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Abstract 

Material with high damping capability is used to reduce vibration in 

structures. Magnetorheological elastomers (MREs) are a new group of damping 

materials which consist of an elastomeric matrix containing a suspension of 

magnetically permeable particles. Damping occurs mainly by the viscous flow of the 

rubber matrix and inclusion of magnetic particles in the rubber enables additional 

damping through magnetic particle interaction and interfacial damping. The aim of 

this thesis was to produce MREs based on iron sand and natural rubber that have 

good damping performance for potential use in vibration damping.  

Dynamic Mechanical Analysis (DMA) was carried out in an isothermal shear 

mode to measure the changes in material properties caused by vulcanization in order 

to assess the optimum cure time of rubber compounds to ensure the best damping 

performance. The results revealed that the shear storage modulus (G′), shear loss 

modulus (G′′) and tan δ all reflect the vulcanization process, however, tan δ gave the 

best representation of the level of vulcanization. Indeed, tan δ was able to be used to 

derive the optimum cure time for rubber compounds and showed good agreement 

with the results using conventional methodology. 

The Taguchi method was employed to investigate the effect of a number of 

factors, namely, iron sand content, iron sand particle size and applied magnetic field 

during curing on tan δ and energy dissipated during hysteresis tests. The data were 

then statistically analysed to predict the optimal combination of factors and 

experiments were then conducted for verification. It was found that the iron sand 

content had the greatest influence on tan δ when measured over a range of frequency 
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(0.01-130Hz at 0.5% strain amplitude and at room temperature) as well as on the 

energy dissipated during the hysteresis tests. The iron sand content and magnetic field 

were also found to influence the width of the peak in tan δ as a function of 

temperature (studied over the range -100 to 50ºC at 1Hz and 0.5% strain amplitude). 

However, none of the factors showed significant influence on tan δ for the plateau 

region from 1.0-4.5% strain amplitude at 100Hz and at room temperature, which is 

likely to be due to breakdown of weak interactions between iron sand and rubber at 

low strain amplitudes and therefore, damping being dominated by the viscous flow of 

the rubber matrix and friction of rubber chains and iron sand. Evidence from SEM 

micrographs of MRE sections showed that isotropic MREs had uniform particle 

distribution and that alignment of magnetic particles occurred for anisotropic MREs 

as a consequence of an applied magnetic field. However, obvious gaps between iron 

sand and rubber were evident, suggesting weak interaction between iron sand and 

rubber. 

Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was employed for surface 

modification of iron sand. The amount of TESPT was varied at five levels (2, 4, 6, 8 

and 10wt%) relative to iron sand content to assess the optimum amount of coupling 

agent for interfacial bonding and damping performance. Evidence that coupling had 

occurred between iron sand and TESPT was identified by Raman Spectroscopy and 

the grafting percentage was determined by thermogravimetric analysis. Crosslink 

density assessment by swelling testing provided evidence that the tetrasulphane group 

of TESPT formed crosslinks with the rubber chains. The results exhibited the 

advantages of TESPT as a coupling agent between iron sand particles and rubber and 

also revealed that 6% TESPT content produced the highest crosslink density. It was 
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found that the silane coupling agent improved the amount of energy dissipated during 

hysteresis tests as well as tan δ over the range of frequency and strain amplitude 

explored. The results also revealed that with silane treated iron sand, tan δ increased 

with increasing magnetic field up to a saturation point at 600 mT. However, the 

presence of coupling agent and formation of different lengths of aligned particles did 

not strongly affect the peak height and width of the tan δ versus temperature curves. 

Tan δ and energy dissipated during hysteresis testing of isotropic and 

anisotropic MREs containing silane modified iron sand particles were compared with 

existing antivibration rubbers. The chosen antivibration rubbers for comparison 

contained different contents of carbon black filler (30, 50 and 70 phr) in a natural 

rubber matrix. Energy absorption for comparative samples was generally higher than 

isotropic and anisotropic MREs over the range of frequency and strain amplitude 

explored, as well as in hysteresis testing and this was believed to be largely due the 

presence of carbon black in the existing antivibration rubber formulations. Further 

assessment was carried out on materials that were the same as the anisotropic MREs 

except they had additions of carbon black. The energy absorption was generally 

found higher than comparative samples with the same carbon black contents, 

supporting the use of iron sand to improve damping. However, this trend was found 

to reverse at around Tg, which is considered to be due to the segmental motion of 

rubber chains being by far the most significant influence on energy absorption in the 

glass transition zone. 

A model was developed to include viscous flow of the rubber matrix, 

interfacial damping and magnetism-induced damping to give the total damping 

capacity of MREs (𝜓𝑀𝑅𝐸). The proposed model was assessed experimentally using a 
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series of isotropic and anisotropic MREs. Comparison between tan δ with 𝜓𝑀𝑅𝐸 

showed that 𝜓𝑀𝑅𝐸 matched the experimental trends with average percentage 

difference of 8.1% and 21.8% for MREs with modified iron sand and unmodified 

iron sand, respectively. 
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Chapter 1 

Introduction 

 

1.1 Background to the study 

Material with high damping capability is desired for vibration suppression in 

structures. Damping relates to the energy dissipated in a material during vibration and 

assists in stabilizing a structure when it vibrates. In the last decade there has been 

development in high damping materials for structures and engineering applications. A 

major goal has been to develop material that combines excellent mechanical 

properties and good damping for structural purposes. Metallic, ceramic and polymeric 

alternatives have all been investigated and are overviewed in the following 

paragraphs. 

 High damping metals and alloys (HIDAMETS) such as ferromagnetic metals 

[1], metal matrix composites [2] and shape memory alloys [3, 4] are the most 

commonly used metal based materials in practical applications where high damping 

capacity and good mechanical properties are required. However, their associated 

costs are often prohibitively high and their manufacturing is very complex. Generally, 

they are initially cast, resulting in inhomogeneous materials. Homogenization heat 

treatment is carried out subsequently, which increases grain size, changes transition 

temperatures and phase compositions, resulting in improved mechanical properties 

and damping performance. However, over-ageing can lead to severe reduction of 

damping during service [5-8]. 
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Cement-matrix composites including concrete are the most widely used 

ceramic based materials for civil structures. These materials have high stiffnesses, but 

low damping capability. The addition of silica fume to cement can enhance damping, 

but not enough to stabilize vibration in structures [9]. 

Elastomers in the form of rubber are another class of materials which offers 

several distinct advantages when compared to metals and cement-based materials. 

The term elastomer refers to a macromolecular material that returns rapidly to 

approximately its initial dimensions after substantial elastic deformation, on release 

of stress. Rubber usually refers to a material consisting of a compounded elastomer 

[10]. Rubber is cheaper than other high damping materials and its associated 

processing techniques are not complex. Natural rubber has the highest failure strain 

of any rubber and is unbeatable in terms of damping performance, resistance to wear, 

creep and cyclic deformation. For example, when an aircraft weighing 150 tonnes 

comes in to land at several hundred kilometres per hour, it is the natural rubber in the 

tyres that must withstand the enormous gravitational force and friction as well as 

absorb vibration. Natural rubber has elasticity similar to a metallic spring as well as 

energy absorbing properties like those of a viscous liquid. The combination of 

viscous and elastic behaviour of elastomers and many other polymers results in the 

definition of viscoelasticity. Rubber sustains elastic strains from 300% to over 900% 

at room temperature. It can be processed into a variety of shapes and can adhere to 

metal inserts or mounting plates. It can be compounded with different additives to 

produce widely varying properties. Furthermore, rubber does not corrode and 

normally requires no lubrication. This leads to rubber being effective and relatively 

maintenance free in applications such as vibration isolators [10-12]. However, rubber 
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generally does not exhibit correspondingly high mechanical properties. Figure 1.1 

show a stiffness versus tan δ plot of common materials [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Stiffness-tan δ map of observed behaviour of some common materials 

Rubber materials appear in the lower right corner with materials having high 

damping values but low stiffnesses. Metals and ceramics tend to occupy positions to 

the upper left hand side of the map, a region of low damping and high stiffnesses. 

