð Þ
γ tð Þ ¼

τmax⋅e j ωtþδð Þ

γmax⋅e jωt
¼ τmax

γmax
cosδ þ j sinδð Þ ð3Þ

where γmax is the amplitude of the shear strain; τmax, the ampli-
tude of the shear stress; δ, the phase difference between the strain
and the stress; and ω, the frequency (unit: rad/s). The complex
shear modulus is compounded by a real part, or the storage
modulus (G’), and an imaginary part, or the loss modulus (G^).

For the frequency sweep test, a lineal distribution of 40
frequencies between 1 and 40 Hz was applied. The measure-
ment period for each point was 5 s, and three magnetic fields
were analysed within the range of 0–616.7 kA/m.

Results and discussion

The viscoelastic behaviour of the MRE materials is due to the
elastomeric matrix. Therefore, the influence of the matrix,
particles, and magnetic field was studied. Moreover, the softer
matrix (RTV-SR) was used to study the influence of the mag-
netic field during vulcanisation.

The influence of strain on the viscoelastic properties of
elastomeric materials is called the Payne effect [20]; with an
increase in strain, the storage modulus (G’) decreases and the
loss modulus (G^) increases. At low strains (LVE region), the
magnetorheological effect is larger [14] and the properties
remain constant; however, at higher strains, the viscoelastic

Fig. 3 Influence of strain on the (a) storage modulus (G’), (b) loss modulus (G^) and (c) loss factor (tan δ) of the 30% isotropic RTV-SR sample as a
function of frequency

Fig. 4 Influence of thematrix (RTV-SR, NR andHTV-SR) on the (a) storage modulus (G’), (b) loss modulus (G^) and (c) loss factor (tan δ) as a function
of frequency
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properties depends on the applied amplitude. Figure 3 shows
the mentioned influence for the RTV-SR matrix with 30%
particle content; the behaviour of loss modulus and loss factor
are similar (Fig. 3). Therefore, in this work, we focused on the
LVE region and used a strain of 0.01% [24] because the
magnetorheological effect is larger [27] and the properties
are independent of the strain.

Figure 4 shows the influence of the matrix on the dynamic
properties in the studied cases. The increase due to frequency
is the typical behaviour of a viscoelastic material within the

rubbery region [28]. It is also seen that when the matrix is
stiffer, the energy dissipation is larger. At low frequencies,
the loss factor is larger for the HTV-SR sample, while the
influence of the frequency is larger for softer matrices.

Figure 5 shows the influence of the particle content on the
viscoelastic properties for each matrix. When the particles are
embedded in a matrix, new interactions are created between
the particles and the matrix; consequently, a mechanical rein-
forcement is created that increases the storage modulus owing
to the formation of a physically bonded filler network and to

Fig. 5 Influence of the particle content on the (a) storage modulus (G’), (b) loss modulus (G^) and (c) loss factor (tan δ) as a function of frequency for
different matrices (RTV-SR, NR and HTV-SR)
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strong polymer-filler couplings [29, 30]. The energy dissipa-
tion also increases with the particle content owing to increased
friction between particles [31, 32]. The influence of particle
content in the loss factor is dependent on the matrix, the larger
influence occurs for the softer matrix. The loss factor of RTV-
SR increases with the particle content and the highest energy
dissipation is given with the higher particle content owing to
the particle friction. For the NR samples, it is also increased,
while the frequency dependence is reduced for the maximum
particle content. However, the influence of the particle content
in loss factor for HTV-SR samples is different; it increases
with the particle content while with the addition of 15%

particle content it decreased. This can be explained by the
energy dissipation mechanism. The pure elastic part of the
matrix consist of long polymer chains and the viscoelastic part
on short chains [33]. Therefore, when particles are added the
short chain might be broken and consequently the loss factor
is decreased. Figure 5 indicates that by increasing the particle
content up to the maximum defined by the critical particle
volume concentration (CPVC) higher rigidity and energy dis-
sipation can be obtained [14].

However, the influence of the particle content is completely
dependent on the matrix. Figure 6 shows the increase of the
storage and loss moduli with the addition of CIP particles

Fig. 6 Variation of (a) storage
(G’) and (b) loss modulus (G^)
with the addition of soft magnetic
fillers in different matrices

Fig. 7 Influence of the magnetic
field on the (a) storage (G’) and
(b) loss modulus (G^) as a
function of the frequency for the
30% HTV-SR and RTV-SR
samples
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relative to the 0% samples. In all cases, the storage mod-
ulus increased and loss modulus decreased with frequen-
cy. The largest increase in viscoelastic properties is seen
in the NR matrix (maximum of 200% for G’ and 300%
for G^ with 30% particle content), and the smallest in-
crease is seen in the RTV-SR matrix (maximum of 50%
for G’ and 140% for G^ with 30% particle content).
HTV-SR shows the same maximum increase of 100%
for both G’ and G^.

These properties can be modified by applying an external
magnetic field. As an example, Fig. 7 shows the 30%HTV-SR
and 30% RTV-SR samples. The viscoelastic properties are
modified, and the influence on the storage modulus is larger
than that on the loss modulus. However, the influence of the
magnetic field is completely dependent on the matrix. The
magnetorheological effect increases with the particle content.
These results are in agreement with those reported by Raa
Khimi et al. and Jung et al. [31, 34].

MREs are widely applied as vibration isolators. Therefore,
the variation of dissipated energy or loss modulus is studied.
The loss modulus MR effect, analogously to the MR effect, is
defined as

Loss modulus MR effect ¼ G″
1−G

″
0

G″
0

; ð4Þ

where G″
0 is the loss modulus without any magnetic field and

G″
1, the loss modulus in the presence of a magnetic field. In

Table 1, the mean maximum MR effects are shown for the
storage and loss modulus. The influence of the magnetic field
on the loss factor is not remarkable because the increase of
storage and loss modulus with magnetic field are similar
(Table 1). The loss modulus MR effect is lower than the MR
effect for RTV-SR and NR and higher for HTV-SR. The mea-
surement of the different matrices under the same characteri-
sation conditions indicated that the MR effect and loss modu-
lus MR effect were larger for a softer matrix, which was in
agreement with literature [35]. Therefore, depending on the
application of these materials, a softer matrix or high-
attenuation matrix must be used; for example, a high-
attenuation matrix should be used for vibration isolators.

The MR effect increases with the particle content but it is
more sensitive for the softer matrix, RTV-SR. To obtain a
larger MR effect, RTV-SR–based anisotropic MRE samples
were synthesised.

The dynamic properties are modified when a rubber matrix
filled with soft magnetic particles is vulcanised under a mag-
netic field [27, 36]. This influence can be seen in Fig. 8, where
both the storage and loss modulus increase with the particle
content and frequency for the anisotropic sample. Particle
chains are created in the MRE sample, and consequently, the
interaction forces between particles increase, in turn increas-
ing the storage modulus [32].

The increase for the maximum particle content is larger
because all particles are almost in contact with each other.
The microstructure is similar to the three-dimensional lattice
of iron particles [37], and larger energy dissipation occurs
owing to interfacial slipping [31, 32]. However, the maximum
influence of the pre-structure process is seen in the MR effect.

As an example of the influence of the magnetic field, 15%
isotropic and anisotropic samples are shown in Fig. 9. The
influence of the magnetic field is larger for anisotropic sam-
ples than for isotropic ones. The particle interaction magnetic
forces are larger for anisotropic samples because particles are

Table 1 Maximum mean MR effect for (a) storage and (b) loss
modulus for different matrices and particle contents

RTV-SR NR HTV-SR

(a) MR effect: Storage modulus (G’)

15% 10.78 ± 1.7 6.42 ± 0.27 2.53 ± 0.52

30% 16.66 ± 0.79 9.31 ± 0.69 4.79 ± 0.59

(b) MR effect: Loss modulus (G^)

15% 9.66 ± 1.62 6.11 ± 1.15 5.55 ± 1.06

30% 11.29 ± 0.91 7.39 ± 1.9 8.11 ± 1.12

Fig. 8 (a) Storage (G’) and (b)
loss modulus (G^) of isotropic
and anisotropic RTV-SR samples
as a function of frequency and
different particle contents
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aligned, and consequently, the distance between particles de-
creases. As the particles come closer, the energy dissipation
increases owing to the slipping of the particles. In Table 2, the
maximum mean MR effects are shown.

Conclusions

In this work, the synthesis and characterisation effects were
analysed under the same characterisation conditions.

Three different matrices were synthesised with soft mag-
netic fillers and characterised under the same conditions with-
in the LVE region. The storage and loss modulus increased
with the frequency; this is a typical behaviour of viscoelastic
material within the rubbery region.

The storage and loss modulus increased with the particle
content for all the studied matrices. However, the influence on
each matrix was different. The NR matrix showed the maxi-
mum increase of 200% for storage modulus and 300% for loss
modulus with 30% particle content. The HTV-SR showed the
same increase of 100% for both the storage and the loss mod-
ulus with 30% particle content.

The MR effect is dependent on the viscoelastic nature of
the matrix. LargerMR effects occurs when the matrix is softer.
In this work, RTV-SR was the softer matrix, and it showed
maximum storage modulus MR effect of 16% and loss mod-
ulus MR effect of 11%.

Therefore, the influence of the particle content and external
magnetic field on the storage and loss modulus are completely
dependent on the matrix. To obtain a larger MR effect, aniso-
tropic MREs were synthesised with a softer matrix.
Anisotropic samples show a larger storage and loss modulus
compared to the isotropic ones. The distance between particles
is closer owing to vulcanisation under a magnetic field. As the
particles are closer, the energy dissipation increases owing to
the slipping of the particles. When a magnetic field is applied,
the particle-particle interaction forces are larger; this increased
the MR effect to 30% for the anisotropic sample with maxi-
mum particle content. The loss modulus MR effect for the
same sample also increased by up to 21%.
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Follow an old path and you find the expected. Blaze a new
trail and you have an adventure.

Kelsey

3
Compressionmagneto-dynamic

characterisation

• I. Agirre-Olabide, andM.J. Elejabarrieta. 2017. A newmagneto-dynamic compression
technique for magnetorheological elastomers at high frequencies. Composites Part B,
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3.1. Introduction

In this chapter, a new magneto-dynamic compression technique is designed and
manufactured to measure magneto-viscoelastic properties of magnetorheological
elastomers (MREs) at high frequencies. Isotropic MREs filled with carbonyl iron
powder are synthesised. A standard procedure is defined to calculated the vis-
coelastic compression properties of MREs using stress–strain diagrams. Further-
more, theLVE region forMREs in compressionmode is defined, and the influence
of synthesis and characterisation variables are analysed. Finally, the compression
magneto-viscoelastic properties of isotropic MREs within the linear region are
analysed at high frequencies.

3.1 Introduction

MREs have been used in many applications, and some of them are working in
compressionmode, such as in isolators (Kavlicoglu et al. 2011; Komatsuzaki et al.
2016; Ladipo et al. 2016; Lerner and Cunefare 2008; Sun et al. 2015; Yang et al.
2015). Therefore, the viscoelastic properties of these materials have to be charac-
terised in compression mode.

In compression tests, Varga et al. (2006) concluded that the variation of sto-
rage modulus was larger when the mechanical stress and applied magnetic field
wereparallel. Therefore, to characterise theMREs in compressionmode, the equip-
ment were modified to apply an external magnetic field. For that purpose, two so-
lutions have been developed, one using permanent magnets (500 mT) (Hiptmair
et al. 2015; Vatandoost et al. 2017; Yang et al. 2015) and the other using electro-
magnets (1T) (Kallio et al. 2007; Li and Sun 2013; Ubaidillah et al. 2016b).

According to characterisation devices, universal testingmachines (Kallio et al.
2007), fatigue machines (Norouzi et al. 2016; Ubaidillah et al. 2016b) and dy-
namic mechanical analysers (Li and Sun 2013) have been adapted to characterise
MREs. However, the maximum characterisation frequency was 25 Hz. To charac-
terise MRE materials at higher frequencies, electrodynamic shakers were used.
Yang et al. (2015) characterised MREs in compression mode up to 30 Hz. Ne-
vertheless, in shear mode larger frequencies up to 1 kHz have been characterised
using an electrodynamic shaker Kari and Blom (2005).
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3. Compression magneto-dynamic characterisation

In the literature, MRE properties were measured in shear mode, and con-
sequently the LVE region was analysed in that mode, which was determined at
the point when viscoelastic properties deviates 10% (Agirre-Olabide et al. 2014;
Bonhome-Espinosa et al. 2017; Ubaidillah et al. 2016a; Wereley et al. 2006). The
shear LVE region decreases with particle content and becomes larger with fre-
quency (Agirre-Olabide et al. 2015),whilemagnetic fielddoesnot restrict theLVE
region (Agirre-Olabide et al. 2015; Ubaidillah et al. 2016a; Yang et al. 2017).

3.2 Critical review

The characterisation of viscoelastic properties properties in compression mode
is important owing to MRE applications (Komatsuzaki et al. 2016; Ladipo et al.
2016; Sunet al. 2015;Yang et al. 2015). However, in the literature the larger charac-
terised frequency in compressionmode have been 30Hz forMREs. Furthermore,
the LVE region was not defined for MREs in compression mode. To characterise
themagneto-dynamic properties in compressionmode, themagnetic field have to
be parallel to the mechanical stress (Varga et al. 2006).

In this chapter, a new magneto-dynamic compression technique to charac-
terise MREs at high frequencies is developed. The LVE region for MREs in com-
pression mode is defined and subsequently the influence of synthesis and charac-
terisation variables in the linear region are analysed. The compression magneto-
viscoelastic properties of isotropic MREs within the linear region are measured at
high frequencies. Using an electrodynamic shaker, frequencies from 50 to 200Hz
are characterised, and amagnetic field parallel to themechanical stress is obtained
with an electromagnet. A standard procedure is defined to calculate the viscoelas-
tic properties of MREs using stress–strain diagrams. Two tests are employed, a
strain sweep test to define theLVE region of isotropicMREs in compressionmode
as a function of particle content and frequency and, using that limit, a frequency
sweep test to analyse magneto-viscoelastic properties in the linear region.
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3.3. Aims

3.3 Aims

The goal of this chapter is to develop an experimental compression technique to
analyse the compressionmagneto-viscoelastic propertiesof isotropicMREswithin
the linear viscoelastic region. The specific objectives are:

• Synthesise compression MRE samples

• Defineanewprocedure todetermine the compressionmagneto-viscoelastic
properties of MREs

• Analyse the influence of synthesis and characterisation variables in the LVE
region of MREs in compression mode.

• Analyse the magneto-viscoelastic properties of MREs.

3.4 Synthesis

In this chapter, isotropic compression MRE samples are synthesised with three
particle contents based on a natural rubber (NR) matrix.

The isotropic MREs contained carbonyl iron powder (CIP) as the filler and
natural rubber as the matrix. The CIP particle were spherical with an average size
of 1.25 ± 0.55 μm. The particles were supplied by BASF, The Chemical Company.

The mixing of particles and the matrix was done with a two-roll mixing mill;
particles were added gently to guarantee a homogeneous mix. The mixture was

Figure 3.1 Sketch of the vulcanisation of isotropic MREs
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3. Compression magneto-dynamic characterisation

poured into a 10 mm thick mould (Figure 3.1), and placed in an oven at 180 °C
with a hydraulic pressure of 200 bar for 10 min (indicated with a P in Figure 3.1).
The samples were 10 ± 0.1 mm in diameter and 10 ± 0.05 mm high. The particles
were randomly distributed, resulting in homogeneous and isotropicMREs. Three
volumetric particle contents were studied in this chapter—0%, 15% and 30%.

3.5 Results

In this section, the results obtained in the paper shown in sec. 3.7. are resumed. A
compression technique to characteriseMREs at high frequency was developed. A
standardprocedurewasdefined to calculate the viscoelastic properties ofMREsus-
ing stress–strain diagrams. Two characterisation tests were defined: strain sweep
tests were performed to define the LVE region of isotropic MREs in compression
mode as a function of particle content and frequency, and using that limit, fre-
quency sweep tests to analyse magneto-viscoelastic properties in the linear region
at high frequencies.

3.5.1 Technique

Anewmagneto-dynamic compression test devicewas designed andmanufactured
(which was fixed to an electrodynamic shaker) to characterise MREs at high fre-
quencies. Themagneto-dynamic response was obtained in the frequency range of
50–200 Hz. The test is detailed in Figure 3.2.

The proposed test was an open-loop test in which a sinusoidal signal was intro-
duced and the output signal wasmeasured. TheOROS(OR763) analyser consists
of twooutput channels and four input channels. The frequency and the level of the
generated signal were defined using the analyser (A).The analyser (A) generated a
sinusoidal signal at a certain frequency that was sent to the electrodynamic shaker
(B).The shaker (B) applied a sinusoidal displacement to the testing device, which
was measured using an accelerometer (C). The response of the system was mea-
sured with a force sensor (D), and themagnetic field density applied to the testing
device was regulated with a DC power supply (E). The data acquisition for accel-
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3.5. Results

eration and force signals was accomplished using the analyser (A).

Figure 3.2 Experimental set-up

Once the overall view of the proposed technique is defined, the details of each
element, the characterisation procedure and the data processing are explained.

Figure 3.3(a) shows a photo of the whole testing device and Figure 3.3 (b)
shows a close-up of the sample. A sinusoidal signal was sent to a LingV406 electro-
dynamic shaker (1), which applied a sinusoidal movement at a defined frequency
and level conditions. The connection between the testing device and the shaker
was done via a ball joint (2), which only transmited a linear displacement to the
device. The next element was the translational oscillatory rod (4), which had an
accelerometer (Brüel & Kjaer 4371) (3) to measure the input acceleration intro-
duced to the system. That oscillation was applied to the sample (9) and the res-
ponse was transmitted through the static rod (10), and it was measured using a
Dytran IEPE force sensor 1051v2 (7). The magnetic field was applied with an
electromagnet with 2700 turns in the coil (6).

Once the sample was placed between the translational oscillatory and static
rods, the desired pre-strain was applied with the bolt (11) and measured using a
Mitutoyo ABSOLUTEDigimatic Indicator (linear encoder) (8). The accuracy of
the encoder was 0.01mm. The contact between the static and oscillatory rods was
guaranteed due to springs (5).