Materials that combine high damping and high stiffness are not common and there is 

an obvious gap in the upper-right corner of Figure 1.1. Although rubber has proved 

useful in vibration damping, its low stiffness, low strength, low toughness and 

relatively low glass transition and melting temperatures limit its usefulness in 

practical applications. Incorporation of metallic or ceramic particles in a rubber 
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provides potential for improving mechanical properties of the material without 

sacrificing high damping performance [14-16]. More recently, magnetically 

permeable metallic and ceramic particles (such as iron and ferrite) have been included 

in rubber to create elastomeric magnetic composites, resulting in improvement of 

damping performance as well as structural properties. Generally, combinations of 

rubber with magnetic particles are termed magnetorheological elastomers (MREs) or 

magnetoelastic rubber or elastomer-ferromagnetic composites [17].  

MREs offer several distinct advantages when compared with basic rubbers. 

MREs promote damping mainly by the viscous flow of the rubber matrix as do basic 

rubber, but inclusion of magnetic particles in rubber enables additional damping 

through magnetic particle interaction and interfacial damping as well as increased 

stiffness. Furthermore, damping and stiffness can be varied by application of an 

applied magnetic field during fabrication or in service. MREs are often referred to as 

the solid analogue of previously developed magnetorheological fluids (MRFs) used 

for example in damping of automotive suspensions. In MRFs, magnetic particles are 

contained within an oil. The main advantage of MREs over MRFs is that particle 

sedimentation is overcome. Moreover, MREs do not need containers or seals to hold 

the fluid or prevent leakage [18]. MREs can be utilised for damping, either alone or 

within a composite structure such as those including steel plates.  

MREs can be fabricated to contain a uniform suspension of magnetic particles 

(isotropic MREs). However, it has been found that when a magnetic field is applied 

during curing, chain-like structures of magnetic particles are formed within the rubber 

(anisotropic MREs) which provides much larger damping and stiffness [19]. 

Formation of such chain-like structures relies on the mechanism such that when 
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individual particles are exposed to an applied magnetic field, magnetic dipole 

moments pointing along the field direction are induced within them. A magnetic 

force will cause the north pole of one particle to attract the south pole of its 

neighbour, resulting in the formation of chains and columnar structures inside the 

matrix. Upon curing of the matrix, the particles are set in place [18]. 

The most common magnetic particles used in MREs are iron particles and 

suitable matrix materials include natural rubber, silicone rubber, polybutadiene, 

polyisobutylene, polyisoprene, and polyurethene rubber [19-25]. These materials are 

nonmagnetic viscoelastic materials into which the magnetic particles can be added 

and subsequently processed into a final solid form through conventional rubber or 

plastic processing [26-28]. Recent work has focused on carbonyl iron and natural 

rubber MRE because of their associated ease of processing and good damping 

performance [29-31]. However, one of the biggest challenges in developing MREs is 

cost. Carbonyl iron particles, the most commonly used particles, are expensive at 

$13-15/kg in bulk. More cheaply produced iron particles, iron oxide (Fe3O4) and 

barium ferrite (BaFe12O19) tend to be irregular in shape, have wider size distributions, 

and simply do not perform as well [16, 32]. Some iron alloy particles actually 

perform better than carbonyl iron, but are significantly more expensive [33]. It is 

apparent that more applications would quickly become commercially viable if the 

material cost could be reduced. 
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1.2 Context and rationale 

 In this study, iron sand was used as the magnetic particles in natural rubber 

based MREs. Iron sand was chosen because it has high permeability and saturation 

magnetisation, low cost, and is readily available in New Zealand. It is derived from 

erosion of andesitic and rhyolitic volcanic rocks which are the main types of iron ore 

deposits in New Zealand. Iron sand is a dark, high-density sand that occurs along the 

west coast of the North Island from Wanganui to Kaipara Harbour near Auckland, 

over a distance of 480 km. It contains titanomagnetite, a mineral itself containing iron 

and titanium, which is highly magnetic [34, 35]. 

Development of MREs based on iron sand and natural rubber in this work is a 

novel direction. Indeed, at present, general research in MREs is still in its infancy. 

Optimal selection of MRE components, the technology of their manufacture, 

characterization and analysis, as well as development of mathematical models 

describing their mechanical and dynamic properties are unresolved scientific issues 

[36]. The volume fraction, size, shape as well as adhesion between the particles and 

matrix have been identified as the main factors that influence the energy absorption 

capability of MREs. The volume fraction of magnetic particles in the MREs can be 

increased up to 50%, but the optimum volume fraction for achieving good damping 

performance has been reported to be around 30% [37]. The preferred particle shape is 

considered to be spherical with size ranging between 3μm - 60μm [27, 29]. However, 

the incompatibility of inorganic magnetic fillers and the matrix can lead to poor 

wettability and adhesion between the filler and matrix as well as non-uniformity of 

filler dispersion leading to low energy absorption [38-40]. Therefore, it is sensible to 
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modify the surface of the iron sand in order to improve ease of adhesion with and 

dispersion within the rubber matrix in order to realise the full potential of MREs. 

At present, numerous models have been developed to investigate the dynamic 

mechanical properties of MREs [17, 24, 41-45]. However, little work has been 

carried out to model the actual damping mechanisms and previous works have not 

comprehensively considered individual components (viscous flow of rubber matrix, 

interfacial damping and magnetism-induced damping) in MREs and their 

contributions to damping [37, 46-49]. Therefore, a substantial study on the damping 

mechanisms of the individual components in MREs is essential in order to develop a 

model to understand the relative importance of damping mechanisms in MREs. 

 

1.3 Research objectives 

The objective of this research was to produce new MREs with the motivation 

to reduce their cost by using natural resource materials. The goal was to fabricate 

isotropic and anisotropic MREs based on iron sand and natural rubber that have good 

damping performance for potential use in vibration damping. The specific research 

objectives are as follows: 

• To identify methods to fabricate and characterise MREs using readily 

available and conventional equipment. 

• To study the effect of iron sand content, particle size, microstructure 

(isotropic and anisotropic) and magnetic field on the material damping 

performance. 

•  To assess the effect of surface modification of iron sand for improving the 

adhesion between iron sand and rubber matrix and to evaluate its influence on 
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dynamic mechanical properties of isotropic and anisotropic MREs containing 

modified iron sand. 

• To compare the dynamic mechanical properties of MREs based on iron sand 

and natural rubber with existing antivibration rubbers in order to assess the 

potential of MREs to be use as isolation materials. 

• To understand the actual damping mechanisms in MREs and predict the 

damping performance of the materials by means of theoretical modeling. 
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Chapter 2 

Literature review 

 

2.1 Overview of damping materials 

Efficient control of vibration is of universal concern for product designers due 

to its occurrence in most machines and structures. Vibration often leads to 

undesirable consequences such as unpleasant motion, noise and dynamic stresses that 

lead to fatigue and failure of structures. In many practical situations, it is possible to 

reduce but not eliminate the dynamic forces that cause vibration.  

Damping of structures can be attained by passive or active methods. Passive 

damping control refers to a structure’s ability to absorb vibrational energy as a result 

of its structural design, material properties or the incorporation of a device to 

dissipate energy to make the system less responsive to its vibrating environment [50]. 

Active damping involves the addition of elements that sense the amount of vibration 

and trigger some remedial action to dampen the movement. The most common 

system of this type can be achieved by embedding sensors to detect vibrations and 

actuator devices which extend and retract in response to the sensor signals in such a 

way as to counteract the vibration; the sensors and actuators are normally piezo-

electric devices [51]. 

Damping materials are used for energy absorption to reduce vibration in 

mechanical and structural systems. Viscoelastic character can contribute greatly to 

damping. The damping performance achieved by particular viscoelastic materials is 

the product of the fraction of vibration energy that gets into the damping materials 
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and the ability of the material to dissipate the energy within it. The loss tangent, 

commonly called tan δ, is considered as the fundamental parameter to assess energy 

dissipation capability in a viscoelastic material. Tan δ, is obtained by dividing the loss 

modulus (E′′) by the storage modulus (E′) [13]. 

Materials used for vibration damping mainly consist of metals and polymers 

due to their viscoelastic behaviour. Table 2.1 shows a general comparison of the 

damping performance for a range of materials including polymers, metals, cement-

based materials, metal-matrix and polymer-matrix composites [52, 53]. Damping 

capacity depends not only on the materials, but also on the loading frequency, part 

geometry and temperature. Unfortunately, these details were not available to be 

added to Table 2.1. However, it can be seen that among these classes of materials, 

polymers provide the highest damping performance (tan δ), followed by metals and 

cement-based materials. Rubber exhibits an outstandingly high value of tan δ and is 

extensively applied for damping [54].  

Table 2.1 Materials damping performance 

Material Tan δ 

Cement paste (plain) 0.016 

Mortar with silica fume (treated) (15% by wt. of cement) 0.021 

Al/AIN (58%) alloy 0.025 

Zn-Al alloy 0.021 

Zn-Al/SiC (27%) alloy 0.032 

Poly tetra fluoro ethylene (PTFE) 0.19 

Poly methyl methacrylate (PMMA) 0.09 

Poly amide (PA-66) 0.04 

Acetal 0.03 

Epoxy 0.03 

Natural rubber 0.10-0.25 

Silicone rubber 0.10-0.25 

Nitrile rubber 0.20-0.30 
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2.1.1 Metals for vibration damping 

Metals and alloys that have high damping capacity are termed as High 

Damping Metals (HIDAMETS) [1]. The application of high damping metal for 

structural applications may eliminate the need for vibration absorbers or dampers to 

stabilize structures and attenuate mechanical vibration. Unfortunately, an increase in 

damping is often associated with a corresponding decrease in mechanical properties, 

notably stiffness and strength. An intuitive approach to utilize the inherent damping 

capacity of high damping metals while maintaining good mechanical properties is 

through the use of metal matrix composites (MMCs) where reinforcement is used for 

mechanical performance enhancement [55, 56]. 

Aluminium and magnesium based MMCs are well known and used 

extensively because of having low density with high damping capacities. Addition of 

reinforcements to increase damping such as SiC particulates, Al2O3 particulates, 

graphite or piezoelectric materials increases damping and mechanical performance. 

The main means of energy dissipation is through movement of weakly pinned basal 

plane  dislocations, viscous sliding at the metal reinforcement interface and the 

intrinsic damping of the reinforcement [2]. 

Ferromagnetic damping alloys attract considerable attention due to their 

unique damping mechanism they demonstrate. As they can be used in active 

damping, they are categorized as a group of smart materials. Ferromagnetic alloys 

provide damping by movement of the magnetic domain boundaries during vibration, 

a process known as magneto-mechanical damping [1]. Ferromagnetic alloys useful 

for vibration damping include those based on iron, nickel,cobalt, chromium, 

aluminium and manganese (e.g. Fe-Ni, Fe-Cr, Fe-Al and Fe-Mn-Co) [53]. Although 
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they exhibit good damping capacity, their associated high costs, complex processing 

and poor damping performance at high temperature, limits competition with other 

damping materials. For example, Fe-Cr base damping alloys have good damping 

capacity as well as mechanical properties, and corrosion resistance. Unfortunately, 

their manufacture is difficult and expensive because the process requires vacuum 

induction melting with high-purity alloying elements. Mn-Cu based damping alloys 

have high damping capacity and good mechanical properties at room temperature but 

the performance significantly decrease when the Mn-Cu based alloy is heated to 

100oC [57]. 

Shape memory alloys (SMAs) are another group of damping materials which 

provide excellent damping capacity and good mechanical performance. The shape of 

the materials, stiffness, damping coefficient and other mechanical characteristics can 

be changed in response to a change in temperature and stress. A damping mechanism 

specific to SMAs arises from the reversible phase transformation between different 

crystallographic structures of the materials known as twinned martensite and 

austenite. The phase transformation caused by the micromechanical motion of 

structural imperfections in the material is called pseudoelasticity. The pseudoelastic 

behaviour results in a large hysteresis loop with energy dissipated as heat [2, 3, 58]. 

 

2.1.2 Ceramics for vibration damping 

Ceramics are not good for vibration damping, but they have high stiffness 

which makes them useful for structures. The use of the structural materials 

themselves for damping reduces the need for non structural damping materials, which 

tend to be limited in durability and temperature resistance, in addition to being low in 
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stiffness. Therefore, improvement of damping of structural ceramics would be 

valuable. 

The most widely used type of structural ceramic is cement-matrix composites. 

A lot of research has been carried out in an attempt to enhance the damping ability 

and mechanical properties of cement-matrix composites using additives. Addition of 

silica fume (a very fine non-crystalline silica) in cement results in the formation of a 

large interfacial area between the matrix and reinforcement phase. The interface 

dissipates energy through slippage of silica fume particles and the cement matrix and 

hence results in a significant increase in the damping capacity [9]. 

 

2.1.3 Polymers for vibration damping 

Polymers have been applied widely for achieving acoustic and vibration 

damping as well as isolation due to their viscoelastic behaviour [59, 60]. However, 

homopolymers exhibit good damping only in a narrow temperature range of 20–30oC 

around their glass transition temperature (Tg), which is not broad enough for many 

practical applications. Secondly, damping materials derived from polymers often 

exhibit a strong dependence on temperature and frequency, such that damping is 

variable even over a narrow range of conditions. Traditional methods of modification 

and broadening the Tg involve use of copolymers, modified crosslinking agents, 

plasticizers and fillers, blending of various polymers, grafting and formation of 

interpenetrating polymer networks [61-64]. 

Recently, polymeric matrix composites have been of interest in the 

development of damping materials due to their relatively high strength and excellent 

damping characteristics [65, 66]. A polymeric matrix composite containing 
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piezoelectric ceramic powder and electrical conductive particles has been developed 

[67, 68]. The damping mechanism of such a composite is obtained by transformation 

of mechanical vibration energy by the piezoelectric ceramic grains into electrical 

energy which is further converted to heat in the polymeric matrix [68]. Although the 

piezo-damping effect exists in such conductive piezoelectric polymer composites, the 

values of tan δ in the room temperature region may be not high enough for practical 

applications [60]. 

Rubber is well-known for its damping ability compared with other polymeric 

materials due to its particularly extreme viscoelastic behaviour. Its viscous 

component, enables conversion of kinetic energy into heat by internal friction of the 

disentangling long chain molecules and the elastic components can return the product 

quickly to its original state and ready for the next cycle of deformation [10].The 

ability of rubber to convert energy of motion to heat, allows it to absorb vibrational 

energy. However, strong damping cannot be maintained under a large variation of 

temperature and frequency. Therefore, filler reinforcement, blending, 

copolymerization and interpenetrated networks have been used to enhance the 

damping of rubber over a wide range of temperature and frequencies [42, 59]. 

 

2.2 Parameters characterizing damping 

The methods for assessing damping of a material can be classified into free 

vibration methods and forced vibration methods. For free vibration methods, the 

material is allowed to vibrate at its natural frequency and the rate of amplitude and 

frequency to decay is measured. For forced vibration methods, a sinusoidal force at 

different frequencies and strain amplitudes is applied and displacement of the 
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material is measured. Measuring sinusoidal response under forced vibration is the 

most commonly used technique by far due to this type of excitation being the easiest 

to instrument and the frequency and amplitude at which the test is performed can be 

selected to simulate the type of service anticipated [69]. 

For viscoelastic materials, when a sinusoidal oscillating stress (σ) at an 

angular frequency (ω) is applied, the cyclic strain (ε) always lags behind the applied 

stress by a phase angle δ as represented in Figure 2.1. The material deforms and 

returns back to its original form in one cycle.  