The two measured signals, the input acceleration and output force, were har-
monic and were measured in the time domain. In all studied cases and from both
signals, 10 oscillations weremeasured after the first 10 periods had passed; amean
oscillation was obtained for each signal. Next, a sine function was fitted to the
mean acceleration using the least square method and was integrated two times to
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3. Compression magneto-dynamic characterisation

(a) (b)

Figure 3.3 (a)Dynamic compression test and (b) close-up of the sample holding: (1) electrody-
namic shaker, (2) ball joint, (3) uniaxial accelerometer (Brüel & Kjaer 4371), (4) translational
oscillatory rod, (5) springs, (6) electromagnet, (7) dynamic force sensor (Dytran IEPE force
sensor 1051v2), (8) Mitutoyo ABSOLUTE Digimatic Indicator (linear encoder), (9) sample,
(10) static rod, and (11) pre-strain bolt and nut

obtain the oscillatory displacement. At least 50 periods and 125 points per period
were measured, and consequently the resolution was different for each frequency.

The stress was determined from the force signal and the cross-section of the
sample, and the strain was determined from the displacement, sample’s height and
pre-strain measured with the linear encoder. As an example, an NR sample was
measured at 75 Hz. The stress–strain diagram of the test is shown in Figure 3.4.
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Figure 3.4 Stress–strain diagram of an NR 30% isotropic sample for a strain amplitude of 0.2% at
75 Hz, room temperature and 0 kA/m

According to Lakes (2009), the complex (E∗) and storage modulus (E′) and
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3.5. Results

the loss factor (tan δ) can be obtained from a stress–strain diagram,

|E∗| =σmax

εmax
, (3.1)

E′ =
σεmax

εmax
, and (3.2)

tan δ =
εσ=0

εσmax

, (3.3)

where σmax is themaximum stress, εmax is themaximum strain, σεmax is the stress at
the maximum strain, εσ=0 is the strain when the stress is equal to 0 and εσmax is the
strain at the maximum stress.

Two characterisation tests were performed, a strain sweep test to define the
LVE region of isotropicMREs in compressionmode and a frequency sweep test to
study the magneto-viscoelastic properties within the LVE and at high frequencies.

The linear viscoelastic LVE region has to be defined to guarantee the largest
MR effect, which is the largest storagemodulus variation (Jung et al. 2016; Lokan-
der and Stenberg 2003b; Schubert andHarrison 2015). The LVE region was iden-
tified by performing strain sweep tests. When the response is linear, the stress–
strain curve shape is elliptical (Nashif et al. 1985; Poojary andGangadharan 2017).
The LVE region is determined when the storage modulus deviates 10% (Agirre-
Olabide et al. 2014; Bonhome-Espinosa et al. 2017; Ubaidillah et al. 2016a;Were-
ley et al. 2006). In shearmode and for NR, the LVE region decreases with particle
content and low frequencies (Agirre-Olabide et al. 2015), while themagnetic field
does not restrict the region (Agirre-Olabide et al. 2015; Ubaidillah et al. 2016a;
Yang et al. 2017). Therefore, the studied frequencies were 50, 75, 100, 150 and
200 Hz, and 5 strain amplitudes were analysed for each frequency. The influence
of the magnetic field was not studied because the most restrictive case is in the
absence of the field.

Next, the LVE region was identified, a strain that guarantees the region was
defined and oscillatory tests were performed; the studied frequencies were 50, 75,
100, 150 and 200 Hz. To obtain an adjustable magnetic field, an electromagnet
with 2700 turns in the coil was designed, and three currents were applied—0.5,
1 and 1.4 A. Using Finite Element Method Magnetics (FEMM) software simula-
tions, the mentioned currents (0.5, 1 and 1.4 A) were simulated and the results
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3. Compression magneto-dynamic characterisation

showed that themagnetic field densities applied to the samples were 30, 60 and 85
mT, respectively.

3.5.2 Linear viscoelastic region

To study the LVE region, stress–strain diagrams were studied. In the stress–strain
diagrams of Figure 3.5, ellipses at 50 and 200 Hz are shown for 0% and 30% MRE
samples. Within the linear region, increasing the strain amplitude causes ellipses
to become larger andwider, and the shape does not change. It can also be seen that
the stress is larger with particle content and frequency. Furthermore, the elliptical
shape disappears with strain amplitude for the lower frequency and higher particle
content.
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Figure 3.5 Stress–strain diagrams at 50 and 200 Hz for a particle content of (a) 0% and (b) 30%
isotropic NR samples, at different strain amplitudes, 0 kA/m and room temperature

The LVE region decreases with the particle content and increases with fre-
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3.5. Results

quency. These results are in accordance with the literature for shear mode (Agirre-
Olabide et al. 2014; 2015). Therefore, the LVE region is determined by the 30%
sample at a frequency of 50 Hz. Taking into account experimental points of the
30%MRE, the 10%deviation occurs between 0.5 and 0.3% strains. The strain that
guarantees the LVE region is therefore 0.3%. Comparing these results with the ten-
dencies shown in the literature for the LVE region in shear mode (Agirre-Olabide
et al. 2015), the influence of particle content and frequency are the same, while
the LVE region is larger in compression mode.

3.5.3 Magneto-dynamic properties

Frequency sweep tests were performed to analyse the influence of particle content,
frequency andmagnetic field on the storage modulus of isotropicMREs based on
NR within the LVE region. In Figure 3.6, the influence of frequency is shown for
the 15% sample. The elliptical shape remains constant, and the stress is larger with
increasing frequency. Furthermore, the ellipse rotates with frequency.
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Figure 3.6 Stress–strain diagrams for the 15% isotropic NR sample at the studied frequencies,
constant strain of 0.3%, 0 kA/m and room temperature

In Figure 3.7, the influence of particle content and frequency on the viscoelas-
tic compression properties of isotropic MREs are shown. A maximum 16% in-
crease of the storage modulus for the 30% sample is seen, increasing frequency
from 50 to 200 Hz (Figure 3.7(a)). However, the larger frequency influence is
seen from 50 to 100 Hz. The particle influence is larger; a 75% increase can be
obtained by increasing the particle content from 0% to 30% due to filler reinforce-
ment phenomena (Aloui and Klüppel 2015). These tendencies are in agreement

64



3. Compression magneto-dynamic characterisation

with the literature for the compression mode (Kallio et al. 2007; Ubaidillah et al.
2016b).

The loss factor also increases with frequency, but the tendency is not so clear
(Figure 3.7(b)), which is in accordance with the literature (Kallio et al. 2007;
Ubaidillah et al. 2016b). The influence of particle content seems to increase the
loss factor, comparing all contents with the 0% sample. However, comparing the
15% and 30% contents, the loss factor decreases. This can be explained by the
dampingmechanism. When particles are introduced, internal particle friction and
interfacial damping between the particles and thematrix are generated, and added
to the damping due to the polymer chains (Ju et al. 2015; Khimi and Pickering
2015; Pickering et al. 2015; Shuib et al. 2015). However, when the particle con-
tent is close to themaximum, the polymer chains are smaller and the predominant
damping is due to particle friction. This is why the loss factor decreases at high
particle contents.
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Figure 3.7 (a) Storage modulus (E′) and (b) loss factor (tan δ) as a function of frequency for all
the studied isotropic NR samples, 0 kA/m and room temperature

The storage modulus increases with the magnetic field, and the MR effect val-
ues are shown in Table 3.1. The larger MR effect occurs with higher particle con-
tent and magnetic field density. However, there are not as large as in the litera-
ture (Jung et al. 2016; Kallio et al. 2007; Schubert and Harrison 2015; Ubaidillah
et al. 2016b; Yunus et al. 2016) due to the lowmagnetic fields studied in this work.
Hence, a larger magnetic field will increase the MR effect. Comparing the com-
pression results with our previous work (Agirre-Olabide and Elejabarrieta 2017),
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3.6. Conclusions

which investigates the magneto-dynamic properties in shear mode, it can be seen
that the MR effect is larger in compression mode.

Table 3.1Mean magnetorheological effect of isotropic MREs

Particle
content

Frequency [Hz]

30 mT 60 mT 85 mT

15% 1.07 ± 0.73 2.76 ± 0.81 4.03 ± 0.72
30% 3.31 ± 0.47 6.89 ± 1.01 8.75 ± 2.07

3.6 Conclusions

In this chapter, a newmagneto-dynamic compression technique was developed to
characterise MREs at high frequencies. To the best of the author’s knowledge, it
is the first time the LVE region was determined in compression mode for MREs.
This chapter has analysed the influence of synthesis and characterisation variables
on the LVE region, and compression magneto-viscoelastic properties from 50 to
200 Hz were characterised within the LVE region.

Using strain sweep tests, the linear viscoelastic region was determined for iso-
tropic MREs in compression mode. The LVE region was defined by the storage
modulus when the discrepancy was larger than 10%. The LVE region increased
with frequency and decreased with particle content. Hence, it was determined by
the 30% sample at 50 Hz. However, the LVE region in compression mode was
larger than in shear mode.

Magneto-viscoelastic properties were analysed using frequency sweep tests.
The storage modulus and the loss factor increased with particle content and fre-
quency. The largest storage modulus increase of 75% occurred with the particle
content, while an increment of 16% was generated with frequency. The damping
of MREs was also increased with particle content.

The variation of the storage modulus due to magnetic field increased with par-
ticle content andmagnetic field up to 8%. TheMReffectwas larger in compression
mode than in shear mode.
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Abstract

A new magneto-dynamic compression technique was designed and manufactured to measure the

magneto-viscoelastic properties of magnetorheological elastomers (MREs) at high frequencies.

Isotropic MREs filled with carbonyl iron powder were synthesised, and three volumetric particle

contents were studied—0%, 15% and 30%. Viscoelastic properties were calculated using stress–

strain diagrams for each frequency and strain amplitude condition. The linear viscoelastic (LVE)

region in compression mode was defined for MREs, and the influence of synthesis and charac-

terisation variables in this region was analysed. Moreover, the compression magneto-viscoelastic

properties were measured up to 200 Hz in the LVE region. Two types of tests were performed to

characterise isotropic MREs in compression mode, a strain-sweep test to define the LVE region

and a frequency-sweep test to study the magneto-viscoelastic properties in the LVE and at fre-

quencies. The LVE region was determined at 0.3% by the higher particle content sample and at

the lower frequency. Within the LVE region, the storage modulus and the loss factor increased

with frequency and particle content, while the loss factor decreased with the maximum particle

content due to the predominant damping mechanism. The compression magnetorheological (MR)

effect increases with particle content and magnetic field density.

Keywords: Magnetorheological elastomers; Dynamic compression test; Linear viscoelastic

region; Magnetic field.

1. Introduction

During the last two decades interest in smart materials has grown. Magnetorheological elas-

tomers (MREs) are classified as smart materials due to the variability of their properties with

the application of an external magnetic field. This characteristic is the result of ferromagnetic

particles embedded in the polymeric matrix.5

MREs can be clustered based on filler particle distribution. When the particles are randomly

Email address: mjelejabarrieta@mondragon.edu (María Jesús Elejabarrieta)

Preprint submitted to Composites Part B: Engineering September 21, 2017
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distributed MREs are isotropic, and when the particles are aligned in a certain direction the

MREs are anisotropic [1, 2].

MREs normally operate in the pre-yield regime and are characterised by the field-dependent

modulus [3] — the variation of storage modulus owing to a magnetic field is called magnetorhe-10

ological (MR) effect. That effect is larger at low strain levels or within the linear viscoelastic

(LVE) region [4–6], where viscoelastic properties are independent of strain. In literature, MRE

properties were measured in shear mode, and consequently the LVE region was analysed in that

mode, which was determined at the point when viscoelastic properties deviates 10% [7–10]. The

LVE region decreases with particle content and becomes larger with frequency [11], while magnetic15

field does not restrict the LVE region [9, 11, 12].

MREs are used in many applications and some of them are working in compression mode,

such in isolators [13–18]. Therefore, the viscoelastic properties of these materials have to be

characterised in compression mode.

In compression tests, Varga et al. [19] concluded that the variation of storage modulus is larger20

when the mechanical stress and applied magnetic field are parallel. Therefore, to characterise the

MREs in compression mode, the equipment was modified to apply an external magnetic field.

For that purpose, two solutions have been developed, one using permanent magnets (500 mT)

[15, 20, 21] and the other using electromagnets (1T) [1, 22, 23].

According to compression characterisation devices, universal testing machines [22], fatigue25

machines [23, 24] and dynamic mechanical analysers [1] have been adapted to characterise MREs.

However, the maximum characterisation frequency was 25 Hz. To characterise MRE materials at

higher frequencies, an electrodynamic shaker were used. Yang et al. [15] characterised MREs in

compression mode up to 30 Hz. Nevertheless, larger frequencies up to 1 kHz can be characterised

using an electrodynamic shaker [25], up to 1 kHz, although these characterisations were performed30

in shear mode.

In this work, we developed a new magneto-dynamic compression technique to characterise

MREs at high frequencies. The novelty of this work lies in the definition of the LVE region for

MREs in compression mode and its subsequent analysis as a function of synthesis and charac-

terisation variables. The compression magneto-viscoelastic properties of isotropic MREs within35

the linear region are measured at high frequencies. Using an electrodynamic shaker, frequencies

from 50 to 200 Hz were characterised, and a magnetic field parallel to the mechanical stress was

obtained with an electromagnet. A standard procedure was defined to calculate the viscoelastic

properties of MREs using stress–strain diagrams. Two tests were employed, a strain-sweep test to

define the LVE region of isotropic MREs in compression mode as a function of particle content and40

frequency and, using that limit, a frequency-sweep test to analyse magneto-viscoelastic properties

2
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in the linear region.

2. Materials

The isotropic MREs studied in this work contain carbonyl iron powder (CIP) as the filler and

natural rubber (NR) as the matrix. The CIP particle were spherical with an average size of 1.2545

± 0.55 µm. The particles were supplied by BASF, The Chemical Company. To determine the

curing time of the NR, a rubber process analyser (RPA) was used at a frequency of 100 cycles

per min at 150 °C and a rotatory angle of 0.5° for 20 min. After 2.14 min 90% of the 0% sample

was vulcanised. Therefore, the vulcanisation was done at 180 °C for 10 min. By increasing the

particle content, the matrix amount and consequently the curing time were reduced.50

The mixing of the particles and the matrix was done with a two-roll mixing mill; the particles

were added gently to guarantee a homogeneous mix. The mixture was poured into a 10-mm-thick

mould (Figure 1) and placed in an oven at 180 °C with a hydraulic pressure of 200 bar for 10

min (indicated with a P in Figure 1). The samples were 10 ± 0.1 mm in diameter and 10 ±

0.05 mm high. Due to particle distribution, two kinds of MREs can be synthesised; in this work,55

the particles were randomly distributed, resulting in homogeneous and isotropic MREs. Three

volumetric particle contents were studied—0%, 15% and 30%. The density of each sample was

measured and compared with theoretical densities (Table 1). A Nova Nano SEM 450 scanning

electron microscope (SEM) was used to observe the particle distribution (Figure 2). The images

were taken in low-vacuum conditions with a voltage acceleration of 18 kV.60

Figure 1: Sketch of the vulcanisation of isotropic MREs.

Table 1: Theoretical and experimental densities of the studied samples.

Particle
content

Theoretical
[g/cm3]

Experimental
[g/cm3]

0% 1.127 1.122 ± 0.001
15% 2.011 2.077 ± 0.001
30% 3.079 3.013 ± 0.001
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(a) (b)

Figure 2: SEM images of (a) 15% and (b) 30% isotropic MRE samples in low-vacuum conditions and with a voltage

acceleration of 18 kV.

3. Experimental

A new magneto-dynamic compression test device was designed and manufactured (which was

fixed to an electrodynamic shaker) to characterise MREs at high frequencies. In this study, the

magneto-dynamic response was obtained in the frequency range of 50–200 Hz. The test is detailed

in Figure 3. The proposed test is an open-loop test in which a sinusoidal signal is introduced and65

the output signal is measured. The frequency and the level of the generated signal are defined

using the analyser (A). The OROS (OR763) analyser consists of two output channels and four

input channels. The analyser (A) generates a sinusoidal signal at a certain frequency that is sent

to the electrodynamic shaker (B). The shaker (B) applies a sinusoidal displacement to the testing

device, which is measured using an accelerometer (C). The response of the system is measured with70

a force sensor (D), and the magnetic field density applied to the testing device is regulated with

a DC power supply (E). The data acquisition for acceleration and force signals is accomplished

using the analyser (A).

Figure 3: Data acquisition sketch.

After the overall view of the proposed technique is defined, the details of each element, the
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characterisation procedure and the data processing are explained.75

Figure 4(a) shows a photo of the whole testing device and Figure 4(b) shows a close-up of

the sample. A harmonic signal was sent to a Ling V406 electrodynamic shaker (1), which applies

a harmonic movement at a defined frequency and level conditions. The connection between

the testing device and the shaker was made via a ball joint (2), which only transmits a linear

displacement to the device. The next element is the translational oscillatory rod (4), which has80

an accelerometer (Brüel & Kjaer 4371) (3) to measure the input acceleration introduced to the

system. That oscillation was applied to the sample (9), and the response was transmitted through

the static rod (10) and measured using a Dytran IEPE force sensor 1051v2 (7). The magnetic

field was applied with an electromagnet with 2700 turns in the coil (6).

Once the sample was placed between the translational oscillatory and static rods, the desired85

pre-strain was applied with the bolt (11) and measured using a Mitutoyo ABSOLUTE Digimatic

Indicator (linear encoder) (8). The accuracy of the encoder is 0.01 mm. The contact between the

static and oscillatory rods was guaranteed due to springs (5).

(a) (b)

Figure 4: (a) Dynamic compression test and (b) close-up of the sample holding: (1) electrodynamic shaker,
(2) ball joint, (3) uniaxial accelerometer (Brüel & Kjaer 4371), (4) translational oscillatory rod, (5) springs, (6)
electromagnet, (7) dynamic force sensor (Dytran IEPE force sensor 1051v2), (8) Mitutoyo ABSOLUTE Digimatic
Indicator (linear encoder), (9) sample, (10) static rod, and (11) pre-strain bolt and nut.

The two measured signals, the input acceleration and output force, were harmonic (Figure 5)

and were acquired in the time domain. In all studied cases and from both signals, 10 oscillations90

were measured after the first 10 periods has passed (Figure 5(a)); a mean oscillation was obtained

for each signal. Next, a sine function was fitted to the mean acceleration using the least square

method (Figure 5(b)) and was integrated two times to obtain the oscillatory displacement. At

least 50 periods and 125 points per period were measured, and consequently the resolution was

different for each frequency.95

The stress was determined from the force signal and the cross-section of the sample, and the

strain was determined from the displacement, sample’s height and pre-strain measured with the

linear encoder. As an example, an NR sample was measured at 75 Hz. The stress–strain diagram

of the test is shown in Figure 6.
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Figure 5: (a) Ten oscillations of the experimental force signal, and (b) 10 experimental oscillations mean acceleration
(points) and least square fitting of the sinusoidal function (line).
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Figure 6: Stress–strain diagram of an NR 30% sample for a strain amplitude of 0.2% at 75 Hz.