 

 

 

 

 

 

 

 

Figure 2.1 Stress and strain amplitude versus time of a viscoelastic material 

sinusoidal response 

 

The amplitude of the stress and strain in sinusoidal form can be expressed as follows: 

σ =   σmaxe
𝑖(𝜔𝑡+𝛿) (2.1) 

ε =   εmaxe
𝑖𝜔𝑡 (2.2) 
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where σmax is the maximum amplitude of stress, εmax is the maximum amplitude of 

strain, ω is angular frequency, t is time and δ is the phase angle (phase lag between 

stress and strain). The complex modulus (E*) can be derived by dividing the stress by 

the strain as follows: 

𝐸∗ =
σmax

εmax
𝑒𝑖𝛿 

(2.3) 

Equation 2.3 can be further expressed as  

𝐸∗ =
σmax

εmax
 (cos 𝛿 + 𝑖 sin 𝛿) 

(2.4) 

𝐸∗ = 𝐸′ cos𝛿 +  𝑖 E” sin 𝛿  (2.5) 

where E' as a real part of the complex modulus and E'' as an imaginary part of the 

complex modulus. The E' (known as storage modulus) represents the ability of the 

viscoelastic material to store deformation energy. The E'' (known as loss modulus) 

represents the ability of the material to dissipate deformation energy. Equation 2.5 

can be represented graphically using a trigonometry vector diagram as shown in 

Figure 2.2 

 

 

 

 

 

 

Figure 2.2 Vector diagram of complex modulus 
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As can be seen in the vector diagram, the tangent of the phase angle δ (tan δ) 

can be calculated as : 

tan 𝛿 =  
𝐸′′ 

𝐸′
 (2.6) 

When a material is tested under shear load, equation 2.6 appears in a modified form 

as follows: 

tan 𝛿 =  
𝐺′′ 

𝐺′
 (2.7) 

where G' is shear storage modulus and G'' is shear loss modulus. Considering small 

values of tan δ (tan δ<1) the following approximation of tan δ with other common 

damping measures can be assumed [70]: 

tan 𝛿 ≈ 𝜂 ≈ 𝑄−1 ≈
𝜉

𝜋
 (2.8) 

where 𝜂 is loss factor, defined as the specific damping capacity per radian of damping 

cycle, 𝑄−1 is inverse amplification factor which can be measured from the resonance 

response peak of amplitude versus frequency plot using the Power-Bandwidth 

method and ξ is log decrement; this measures the rate of vibration amplitude decay as 

a function of time when a material is allowed to vibrate freely after an initial exciting 

force is removed.  

Yet, another estimate of damping can be assessed by the amount of hysteresis 

energy loss.  Hysteresis energy loss is defined as the amount of energy dissipated 

during cyclic deformation when the samples are completely stretched and then 

allowed to retract at the same rate to the unstretched state. Figure 2.3 shows typical 

stress-strain curve of a rubber material. Hysteresis loss can be calculated as follows: 

Hysteresis loss = area under the loading curve - area under the recovery curve (2.9) 

so the shaded area shown. 
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Figure 2.3 Hysteresis loop of a rubber material 

 

2.3 Magnetorheological materials 

Increasing numbers of new materials are being developed with the aim of 

overcoming the limitations of rubber as a commonly used material for damping; in 

this area enhancement of damping through rubber modification or rubber selection to 

increase viscous flow, not surprisingly, generally results in reduction in stiffness and 

strength [13]. A new class of damping materials, magnetorheological (MR) materials, 

offers several distinct advantages when compared to rubbers on their own. MR 

materials consist of a non-magnetic medium (normally an oil or elastomer) 

containing a suspension of magnetically permeable particles. These materials 

promote damping mainly by the viscous flow of the non-magnetic medium, but 

inclusion of magnetic particles enables additional damping through magnetic particle 

interaction and interfacial damping. These materials also have rheological properties 

that can be changed by variation of the magnetic field during fabrication or in service. 

Since the MR effect was discovered by Rainbow in 1948 [71], MR materials have 
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expanded to become a large family which includes MR fluids (MRFs) and MR 

elastomers (MREs) [28]. 

 

2.3.1 Magnetorheological fluids (MRFs) 

MRFs are the most common MR materials. They are composed of oils with 

micrometer sized ferromagnetic particles. They exhibit Newtonian like behaviour in 

the absence of a magnetic field, but become viscoelastic solids with a certain yield 

stress when a magnetic field is applied. When an MRF is exposed to a magnetic field, 

the ferromagnetic particles are magnetized and attracted to each other to form chains 

in the direction of the external magnetic field which restricts the flow of the fluid and  

results in a change in rheological behaviour to that more of a solid [28, 45]. Figure 

2.4 shows MRF structure in the absence of a magnetic field and under a magnetic 

field. 

 

 

 

 

 

Figure 2.4 MRF structure; (a) in the absence of magnetic field and (b) under a 

magnetic field. 

The mechanical energy needed to yield these structures increases as the 

applied magnetic field increases, resulting in a field dependent yield stress. In order 

to deform the MRFs under an applied magnetic field, extra force must be exerted to 

break the cluster of chains and columns [28, 45]. 
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MRFs have been proven to be commercially viable and well suited for many 

applications, such as automotive suspensions, clutches, brakes, actuators and artificial 

joints [72]. However, a number of limiting problems still exist with MRFs. MRFs are 

prone to particle settling with time due to the density mismatch  of particles and the 

carrier fluid, which may degrade the MR response. In addition, the wear of the 

magnetic particles can also lead to a reduction in the fluid’s performance and 

eventual failure of the MRF device. 

 

2.3.2 Magnetorheological elastomers (MREs) 

MREs can be thought of as a new generation of MR materials following on 

from MRFs where the matrix is a solid elastic polymer rather than carrier oil. The 

obvious advantage from using elastic polymer as a matrix material is that the particle 

sedimentation problem in MRFs is overcome.  Moreover, MREs do not need 

containers or seals to hold or prevent leakage. MREs can be utilized for damping, 

either separately incorporated or within a composite structure such as with steel 

plates. 

Suitable matrix materials for MREs include natural rubber, silicone rubber, 

polybutadiene, polyisobutylene, polyisoprene, and polyurethene rubber [19-25]. 

These materials are usually nonmagnetic viscoelastic materials that can be uniformly 

mixed with the magnetizable particles and subsequently processed into final solid 

form through conventional rubber or plastic processing equipment. The particle 

material of choice for MREs is iron. This is because of its high permeability, low 

remanent magnetisation and high saturation magnetisation. High permeability and 
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saturation magnetisation provide high inter-particle attraction, and thereby produce 

strong chains and columnar structures [26-28]. 

MRFs and MREs have another difference in the way they behave; MREs are 

generally used in their pre-yield state while MRFs typically work in their post-yield 

state. In the pre-yield state, a material behaves like a linear viscoelastic material, 

while in the post-yield state flow occurs. Figure 2.5 indicates typical pre-yield and 

post yield states in MR materials. MREs have recently gained attention because pre 

yield behavior gives higher stiffness and damping performance compared to MRFs. 

 

 

 

 

 

 

 

 

 

Figure 2.5 Typical pre-yield and post-yield states in MR materials. 

 

MREs can be fabricated either with or without a magnetic field. The former 

results in isotropic MREs, while the latter results in anisotropic MREs. Isotropic 

MREs can be characterized by a uniform magnetic particle distribution in the matrix. 

Anisotropic MREs have a special chain like structure of magnetic particles in a 

matrix as a result of curing the matrix under a strong magnetic field. When individual 

Pre-yield  Post-yield  

Shear strain 

G* 

Increasing magnetic field 

 
Sh

e
ar

 s
tr

es
s 



22 

 

particles are exposed to an applied magnetic field during curing, magnetic dipole 

moments pointing along the field direction are induced in them. A magnetic force 

will cause the north pole of one particle to attract the south pole of its neighbour 

resulting in formation of chains and columnar structures inside the matrix. Upon 

curing the matrix, the particle is locked into place [18]. Anisotropic MREs are found 

to produce material with much larger stiffness and damping compared to those cured 

in the absence of a magnetic field. Furthermore, during service, a magnetic field can 

be used to affect Young’s modulus of isotropic and anisotropic MREs and hence 

provide benefits in vibration control [19]. 

 

2.3.3 MRE applications and challenges 

MREs have many potential engineering applications for vibration control in 

damping and vibration isolation systems. MRE devices have begun to see successful 

commercial applications, with most of them in automotive and industrial engine 

mounts. The Ford Motor Company has patented a tunable automotive bushing based 

on MREs [73]. The stiffness of the bushing is adjusted by a variable magnetic field 

generated from a suspension control module. The dynamic stiffness control reduces 

suspension deflection and improves passenger comfort. Deng and Gong have also  

developed a shear mode adaptive tuned vibration absorber (ATVA) based on MREs 

[74]. Results have shown that the natural frequency of the ATVA can be tuned from 

27.5 Hz to 40 Hz which provides better performance compared to conventional 

passive absorbers in terms of frequency-shift property and vibration absorption 

capacity. Ginder et al. have constructed MRE tunable automotive engine mounts that 

have excellent damping to reduce engine vibration and fatigue [22]. 
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With the rapid growth of commercial applications over the last few years, 

many people consider they are just witnessing the beginning of an explosion of MRE 

devices and applications. Indeed, numerous applications are currently at the research 

and development stage. Dyke et al. have developed a semi-active MRE damper 

which can be utilized to suppress vibration caused by earthquakes in civil structures 

such as building and bridges [75]. Furthermore, some work has been carried out to 

explore the use of MRE in sensors, microwave absorption, electronic writing pads 

and touch-sensitive screens [76, 77]. 

It is known that one of the most significant issues for commercializing any 

MRE device is cost. The material cost could be reduced by reducing the amount of 

iron employed. However the desire to obtain sufficient influence with low particle 

concentration is a big challenge. Furthermore, the particles used have a magnetic 

saturation point. Once this is reached, no matter how much the field is increased, no 

additional change in rheological properties is observed. This obviously limits the size 

of change in rheological properties obtainable [78]. Overcoming limitations will lead 

to improvement in materials performance and, as well as foster the development of 

new applications. 

 

2.4 Rubber matrix 

 The matrix materials for MREs are usually non magnetic rubbers that can be 

uniformly mixed with the magnetic particles and subsequently processed into a solid. 

Appropriate selection of matrix material is crucial, particularly in anisotropic MREs, 

because the degree of freedom of movement for magnetic particles to organise into 

chain like columnar structures is mainly influence by the viscosity of the matrix 
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material. In addition, the magnetic permeability of matrix materials must be as low as 

possible to prevent interaction between matrix and particles which could reduce the 

interaction between neighbouring particles. Table 2.2 describes the advantages and 

disadvantages of some of the most commonly used matrix materials for MREs. 

Table 2.2 Matrix materials used in MREs 

Matrix type Advantages Disadvantages References 

Natural rubber • natural resource 

• low cost 

• high tensile and tear 

strength 

• high fatigue life 

• medium damping 

 

• poor heat resistance 

• poor fluid and aging 

resistance 

[16, 20, 26, 30, 

31, 42, 79-85] 

Silicone 

rubber 

• broadest useful temperature                   

  range 

• low temperature flexibility 

• medium to high damping 

• good heat aging resistance 

 

• synthetic rubber 

• medium cost 

• low mechanical 

properties 

• poor fuel and oil 

resistance 

 

[14, 45, 86-96] 

Polybutadiene 

rubber 

• medium to high damping 

• good resistance to ozone   

   and aging 

• synthetic rubber 

• medium cost 

• poor fuel and oil 

resistance 

 

[21, 24, 97, 98] 

Nitrile rubber • Excellent oil resistance 

• good resistance to ozone  

   and aging 

• medium damping 

• synthetic rubber 

• medium cost 

• poor ozone resistance 

• medium cost 

• poor low temperature 

performance 

 

[27, 40] 

Polyurethane 

rubber 

• high damping 

• high tensile and tear  

  strength 

• excellent oil resistance 

• excellent resistance to  

  ozone and aging 

 

• synthetic rubber 

• medium to high cost 

• poor solvent 

resistance 

 

[19, 99] 

 

As shown in Table 2.2, the matrix materials in most studies have been silicone 

rubber and natural rubber. Silicone rubber is supplied as a liquid precursor and 
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therefore is the preferred matrix for fabrication of complicated geometries products. 

In addition, curing can be carried out at room temperature. However, its low 

mechanical properties and low fatigue life limit its usefulness for practical 

applications. 

Recent work has focused on natural rubber because of its associated ease of 

processing, high durability and compatibility with other components. MREs based on 

natural rubber generally perform better in terms of mechanical properties and 

damping performance than MREs based on silicone rubber or other type of rubbers. 

For instance, the tensile and the tear strengths of MREs based on natural rubber are 

almost ten times higher [30] and the tan δ is approximately 20% higher [29] when 

compared to those of MREs based on silicone rubber. Therefore, MREs based on 

natural rubber could provide for a wide range of applications especially in mechanical 

systems such as tuneable vibration absorbers, stiffness variable bushings, and 

mountings. In this study, natural rubber was chosen as the matrix and the properties, 

processing and advantages of natural rubber are further discussed in the following 

section. 

2.4.1 Natural rubber 

Natural rubber is an elastic polymer produced using sap obtained from a tree 

named Haveabraziliensis which is originally indigenous to the Amazon Valley 

Forest, but has been cultivated principally in Southeast Asia, Sri Lanka, India and 

Nigeria. It is a linear polymer and built up from repeated units of cis-polyisoprene 

(Figure 2.6). Haveabraziliensis sap contains more than 90% cis-polyisoprene, water 

and small quantities of other ingredients such as protein and dirt [10]. The typical 

content of sap from Haveabraziliensis is shown in Table 2.3 [100]. The sap is 
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generally processed into either sap concentrate (latex) for manufacture of dipped 

goods such as glove or it can be coagulated into skim block rubber (gum rubber) for 

manufacture adhesives and bulk rubber products. 

 

 

 

Figure 2.6 (a) cis-polyisoprene, (b) linear chain structure of cis-polyisoprene 

 

Table 2.3 Typical content of the sap 

Component Percentage, % 

Water 0.6 

Acetone extract 2.9 

Protein 2.8 

Dirt 0.4 

Cis-polyisoprene 93.3 

 

 

Gum rubber can be classified according to the Technically Specified Rubbers 

(TSR) scheme developed by the International Standards Organisation (ISO) in 1964. 

This standard indicates the maximum permissible content of dirt, ash, nitrogen and 

volatile substances. The nomenclature describing technically specified rubbers 

consists of a three letter code followed by a letter code or numeral indicating the 

(a) 

(b) 
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maximum permissible dirt content for that grade. The following table shows some 

TSR grades [101]. 

Table 2.4 TSR scheme for natural rubber 

Property 
TSR 

CV 

TSR 

L 

TSR 

S 

TSR 

10 

TSR 

20 

TSR 

50 

Dirt content, max, wt% 0.05 0.05 0.05 0.1 0.2 0.5 

Ash content, max, wt% 0.6 0.6 0.5 0.75 1 1.5 

Nitrogen content, max, wt 0.6 0.6 0.5 0.6 0.6 0.6 

Volatile matter, max, wt% 0.8 0.8 0.8 0.8 0.8 0.8 

Initial Wallace Plasticity P0, min N/A 30 30 30 30 30 

Plasticity retention index, min 60 60 60 50 40 30 

 

 

Gum rubber needs to be compounded with other chemicals and additives and 

then is vulcanized to produce natural rubber products. Natural rubber is a viscoelastic 

material that has highest elastic failure strain of any rubber, excellent vibration 

absorption and high resistance to wear and creep during cyclic deformation. It is also 

capable of sustaining a deformation of as much as 900% at room temperature. The 

glass transition temperature of natural rubber is about -70oC and its average 

molecular weight ranges from 200,000 to 400,000. This broad molecular weight 

distribution (MWD) results in good processing capabilities. The maximum tensile 

strength for natural rubber is 25 MPa and Young’s modulus ranges between 1-5 MPa. 

Furthermore, it can maintain high level of elasticity down to -60oC and its maximum 

service temperature is approximately at 100oC [102]. 

 The major advantage of natural rubber, which makes it dominant in many 

engineering applications, is its dynamic performance. It has high damping capability 

over the range of 1 to 200Hz [10]. Its dynamic properties generally out-perform any 

synthetic rubbers or combinations of rubbers available to date. It also can be 

processed into a variety of shapes and can adhere to metal inserts or mounting plates. 
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Furthermore, rubber does not corrode and normally requires no lubrication. This 

leads to rubber being effective and relatively maintenance free in applications such as 

vibration isolators, tyres and bearings. Other products include hoses, conveyor belts, 

gasket, seals, rolls, elastic bands and pharmaceutical goods such as rubber plunger 

[10-12]. 