According to Lakes [26], the complex (|E∗|) and storage modulus (E′) and the loss factor100

(tan δ) can be obtained from a stress–strain diagram:

|E∗| = σmax

εmax
, (1)

E′ =
σεmax

εmax
, and (2)

tan δ =
εσ=0

εσmax

, (3)

where σmax is the maximum stress, εmax is the maximum strain, σεmax is the stress at the maximum

strain, εσ=0 is the strain when the stress is equal to 0 and εσmax is the strain at the maximum

stress.

Two characterisation tests were performed, a strain-sweep test to define the LVE region of105

isotropic MREs in compression mode and a frequency-sweep test to study the magneto-viscoelastic

properties within the LVE and at high frequencies.
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The linear viscoelastic LVE region has to be defined to guarantee the largest MR effect, which

is the largest storage modulus variation [4–6]. The LVE region was identified by performing

strain-sweep tests. When the response is linear, the stress–strain curve shape is elliptical [27, 28].110

The LVE region is determined when the storage modulus deviates 10% [7–10]. In literature for

NR in shear mode, the LVE region decreases with particle content and low frequencies [11], while

the magnetic field does not restrict the region [9, 11, 12]. Therefore, the studied frequencies were

50, 75, 100, 150 and 200 Hz, and 5 strain amplitudes were analysed for each frequency (Table

2). The influence of the magnetic field was not studied because the most restrictive case is in the115

absence of the field.

Table 2: Analysed strain amplitudes for each frequency.

Frequency [Hz] Strain [%]

50 0.3, 0.4, 0.5, 0.6 and 0.7
75 0.2, 0.3, 0.4, 0.5 and 0.6
100 0.1, 0.2, 0.3, 0.4 and 0.5
150 0.1, 0.2, 0.3, 0.4 and 0.5
200 0.1, 0.15, 0.2, 0.25 and 0.3

Next, the LVE region was identified, a strain that guarantees the region was defined and

oscillatory tests were performed; the studied frequencies were 50, 75, 100, 150 and 200 Hz. To

obtain an adjustable magnetic field, an electromagnet with 2700 turns in the coil was designed,

and three currents were applied—0.5, 1 and 1.4 A. The magnetic field density applied to the120

sample was calculated using Finite Element Method Magnetics (FEMM) software. In Figure 7, a

simulation of the magnetic field density is shown, indicating the cross-section area of the testing

device. The numbering used in the figure is the same as in Figure 4. Within the electromagnet (6)

there is a 20 mm air gap (12) between two iron cores (13) in order to maximise the magnetic field

density throughout the sample. In the figure, a homogeneous magnetic field is obtained where125

the sample is placed. Using the simulations, the three currents (0.5, 1 and 1.4 A) were simulated,

and the results showed that the magnetic field densities applied to the samples were 30, 60 and

85 mT, respectively.

The magnetisation of the sample was also proved. To do so, the following test was performed

at 100 Hz with the 30% sample. Five magnetic field densities were applied (0-30-0-60-0-85-0 mT);130

the results are shown in Figure 8.

4. Results and discussion

In this work, the compression magneto-dynamic properties were measured within the LVE

region up to 200 Hz. Two tests were performed, a strain-sweep test to determine the LVE region
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Figure 7: Magnetic field density FEMM simulation for the compression test with a current intensity of 1.4 A. (4)
translational oscillatory rod, (6) electromagnet, (7) dynamic force sensor (Dytran IEPE force sensor 1051v2), (9)
sample, (10) static rod, (12) 20 mm air gap and (13) iron core.
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Figure 8: Storage modulus reversibility of the 30% sample at 100 Hz as a function of magnetic field density.

and a frequency-sweep test to study the magneto-viscoelastic properties of MREs in compression135

mode.

The LVE region can determined with the shape of the stress–strain ellipses [27, 28]. The

LVE region decreases with particle content and increases with frequency. The influence of the

magnetic field in the LVE region was not studied because the magnetic field does not restrict the

LVE region [9, 11, 12]. Using a strain amplitude of 0.3%, the LVE region was guaranteed and140

frequency-sweep tests were performed to determine the increment of storage modulus due to the

particle content and the external magnetic field. All tests were performed at room temperature.

To study the LVE region, stress–strain diagrams were studied. In the diagrams of Figure 9,

ellipses at 50 and 200 Hz are shown for 0% and 30% MRE samples. Within the linear region,

increasing the strain causes amplitude the ellipses to become larger and wider, and the shape does145

not change. It can also be seen that for the same strain amplitude, the stress is larger with particle

content and frequency. Furthermore, the elliptical shape disappears with strain amplitude for the

lower frequency and higher particle content.

To gain a general overview of the influence of the strain amplitude on the magneto-dynamic
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Figure 9: Stress–strain diagrams at 50 and 200 Hz for a particle content of (a) 0% and (b) 30%.

properties, the storage modulus is plotted as a function of strain amplitude. As can be seen in150

Figure 10, the LVE region decreases with particle content and increases with frequency (Figure

10(b) for the 30% sample). These results are in accordance with the literature [8, 11]. Therefore,

the LVE region is determined by the 30% sample at a frequency of 50 Hz. Taking into account

experimental points of the 30% MRE, the 10% deviation occurs between 0.5% and 0.3% strains.

The strain that guarantees the LVE region is therefore 0.3%. Comparing these results with the155

tendencies shown in the literature about the LVE region in shear mode [11], the influence of

particle content and frequency are the same, while the LVE region is larger in compression mode.

After the LVE region was defined, frequency-sweep tests were performed to analyse the influ-

ence of particle content, frequency and magnetic field on the storage modulus of isotropic MREs

based on NR within the LVE region. In Figure 11, the influence of frequency is shown for the 15%160

sample. The elliptical shape remains constant, and the stress is larger with increasing frequency.

Furthermore, the ellipse rotates with frequency.

In Figure 12, the influence of particle content and frequency on the viscoelastic properties of

isotropic MREs are shown. A maximum 16% increase of the storage modulus for the 30% sample
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Figure 10: Storage modulus as a function of strain for (a) 0% and (b) 30% MRE samples and different frequencies.
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Figure 11: Influence of the frequency in the stress–strain diagrams for the 15% sample with a strain amplitude of
0.3%.

is seen, increasing frequency from 50 to 200 Hz (Figure 12(a)). However, the larger frequency165

influence is seen from 50 to 100 Hz. The particle influence is larger; a 75% increase can be obtained

by increasing the particle content from 0% to 30% due to filler reinforcement phenomena [29].

These tendencies are in agreement with the literature for the compression mode [22, 23].

The loss factor also increases with frequency, but the tendency is not so clear (Figure 12(b)),

which is in accordance with the literature [22, 23]. The influence of particle content seems to170

increase the loss factor, comparing all contents with the 0% sample. However, comparing the 15%

and 30% contents, the loss factor decreases. This can be explained by the damping mechanism.

When particles are introduced, internal particle friction and interfacial damping between the

particles and the matrix is generated and added to the damping due to the polymer chains [30–

33]. However, when the particle content is close to the maximum, the polymer chains are smaller175

and the predominant damping is due to particle friction. This is why the loss factor decreases at
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high particle contents.
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Figure 12: (a) Storage modulus and (b) loss factor as a function of frequency for all studied samples.

The influence of the magnetic field can be seen in Figure 13. As an example, the 30% isotropic

MRE is shown. The storage modulus increases with magnetic field (Figure 13(a)), while in the

stress–strain diagram it is not evident (Figure 13(b)). The MR effect values (variation of storage180

modulus due to the magnetic field) are shown in Table 3. The larger MR effect occurs with higher

particle content and magnetic field density. However, the values obtained for the MR effect are

not as large as in the literature in compression mode [5, 6, 22, 23, 34] due to the low magnetic

fields studied in this work. Comparing the compression results with our previous work [35], which

investigates the magneto-dynamic properties in shear mode, it can be seen that the MR effect is185

larger in compression mode.
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Figure 13: Influence of the magnetic field on the viscoelastic properties of the 30% isotropic MRE sample. (a)
Storage modulus variation as a function of frequency and (b) stress–strain diagram at 100 Hz.
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Table 3: Mean magnetorheological effect of isotropic MREs.

Particle
content

Frequency [Hz]

30 mT 60 mT 85 mT

15% 1.07 ± 0.73 2.76 ± 0.81 4.03 ± 0.72
30% 3.31 ± 0.47 6.89 ± 1.01 8.75 ± 2.07

5. Conclusions

In this work, a new magneto-dynamic compression technique was developed to characterise

MREs at high frequencies. To the best of the author’s knowledge, it is the first time the LVE

region was determined in compression mode for MREs. This work has analysed the influence of190

synthesis and characterisation variables on the LVE region, and compression magneto-viscoelastic

properties from 50 to 200 Hz were characterised within the LVE region.

Using strain-sweep tests, the linear viscoelastic region was determined for isotropic MREs in

compression mode. The LVE region is determined by the storage modulus when the discrepancy

is larger than 10%. The LVE region increases with frequency and decreases with particle content.195

Hence, it is determined by the 30% sample at 50 Hz. However, the LVE region in compression

mode is larger than in shear mode.

Magneto-viscoelastic properties were analysed using frequency-sweep tests. The storage mod-

ulus and the loss factor increases with particle content and frequency. The largest storage modulus

increase of 75% occurs with the particle content, while an increment of 16% is given with frequency.200

The damping of MREs is also increased with particle content.

The variation of the storage modulus due to magnetic field increases with particle content and

magnetic field up to 8%. The MR effect is larger in compression mode than in shear mode.
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4.1. Introduction

In this chapter, the shear magneto-viscoelastic behaviour of isotropic and
anisotropic magnetorheological elastomers (MREs) is modelled. The viscoelastic
nature of MREs is modelled using a four-parameter fractional derivative model,
and the temperature is introduced with the Arrhenius model. Extending both
models in the frequency and temperature domain, the maximum attenuation of
isotropic MREs is studied. Each parameter of the viscoelastic model is defined as
a function of particle content. Furthermore, two models to predict the magneto-
induced modulus of isotropic and anisotropic MREs are developed. Finally, the
viscoelastic, particle-matrix interaction and magneto-induced modulus models
are coupled in a single magneto-viscoelastic model, one for isotropic MREs and
another one for anisotropic MREs.

4.1 Introduction

Thedynamic properties ofMREs depend on the matrix (Hiptmair et al. 2015; Xu
et al. 2016), the particle content (Shuib et al. 2015) and the external magnetic
field applied (Aloui and Klüppel 2015). Hence, each of them has to be modelled
to obtain the constitutive model of MREs to predict its dynamic response. More-
over, the properties of MREs are completely dependent on the particle distribu-
tion, which is therefore considered an important characteristic ofMREs. Isotropic
MRE samples are prepared by vulcanisation without an external magnetic field;
these samples have a random particle distribution (Gao and Wang 2016). Howe-
ver, if an external magnetic field is applied during the vulcanisation process, the
particles are aligned in the direction of themagnetic field, and consequently, parti-
cle chains or thicker chain aggregates are obtained; these samples are called aniso-
tropic MREs (Aloui and Klüppel 2015).

Due to the viscoelastic matrix, the predominant behaviour of MREs is the
viscoelastic one. The modelling of the viscoelasticity of these materials is com-
pleted via different constitutive models, such as classical differential models and
fractional derivative models.

Combining different rheological elements, classical differential models were
developed. For that purpose springs and dashpots were used (Jones 2001). The
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widely used Zenermodel (Zener 1948) or the standard lineal model is a combina-
tion of a Maxwell element and a spring in parallel configuration. In the literature,
this model was used by Chen and Jerrams (2011) and Han et al. (2012) to model
the viscoelastic behaviour ofMREs. However, these materials were alsomodelled
using a different element configuration. Li et al. (2010), Liao et al. (2013) and
Behrooz et al. (2014) combined a spring and a Kelvin–Voigt element in serial con-
figuration. To obtain a better fitting, additional material parameters were intro-
duced by Zhu et al. (2015).

Fractional derivative (FD) models containing fewer material parameters can
be used to avoid the addition of material parameters. Moreover, the material pa-
rameters have a physical interpretation (Pritz 1996). Due to that reason, the vis-
coelastic behaviour of isotropic (Xu et al. 2016) and anisotropic (Guo et al. 2014;
Zhu et al. 2013) MREs have recently been modelled using fractional derivative
models. Xu et al. (2016) combined a fractional Kelvin and Maxwell model in the
parallel configuration to develop a higher ordermodel (sevenmaterial parameters)
for isotropicMREs. For anisotropicMREs, twoelementswere combined: a spring
and an Abel dashpot (fractional derivative element); Zhu et al. (2013) combined
them in a parallel configuration, while Guo et al. (2014) did so in a serial configu-
ration. Due to the advantages of the fractional derivative models, in this chapter a
four-parameter FD model is used to predict the viscoelastic nature of MREs.

In many applications, MREs have been designed to dissipate as much energy
as possible. Themaximum attenuation (loss factor peak) of thesematerials occurs
at a certain frequency and temperature (Jones 2001), which can be identified via
the glass transition temperature Tg (Pickering et al. 2015).

In order to identify themaximum attenuation conditions, a dynamicmechani-
cal analyser can be used (Tian et al. 2013b). Pickering et al. (2015) and Shuib
et al. (2015) studied the variation of theTg ofmagnetorheological elastomers. The
maximum attenuation is increased (Robertson et al. 2008; Shuib et al. 2015) and
Tg decreased with particle content (Wu et al. 2009).

Another way to determine the maximum attenuation is extending a fractional
derivativemodel in the frequency domain for rubber (Wollscheid and Lion 2014)
or polymer material (Moreira et al. 2010).

The influence of temperature in the viscoelastic properties can be modelled
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using the frequency-temperature superposition principle (Ferry 1980). This prin-
ciple is based on the assumption that the complex modulus measured at any cho-
sen frequency f1 and at a reference temperature T1 is identical to that at any other
frequency f2 and a different temperature T2. Those conditions are related with a
temperature dependent shift factor αT(T), which represents the basic effect of tem-
perature on the viscoelastic properties, and can be described using the equation of
Williams-Landel-Ferry (WLF) (Williams et al. 1955) or that of Arrhenius (Jones
2001).

In this thesis, the four-parameter model is coupled with the Arrhenius model,
and extend it in the frequency and temperature domain to analyse the maximum
attenuation of isotropic MREs.

Theembeddedparticles inMREsmodified theviscoelastic behaviour (Luet al.
2012), and consequently the interaction between the matrix and the filler (parti-
cle) have been modelled, also known as filler reinforcement. Based on the viscos-
ity law of Einstein, Guth andGold (1938) andGuth (1945)modelled the rigidity
variation of a rubber matrix. That principle was also used for MREs by Leng et al.
(2013). Ray et al. (2002) proposed a two-parameter exponential model to intro-
duce the interaction of surface-treated fillers. However, Chen and Jerrams (2011)
used a rheological model, a spring and a Coulomb friction slide, to predict the
particle-matrix interaction in MREs.

In order to model the particle-matrix interaction, each parameter of the four-
parameter FD model is analysed and modelled as a function of particle content
adapting themodel proposed for rubber byMullins andTobin (1966) to isotropic
MREs.

Themechanical properties of isotropicMREs varieswith an externalmagnetic
field, which Ivaneyko et al. (2011; 2012) modelled, defining three different lat-
tice models. In addition, they studied the dipole–dipole interaction to model the
mechanical properties of isotropic MREs. The same interactions were studied to
model themagneto-inducedmodulus of anisotropicMRE (Davis 1999; Jolly et al.
1996a;b; Shen et al. 2004). Coquelle et al. (2006) developed an effectivemodulus
to represent the magneto-induced modulus of isotropic MREs dependent on the
Young modulus and Poisson ratio of the matrix. Therefore, the magneto-induced
modulus of isotropic MREs is modelled modifying the model proposed by Jolly
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et al. (1996a;b).

Many works developed in the literature for the modelling of the magneto-
inducedmodulus of anisotropicMREswere based on an ideal chain-like structure
Davis (1999); Jolly et al. (1996a); Shen et al. (2004). However, López-López et al.
(2012) proposed a model for magnetorheological fluids by introducing the influ-
ence of aggregates having a body centered tetragonal (BCT) internal structure (a
more stable and more realistic structure), and they combined numerical simula-
tions of the compositemagnetic permeability with the analyticalmodel predicting
the stress–strain relationship. ForMREs, Leng et al. (2013) proposed an effective
permeability model to estimate the shear storagemodulus, andDong et al. (2013)
developed a theoretical model for chains composed of magnetic particles and
normal pressure, based on the effective permeability calculated by the Maxwell–
Garnettmixing rule. Chen et al. (2007b) proposed a finite-columnmodel to simu-
late the field-induced shear modulus.

The magnetic permeability of materials can be measured by using different
techniques. de Vicente et al. (2002) used amodified force balancemethod tomea-
sure themagnetic permeability of carbonyl iron powder suspension. Bellucci et al.
(2016) used vibrating sample magnetometry (VSM) on amagnetic nanocompos-
ite based on natural rubber. Schubert and Harrison (2016) identified the perme-
ability of isotropic and anisotropic MREs using an inverse modelling approach.
Furthermore, they calculated the permeabilities of anisotropic MREs in the parti-
cle alignment direction and perpendicular to the alignment direction. However,
de Vicente et al. (2002) measured the permeability of carbonyl iron powder in a
suspension and showed that the permeability decreaseswith the internalmagnetic
field.

Using the model proposed by López-López et al. (2012) for MRFs, the
magneto-induced modulus of anisotropic MREs is modelled. Furthermore, the
magnetic permeability components are measured and modelled in the magnetic
field domain.

In the literature, the magneto-viscoelastic models coupling viscoelastic and
magnetic interaction models were developed for isotropic and anisotropic MREs.
Eem et al. (2012) developed amagneto-viscoelastic model for isotropicMREs us-
ing classical differential models. A classical four-parameter magneto-viscoelastic
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model have been proposed by Li et al. (2010), and all material parameters were fit-
ted to experimental data for eachmagnetic field density. Themagneto-viscoelastic
behaviour using fractional derivatives have been modelled for anisotropic MREs
(Guo et al. 2014; Zhu et al. 2013), and combined in a serial configuration a frac-
tional derivative Maxwell model and a spring, which was dependent on the mag-
netic field and modelled assuming chain-like structures.