  

2.4.1.1 Rubber compounding 

Rubber compounding is the process of introducing chemicals and additives 

into gum rubber to modify its properties to make it a more useful material. Generally, 

gum rubber has very limited use, although adhesives provide one example. Gum 

rubber is mechanically weak, subject to significant swelling in liquids and easily 

attacked by oxygen or ozone that consequently degrade the rubber. These 

disadvantages can be ameliorated by rubber compounding. The choice of chemicals 

and additives needs to consider many aspects such as environmental safety, 

processability, required service life, required mechanical and physical properties and 

optimum production cost [102].  

Typical rubber compound formulations consist of ten or more ingredients that 

are added to enhance mechanical and physical properties, affect vulcanization and 

improve processability. These ingredients are added in amounts based on weight in 

parts per hundred of rubber (phr). Table 2.5 describes some of the most common 

additives used in rubber compounds. 
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Table 2.5 Typical additives for natural rubber compound 

Material Function Example 

Crosslinking 

agents 
 crosslinking agents are necessary for 

conversion of rubber molecules into a 

network by formation of crosslinks. 

 sulphur 

 peroxides 

 metallic oxides 

 tellurium 

 thiuram disulphides 

 quinone dioximes 

 

 

Accelerator-

activators 
 accelerator-activator are the 

ingredients added to improve the 

processability, activate and accelerate 

the vulcanization process and helps the 

other accelerators to react effectively 

 

 

 zinc oxide  

 stearic acid 

Accelerators  accelerators increase the rate of the 

cross linking reaction and lower the 

sulphur content necessary to achieve 

optimum vulcanizate properties. 

 N-Cyelohexy1-2-

benzothiazole 

sulphonamide (CBS) 

 Tetramethylthiuram 

disulphide (TMTD) 

 2-mercaptobenzthiazole 

(MBT) 

 Zinc 

Dibutyldithiocarbamate 

(ZDBC) 

 Diphenyl guanidine 

(DPG) 

 

 

Antidegradents  antidegradent increase the resistance to 

attacks of ozone, UV light and oxygen 

and improve long-term stability of 

rubber 

 

 

 p-phenylene diamines 

Plastisizers  plastisizers are additives used to 

enhance the dispersion of fillers, to 

reduce uncured compound viscosity 

and to improve deformability at low 

temperature. 

 naphthenic and 

paraffinic oils 
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2.4.1.2 Vulcanization 

 Vulcanization is a chemical process in which the sticky uncured natural 

rubber compound is converted into a more durable material. In vulcanization, the 

overall elasticity of rubber increases by formation of chemical crosslinks between the 

chains. This process decreases the amount of slippage of chains and produces a three 

dimensionally bonded structure. Vulcanization involves reaction of crosslinking 

agent (commonly sulphur) at allylic hydrogen atoms of cis-polyisoprene molecular 

chains; allylic hydrogen atoms are hydrogen atoms that are bonded to the first 

saturated carbon atom adjacent to carbon-carbon double bonds. There are many 

allylic hydrogen atoms called cure sites along the cis-polyisoprene molecular chains 

where reaction can potentially occur. Figure 2.7 represents sulphur crosslinking of 

cis-polyisoprene to produce vulcanizate rubber. During vulcanization the eight-

membered ring of sulphur breaks down into smaller parts with varying numbers of 

sulphur atoms. These parts are quite reactive. At each cure site on the rubber 

molecule, one or more sulphur atoms can attach and from there, a sulphur chain can 

grow until it eventually reaches a cure site on another rubber molecule. These sulphur 

bridges are typically between two and eight atoms long. The number of sulphur atoms 

in a sulphur crosslink has a strong effect on the physical properties of the final rubber 

products. Short sulphur crosslinks impart very good heat resistance while long 

sulphur crosslinks lead to very good dynamic performance which is useful for rubber 

products such as dampers, bearings and vibration absorbers. Without good dynamic 

performance, cyclic loading will lead to formation of cracks and product failure [103, 

104]. 
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Figure 2.7 Sulphur vulcanization of cis-polyisoprene 

 

2.5 Magnetic Particles 

 The most commonly used particle types for MREs are soft magnetic particles 

with high magnetic permeability and high saturation magnetization. High 

permeability and high saturation magnetization provides strong inter-particle 

interactions between neighbouring particles and thereby produces longer and bulkier 

chains and columnar structures. In addition, the particles should be large enough to 

support at least several magnetic dipoles in order to have a substantial magnetic 
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particle interaction between neighbouring particles. Table 2.6 lists particle types, 

shapes and sizes of some of the most commonly use particles for MREs. 

Table 2.6 Particle type, shape and size of commonly used particles in MREs 

Particle type Shape Size References 

Carbonyl iron spherical 1-3 µm [20, 91, 95] 

Carbonyl iron spherical 3.5 µm [45, 79-81, 87, 89, 105-107] 

Carbonyl iron spherical 3-7 µm [21, 25, 90, 96, 108, 109] 

Carbonyl iron spherical 6-9 µm [94, 98, 99] 

Pure iron irregular 10-20 µm [19] 

Pure iron irregular < 60 µm [18, 26, 82-84, 110] 

Pure iron irregular < 200 µm [27, 39] 

Terfenol-D irregular < 300 µm [33, 111, 112] 

Iron oxide spherical 10-50 nm [32, 38, 42] 

Barium ferrite irregular 45-200 µm [16] 

Strontium ferrite irregular 90 nm [40] 

 

 As supported by the references in Table 2.6, the most common particles in 

MREs are spherical carbonyl iron particles which have been extensively used in 

MRFs. The preferred particle sizes range from 1 – 9 μm. Iron particles with irregular 

shape, porous surfaces with much larger size ranging from 10 -200 μm have also 

been used. Some iron alloy particles such as terfenol-D and strontium ferrite which 

have even larger saturation magnetization than carbonyl iron and pure iron have also 

been used but are significantly more expensive and used as much as carbonyl iron 

and pure iron. 
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 Lokander et al. [26, 27] have shown experimentally that particle size and 

shape have an influence on dynamic shear modulus of MREs, however, tan δ was not 

reported. In their work, isotropic MREs based on nitrile rubber containing irregular 

shaped pure iron particles with size ranging from < 60μm to 200μm and spherical 

carbonyl iron particles with size ranging from 3μm to 5μm were produced. The 

dynamic shear modulus was measured over a range of frequency (0-25 Hz) and strain 

amplitude (0-12%). It was found that dynamic shear modulus for MREs containing 

larger irregularly shaped iron particles was higher when compared to those containing 

smaller spherical shaped carbonyl iron particles. The results also showed that the 

dynamic shear modulus of MREs decreased for MREs with particles larger than 60 

μm. It has also been reported that the volume fraction of magnetic particles in MREs 

can been increased up to 50%, but the optimum volume fraction for achieving good 

damping performance has to be around 30%.  

 Yancheng et al. [97] studied the influence of filler particle size on anisotropic 

MREs based on cis-polybutadiene rubber containing different sizes of carbonyl iron 

particles (1.1μm and 9 μm). Tan δ was used as a parameter to assess damping. The 

results showed that the tan δ for MREs containing 60wt% and 80wt% of larger 

carbonyl iron particles were higher compared with those containing smaller carbonyl 

iron particles. 

 In current literature, carbonyl iron and pure iron are the most preferable 

magnetic particles use in MREs, however, these types of particle are quite expensive. 

Therefore, iron sand was chosen as a new type of magnetic particles in this study. 

Iron sand is a natural resourced material that is readily available in New Zealand. It 
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has high potential to be used in MREs due to its high magnetic permeability and 

saturation magnetisation. It is discussed further in the following section. 