In this thesis, a three magneto-viscoelastic model was developed for MREs,
and the proposed two magneto-induced models for isotropic and anisotropic
MREs were coupled with the viscoelastic model to predict the shear magneto-
viscoelastic behaviour.

4.2 Critical review

In the literature, there are some viscoelastic models used to predict the viscoelas-
tic nature of MREs. However, many of them are based on classical differential
model where many parameters were used (Han et al. 2012; Zhu et al. 2015). The
fractional derivative model used for isotropic MREs was a high-order fractional
derivative model (Xu et al. 2016), and for anisotropic MREs a three-parameter
model (Guo et al. 2014; Zhu et al. 2013). In the developed works not all parame-
ters have a physical meaning.

The influence of the temperature in the viscoelastic properties of MREs is an-
other important characteristic, because properties are dependent on this variable;
and consequently, the operation range of theMRE is different for the applications.
The maximum attenuation of MRE materials was characterised using a DMA in
the temperaturedomain (Khimi andPickering2015;Pickering et al. 2015). Howe-
ver, evolution of the attenuation in the frequency domain have not been studied.

According to the influence of filler particles, there are some works in the liter-
ature that mainly they focus on the influence in the real part or storage modulus
of the MREs (Guth and Gold 1938; Leng et al. 2013). Therefore, the influence of
the particle content in the viscoelastic model parameters is not studied.

The influence of the magnetic field in the mechanical properties of isotropic
MREswasmodelled by Ivaneyko et al. (2011; 2012). Furthermore, Coquelle et al.
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(2006) developed an effective modulus depending on the Young modulus and
Poisson ratio of thematrix, andEemet al. (2012) proposed amagneto-viscoelastic
model based on classical viscoelastic models for isotropic MREs. Nevertheless,
the coupling of the influence of matrix, particle content, temperature, frequency
and magnetic field in a single model have not been developed.

In the literature, most of the works modelled the magneto-induced modulus
for anisotropic MREs, which were based on an ideal chain-like structure (Davis
1999; Shen et al. 2004). However, more realistic and stable structures were de-
veloped forMRmaterials (López-López et al. 2012). Therefore, many works have
not analysed themore realistic structures in anisotropicMREs and coupled it with
a viscoelastic model.

Therefore, the viscoelastic behaviour is modelled using a four-parameter frac-
tional derivative model, which is extended in the frequency domain to analyse
the variability of the maximum attenuation. The influence of temperature is mod-
elled using the Arrhenius model. Furthermore, an external magnetic field is used
to analyse the variability of the maximum attenuation conditions. The evolution
of each parameter in the function of the particle content is studied and modelled,
and particle-matrix interaction is modelled defining a hard phase (particles) and a
soft phase (matrix) (Mullins and Tobin 1966). Furthermore, a magneto-induced
model is used to predict the evolution of the magnetorheological (MR) effect, a
model based on the dipole-dipole interactions for isotropic MREs and another
one using the longitudinal and transverse magnetic permeability components for
anisotropic MREs. Finally, the proposed constitutive model is a fractional deriva-
tivemodel coupledwithparticle-matrix interactionand themagneto-inducedmod-
ulus, which predicts the MR effect of isotropic MREs with different particle con-
tents and magnetic fields. In the same way, a magneto-viscoelastic model is pro-
posed for anisotropic MREs which predicts the influence of magnetic field in the
viscoelastic properties of anisotropic MREs.
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4.3 Aims

The goal of this chapter is to develop two magneto-viscoelastic models to predict
the shear magneto-viscoelastic behaviour of isotropic and anisotropic MREs in a
wide range of working conditions. The specific objectives are:

• Model the viscoelastic behaviour of MREs and the particle-matrix interac-
tion.

• Model the magneto-induced modulus of isotropic and anisotropic MREs.

• Magneto-viscoelastic modelling of isotropic and anisotropic MREs

4.4 Results

In this section, a summary of the results presented in the three papers, to which
the chapter refers and include in sec 4.6., are shown. All the models shown in
this section are developed for the RTV-SR, and therefore in this chapter all the
samples are calledMRE. In Agirre-Olabide et al. (2017) the magneto-viscoelastic
model for isotropicMREs is developed. Using fractional derivative and Arrhenius
models themaximumattenuationof isotropicMREs is analysed inAgirre-Olabide
and Elejabarrieta (2016). The magneto-viscoelastic model for anisotropic MREs
is proposed in Agirre-Olabide et al. (2018).

In this summary, a viscoelastic model based on a four-parameter fractional
derivative model is shown. Besides, the influence of temperature is coupled with
the Arrhenius model, and both are extended in the frequency and temperature
domain to study the maximum attenuation variability. Moreover, the influence
of the filler in the viscoelasticity of isotropic MREs is modelled. The magneto-
induced modulus of isotropic and anisotropic MREs is modelled using two dif-
ferent models. Finally, the previously developed models are coupled in a single
magneto-viscoelastic model for each type of MRE.
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4.4.1 Viscoelastic modelling

Viscoelastic models, such as fractional derivative (FD) models, can be used in the
time and frequencydomains, and they contain fewermaterial parameters than clas-
sical viscoelastic models, in which each parameter have a physical meaning. A
four-parameter fractional derivative model is used in the frequency domain and
the shear complex modulus (G∗) is,

G∗ =
G0 + (G0 + C) (iωτ)α

1+ (iωτ)α
= G0 +

C (iωτ)α

1+ (iωτ)α
(4.1)

whereG0 is the static shearmodulus,C is the elastic part of the viscoelastic branch
of the model, τ is the relaxation time, α is the fractional parameter and ω is the
angular frequency.

A sketchof equation (4.1) canbe seen inFigure 4.1. Twobranches are defined:
an elastic branch (a spring (G0)) and a viscoelastic branch (a spring (C), along
with anAbel dashpot (α and τ)). Theelastic natureof the viscoelastic branch is due
to the spring and the viscousnaturebecauseof theAbel dashpot. Moreover, a shear
strain is defined for each element, γ for the shear strain applied to themodel, γv for
the shear strain of the viscous part and γe for the elastic strain of the viscoelastic
branch.

Figure 4.1 Sketch of the fractional derivative model

Within the viscoelasticity, the influence of the temperature is also analysed. As
shown in Figure 2.8, the temperature decreases the storage modulus and loss fac-
tor. In order to introduce the temperature dependence to the fractional derivative
model, the frequency-temperature superposition principle is used (Ferry 1980).
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This principle is based on the assumption that the complex modulus measured at
any chosen frequency f1 and at a reference temperatureT1 is identical to that at any
other frequency f2 and a different temperature T2. Those conditions are related
with a temperature dependent shift factor αT(T), which represents the basic effect
of temperature on the viscoelastic properties and can be described using the equa-
tion of Williams-Landel-Ferry (WLF) (Williams et al. 1955) or that of Arrhenius
(Jones 2001). TheWLFequation is used at temperatures above the glass transition
temperature (Tg) and under Tg + 100 °C.

TheRTV-SRmatrix is a polydimethylsiloxane (PDMS)-based silicone rubber,
and the glass transition temperature for those polymers is around -125 °C (Fra-
giadakis and Pissis 2007). Therefore, the Arrheniusmodel is used to introduce the
influence of temperature in the four-parameter fractional derivative model. The
Arrhenius shift factor equation describes a lineal relationship between log αT(T)
and 1/T based on the molecular kinetic theory of chemical reactions (Equation 4,
Agirre-Olabide and Elejabarrieta (2016)).

Coupling theArrheniusmodelwith the four-parameter FDmodel, and extend
it in the frequency and temperature domain, the evolution of the maximum atten-
uation in shear mode can be analysed.

In Figure 4.2 the extension in frequency domain for the storage modulus and
loss factor is shown. In Figure 4.2a, the storage modulus increases with frequency
and particle content. In Figure 4.2b, in terms of shape, the loss factor curves are
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Figure 4.2 Evolution of the (a) storage modulus (G′) and (b) loss factor (tan δ) of 0%, 10% and
25% isotropic MRE samples as a function of frequency at 25 °C and 0 kA/m
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wider with particle content, which indicates that the attenuation is larger over the
entire frequency band. In addition, the largest width difference is seen when the
maximum particle content is analysed. The maximum attenuation value increases
with the particle content, and themaximum increase occurs between the 20% and
25% samples. The frequency at which the loss factor peak occurs also increases
with the particle content and, consequently, the loss factor curve is shifted to the
right.

In Figure 4.3, the evolution of the peak is shown in the frequency (Figure
4.3(a)) and temperature domains (Figure 4.3(b)) for the 0% isotropic MRE. In
frequency domain figures (from 1e−5 to 1e15 Hz), three temperatures are fixed
(-10, 25 and 80 °C), and in the temperature domain (from -200 to 100 °C), the
analysed frequencies are 1, 50 and 100 Hz.

The value of the maximum attenuation depends on the particle content and it
is constant with frequency and temperature. Specifically, it increases 51%with the
particle content from the 5% MRE to the 25% MRE.

In the reduced frequency domain, the frequency at which themaximum atten-
uation occurs depends on the temperature (Figure 4.3(a)). Therefore, increasing
the temperature causes the frequency to increase, whichmeans that the curves are
shifted to the right. The same behaviour is observed for storage modulus. Fur-
thermore, the shifting of the storage modulus and loss factor curves is larger with
increased particle content (Table 4 Agirre-Olabide and Elejabarrieta (2016)).

On theother hand, the temperature atwhich themaximumattenuationoccurs
depends on the frequency (Figure 4.3(b)), which is higher with increased particle
content (Pickering et al. 2015). The storage modulus and loss factor curves are
shifted to the right, increasing the frequency. Moreover, these increases are larger
in the low-frequency range (Figure 4.3(b)), and the variation of the temperature
due to frequency is smaller with the increment of particle content (Table 4 Agirre-
Olabide and Elejabarrieta (2016)). The shape of the storage modulus and loss
factor curves are dependent on frequency.

The influence of the magnetic field in the loss factor of MRE materials is also
analysed. Theattenuation is larger in the studied frequencybandbecause the shape
of the loss factor is wider (Figure 10 Agirre-Olabide and Elejabarrieta (2016)).
The maximum attenuation value and frequency are increased with the magnetic
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Figure 4.3 Evolution of the storage modulus (G′) and loss factor (tan δ) as a function of (a)
reduced frequency (for -10, 25 and 80 °C), and (b) temperature (for 1, 50 and 100 Hz) for the
0% MRE sample at 0 kA/m

field, except for the maximum particle content (25%). When a MRE sample is
under a magnetic field, the relative movement is almost stopped (Ju et al. 2015).
Therefore, the damping due to the particle-matrix and particle-particle friction is
reduced and, consequently, the maximum attenuation is also reduced.

4.4.2 Fillers

From the analysis of the influence of the particle content in the viscoelastic pro-
perties ofMREs, was concluded that the storage and loss modulus, and loss factor
were increased with particle content in shear mode. Hence, the influence of parti-
cle content is modelled for isotropic MREs.

The four-parameters of the fractional derivative model obtained from the fit-
ting of equation (4.1) to the experimental data are shown in Table 4.1. The least
square method was used, and the fitting was done using the dynamic complex
modulus. The fitting error did not exceed 1% for the storage and loss modulus.
In all of the following figures, experimental data are plotted as points and fitted
models as lines.

The influence of the particles in the dynamic properties and in each of the
model parameters can be seen in Table 4.1. Therefore, the model proposed in
equation (4.1) has to be modified to include the influence of the particle content
G∗(ω, φ). Hence, each parameter is studied one by one, and then, all of them are
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4. Magneto-viscoelastic modelling

Table 4.1 Fitting parameters of a four-parameter fractional derivative model for the seven
isotropic MRE samples (0-25%) at 25 °C and 0 kA/m

G0 [Pa] C [Pa] α τ R2

0% 120 194 157 127 0.253 1.525× 10−5 0.997
1% 128 613 190 275 0.257 6.829× 10−6 0.981
5% 132 241 228 870 0.244 1.644× 10−6 0.977
10% 135 002 282 801 0.215 6.594× 10−7 0.994
15% 137 668 337 612 0.177 3.370× 10−7 0.983
20% 145 884 454 185 0.182 1.224× 10−7 0.967
25% 151 142 655 889 0.171 1.719× 10−7 0.984

coupled. In Figure 5 in Agirre-Olabide et al. (2017), the equations and the fitting
of each parameter are shown.

Both G0 and C increase with particle content due to the filler reinforcement
phenomena. The model of those parameters is based on the interaction between
rubber and filler developed byMullins andTobin (1966). However, the relaxation
time (τ) and the fractional parameter (α) are reducedwith particle content. There-
fore, the following four equations are proposed to model de influence of particle
content in the viscoelasticity of isotropic MREs,

G01(φ) = G01%
·

√
1

1− φ
,

C1(φ) = C1% ·
(

1
1− φ

)4

,

τ(φ) = τ25% + B1 · e−a1·φ,

α(φ) = A2 + B2 · e−a2·φ.

(4.2)

Hence, this model is dependent on the data of minimum (1%) andmaximum
(25%) particle content samples. Moreover, eight material parameters (G01%

, C1% ,
τ25% , B1, a1,A2, B2, a2,) are used to determine the evolution of the four key param-
eters (G01(φ),C1(φ), τ(φ), α(φ)) of the fractionalmodel with the particle content.

In Figure 4.4, the fitting of the proposed FD model coupled with the particle-
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matrix interaction model is shown. The proposed equation, includes the particle
content variable, and consequently, any particle content between 1% and 25% can
be modelled using eight material parameters.
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Figure 4.4 Experimental data (points) and fractional derivative and particle-matrix model (lines)
of (a) storage (G′) and (b) loss modulus (G′′) as a function of frequency at 25 °C and 0 kA/m
for isotropic MREs and seven particle contents (0%, 1%, 5%, 10%, 15%, 20% and 25%)

4.4.3 Magneto-inducedmodulus

In this thesis, twomagneto-inducedmodulusmodels are proposed: one for isotro-
pic MREs and another one for anisotropic MREs. The first one, is based on the
model proposed by Jolly et al. (1996a;b) for anisotropic MREs which is modified
for isotropic MREs. The second one, is based on a model developed by López-
López et al. (2012) for fluids and usingmagnetic permeability components values.
This model is adapted for anisotropic MREs and combine it with experimental
permeability values.

Jolly et al. (1996a;b) introduced the influence of magnetic field in the sto-
ragemodulus for low-strain conditions using the dipole–dipole interactionmodel.
Isotropic MREs are randomly distributed, and consequently, the dipole moment
of each particle is not aligned as in the chains of anisotropic MREs.

However, isotropic materials have the same properties in all of the directions.
Therefore, Ivaneyko et al. (2011; 2012) defined three particle lattices for isotropic
MREs: simple cubic, body-centered cubic (BCC) and hexagonal close-packed lat-
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4. Magneto-viscoelastic modelling

tices. In this chapter, the BCC lattice is used, to define the distance between each
particle (d).

The magneto-induced modulus and the particle saturation ratio are modified
by a correction factor dependent on the particle content due to the randomly dis-
tributed dipoles (Lu et al. 2012). A correction factor dependent on the particle
content is applied to the magneto-induced modulus,

ΔCiso =
4φJ2pR3

μ1μ0d
3
0
(1− φ) (4.3)

where ΔCiso is the magneto-induced modulus due to internal magnetic field for
isotropic MREs, Jp is the induced polarisation of the particles (defined in equa-
tion (13) in Agirre-Olabide et al. (2017)), R is the radio of the particles, μ1 is the
relative permeability of the medium (matrix), μ0 is the vacuum permeability and
d the distance between each particle.

On the other hand, the model proposed for anisotropicMREs is based on the
model developed López-López et al. (2012) for MRF. For anisotropic MREs, the
magneto-induced modulus variation is called ΔCani.

The López-López et al. (2012) model was used for magnetorheological fluids
in order to introduce the influence of aggregates generated when an external mag-
netic fieldwas applied. Thismodel assumesbulk-column-like aggregates in theMR
sample extended along the appliedmagnetic field—amore stable andmore realis-
tic structure observed in experiments for bothMRfluids andMRE.Moreover, the
model was analysed for a magnetic field intensity of 18.5 kA/m and a volumetric
particle content of 50%. The model is based on the evaluation of the free energy
of the sheared MR sample, and the shear stress τ is related to the applied strain γ.

MRFs operate within a post-yield continuous shear or flow regime, while
MREs operate in the pre-yield region (Carlson and Jolly 2000), whichmeans that
the strain amplitudes applied to MREs are smaller. After linearization of the equa-
tion proposed López-López et al. (2012), the following expression is developed,

ΔCani =
3
2
μ0

(
H0

μ∥

)2 (
μ∥ − μ⊥

)
(4.4)

where ΔCani is the magneto-induced modulus due to internal magnetic field for
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anisotropic MREs,H = H0/μ∥,H0 is the applied external magnetic field, and μ∥
and μ⊥ are the longitudinal and transverse components of the magnetic perme-
ability. A vibrating sample magnetometer (VSM) was used to perform magnetisa-
tion measurements up to 360 kA/m, and from those experimental data (Sec. 2.3.
Agirre-Olabide et al. (2018)), the influence of the magnetic field in the permeabi-
lity propertieswas studied. The longitudinal and transversemagnetic permeability
components decrease linearly with the external magnetic field (Figure 4.5). The
permeability is larger for high particle content and for lower magnetic fields, and
the longitudinal one is larger than the transverse one owing to the lower demag-
netizing effect in the sample with the aggregates oriented along the applied field.
Moreover, the magnetic permeability decrease is larger for the longitudinal com-
ponent and particle content.
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Figure 4.5 Experimental (points) and numeric data (lines) of (a) longitudinal and (b) transverse
components of the magnetic permeability of anisotropic MRE samples (5%, 10%, 15% and 20%)
at room temperature as a function of magnetic field density

4.4.4 Magneto-viscoelastic modelling

After the viscoelasticity, particle content and magneto-induced modulus are mod-
elled separately, all of them are coupled in a single magneto-viscoelastic model—
one for isotropic MREs and another one for anisotropic MREs.

The introduction of a magnetic field dependent equation in the viscoelastic
model is not evident. That iswhy, theHelmholtz free energy is defined for isotropic
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4. Magneto-viscoelastic modelling

MRE, in order to prove the consistency of themodel, which is a tensorial function
of the second-order strain tensor and the magnetic field density one-order tensor
(B).

As the free energy is an isotropic scalar function, integrity bases of the strain
tensor and magnetic field density tensor can be used, based on the isotropic func-
tion theory (Kelly 2013). The proposed model is based on the fractional deriva-
tive model. Therefore, three parameters are defined dependent on the magnetic
field density. The consistency of the fractional derivative model was proved in the
literature (Haupt 2002).