 

2.5.1 Iron sand 

 “Iron sand” or “black sand” are names given to dark, high density, 

titanomagnetite sand which occurs extensively on the west coast of New 

Zealand's North Island. About one and a half million years ago there was a series of 

volcanic eruptions between Raglan and Waikato Heads (including the volcano of 

Karioi). Volcanic activity continued until a quarter of a million years ago, spreading 

north to Auckland, south-east to the Taupo volcanic area and south to Mount 

Taranaki, dramatically altering the coastal geographic area. Volcanic deposits were 

slowly eroded by major rivers such as the Waikato, Wanganui and Whangaehu rivers 

which brought vast quantities of volcanic material to the coast. The darker andesitic 

rocks of Taranaki volcanoes and the lighter-coloured rhyolitic rocks of the Taupo 

volcanic area have provided the majority of the raw materials for the iron sand 

deposits. Ocean currents have moved the deposit along the coastline and the action of 

wind and waves has concentrated them on the sea floor, on beaches and in dunes 

[113, 114]. 

Iron sand was first noted by Captain James Cook who described a “black 

sandy sea bottom” during his first voyage to New Zealand in 1769. In 1839, Ernst 

Dieffenbach, hired by the New Zealand Company to describe New Zealand’s natural 

resources, noted the iron sand on beaches along the Taranaki coast. In fact, the iron 

sand deposit occurs along 480 km of the west coast of the North Island from 

http://en.wikipedia.org/wiki/New_Zealand
http://en.wikipedia.org/wiki/New_Zealand
http://en.wikipedia.org/wiki/North_Island
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Wanganui to Kaipara Harbour (Figure 2.8) [115]. The deposit includes the beach and 

dune sand, and older coastal sand deposits that have been preserved by tidal uplift. 

Iron sand deposits on the west coast of the North Island of New Zealand 

contain a total identified resource of over 850 million tonnes. Table 2.7 shows 

estimated resources of iron sand deposits for different locations calculated by Kear in 

1979 [113]. One of the largest deposits identified was at Waikato Heads, where the 

New Zealand Steel Investigation Co. Ltd carried out more detailed exploration 

including geological and magnetic surveys. Deposits at Waikato Heads and Taharoa 

are currently mined for New Zealand’s iron ores, whereas a mine at Waipipi closed in 

1987 [113, 116, 117]. 

The iron sand deposits are divided into those of the northern Auckland-

Waikato region and southern Taranaki-Wanganui region. In the northern region, the 

iron sand deposit is categorised as Kaihu sand. Kaihu sand consists of beach sand and 

dune sand and has a maximum thickness of 180 metres, mostly loose, dark dune but it 

is weathered to brown sand in the upper part. It typically contains up to 29 wt% 

titanomagnetite but a few richer layers contain up to 60 wt% titanomagnetite. In the 

Taranaki-Wanganui region, iron sand is derived from the Taranaki andesites and 

categorized as Pouakai sand. Pouakai sand was formed by conglomeration of marine 

sand, peat, alluvial sediments, volcanic ash, volcanic lahar deposits and volcanic 

rock. The sediments overlaid and formed terraces at a height of up to 300 metres 

above sea level. In the southern region, there are 12 separate terraces ranging in age 

from 7,000 to 60,000 years old. The iron sand deposits are mainly concentrated 

within the youngest of the terrace formations. Weathered and ashy dune sand of low 

grade titanomagnetite which consists of less than 15wt% is present in some of the 
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older terraces, but high ash and clay contents make these deposits less attractive and 

of little value [113, 116]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Location of iron sand deposits, west coast, North Island. 
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Table 2.7 Iron sand resources, west coast, North Island 

Deposit 

Quantity of iron sand 

(Mt) 

Grade (% 

magnetics) 

Muriwai 13 15 

Bethells 3 15 

Whatipu 5.3 31 

Irwins 5 18 

Maioro 20 10 

Waikato Heads 140 18 

Waimai 43 44 

Raglan 15.5 20.4 

Kawhia 200 13 

Taharoa 208 35 

Marakopa 25 45 

Awakino 5.8 63 

Mokau 3.9 37 

New Plymouth 8 24 

Patea 23.5 33 

Waipipi 40 26 

Wanganui 37 16 

  

 

2.5.1.1 Chemical composition of iron sand 

Rich layers of iron sand are dominated by opaque minerals, mostly 

titanomagnetite with minor constituents of hornblende, augite, quartz, plagioclase, 

feldspar and volcanic rock fragments (Table 2.8) [118]. 

Table 2.8 Mineral compositions of iron sand 

Mineral Concentration (%) 

Titanomagnetite 60.9 

Hornblende 21.4 

Augite 7.5 

Quartz 1.3 

Plagioclase 1.8 

Feldspar 1 

Volcanic rock fragments 6.1 
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Titanomagnetite is a solid solution of titanium, magnesium, manganese and 

vanadium in magnetite (Fe3O4). Its chemical composition is summarised in Table 2.9 

It is distinctively blue-black in reflected light and strongly magnetic. The 

titanomagnetite is either a homogeneous or heterogeneous variety, the former being 

most abundant. The heterogeneous variety contains lamellae of ilmenite within 

titanomagnetite [35]. Typically, titanomagnetite is separated from impurities by using 

magnetic separation. New Zealand’s iron sand deposits are the most extensive and the 

most concentrated in titanomagnetite in the world [34, 35]. 

 

Table 2.9 Chemical analyses of titanomagnetite 

Mineral Concentration (%) 

Magnetite 83.10% 

Titanium oxide 8% 

Aluminium oxide 4% 

Manganese oxide 3% 

Vanadium oxide 0.50% 

Silica 0.30% 

Calcium oxide 0.30% 

Others 0.80% 

 

 

2.5.1.2 Physical properties of iron sand 

There is a significant cross-shore variation in titanomagnetite concentration 

and grain size on New Zealand’s beaches. The upper beach is dominated by a high 

concentration of titanomagnetite, however, titanomagnetite, hornblende and augite 

occur in about equal proportions in the mid beach and the lower beach to the low tide 

water line is made up almost entirely of plagioclase and volcanic rock fragments. 



39 

 

Their small size, higher dense and magnetic nature causes titanomagnetite grains to 

aggregate and settle more quickly at the higher tide water line [34, 35]. 

The shape of titanomagnetite is assumed to be spherical with size ranging 

between 0.15 – 0.20 mm in diameter. The titanomagnetite particles are more dense 

than the non-magnetic particles (titanomagnetite 4.74 g/cm3, non-magnetic 2.99 

g/cm3). Their density is lower than pure iron (7.87 g/cm3) and comparable with 

titanium (4.54 g/cm3) [115, 119]. 

Titanomagnetite is a non-conductive mineral. The deficiency of electrical 

conduction through the particles can be related to a very high contact resistance 

between adjacent grains within the particle. The resistivity is 28.5 Ohm-m under DC-

resistivity measurement and 29.6 Ohm-m under AC-resistivity measurement [115].  

High resistivity of titanomagnetite indicates that this material is good for electrical 

insulation. 

 

2.5.1.3 Magnetic properties of iron sand 

Magnetism is the phenomenon by which materials exert attractive or repulsive 

forces on other materials in response to an applied magnetic field [120]. The source 

of magnetism is magnetic dipoles. Magnetic dipoles are found to exist in magnetic 

material and can be thought of as small bar magnets composed of north and south 

poles. A magnetic field exerts a torque that tends to orient the dipoles with the field. 

Orientation of magnetic dipoles contributes to the magnetic behaviour of materials. 

The strength of a magnetic dipole, called the magnetic moment, may be thought of as 

a measure of a dipole’s ability to align itself with an applied magnetic field. 
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Generally, the macroscopic behaviour of magnetic materials can be classified 

using a few magnetic parameters. The most significant parameter is susceptibility. 

Susceptibility is a dimensionless proportionality between magnetic moment (m) and 

magnetic field strength (H) that indicates the degree of magnetization of a material in 

response to an applied magnetic field [121]. It varies with temperature. With 

increasing temperature, the increased thermal motion of atoms tends to randomize the 

directions of dipoles that may be aligned and gradually diminishes the susceptibility 

which abruptly drops to zero at what is called the Curie temperature (Tc) [121, 122]. 