G0 = G0(φ,B), K = K(φ,B) and C = C(φ,B), (4.5)

where G0 is the static modulus of the model, C is the modulus of the Maxwell
spring (Figure 4.1) and K is the bulk modulus. The free energy (ψ) of the lineal
elasticity was defined asG0 andK (Haupt 2002). However, the studied case is the
magneto-viscoelasticity, and a three-dimensional free energy function is proposed
(equation 6, Agirre-Olabide et al. (2017)).

From the proposed three-dimensional model in Agirre-Olabide et al. (2017),
the shear one-dimensional case is studied, and the following equation is obtained,

G∗ = G0 (φ,B) +
C (φ,B) (iωτ)α

1+ (iωτ)α
. (4.6)

Coupling equations 4.2, 4.3 and 4.6, the viscoelastic behaviour of isotropic
MREs as a function of frequency, particle content and external magnetic field is
modelled, and fit it to the experimental data for the 10% isotropic MRE (Figure
4.6). The fitting is evaluated with the mean error between the experimental data
and the approached model. This error does not exceed 4% and occurs at high fre-
quencies. Hence, it is concluded that the fitting error for the particle content is
larger than that for the magneto-induced modulus.

For anisotropic MREs, the magneto-induced model (equation 4.4) and the
FD model (equation 4.1) are coupled using equation 4.6. From Figure 4.5, the
longitudinal and transverse components of magnetic permeability at 150 and
300 kA/m are calculated and substituted in equation 4.4 to model the magneto-
induced modulus. As can be seen in Figure 4.7, after including the modelling of
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Figure 4.6 Experimental data (points) and the proposed magneto-viscoelastic model (lines) for
the storage modulus (G′) of the 10% isotropic MRE sample as a function of frequency at 25 °C
and different magnetic field intensities

magnetic permeability components, the predicted behaviour is similar to experi-
mental data—the discrepancy does not exceed 8%.
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Figure 4.7 Experimental data (points) and the proposed magneto-viscoelastic model (lines)
for the storage modulus (G′) of the 5% anisotropic MRE sample as a function of frequency at
25 °C and different magnetic field intensities (150 and 300 kA/m curves are modelled using
experimental data, and the 420 and 560 kA/m curves are the extension of the proposed model)

In Figure 4.7, the model develop for anisotropic MREs is extended for 420
and 560 kA/m. For low particle contents, the discrepancy is lower than 7% at high
magnetic fields, while at highmagnetic field and particle contents does not exceed
10%.
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4.5 Conclusions

The shear four-parameter fractional derivative viscoelastic model was successfully
fitted to experimental data of isotropic and anisotropic MREs samples in the ab-
sence of the applied magnetic field. The mean fitting errors did not exceed the 1%
for the storage modulus and 6% for the loss modulus.

In order to model the influence of temperature in the dynamic properties, the
Arrhenius model was coupled with a four-parameter fractional derivative model.
This model was extended in the frequency domain to determine the maximum
attenuation of isotropic MREs.

For each particle content and magnetic field, the value of maximum attenua-
tion was unique and occurs at a certain frequency and temperature. The attenua-
tionwas larger with increased particle content over the entire frequency band, and
the frequency at which the maximum occurs was increased.

The shapes of the loss factor curves were not influenced by temperature, while
they were dependent on frequency. The maximum attenuation frequency was re-
duced with increased temperature and particle content. The maximum attenua-
tion temperaturewas increasedwith increased frequency andparticle content; this
occurred to a greater degree at low frequencies.

With the application of an external magnetic field, the shear maximum atten-
uation value and frequency were increased, and the loss factor was larger in the
studied frequency domain.

The fitting of the particle-matrix and fractional derivative coupled model was
successful, although the fitting error was larger for the loss modulus because the
influence of the storage modulus in the dynamic complex modulus was larger. In
addition, the maximum error for the storage modulus did not exceed 4%, and the
loss modulus 13%.

Themagneto-inducedmodulusmodelof isotropic sampleswasdevelopedcon-
sidering anisotropic samples and applying a correction factor to introduce the iso-
tropy. A new three-dimensional magneto-viscoelastic model was developed for
isotropic MREs, and the consistency of the model was proved. The proposed
magneto-viscoelastic model for isotropic MREs was fitted to experimental data,
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and the storage modulus error was less than 4%, which shows that the proposed
model was valid.

The viscoelastic model for anisotropic MREs was coupled with the magneto-
induced modulus model based on the López-López model. The proposed mag-
neticmodel was fed with the longitudinal and transverse components of magnetic
permeability of the samples.

The longitudinal and transverse components of magnetic permeability of ani-
sotropic MREs were measured and modelled in the magnetic field domain. The
VSM measurements were performed, and experimental data were introduced for
the coupled model. The developed new shear model for anisotropic MREs can
be extended in the magnetic field domain, in order to overcome VSM limitations
(maximummagnetic field intensity of 360 kA/m). Themodel predictionwas com-
pared with rheological measurements, and the discrepancy does not exceed the
7%.
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4.6 Scientific contribution
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Abstract
In this work, a four-parameter fractional derivative viscoelastic model was developed to describe
the dynamic shear behaviour of magnetorheological elastomers (MREs) as a function of the
matrix, particle content and magnetic field. The material parameters were obtained from
experimental data measured with a Physica MCR 501 rheometer from the Anton Paar Company,
equipped with a magnetorheological cell. The synthetised isotropic MRE samples were based on
room-temperature vulcanising silicone rubber and spherical carbonyl iron powder micro particles
as fillers, and seven volumetric particle contents were studied. The influence of particle contents
was included in each parameter of the four-parameter fractional derivative model. The
dependency of the storage modulus as a function of an external magnetic field
(magnetorheological (MR) effect) was studied, and a dipole–dipole interaction model was used.
A new three-dimensional magneto-viscoelastic model was developed to couple the viscoelastic
model, the particle-matrix interaction and the magneto-induced modulus model, which predicts
the influence of the magnetic field and the particle content in the MR effect of isotropic MREs.

Keywords: isotropic magnetorheological elastomers, fractional derivative model, particles,
magnetic field

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological elastomers (MRE) are smart materials
that exhibit adjustable dynamic properties and consist of
magnetisable particles embedded in an elastomeric matrix.
Applying an external magnetic field, the properties of MREs
vary due to the interaction forces of magnetisable particles.
Therefore, these materials are considered smart materials
because of their property variability. Due to the damping
property variability these materials are used in many appli-
cations as dampers [1] and isolators [2, 3].

Depending on the pre-structure process, isotropic MREs
or anisotropic MREs can be fabricated. The first ones are
cured without any external magnetic field, and the particles
are randomly distributed [4]. Anisotropic MREs, however, are

vulcanised under the influence of an external magnetic field
obtaining chain-like structures in the direction of the magnetic
field [5].

The dynamic properties of isotropic MREs depend on the
matrix [6, 7], the particle content [8, 9] and the external
magnetic field applied [10]. Hence, each of them has to be
modelled to obtain the constitutive model of isotropic MREs
to predict its dynamic response.

Due to the viscoelastic matrix, the predominant beha-
viour of MREs is the viscoelastic one. The modelling of the
viscoelasticity of these materials is completed via different
constitutive models, such as classical differential models and
fractional derivative models.

Combining different rheological elements classical diff-
erential models were developed. For it springs and dashpots
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were used [11]. The widely used Zener model [12] or the
standard lineal model is a combination of a Maxwell element
and a spring in parallel configuration. In literature, this model
was used by Chen and Jerrams [13] and Han et al [14] to
model the viscoelastic behaviour of MREs. However, these
materials were also modelled using a different element con-
figuration. Li et al [15], Liao et al [16] and Behrooz et al [17]
combined a spring and a Kelvin–Voigt element in serial
configuration. To obtain a better fitting, additional material
parameters were introduced by Zhu et al [18].

Fractional derivative models containing fewer material
parameters can be used to avoid the addition of material
parameters. Moreover, the material parameters have a phy-
sical interpretation [19]. Due to that reason, the viscoelastic
behaviour of MREs was modelled using fractional derivative
models [20, 21]. In the existing literature, two elements were
combined: a spring and an Abel dashpot (fractional derivative
element); Zhu et al [20] combined them in a parallel con-
figuration, while Guo et al [21] did so in a serial configura-
tion. Xu et al [22] combined a fractional Maxwell model and
a fractional Kelvin model in parallel developing a higher
order fractional derivative model (seven material parameters).
Hence, the viscoelastic nature of MREs was modelled using
three-parameter fractional derivative models.

The embedded particles in MREs modified the viscoe-
lastic behaviour [23], and consequently the interaction
between the matrix and the filler (particle) was modelled, also
known as filler reinforcement. Based on the viscosity law of
Einstein, Guth and Gold [24] and Guth [25] modelled the
rigidity variation of a rubber matrix. That principle was also
used for MREs by Leng et al [26]. Ray et al [27] proposed a
two-parameter exponential model to introduce the interaction
of surface-treated fillers. However, Chen and Jerrams [13]
used a rheological model, a spring and a Coulomb friction
slide, to predict the matrix-particle interaction in MREs.

An external magnetic field varies the dynamic properties
of isotropic MREs, which Ivaneyko et al [28, 29] modelled,
defining three different lattice models. In addition, they studied
the dipole–dipole interaction to model the magneto-induced

modulus. However, most of the models used to predict the
influence of the magnetic field were used to study anisotropic
MREs. The dipole–dipole interaction was used [30, 31], and
the interaction energy of two dipoles wass formulated to study
the magnet-induced modulus. Davis [32] used the dipole–
dipole interaction to model the influence of each particle on the
other particles of the same chain. Leng et al [26] proposed an
effective permeability model for anisotropic MREs to estimate
the storage modulus in the chain direction.

The aim of this work is to develop a new constitutive
model for isotropic MREs based on fractional derivatives,
which combines it with particle-matrix interaction and the
magneto-induced modulus model. The novelty of this work lies
in the development of a three dimensional magneto-viscoelastic
model and the coupling of the magnetic field and the fractional
derivative viscoelastic model dependent on the particle content,
which was developed in [33]. First, shear dynamic properties of
isotropic MREs were measured using a rhemoter. Secondly, the
viscoelastic behaviour was modelled using a four-parameter
fractional derivative model, and the evolution of each parameter
in the function of the particle content was studied and modelled
[33]. Material parameters were obtained from experimental
data. Thirdly, matrix-particle interaction was modelled defining
a hard phase (particles) and a soft phase (matrix) [34]. Fur-
thermore, the magneto-induced model was used to predict the
evolution of the magnetorheological (MR) effect [30]. Finally,
the proposed constitutive model is a fractional derivative model
coupled with matrix-particle interaction and the magneto-
induced modulus, which predicts the MR effect of isotropic
MREs with different particle contents and magnetic fields.

2. Experimental results

In this work, isotropic MRE samples were used and the
random distributed particles were observed using a scanning
electron microscope (SEM). The dynamic shear properties of
the samples were measured using a rheometer equipped with
a magnetorheological device.

Figure 1. SEM images of (a) 5% and (b) 25% MRE samples in low-vacuum conditions and with a voltage acceleration of 18 kV.
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The isotropic MREs consisted of a silicone rubber
WACKER Elastosil® M 4644 A and the vulcaniser
WACKER Elastosil® M 4644 B mixed in a ratio 10:1,
respectively, and carbonyl iron powder. The average particle
size was 1.25±0.55 μm supplied by BASF. In this work,
seven volumetric particle contents were studied: 0%, 1%, 5%,
10%, 15%, 20% and 25%. Using a SEM, the random dis-
tribution of the particles was seen. A Nova NanoSEM 450
microscope was used in low-vacuum conditions and with a
voltage acceleration of 18 kV. As an example, in figure 1, the
5% and 25% isotropic MRE samples are shown.

The magneto-dynamic characterisation was performed by
an Anton Paar Physica MCR 501 rheometer equipped with a
MRD 70/1 T magnetorheological cell and a parallel plate
configuration. The diameter of the plate was 20mm and had a

serrated surface to avoid the slipping between the sample and
the plate (PP20/MRD/TI/P2). In order to obtain a higher
accuracy in the low frequency range, two steps were defined
for the lineal frequency sweep tests. One from 0.1 to 10Hz and
the second one from 10 to 40Hz. In each step thirty points and
5 s per point were measured [33]. During the characterisation,
five external magnetic field intensities were applied: 0, 150,
300, 440 and 560 kAm−1. All of the characterisations were
made within the lineal viscoelastic region, and for it, a constant
strain amplitude of 0.06% was defined [35].

During the tests, the temperature was constant at 25 °C
and it was controlled by a water-based heating/cooling sys-
tem Julabo F-25. A normal force of 3 N was applied to the
samples to guarantee a contact avoid the slipping between the
sample and plates.

Figure 2. Storage and loss modulus of isotropic MRE samples as a function of frequency.

Table 1. MR effect (%) of the isotropic samples at four magnetic field intensities.

Magnetic field intensity (kA m−1) 5% 10% 15% 20% 25%

150 1.01±0.98 0.41±0.82 0.68±0.58 0.66±0.39 1.26±0.47
300 1.65±0.50 1.43±0.52 1.70±0.99 2.21±0.42 3.10±0.70
440 3.11±0.84 3.07±0.57 3.38±1.35 4.58±1.08 6.36±1.19
560 4.32±1.15 5.45±1.16 6.10±1.58 8.72±1.67 10.90±1.93
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The results of the experimental characterisation are
shown in figure 2, where the real part or storage modulus (G′)
and the imaginary part or loss modulus (G″) are plotted as a
function of frequency.

The external magnetic field has a large influence on the
dynamic properties of isotropic MREs and is evaluated by the
MR effect [30]. The MR effect of a sample is defined as the
ratio between the change in its storage modulus with and
without the magnetic field, and the storage modulus without
the magnetic field [36]. Hence, the influence of the magnetic
field on the storage modulus was modelled. The experimental
MR effect of isotropic MREs is shown in table 1.

3. MRE modelling

The viscoelastic modelling of isotropic MRE materials was
done in three steps. First, the viscoelastic behaviour was
modelled using fractional derivative models. Then, the
matrix-particle interactions was modelled and coupled with
the viscoelastic model. Finally, the influence of the magnetic
field was modelled and coupled with the viscoelastic and
matrix-particle interaction models.

3.1. Viscoelastic modelling

Viscoelastic models, such as fractional derivative models, can
be used in the time and frequency domains, and they contain
fewer material parameters than classical viscoelastic models.
In this work, a four-parameter fractional derivative model was
used in the frequency domain [33] and dynamic shear mod-
ulus (G*) is given as:

( )( )
( )

( )
( )

( )⁎ wt
wt

wt
wt

=
+ +

+
= +

+

a

a

a

a
G

G G C
G
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1 i

i
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, 10 0
0

where G0 is the static shear modulus, the high asymptotic shear
modulus is defined as G∞=G0+C, C is the elastic part of the
viscoelastic branch of the model, τ is the relaxation time, α is
the fractional parameter and ω is the angular frequency. A
sketch of equation (1) can be seen in figure 3. Two branches
were defined: an elastic branch (a spring (G0)) and a viscoelastic
branch (a spring (C), along with an Abel dashpot (α and τ)).

The elastic nature of the viscoelastic branch is due to the spring
and the viscous nature because of the Abel dashpot. Moreover, a
shear stress was defined for each element, γ for the shear strain
applied to the model, γv for the shear strain of the viscous part
and γe for the elastic strain of the viscoelastic branch,

The four parameters of the fractional derivative model
obtained from the fitting of equation (1) to the experimental
data (figure 2) are shown in table 2. The least square method
was used, and the fitting was done using the dynamic com-
plex modulus. The fitting error did not exceed 1% for the
storage and loss modulus. In all of the following figures,
experimental data are plotted as points and fitted models as
lines. In figure 4, the four-parameter fractional derivative
model and experimental data are plotted.

3.2. Particle-matrix interaction model

Once the fractional derivative model was fitted, the influence
of the particle content was analysed and modelled. The
influence of the particles in the dynamic properties and in
each of the model parameters can be seen in figure 4 and
table 2, respectively. Therefore, the model proposed in
equation (1) had to be modified to include the influence of the
particle content G*(ω, j). Hence, each parameter was studied
one by one, and then, all of them were coupled. In figure 5,
the equations and the fitting of each parameter is shown.

Both G0 and C increase with the particle content due to the
filler reinforcement phenomena. The model those parameters
was based on the interaction between rubber and filler devel-
oped by Mullins and Tobin [34]. They defined a hard phase for
the fillers and a soft phase for the rubber and for isotropic MRE
samples this approach can also be applied. Particles are the
hard phase and matrix the soft phase. With this approach the
particle content was introduced using 1/(1−j) equation type,
where additional material parameters were not included [33].

However, the relaxation time (τ) and the fractional para-
meter (α) are reduced c. Therefore, the following equations
was proposed [33] to introduce the particle content influence,

( )( )+ ⋅ j- ⋅A B e , 2a
1 1 1

where A1, B1 and a1 are material parameters. For the relaxation
time the parameter was replaced by τ25% [33].

Hence, this model was dependent on the data of mini-
mum (1%) and maximum (25%) particle content samples.

Figure 3. Sketch of the fractional derivative model.

Table 2. Fitting parameters of a four-parameter fractional derivative
model for the seven isotropic MRE samples [33].

G0 (Pa) C (Pa) α τ (s)

0% 120 194 157 127 0.253 1.525× 10−5

1% 128 613 190 275 0.257 6.829× 10−6

5% 132 241 228 870 0.244 1.644× 10−6

10% 135 002 282 801 0.215 6.594× 10−7

15% 137 668 337 612 0.177 3.370× 10−7

20% 145 884 454 185 0.182 1.224× 10−7

25% 151 142 655 889 0.171 1.719× 10−7
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Moreover, eight material parameters (G01%, C1%, τ25%, B1, a1,
A2, B2, a2,) were used to determine the evolution of the four
key parameters (G0 (j), C (j), τ (j), α (j)) of the fractional
model with the particle content. All fitting parameters are
shown in table 3. Those parameters were used to predict the
behaviour of isotropic MRE in the frequency domain, there-
fore those parameters are constant in this domain.

In equation (3), the shear complex modulus was defined
depending on the frequency and the particle content [33].
Moreover, the influence of the particle content in each para-
meter is also shown.
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In figure 6, the fitting of the proposed fractional deriva-
tive model coupled with the matrix-particle interaction model
(equation (3)) is shown. Comparing figures 4 and 6, the dif-
ferences of equations (1) and (3) can be seen. The fitting of
equation (1) is more accurate, while the values obtained were
only valid for the specific conditions of the experimental data.
However, equation (3) includes the particle content variable,
and consequently, any particle content between 1% and 25%
can be modelled using eight material parameters.

3.3. Magnetic field model

The influence of the magnetic field is shown in table 1.
However, the introduction of a magnetic field dependent
equation in the viscoelastic model is not evident. That is why,
the Helmholtz free energy (ψ) was defined for isotropic MRE,
in order to prove the consistency of the model, which is a
tensorial function of the second-order strain tensor (ε) and the
magnetic field density one-order tensor (B), given by
equation (4).

( ) ( )ey B, . 4

Figure 4. Experimental data and fractional derivative model of storage and loss modulus as a function of frequency.
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As the free energy is an isotropic scalar function, integ-
rity bases of the strain tensor and magnetic field density tensor
can be used, based on the isotropic function theory [37]. The
proposed model was based on the fractional derivative model.
Therefore, three parameters were defined dependent on the
magnetic field density. The consistency of the fractional
derivative model was proved in the literature [38].

( ∣ ∣)
( ∣ ∣)

( ∣ ∣) ( )

j
j
j

=
=
=

G G
K K
C C

B
B

B

, ,
, and

, , 5

0 0

where G0 is the elastic modulus of the model, C is the
modulus of the Maxwell spring (figure 3) and K is the bulk
modulus. The free energy (ψ) of the lineal elasticity was
defined as G0 and K [38]. However, the case studied was the
magneto-viscoelasticity, and a three-dimensional free energy

function was proposed,
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Figure 5. Evolution of the (a) static shear modulus, (b) elastic part of the viscoelastic branch, (c) relaxation time and (d) fractional parameter
as a function of particle content.

Table 3. Fitting material parameters of the isotropic MRE samples
for the relaxation time and the fractional parameters.

G01% (Pa) C (Pa) τ (s) α

128 613 190 275 τ25% 1.719× 10−7 A2 0.139
B1 9.533× 10−6 B2 0.131
a1 36.107 a2 5.998
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where εD is the deviator tensor of the strain tensor, εe is
the strain of the spring of the viscoelastic part (C spring
element (figure 3)) and αij are material parameters, i=0 and
1, and j=0–2.

The stress was defined as the partial derivative of the free
energy respect to the strain.

( )s
y
e

=
¶
¶

. 7

Therefore, combining equations (6) and (7), the three-
dimensional stress was obtained,
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where εv is the strain corresponding to the Abel dashpot and I
is the identity second-order tensor.

From the proposed three-dimensional model, equation (8),
the shear one-dimensional case was studied. Hence, equation (8)
was evaluated for the studied case, and equation (9) was
obtained, where γ is the global strain and γv is the Abel dashpot
strain, figure 3.

( ) ( )t g g g= + -G C . 90 v

Equation (9) was the same expression as that obtained directly
from the fractional derivative sketch, which means that the
magneto-viscoelastic model proposed was consistent and the

fractional derivative model is the next one,

( ) ( ( ) ( ))( )
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( )*
j j j wt
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where G0 and C are functions of the particle content and
magnetic field. Besides, this model took into account the
influence of the particle content in the absence of a magnetic
field.
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1 2

After the generalised model was defined, the influence of
the magnetic field had to be included in G0 and C. Jolly et al
[30, 31] introduced the influence of the magnetic field on the
storage modulus for low-strain conditions using the dipole–
dipole interaction model; this is given by equation (12),

( ) ( ) ( )j j
j

m m
= =G B C B

J R

d
, ,

4
, 1202 2

p
2 3

1 0
3

where Jp is the induced polarisation of the particle (defined in
equation (13)), R is the radio of the particles, μ1 is the relative
permeability of the medium (matrix), μ0 is the vacuum perme-
ability and d distance between each particle.

( ) ( )a m a= + -J H J
3
2

1 , 13p
3

0
3

s

where Js is the magnetic saturation—for iron particles, it is 2.1 T
[31] and αp is the saturation ratio of each particle [30, 31].

The isotropic MREs are randomly distributed, and con-
sequently, the dipole moment of each particle is not aligned as

Figure 6. Experimental data and fitting of equation (3) of the storage and loss modulus as a function of frequency.
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in the chains of anisotropic MREs. However, isotropic
materials have the same properties in all of the directions.
Therefore, Ivaneyko et al [28, 29] defined three particle lat-
tices for isotropic MREs: simple cubic, body-centred cubic
(BCC) and hexagonal close-packed lattices. In this work, the
BCC lattice was used, and the distance between each particle
(d) is defined as:

( )
( )

( )
( )u

p

j
u= =

⎧
⎨⎪
⎩⎪

d
R

4
3 ,

1 CC
2 BCC

2 2 HCP ,

14
3

3

where R is the radio of the particles, and υ depends on the
lattice model. However, the magneto-induced modulus and
the particle saturation ratio were modified by a correction
factor dependent on the particle content due to the randomly
distributed dipoles [23].

A correction factor dependent on the particle content was
applied to the magneto-induced modulus. When the particle
content is larger, the dipoles’ probability of being in the
opposite direction of the magnetic field direction is larger,
which decreases the magneto-induced modulus. Therefore,
equation (12) was modified.

( ) ( ) ( ) ( )j j
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j= = -G B C B
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1 . 1502 2

p
2 3

1 0 0
3

Equation (15) was coupled with equation (3) to obtain the
viscoelastic behaviour of isotropic MREs in the functions of
the frequency, particle content and external magnetic field

(equation (16)).
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The dipole–dipole interaction model was verified with
experimental tests. In figure 7, the fractional derivative, par-
ticle-matrix interaction and magneto-induced modulus model
are coupled (equation (16)) and fit to the experimental data for
the 10% isotropic MRE. The fitting was evaluated with the
mean error between the experimental data and the approached
model. This error does not exceed 4% and occurs at high
frequencies. Hence, it was concluded that the fitting error for
the particle content was larger than that for the magneto-
induced modulus.

4. Conclusions

A new three-dimensional magneto-viscoelastic model was
developed for isotropic MREs, and the consistency of the
model was proved. The viscoelastic modelling was based on
fractional derivatives and it was modified in order to intro-
duce the particle content variable. The fitting of the particle-
matrix and fractional derivative coupled model was success-
ful, although the fitting error is larger for the loss modulus
because the influence of the storage modulus in the dynamic
complex modulus is larger. In addition, the maximum error
for the storage modulus does not exceed 4%, and the loss
modulus one 13%.

The introduction of an equation dependent on particle
content and magnetic field in G0 and in C parameters of the
fractional viscoelastic model is consistent.

The magneto-induce model of isotropic samples was
developed considering anisotropic samples and applying a
correction factor to introduce the isotropy. When the frac-
tional derivative, particle-matrix interaction and magneto-
induced model were combined, the storage modulus error is
less than 4%, which shows that the proposed model is valid.

The new three-dimensional magneto-viscoelastic model
predicts the viscoelastic behaviour of isotropic MREs as a
function of frequency, matrix, volumetric particle content and
magnetic field.

Figure 7. Fitting of the proposed magneto-induced modulus coupled
with the fractional derivative and particle-matrix model of the 10%
MRE sample.
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a b s t r a c t

Magnetosensitive elastomers (MSE) are innovative high-tech materials that exhibit changed dynamic
properties when an external magnetic field is applied. In this work, the influence of particle content,
frequency, temperature and magnetic field on the maximum attenuation of isotropic MSEs was studied.
Six particle content types were synthesised using carbonyl iron powder particles embedded in a room-
temperature vulcanizing silicone rubber matrix. The characterization of the MSE samples was performed
with a Physica MCR 501 rheometer from the Anton Paar Company that is equipped with a magneto-
rheological cell. All samples were characterized using frequency sweep tests within the lineal viscoelastic
region. In addition, a four-parameter fractional derivative model was used and extended over a wide
frequency range. The influence of temperature was modelled using the Arrhenius model, coupled with
the fractional derivative model. The maximum attenuation is increased with frequency and magnetic
field and is independent of temperature.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetosensitive elastomers (MSE) are known as smart mate-
rials due to their ability to modify their properties depending on an
applied external magnetic field. This variability is due to the
ferromagnetic particles embedded in a rubber matrix [1].

The dynamic properties of viscoelastic materials, such as MSE,
are dependent on the characterization variables [2], such as strain,
frequency, temperature and magnetic field. Within the lineal
viscoelastic (LVE) region, the variability of the properties is larger
than in the non-lineal region or at high strains [3,4]. The dynamic
properties, storagemodulus and loss factor increasewith frequency
[5] and magnetic field [6,7], while they decrease with temperature
[6,8,9].

In many applications, MSEs are designed to dissipate as much
energy as possible. The maximum attenuation (loss factor peak) of
these materials is given at a certain frequency and temperature [2],
which can be identified via the glass transition temperature TG [10].

In order to identify the maximum attenuation conditions, a
dynamic mechanical analyser can be used [11]. Pickering et al. [10]

and Raa Khimi and Pickering [12] studied the variation of the TG of
magnetorheological elastomers. The maximum attenuation for
those samples is larger than that defined by a sample without any
particle content [12] and it increased with filler content [13]. The
glass transition temperature is also modified by the particle con-
tent, being decreased with an increase in the content [14].

The maximum attenuation can also be identified by extending a
fractional derivative model in the frequency domain for rubber [15]
or polymer material [16]. Using such a model, the evolution of the
loss factor can be analysed so as to identify the maximum attenu-
ation conditions.

In this work, the variability of the maximum attenuation of
isotropic MSEs is analysed. Dynamic characterization was per-
formed in the frequency and temperature domains, and the in-
fluences of the magnetic field and particle content on the dynamic
properties were studied. Attenuation is defined by the loss factor. In
order to determine the maximum attenuation (loss factor peak), a
four-parameter fractional derivative model was extended in the
frequency domain. The Arrhenius model was used to predict the
influence of temperature. Furthermore, an external magnetic field
was used to analyse the variability of the maximum attenuation
conditions.

* Corresponding author.
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2. Experimental

2.1. Material

The MSEs analysed in this study were compounded by using a
matrix and ferromagnetic particles. The matrix, which has two
components, was silicone WACKER Elastosil® M 4644 A, and the
vulcanizing agent was WACKER Elastosil® M 4644 B. These were
mixed at a 10:1 ratio.

Spherical carbonyl-iron-powder (CIP) ferromagnetic iron parti-
cles with an average size of 1.25 ± 0.55 mm were used. These par-
ticles were provided by BASF, The Chemical Company. Six
volumetric concentrations were analysed: 0%, 5%, 10%, 15%, 20% and
25%.

2.2. Characterization

The characterization was performed with a Physica MCR 501
rheometer from the Anton Paar Company with parallel plate
configuration and equipped with a magnetorheological cell MRD

70/1T. The plate diameter was 20 mm, and one had a serrated
surface (PP20/MRD/TI/P2).

The frequency range analysed in this work extended from 1 Hz
to 40 Hz. The studied temperatures ranged from 15 !C to 65 !C, with
an increment of 10 !C, and were controlled using a Julabo F-25
water-based heating/cooling system; a normal force of 5 N was
applied [17]. Two external magnetic field intensities were studied:
0 kA/m and 616 kA/m. After each characterization, demagnetization
cycles were applied.

This work studied the influence of frequency, temperature and
magnetic field on the attenuation of MSEs in the lineal viscoelastic
(LVE) region because the influence of the magnetic field is larger in
this region than at high strains [18]. Within the LVE region, visco-
elastic behaviour can be modelled via the complex shear modulus
(G*), which is independent of the strain and is defined in Ref. [2] as:

G* ¼
tðtÞ
gðtÞ

¼
tmax$eiðutþdÞ

gmax$eiut
¼

tmax

gmax
ðcos dþ i sindÞ; (1)

where tmax is the amplitude of the shear stress, gmax is the
amplitude of the shear strain, d is the phase difference between the
strain and stress and u is the frequency in radians per second. The
complex shear modulus is compounded by a real part, or the
storage modulus (G0), and an imaginary part, or the loss modulus
(G00). The relationship between these is the loss factor (tan d).

In order to guarantee that the samples were working within the
LVE region, a strain sweep test was performed with the minimum
frequency (1 Hz) and the maximum particle content (25%), tem-
perature (65 !C) and magnetic field (616 kA/m) [19]. A logarithmic
strain sweep was applied to the 25% isotropic MSE from 0.001 to
10% with 50 points, and 5 s per point were measured. The LVE limit
was determined by the loss factor [20] and had a value of 0.01%
(Fig. 1).

Frequency sweep tests are were performed at a strain of 0.01%
(LVE limit) to determine the lineal dynamic mechanical properties
of the analysed MSE. For the frequency sweep test, a lineal distri-
bution of 10 frequencies between 1 Hz and 40 Hz was applied. The
measured period for each point was 5 s.

2.3. Modelling and analysis

The influence of the frequency, temperature and magnetic field
on the maximum attenuation was studied. The evolution of the
dynamic properties (storage modulus and loss factor) with the
frequency was modelled using a four-parameter fractional deriva-
tive model at 25 !C. The constitutive viscoelastic model was
extended over the frequency domain in order to identify the
maximum attenuation value and frequency. After studying the
frequency, the influence of the temperature was analysed. The
modelling was performed using the Arrhenius model, and the
evolution of the maximum attenuation was studied by varying
frequency and temperature. Finally, the influence of the magnetic
field on the maximum attenuation amplitude and the frequency at
which it occurs were analysed. Although all samples were analysed,

Fig. 1. Storage modulus and loss factor LVE limits of the 25% isotropic MSE at 65 !C, 1
Hz and 616 kA/m.

Fig. 2. Experimental data (points) and FD fitting curves (lines) of the storage modulus
and loss factor of the 0%, 10% and 25% samples as a function of frequency at 25 !C and
0 kA/m.

Table 1
The values of the four parameters (Eq. (2)) of isotropic MSE at 25 !C and 0 kA/m.

Sample G0 [Pa] G∞ [Pa] t [s] a

0% 142894 277677 5.76 e&5 0.281174
5% 155223 311269 6.62 e&5 0.245590
10% 165978 360226 2.99 e&5 0.235889
15% 181038 430260 1.29 e&5 0.218954
20% 208148 591220 4.64 e&6 0.205398
25% 220976 845994 1.43 e&6 0.198359
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the 0%, 10% and 25% samples are used as references in order to
study the evolution of the studied parameters.

3. Results and discussion

3.1. Frequency

The dynamic properties of MSEs are dependent on the fre-
quency. The frequency increases both the storage modulus and loss
factor for all studied samples (Fig. 2). The variation of the storage
modulus due to the frequency (DG’f ¼ (G0

40Hz- G0
1Hz)/G0

1Hz) is larger
for MSEs with a high particle contents. On the other hand, the loss
factor variation due to the frequency (Dtan d f ¼ (tan d 40Hz-tan
d 1Hz)/tan d 1Hz) decreases with high particle content.

A four-parameter fractional derivative (FD) model was used to

introduce the influence of the frequency on the dynamic properties
of MSEs, which is defined as follows:

G* ¼ G0 þ G∞ðiutÞa

1þ ðiutÞa
; (2)

where G0 is the elastic modulus at 0 Hz, G∞ is the asymptotic
modulus for an infinite frequency, t is the relaxation time and a is
the fractional derivative parameter, which is dimensionless and
between 0 and 1 [21].

Once the four-parameter fractional derivative model was
defined, it was fitted to all the experimental results at 25 !C. In
Fig. 2, the fitting of the 0%, 10% and 25% isotropic samples are
shown, and Table 1 summarizes the fittings of the samples without
any magnetic field. While G0 and G∞ increase with the particle
content, t and a decrease.

The fractional derivative model was extended in the frequency
domain from 1e&5 Hz to 1e15 Hz in order to observe the evolution of
storage modulus and loss factor, and identify the frequency of
maximum attenuation. In Fig. 3a, the storage modulus increases
with frequency and particle content. In Fig. 3b, the loss factor as a
function of frequency is shown. In terms of shape, the loss factor
curves are wider with particle content, which indicates that the
attenuation is larger over the entire frequency band. In addition,
the largest width difference is seen when the maximum particle
content is analysed. Table 2 shows the value of the maximum

Fig. 3. Evolution of the (a) storage modulus and (b) loss factor of 0%, 10% and 25% MSE samples as a function of frequency at 25 !C and 0 kA/m.

Table 2
Values and frequencies of maximum attenuation for isotropic MSE samples of
various particle contents at 25 !C and 0 kA/m.

Sample Maximum attenuation Frequency [Hz]

0% 0.0740 847
5% 0.0674 585
10% 0.0718 1018
15% 0.0741 1691
20% 0.0832 2681
25% 0.1019 3703

Fig. 4. SEM images of (a) 10% and (b) 25% MSE samples in low vacuum conditions and with a voltage acceleration of 18 kV.
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attenuation, loss factor peak and its frequency. The value increases
with the particle content, and the maximum increase occurs be-
tween the 20% and 25% samples. The frequency at which the loss
factor peak occurs also increases with the particle content and,
consequently, the loss factor curve is shifted to the right.

In order to detect the difference between samples, scanning
electron microscope (SEM) images were used. A Nova NanoSEM
450 microscope was used in low-vacuum conditions and with a

voltage acceleration of 18 kV. As an example, the 10% and 25% MSE
samples are shown in Fig. 4. As mentioned by Ju et al. [8] and Raa
Khimi et al. [22], the MSE materials have two kinds of damping
source, one due to the matrix and the other due to the friction
between the matrix and the particles. Therefore, the damping of
the MSE is increased with the particle content. However, it can be
seen that, in the 25% sample (Fig. 4(b)), the particles are much
closer to one another than in the 10% sample (Fig. 4(a)). Therefore,

Fig. 5. Evolution of the (a) storage modulus and (b) loss factor of the 0%, 10% and 25% MSEs as a function of frequency, with temperature ranging from 15 !C to 65 !C and 0 kA/m.
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there is another damping source related to the friction between the
particles, which increases the loss factor of the 25% sample.

3.2. Temperature

The storage modulus and loss factor decreased with the incre-
ment of temperature for all the studied samples; this represents the
inverse of the frequency effect. For the reference samples (0%, 10%

and 25%) in Fig. 5, the influence of temperature (from 15 !C to 65 !C)
on the frequency band from 1 Hz to 40 Hz is shown.

The influence of the frequency and temperature depends on the
particle content. With the purpose of interpreting the obtained
results, arrows are included in Fig. 5. Their inclination with respect
to the horizontal represents the influence of frequency, while the
length represents the influence of temperature. A larger arrow and
inclination means a larger influence of temperature and frequency.

Fig. 6. (a) Storage modulus and (b) loss factor of the 0%, 10% and 25% MSEs as a function of reduced frequency using the temperature-frequency superposition principle with a 0 kA/
m magnetic field.

I. Agirre-Olabide, M.J. Elejabarrieta / Polymer Testing 54 (2016) 104e113108

4.6. Scientific contribution

122



Within the studied temperature and frequency ranges, the influ-
ence of frequency and temperature on the storagemodulus is larger
with the particle content, whereas the influence on the loss factor is
decreased.

At low particle content levels, the influence of the frequency on
storage modulus is larger than that of temperature. However, at
high particle content levels, the influence of temperature on stor-
agemodulus is larger than that of frequency. On the other hand, the
loss factor of the studied samples is more sensitive to frequency
than to temperature.

In order to introduce the temperature dependence to the frac-
tional derivative model, the frequency-temperature superposition
principle was used [23]. This principle is based on the assumption
that the complex modulus measured at any chosen frequency f1
and at a reference temperature T1 is identical to that at any other
frequency f2 and a different temperature T2, which must be
selected,

G*ðf1; T1Þ ¼ G*ðf2aTðTÞ; T2Þ; (3)

where the shift factor aT(T) depends on the temperature and the
polymer. This principle can be applied by plotting [(T0r0/Tr)*G’] and
[(T0r0/Tr)*tan d] against the reduced frequency (f aT), where T0 is
the reference temperature, and r and r0 are the density at a certain
temperature (T) and the density at the reference temperature (T0),
respectively [2]. In this work, the reference temperature was 25 !C.
These are plotted in Fig. 6, where the 0%, 10% and 25% samples are
shown. For this figure, the experimental data are shifted horizon-
tally along the frequency scale [24].

The temperature dependence on the shift factor aT(T) represents
the basic effect of temperature on the viscoelastic properties and
can be described using the equation of Williams-Landel-Ferry
(WLF) [25] or that of Arrhenius [2]. The WLF equation is used at
temperatures above the glass transition temperature (Tg) and under
Tg þ 100 !C.

The Elastosil matrix is a polydimethylsiloxane (PDMS)-based
silicone rubber, and the glass transition temperature for those
polymers is around&125 !C [26]. Therefore, the Arrhenius model is
used to introduce the influence of temperature on the four-
parameter fractional derivative model. The Arrhenius shift factor
equation describes a lineal relationship between log aT(T) and 1/T
based on the molecular kinetic theory of chemical reactions,

log aTðTÞ ¼ TA

!
1
T
& 1
T0

"
; (4)

where TA is the slope of the line representing the plot of log aT(T)
versus 1/T and T0 is the reference temperature [2].

An example of the evolution of the log aT(T) with temperature is
shown in Fig. 7 for the 0%, 10% and 25% isotropic MSE samples.
Moreover, the evolution of TA with the studied cases is shown in
Table 3; TA increased with particle content.

Coupling the Arrhenius model with the four-parameter FD
model (Equations (4) and (2)), the evolution of the maximum
attenuation was analysed. In Fig. 8, the evolution of the peak is
shown in the frequency (Fig. 8(a)) and temperature domains
(Fig. 8(b)) for the three reference samples. In the frequency domain
figures (from 1e&5 Hz to 1e15 Hz), three temperatures were fixed
(&10 !C, 25 !C and 80 !C), and in the temperature domain (from
&200 !C to 100 !C), the analysed frequencies were 1 Hz, 50 Hz and
100 Hz.

The value of the maximum attenuation depends on the particle
content and is constant with frequency and temperature. Specif-
ically, it increases 51% with the particle content from 0.0674 (5%
MSE) to 0.1019 (25% MSE) (Table 2).

In the reduced frequency domain, the frequency at which the
maximum attenuation occurs depends on the temperature
(Fig. 8(a)). Therefore, increasing the temperature causes the fre-
quency to increase, which means that the curves are shifted to the
right. The same behaviour is observed for storage modulus.
Furthermore, the shifting of the storage modulus and loss factor
curves is larger with increased particle content (Table 4) due to the
dependency on the Arrhenius fitting parameter TA (Table 3).
Nonetheless, the shapes of storage modulus and loss factor in the
frequency domain are independent of temperature.

On the other hand, the temperature at which the maximum
attenuation occurs depends on the frequency (Fig. 8(b)), which is

Fig. 7. Shift factor aT and Arrhenius model versus temperature for (a) 0%, (b) 10% and (c) 25% samples.

Table 3
Evolution of the fitting parameter of the
Arrhenius model, TA, for the isotropic MSEs.

Sample TA (!C)

0% 1569
5% 1685
10% 2026
15% 2097
20% 2230
25% 2988
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higher with increased particle content [10]. The storage modulus
and loss factor curves are shifted to the right, increasing the fre-
quency. Moreover, these increases are larger in the low-frequency
range (Fig. 8(b)), and the variation of the temperature due to fre-
quency is smaller with increased particle content (Table 4). The
shape of the storage modulus and loss factor curves are dependent
on frequency.

Therefore, the maximum attenuation can be reached by
decreasing the temperature or increasing the frequency; this
characteristic behaviour is due to the viscoelastic nature of the
matrix.

3.3. Magnetic field

The influence of the magnetic field on the attenuation of the 10%
and 25% samples is shown in Fig. 9 for a magnetic field of 616 kA/m
at 25 !C. . The storage modulus is increased with the magnetic field,
while the influence on the loss factor is not evident.

As in the previous frequency and temperature sections, a four-
parameter fractional derivative model was fitted to the experi-
mental data of Fig. 9 and extended over the frequency range from
1e&5 Hz to 1e15 Hz. The influence of the magnetic field on the loss
factor of MSE materials can be seen in Fig. 10, and the maximum

Fig. 8. Evolution of the storage modulus and loss factor as a function of (a) reduced frequency (for &10 !C, 25 !C and 80 !C), and (b) temperature (for 1 Hz, 50 Hz and 100 Hz) for the
0%, 10% and 25% MSE samples at 0 kA/m.
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attenuation values and its frequencies are shown in Table 5.
The attenuation is larger in the studied frequency band because

the shape of the loss factor is wider (Fig. 10). The maximum
attenuation value and frequency are increased with the magnetic
field, except for the maximum particle content (25%) (Table 5).
When a MSE sample is under a magnetic field, the relative move-
ment is almost stopped [8]. Therefore, the damping due to the
matrix-particle and particle-particle friction is reduced and,
consequently, the maximum attenuation is also reduced.

4. Conclusions

In this work, the influence of frequency, temperature and a
magnetic field on the maximum attenuation of isotropic MSEs was
analysed. In order to determine the maximum attenuation (loss
factor peak), a four-parameter fractional derivative model was
extended in the frequency domain.

For each particle content and magnetic field, the value of
maximum attenuation is unique and occurs at a certain frequency
and temperature. The attenuation is larger with increased particle
content over the entire frequency band, and the frequency at which
the maximum occurs is increased.

In order to model the influence of temperature on the dynamic
properties, the Arrhenius model was coupled with a four-
parameter fractional derivative model. The shapes of the loss fac-
tor curves are not influenced by temperature, while they are
dependent on frequency. The maximum attenuation frequency is

Table 4
Values of the maximum attenuation (a) frequency and (b) temperature for all MSE
samples and studied conditions.

(a) Frequency

Sample Temperature

&10 !C 25 !C 80 !C

0% 169 847 5907
5% 102 585 4453
10% 128 1018 11724
15% 167 1691 21347
20% 194 2681 38868
25% 177 3703 141303

(b) Temperature

Sample Frequency

1 Hz 50 Hz 100 Hz

0% &81.52 &31.41 &19.68
5% &72.88 &22.29 &10.53
10% &66.52 &23.28 &13.65
15% &68.80 &28.29 &19.38
20% &68.71 &31.02 &22.86
25% &53.38 &22.02 &15.51

Fig. 9. Influence of the magnetic field on the (a) storage modulus and (b) loss factor for the 10% and 25% MSEs as a function of frequency at 25 !C and with 0 kA/m and 616 kA/m.
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reduced with increased temperature and particle content. The
maximum attenuation temperature is increased with increased
frequency and particle content; this occurs to a greater degree at
low frequencies.

With the application of an external magnetic field, the
maximum attenuation value and frequency are increased, and the
loss factor is larger in the studied frequency domain.

This work illustrates a methodology combining experimental
results and theoretical models (fractional derivatives and Arrhe-
nius) in order to predict the frequency, temperature and magnetic
field conditions at which the maximum attenuation of isotropic
MSEs occurs.
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a b s t r a c t

A new magneto-viscoelastic model is presented for anisotropic magnetorheological elastomers (MREs),
which combines the dynamic behaviour and magnetic permeability components. Five samples were syn-
thesised with different particle contents. Dynamic properties were measured using a rheometer equipped
with a magnetorheological cell. A four-parameter fractional derivative model was used to describe MRE
viscoelasticity in the absence of a magnetic field. The magnetic permeability of each sample was mea-
sured with a vibrating sample magnetometer. From experimental measurements of longitudinal and
transverse components of the magnetic permeability, the dependency with magnetic field was modelled.
The new magneto-induced modulus model proposed in this work is based on the model developed by
López-López et al. [19] for magnetorheological fluids, and was adapted for anisotropic MREs. The pro-
posed model includes the longitudinal and transverse components of magnetic permeability, and it is
valid for the linear viscoelastic region of anisotropic MREs. The errors between experimental values
and the values predicted by the model do not exceed 10%. Hence, a new linear magneto-viscoelastic
model for anisotropic MREs is developed, which predicts the effect of magnetic field on the dynamic
shear modulus as a function of magnetic field intensity and frequency.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetorheological elastomers (MRE) consist of ferromagnetic
particles embedded in an elastomeric matrix [1]. When an external
magnetic field is applied to these materials, their mechanical prop-
erties are modified; and they are referred to as smart materials.

The properties of MREs are completely dependent on the parti-
cle distribution, which is therefore considered an important char-
acteristic of MREs. Isotropic MRE samples are prepared by
vulcanisation without an external magnetic field; these samples
have a random particle distribution [2,3]. However, if an external
magnetic field is applied during the vulcanisation process, the par-
ticles are aligned in the direction of the magnetic field, and conse-
quently, particle chains or thicker chain aggregates are obtained;
these samples are called anisotropic MREs [4,5].

Dynamic properties of anisotropic MREs are dependent on the
matrix, particle content, and magnetic field. The predominant
behaviour is the viscoelasticity, owing to the nature of the main
component of these materials: silicone rubber or natural rubber
[6,7]. This behaviour has been modelled for MRE materials by com-

bining different elements such as dashpots and springs in different
configurations [8,9]. To obtain a better fit to experimental data,
more elements have been introduced by increasing the number
of fitting parameters [10].

The fractional derivative model can be used to decrease the
number of material parameters, and these parameters have a phys-
ical significance [11]. By using these advantages, the viscoelastic
behaviour of isotropic [7,12] and anisotropic [13,14] MREs have
recently been modelled using fractional derivative models.
Agirre-Olabide et al. [12] used four material parameters to simu-
late the viscoelastic behaviour of isotropic MREs, and Xu et al. [7]
combined a fractional Kelvin and Maxwell model in the parallel
configuration to develop a higher order model (seven material
parameters). Guo et al. [13] combined an Abel dashpot (fractional
derivative element) and a spring in a series configuration, while
Zhu et al. [14] employed a parallel configuration. Hence, three
material parameters were used to predict the viscoelastic beha-
viour of anisotropic MREs.

The effect of the magnetic field on the properties of anisotropic
MREs has been widely studied. Many models have assumed that
perfectly aligned chains are created during the vulcanisation pro-
cess. Jolly et al. [15,16] analysed the interaction of two particles
by using dipole–dipole moments, while Davis [17] and Shen

http://dx.doi.org/10.1016/j.jmmm.2017.09.017
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et al. [18] studied the interaction of each particle in the whole
chain of particles. Bica et al. [4] used a dipolar magnetic moment
approach and the ideal elastic body model.

López-López et al. [19] proposed a model for magnetorheologi-
cal fluids by introducing the influence of aggregates having a body
centered tetragonal (bct) internal structure (a more stable and
more realistic structure), and they combined numerical simula-
tions of the composite magnetic permeability with the analytical
model predicting the stress–strain relationship. For MREs, Leng
et al. [20] proposed an effective permeability model to estimate
the shear storage modulus, and Dong et al. [21] developed a theo-
retical model for chains composed of magnetic particles and nor-
mal pressure, based on the effective permeability calculated by
the Maxwell–Garnett mixing rule. Chen et al. [22] proposed a
finite-column model to simulate the field-induced shear modulus.

The magnetic permeability of materials can be measured by
using different techniques. De Vicente et al. [23] used a modified
force balance method to measure the magnetic permeability of car-
bonyl iron powder suspension. Bellucci et al. [24] used vibrating
sample magnetometry on a magnetic nanocomposite based on nat-
ural rubber. Schubert and Harrison [25] identified the permeability
of isotropic and anisotropic MREs using an inverse modelling
approach. Furthermore, they calculated the permeabilities of ani-
sotropic MREs in the particle alignment direction and perpendicu-
lar to the alignment direction. However, de Vicente et al. [23]
measured the permeability of carbonyl iron powder in a suspen-
sion and showed that the permeability decreases with the internal
magnetic field.

A few magneto-viscoelastic models have been developed by
coupling viscoelastic and magnetic interaction models. A classical
four parameter magneto-viscoelastic model has been proposed
by Li et al. [26], and all material parameters were fitted to experi-
mental data for each magnetic field density. The magneto-
viscoelastic behaviour using fractional derivatives has been mod-
elled for isotropic [27] and anisotropic [13,14] MREs. Agirre-
Olabide et al. [27] proposed a three-dimensional magneto-
viscoelastic model within the linear viscoelastic region for isotro-
pic MREs, by coupling a fractional-derivative-based viscoelastic
model with a magnetic-field-dependant model. Conversely, the
magneto-viscoelastic model proposed in [13,14] for anisotropic
MREs is composed of a serial configuration a fractional derivative
Maxwell model and a spring, which is dependent on the magnetic
field and is modelled assuming chain-like structures. The strain
amplitudes applied were 0.1% in [13] and 25% in [14], and the max-
imum magnetic field intensity was 300 mT.

In this work, we developed a new linear magneto-viscoelastic
model for anisotropic MREs based on the longitudinal and trans-
verse components of magnetic permeability. We modified the
model developed by López-López et al. [19] for magnetorheological
fluids, and we adapted it for anisotropic MREs. The new model
assumes bulk column-like aggregates in the MR samples, and cou-
pled it with the viscoelastic model. The viscoelastic model is based
in a four-parameter fractional derivative model. We studied the
influence of the magnetic field on the longitudinal and transverse
components of the magnetic permeability of anisotropic MREs.
We proposed a model to predict the evolution of the permeability
components as a function of the external magnetic field (100–
360 kA/m) and extend it for higher magnetic fields. The proposed
new linear magneto-viscoelastic model was validated with exper-
imental data, and can be extended to larger magnetic field and fre-
quency conditions.

2. Experimental

In this work, anisotropic magnetorheological elastomers were
synthesised using a room-temperature-vulcanising silicone rubber

and soft magnetic particles; five particle contents were analysed.
Two different characterisation techniques were performed; the
dynamic behaviour was measured using a rheometer equipped
with a magnetorheological device, and the magnetic properties
were measured using a vibrating sample magnetometer (VSM).

2.1. Preparation of anisotropic samples

In this study, we used two components based on room-
temperature-vulcanising vulcanised silicone rubber (RTV-SR): the
main matrix WACKER Elastosil� M 4644A and the vulcaniser
WACKER Elastosil� M 4644B mixed in a 10:1 ratio. The embedded
soft magnetic spherical particles were carbonyl iron particles HS
(BASF The Chemical Company, Germany) with a particle size of
1.25 ± 0.55 lm. Samples of five different particle volume fractions
were prepared: 0%, 5%, 10%, 15%, and 20%.

The main matrix (Elastosil� M 4644A) and particles were mixed
at the mentioned contents, and when a homogeneous mixture was
obtained, the vulcaniser (Elastosil� M 4644B) was added. Every
time a component was added, vacuum cycles for 30 min were
applied to remove air bubbles generated during the mixing. Finally,
the homogenous mixture was poured into a 1-mm-thick mould.

During the vulcanisation process, a magnetic field was applied
in the thickness direction to obtain a chain alignment of the parti-
cles in the direction perpendicular to the shear strain applied dur-
ing the rheometric experiments (Fig. 1). A magnetic field of a flux
density of 130 mT was applied using a pair of permanent magnets
placed on the both sides of the mould.

A Nova Nano SEM 450 scanning electron microscope (SEM) was
used to observe the particle alignment and distribution (Fig. 2). The
images were taken in a low vacuum condition with an acceleration
voltage of 18 kV.

2.2. Magnetorheology

The dynamic properties of anisotropic MRE were measured
using an Anton Paar Physica MCR 501 rheometer equipped with
a MRD 70/1T magnetorheological cell, and a parallel plate configu-
ration was used. To avoid slipping between the sample and plates,
one of the plates had a serrated surface (PP20/MRD/TI/P2); a nor-
mal compressive force of 5 N was applied to the sample in order
to increase the contact of the sample to the rheometer plates
[28]. The sample’s diameter and thickness were 20 mm and
1 mm, respectively. To check the reproducibility, three samples
were studied for each particle content.

The samples were subjected to torsional deformation generated
by a periodic oscillatory rotation of the upper rheometer plate. A
strain amplitude of 0.01% was used in the frequency sweep tests
to guarantee that all tests were performed in the linear viscoelastic

Fig. 1. Sketch of the anisotropic MRE sample vulcanisation device.
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(LVE) region [29,30]. The frequency range of 0.1–40 Hz was anal-
ysed and divided into two steps: the first one from 0.1 to 10 Hz,
and the second one from 10 to 40 Hz. In each step, 30 points were
measured, while the acquisition time was fixed to 5 s per point.
The temperature was controlled at 25 �C using the Julabo F-25
water-based heating/cooling system. Three magnetic field intensi-
ties were used: 0, 150, and 300 kA/m.

2.3. Vibrating sample magnetometer

The magnetostatic properties of the anisotropic MRE samples
were investigated using a vibrating sample magnetometer (VSM,
4500 EG&G Princeton Applied Research). This technique consists
of vibrating a sample at a frequency of 85 Hz in the direction per-

pendicular to a permanent and nearly homogeneous external mag-
netic field (Fig. 3). When a magnetic sample is introduced, it is
magnetised and it consequently generates its own magnetic field
around the sample. Periodic vibrations of the sample produce peri-
odic variation of the magnetic field induced by the sample in the
laboratory reference frame related to fixed electromagnets.
According to Faraday’s induction law, this change produces an
electromotive force in the pick-up coils, which is measured and
directly related to the sample magnetization.

All measurements were performed at room temperature in the
field range of ± 360 kA/m. The aim of this characterisation was to
measure the magnetic susceptibility of the sample in the direction
parallel and perpendicular to the particle chains. For measure-
ments of the longitudinal magnetic permeability, a sample with

Fig. 2. SEM image of (a) 5%, (b) 10%, (c) 15%, and (d) 20% anisotropic RTV-SR MRE samples in low-vacuum conditions and with a voltage acceleration of 18 kV.

Fig. 3. VSM sketch for particles chains aligned in the (a) parallel and (b) perpendicular direction to the external magnetic field.
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the chains oriented along the electromagnet axis and having a
diameter of 3 mm and thickness of 1.08 ± 0.12 mm was used
(Fig. 3(a)). For measurements of the transverse magnetic perme-
ability, a sample with the chains oriented perpendicularly to the
electromagnet axis and having a rectangular shape with a length
of 10.48 ± 0.82 mm and thickness of 1 mm was used (Fig. 3(b)).
These samples were held in an Ø3 � 20 mm container. One mea-
surement was performed for each particle content.

From the VSM measurements, the longitudinal and transverse
magnetic permeability of each sample was calculated for external
fields from 100 to 360 kA/m.

3. Anisotropic MRE modelling

A four-parameter fractional derivative model was used, and the
material parameters were identified using the dynamic properties
measured by the rheometer. The influence of the magnetic field
was introduced by using an empirical magneto-viscoelastic model
[27] with the magnetic field contribution to the elastic modulus
calculated using a variation of the model developed by López-
López et al. [19] for magnetorheological fluids.

3.1. Fractional derivative model for MRE in the absence of the
magnetic field

The generalised Zener model in the frequency domain written
with fractional derivatives contains four parameters,

G� ¼ G0 þ ðG0 þ CÞðixsÞa
1þ ðixsÞa ¼ G0 þ CðixsÞa

1þ ðixsÞa ; ð1Þ

where G0 is the static elastic modulus, G1 = G0 + C is the high fre-
quency limit value of the dynamic modulus, s is the relaxation time,
and a is the fractional parameter [11,27], whose value varies
between 0 and 1.

This model is applied to MRE samples in the absence of the field.
In Fig. 4, experimental dynamic properties are shown as a function
of frequency, and the error does not exceed the 5%. All samples
show the same behaviour – both moduli increase with frequency
and particle content.

After fitting Eq. (1) to the experimental data of each sample
(Fig. 4), the four parameters of the fractional derivative model were
obtained (table 1). The fitting was done using the least square
method, and the minimised error was calculated for the shear com-
plex modulus. The R2 parameter is shown in order to evaluate the
accuracy of the fitting.

Fig. 4 shows the fitting and the experimental results. The fitting
is accurate for all contents in the studied frequency band. However,
the fitting is better for the storage modulus than for the loss mod-
ulus because the storage modulus is one order of magnitude higher
than the loss modulus, and consequently, its influence on the com-
plex modulus is larger. The larger mean relative error does not
exceed 0.5% for the storage modulus and 6% for the loss modulus.

3.2. Magnetic field effect

The dynamic properties of anisotropic MREs increase with mag-
netic field intensity (Fig. 5), and a larger increase was measured
with a larger magnetic field.

In this study, we assumed that the magnetic field only modifies
G0 and C parameters (Eq. (1)). Consistency of this assumption has
been proved in [27]. These parameters are supposed to depend
on the magnetic field density (H) and the volumetric particle con-
tent (u), as follows:

G0ðu;HÞ ¼ G0 þ DCðu;HÞ and Cðu;BÞ ¼ DCðu;HÞ; ð2Þ

where G0 and C corresponds to the fitting values of each particle
content (Table 1), and DC is the elastic modulus variation due to
the external magnetic field. The magnetic field (DC) and the vis-
coelastic model were coupled as follows:

G� ¼ ðG0 þ DCÞ þ ðC þ DCÞðixsÞa
1þ ðixsÞa : ð3Þ

The López-López et al. model [19] was used for magnetorheo-
logical fluids in order to introduce the influence of aggregates gen-
erated when an external magnetic field was applied. This model
assumes bulk-column-like aggregates in the MR sample extended
along the applied magnetic field – a more stable and more realistic
structure observed in experiments for both MR fluids and MRE.
Moreover, the model was analysed for a magnetic field intensity

Fig. 4. Dynamic properties of anisotropic MRE samples as a function of frequency, (a) storage and (b) loss modulus. Experimental data are represented as points, and the lines
correspond to the fitting of Eq. (1).

Table 1
Fitting parameters of a four-parameter fractional derivative model for the anisotropic
MRE samples and the R2 parameter.

G0 (MPa) C (MPa) s (s) [1 0 �7] a R2

0% 0.120 0.157 152.1 0.253 0.997
5% 0.121 0.198 95.23 0.229 0.971
10% 0.131 0.212 51.72 0.224 0.993
15% 0.138 0.379 5.919 0.180 0.965
20% 0.148 0.467 6.863 0.172 0.987
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of 18.5 kA/m and a volumetric particle content of 50%. The model is
based on the evaluation of the free energy of the sheared MR sam-
ple, and the shear stress r is related to the applied strain c, as
follows:

r ¼ l0H
2ðlk � l?Þ

c
ð1þ c2Þ

� 1
2
l0H

2 @lk
@c

� 1
1þ c2

þ @l?
@c

� c2

1þ c2

� �
þ 1
2
l0H

2ðlk � l?Þ

� c
1þ c2

ð4Þ

where H is the magnetic field intensity within the samples, and lk
and l\ are the longitudinal and transverse components of the mag-
netic permeability; the second term containing magnetic perme-
ability derivatives appears to be negligible at strong magnetic
fields used in our rheological experiments, so it is neglected. More-
over, MR fluids operate within a post-yield continuous shear or flow
regime, while MREs operate in the pre-yield region [31], which
means that the strain amplitudes applied to MREs are smaller. After
linearization of Eq. (4), the following expression was developed,

DC ¼ 3
2
l0

H0

lk

 !
lk � l?; ð5Þ

where DC is the increment of the zero-frequency storage modulus
due to internal magnetic field, H = H0 /lk, and H0 is the applied

external magnetic field. From the magnetization measurements
(Section 2.3), the influence of the magnetic field on the permeability
properties was studied. The longitudinal and transverse magnetic
permeability components decrease linearly with the external mag-
netic field (Fig. 6). The permeability is larger for high particle con-
tent and for lower magnetic fields, and the longitudinal one is
larger than the transverse one owing to the lower demagnetizing
effect in the sample with the aggregates oriented along the applied
field. Moreover, the magnetic permeability decrease is larger for the
longitudinal component and particle content. Therefore, we pro-
pose to use a linear equation (Eq. (6)) fitting for each component
and particle content, which are shown in Fig. 6, and the R2 was
higher than 0.963 for all the cases,

lllðH;/Þ ¼ �all;/ ðH � 100Þ þ lll;/

l?ðH;/Þ ¼ �a?;/ ðH � 100Þ þ l?;/

ð6Þ

where ak,u and a\,u are the slope values of permeability components
for each particle content, lk,u and l\,u are the permeability compo-
nents at 100 kA/m for each particle content, and H is in kA/m. As an
example, ak,5% corresponds to the slope of longitudinal component
of the 5% sample and l\,5% to the transverse component of the 5%
sample at 100Fig. 7 kA/m.

From Fig. 6, the longitudinal and transverse components of
magnetic permeability at 150 and 300 kA/m are substituted in
Eqs. (5) and (6), and introduced in (3). As can be seen in Fig. 7, after
including the modelling of magnetic permeability components, the

Fig. 5. Influence of the magnetic field on the MRE storage modulus for (a) 5% and (b) 15% anisotropic MRE samples as a function of frequency.

Fig. 6. (a) Longitudinal and (b) transverse components of the magnetic permeability of anisotropic MRE samples. Experimental data are represented as points, and the lines
correspond to the fitting.
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predicted behaviour is similar — the discrepancy does not exceed
8%.

Magnetic permeability components are modelled as a function
of external magnetic field, and consequently magnetic field higher
than experimental ones can be predicted. In Fig. 7, we extended the
model developed in this work for 420 and 560 kA/m. For low par-
ticle contents, the discrepancy is lower than 7% at high magnetic
fields, while at high magnetic field and particle contents, it does
not exceed 10%. Furthermore, the proposed model can also be
modelled in the frequency domain, as shown in Fig. 8, which does
not affect the error.

4. Conclusions

In this work, a new magneto-viscoelastic model is proposed for
anisotropic MREs within the lineal viscoelastic region, which can
be extended in the frequency and magnetic field domain. The
four-parameter fractional derivative viscoelastic model was suc-
cessfully fitted to experimental data of anisotropic MREs samples
in the absence of the applied field. The mean fitting errors does
not exceed the 1% for the storage modulus and 6% for the loss
modulus.

The viscoelastic model for anisotropic MREs was coupled with
the magneto-induced modulus model (based on the López-López
model). The proposed magnetic model was fed with the longitudi-

nal and transverse components of magnetic permeability of the
samples.

The longitudinal and transverse components of magnetic per-
meability of anisotropic MREs has been measured and modelled
in the magnetic field domain. The VSM measurements were per-
formed, and experimental data were introduced for the coupled
model. The model prediction was compared with rheological mea-
surements, and the discrepancy does not exceed the 7%. Both com-
ponents decrease with magnetic field, and the decreases are larger
with particle content and longitudinal component. Moreover, the
permeability values increase with particle content.

The new model can be extended in the magnetic field domain,
in order to overcome VSM limitations (maximum magnetic field
intensity of 360 kA/m). The model was extended for 420 and
560 kA/m fields, while the discrepancy is smaller than 10%.

Hence, a new magneto-viscoelastic model for anisotropic MREs
is proposed by coupling a four-parameter fractional derivative
model with the magnetic model, including the components of
magnetic permeability. Moreover, the model can be extended in
the frequency and magnetic field domain, which overcomes the
experimental limitations, 40 Hz and 360 kA/m.
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5.1. Conclusions

In this chapter the outcomes of the project are summarized and proposals for fur-
ther work are given.

5.1 Conclusions

The main goal of the present thesis has been to analyse the magneto-thermo-
dynamic behaviour of magnetorheological elastomers. The most relevant conclu-
sions obtained to the objectives listed in this thesis are:

▶ Implementanexperimental shearprocedure toanalyse the
shear magneto-thermo-dynamic properties of isotropic
andanisotropicMREswithin the linear viscoelastic region

A new standard procedure to determine the LVE region ofMREs was defined,
which included the analysis of storage modulus and loss factor. Besides, with that
procedure, the influence of synthesis (matrix, particle content and pre-structure)
and characterisation parameters (frequency, temperature and magnetic field) in
the shear LVE region was studied. From the storage modulus and loss factor anal-
ysis, it was observed that the most restrictive dynamic property to define the LVE
region was the loss factor.

Thematrix is a key synthesis parameter to determine theLVE limit of theMRE.
The softer the matrix, the larger the LVE region of the MRE. Moreover, the LVE
region is reduced with the increment of particle content.

Characterisation variables also determined the LVE region ofMREs. Frequen-
cy increased the LVE region of the MREs in all the analysed working conditions.
Furthermore, the magnetic field and the temperature influence depended on the
matrix.

The shear magneto-viscoelastic properties of the synthesised MREs were ob-
tained in the LVE region. The storage and loss modulus increased with frequency,
while decreased with temperature; this is a typical behaviour of viscoelastic mate-
rial within the rubbery region.

The storage and loss modulus increased with the particle content for all the
studied matrices in shear mode. However, the influence on eachmatrix was differ-
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ent. At high particle content levels, the influence of temperature in storage mod-
ulus was larger than that of frequency. On the other hand, the loss factor of the
studied samples was more sensitive to frequency than to temperature.

The MR effect was dependent on the viscoelastic nature of the matrix. Larger
MReffects occurswhen thematrixwas softer. In this thesis, RTV-SRwas the softer
matrix, and it showed maximum storage and loss modulus MR effect. Therefore,
the influence of particle content and external magnetic field in the storage and loss
modulus were completely dependent on the matrix.

Tomaximise the storage and loss modulusMR effect, anisotropicMREs were
synthesisedwith the softermatrix (RTV-SR).Anisotropic samples showed a larger
shear storage and loss modulus than isotropic ones. Both were increased when a
magnetic field was applied owing to larger particle-particle interaction forces, 30%
MR effect and 21% loss modulus MR effect.

▶ Develop an experimental compression technique to ana-
lyse the compression magneto-viscoelastic properties of
isotropicMREs within the linear viscoelastic region

Anewmagneto-dynamic compression techniquewas developed to characteri-
se MREs at high frequencies. To the best of the author’s knowledge, it is the first
time the LVE region was determined in compressionmode forMREs. This disser-
tation has analysed the influence of synthesis and characterisation variables on the
LVE region, and compression magneto-viscoelastic properties from 50 to 200 Hz
were characterised within the LVE region.

Using strain sweep tests, the linear viscoelastic region was determined for iso-
tropic MREs in compression mode. The LVE region was defined by the storage
modulus when the discrepancy was larger than 10%. The LVE region increased
with frequency and decreased with particle content. Hence, it was determined by
the 30% sample at 50 Hz. However, the LVE region in compression mode was
larger than in shear mode.

Magneto-viscoelastic properties were analysed using frequency sweep tests.
The storage modulus and the loss factor increased with particle content and fre-
quency. The largest storage modulus increase of 75% occurred with the particle
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content, while an increment of 16% was generated with frequency. The damping
of MREs was also increased with particle content.

The variation of the storage modulus due to magnetic field increased with par-
ticle content andmagnetic field up to 8%. TheMReffectwas larger in compression
mode than in shear mode.

▶ Develop two magneto-viscoelastic models to predict the
shear magneto-viscoelastic behaviour of isotropic and
anisotropicMREs in a wide range of working conditions

The shear four-parameter fractional derivative viscoelastic model was success-
fully fitted to experimental data of isotropic and anisotropic MREs samples in the
absence of the applied magnetic field. The mean fitting errors did not exceed the
1% for the storage modulus and 6% for the loss modulus.

In order to model the influence of temperature in the dynamic properties, the
Arrhenius model was coupled with a four-parameter fractional derivative model.
This model was extended in the frequency domain to determine the maximum
attenuation of isotropic MREs.

For each particle content and magnetic field, the value of maximum attenua-
tion was unique and occurs at a certain frequency and temperature. The attenua-
tionwas larger with increased particle content over the entire frequency band, and
the frequency at which the maximum occurs was increased.

The shapes of the loss factor curves were not influenced by temperature, while
they were dependent on frequency. The maximum attenuation frequency was re-
duced with increased temperature and particle content. The maximum attenua-
tion temperaturewas increasedwith increased frequency andparticle content; this
occurred to a greater degree at low frequencies.

With the application of an external magnetic field, the shear maximum atten-
uation value and frequency were increased, and the loss factor was larger in the
studied frequency domain.

The fitting of the particle-matrix and fractional derivative coupled model was
successful, although the fitting error was larger for the loss modulus because the
influence of the storage modulus in the dynamic complex modulus was larger. In
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addition, the maximum error for the storage modulus did not exceed 4%, and the
loss modulus 13%.

Themagneto-inducedmodulusmodelof isotropic sampleswasdevelopedcon-
sidering anisotropic samples and applying a correction factor to introduce the iso-
tropy. A new three-dimensional magneto-viscoelastic model was developed for
isotropic MREs, and the consistency of the model was proved. The proposed
magneto-viscoelastic model for isotropic MREs was fitted to experimental data,
and the storage modulus error was less than 4%, which shows that the proposed
model was valid.

The viscoelastic model for anisotropic MREs was coupled with the magneto-
induced modulus model based on the López-López model. The proposed mag-
neticmodel was fed with the longitudinal and transverse components of magnetic
permeability of the samples.

The longitudinal and transverse components of magnetic permeability of ani-
sotropic MREs were measured and modelled in the magnetic field domain. The
VSM measurements were performed, and experimental data were introduced for
the coupled model. The developed new shear model for anisotropic MREs can
be extended in the magnetic field domain, in order to overcome VSM limitations
(maximummagnetic field intensity of 360 kA/m). Themodel predictionwas com-
pared with rheological measurements, and the discrepancy does not exceed the
7%.

5.2 Future work

In the presented dissertation the magneto-viscoelastic behaviour of MREs was
analysed in shear and compression modes, while new interesting issues and start-
ing points for new research paths are created.

The shear magneto-viscoelastic properties were characterised in the linear vis-
coelastic region, and the influenceof synthesis and characterisation variables in the
LVE region and in themagneto-viscoelastic properties were analysed. It would be
therefore of great interest to study the influence of temperature in the magneto-
viscoelasticity of anisotropic MREs, which seems that it would increase the MR

141



5.2. Future work

effect of the samples.
According to compression magneto-dynamic test, the first step was fixed. A

high frequency test was designed and a standard procedure was defined to deter-
mine the compression magneto-viscoelastic properties of MREs at high frequen-
cies. However, the magnetic field obtained with the electromagnet is not as high
as in the literature. It is therefore interesting to redesign the electromagnet or re-
search in a new system to generate a larger magnetic field, up to 300 mT.

The compression magneto-viscoelastic properties were analysed for a NRma-
trix and isotropic samples. Nevertheless, it would be of interest to study the influ-
ence of synthesis (matrix, more particle contents and pre-structure) in the LVE re-
gion. Furthermore, the analysis of themagneto-viscoelastic properties of anisotro-
pic MREs in compression mode at high frequencies would be interesting.

Once isotropic and anisotropic MREs are characterised in similar shear and
compression characterisation conditions, it would be interesting to determine the
Poisson coefficient, and analyse the evolution of the Poisson coefficient as a func-
tion of matrix, particle content, pre-structure, frequency and external magnetic
field.

Themagneto-viscoelastic behaviour of isotropicMREs was successfully fitted
to experimental data, while for anisotropic MREs the model developed does not
take into account the influence of particle content in the viscoelastic properties.
Hence, a new path would be to introduce the influence of particle content in each
of the parameter of the viscoelastic model.

Finally, the maximum attenuation of isotropic MREs was determined extend-
ing the FD model in the frequency and temperature domain. Therefore, would be
interesting to extent the this analysis to anisotropic MREs.
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