Magnetic behaviour can be classified principally into diamagnetism, paramagnetism, 

ferromagnetism, antiferromagnetism and ferrimagnetism. 

Diamagnetism: Diamagnetism is a very weak form of magnetism that is only present 

while a magnetic field is being applied; diamagnetic materials possess no magnetic 

dipoles in the atoms or molecules in the absence of an applied field. In an applied 

magnetic field, magnetic moments are induced and dipoles align in opposition to the 

field direction. A weak negative magnetisation is produced which causes repulsion 

instead of attraction. The susceptibility for diamagnetic materials is of the order of -

10-5 [120]. The susceptibility is constant at constant temperature for relatively low 

values of magnetic field.  Figure 2.9 illustrates the magnetic dipoles for a diamagnetic 

material with and without an applied field. Many materials exhibit diamagnetism, the 

most common materials being graphite, quartz and silica. 
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Figure 2.9 The magnetic dipoles for a diamagnetic material with and without a 

magnetic field. In the absence of an external field, no magnetic moments exist; in the 

presence of a field, magnetic moments are induced and dipoles are aligned opposite 

to the field direction. 

 

Paramagnetism: In paramagnetic materials, each atom or molecule has a net 

magnetic moment in the absence of a magnetic field, but the orientations of dipoles 

are random leading to no net magnetization. In an applied magnetic field, these 

dipoles start to align parallel to the field, resulting in weak positive magnetization. 

However, a large magnetic field is required to align all of the dipoles because the 

dipoles behave individually with no interaction between adjacent dipoles. 

Susceptibility for paramagnetic materials ranges from about 10-5 to 10-2 and since 

thermal agitation randomizes the direction of the magnetic dipoles, an increase in 

temperature decreases the paramagnetic effect [120]. In addition, the magnetization is 

lost as soon as the magnetic field is removed. Figure 2.10 illustrates the magnetic 

dipoles for a paramagnetic material with and without an applied field. Examples of 

paramagnetic materials are aluminium, calcium, titanium and alloys of copper. Both 

diamagnetic and paramagnetic materials are considered as non-magnetic because they 

exhibit magnetization only in presence of an external field [123].  

 

(a) 

H=0 

(b) 

H 
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Figure 2.10 Magnetic dipole orientations with and without an applied magnetic field 

for a paramagnetic material. 

 

Ferromagnetism: Ferromagnetism is explained by the concept that some magnetic 

materials possess atoms with permanent magnetic moments that align parallel to each 

other due to inter-atomic forces arising from the spin of electrons on their own axes. 

In ferromagnetic material, coupling interaction of adjacent magnetic moments create 

small regions in which there is alignment of all magnetic dipoles, as illustrated in 

Figure 2.11. Such a region is called a domain and each one has different dipole 

orientations. Adjacent domains are separated by domain walls, across which the 

direction of dipoles gradually changes (Figure 2.12). Normally, domains are 

microscopic in size and in polycrystalline materials a single grain may consist of 

more than a single domain. As a magnetic field is applied, the domains change shape 

and size by the movement of domain walls. The domains that are favorably aligned to 

the applied field grow at the expense of those that are unfavorably aligned. This 

process continues with increasing applied field until the favorably aligned domains 

diminish other domains and becomes a large domain at which the magnetization 

approaches a definite limit called saturation. The new domain alignment persists once 

the field is removed. Figure 2.13 illustrates the mutual alignment of atomic dipoles 

and domains in the absence of magnetic field, in an applied field and after the field is 

H = 0 H 
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removed for ferromagnetic materials. The magnetization remaining after a magnetic 

field is removed is called remanent magnetization. Susceptibility for ferromagnetic 

materials is greater than 1 and typically can have values as high as 106. The value of 

susceptibility varies with temperature; when temperature rises above the Tc, 

ferromagnetic materials lose their magnetization and behave as paramagnetic 

materials in the absence of a field [123-125]. Examples of ferromagnetic materials 

are nickel, cobalt and samarium. 

 

 

 

 

Figure 2.11 Schematic depiction of domains in a ferromagnetic material. 

 

 

 

 

 

 

Figure 2.12 Schematic illustration of the gradual change in magnetic dipole 

orientation across a domain wall. 
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Figure 2.13 Schematic illustration of the mutual alignment of atomic dipoles and 

domains for a ferromagnetic material. 

 

Antiferromagnetism: Antiferromagnetic materials can be regarded as anomalous 

paramagnets since they have a small positive susceptibility in an applied magnetic 

field, but, their magnetic dipole alignment after the magnetic field is removed is 

entirely different to paramagnets. When the magnetic field is removed, the coupling 

interaction of magnetic moments tends to align the dipoles anti-parallel to each other 

and magnetic moments cancel out. As a consequence, antiferromagnetic materials 

possess no net magnetization. Manganese oxide and hematite are the most common 

examples. Figure 2.14 shows schematic representation of antiparallel magnetic 

moments for antiferromagnetic materials [126]. 

 

 

 

 

 

 

Figure 2.14 Schematic representations of antiparallel magnetic moments for 

antiferromagnetic materials. 
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Ferrimagnetism: The magnetic characteristics of ferromagnets and ferrimagnets are 

similar; the distinction lies in the source of the net magnetic moments [120, 121, 

127]. Like ferromagnetic materials, ferrimagnetic materials consist of magnetically 

saturated domains separated by domain walls, and they exhibit the phenomena of 

magnetic saturation and remanent magnetization. Their magnetization also disappears 

above Tc when then they become paramagnetic.  The most important ferromagnetic 

substances are called ferrites. Ferrites are ionic compounds and their magnetic 

properties are influenced by the magnetic ions they contain. One of most commonly 

known ferrites is magnetite. The formula can be written as Fe2+ O2- (Fe3+)2 (O
2-)3 in 

which the Fe ions exist in both +2 and +3 valence states in the ratio of 1:2. A net spin 

magnetic moment exists for Fe2+ as well as Fe3+ but there are antiparallel spin 

coupling interactions between the Fe3+ indicating that the moments of the Fe3+ ions 

cancel out. The net magnetization is equal to the magnetic moments of the Fe2+ ions 

[121]. Thus, the net magnetization for ferrimagnetic materials is not as high as for 

ferromagnetic materials. Figure 2.15 illustrates the alignment of ionic dipoles and 

domains in the absence of a magnetic field, in an applied field and after field is 

removed for ferrimagnetic material. Examples of ferrimagnetic materials are 

magnetite and ilmenite. 

 

 

 

 

 

Figure 2.15 Schematic representations of magnetic moments for ferromagnetic 

materials. 
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Iron sand which is dominated by titanomagnetite is categorized as a 

ferrimagnetic material [123, 125]. The susceptibility of titanomagnetite is 2.27. 

Figure 2.16 compares the susceptibility of a range of materials including iron sand 

[128]. It has also been reported that the susceptibility of iron sand is not affected by 

variation of particle size [115]. In addition, titanomagnetite also possess a remanent 

magnetization. The value of remanence is about 6.23 Am-1[115] and Tc ranges 

between 290oC to 520oC with no sharp Curie point, such that magnetization of 

titanomagnetite decreases gradually over a range of temperature rather than suddenly 

at a single clearly defined temperature [129]. 

 

 

 

 

Figure 2.16 Susceptibility spectrum. The diagram uses a logarithmic scale to indicate 

the full range of magnetic susceptibility values: It extends from susceptibility = -1.0 

for superconductors to susceptibility ˃ 100,000 for pure iron.  

 
 

2.6 Factors influencing damping performance of MREs 

 

2.6.1 Magnetic field strength 

 The magnetic field strength applied during curing is one of the most important 

factors that affect the damping performance of MREs. In the presence of a magnetic 

field during curing, the magnetic dipoles start to align parallel to field direction, 

resulting in the north pole of one particle to attract the south pole of its neighbour. 
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The maximum possible increase in damping through magnetic particle interactions 

occurs when the aligned particles become magnetically saturated. Pure iron has the 

highest saturation magnetization (Js) among commonly used particles of Js=2.1 Tesla. 

However, alloys of iron and colbalt have higher saturation magnetization (up to 

Js=2.4 Tesla) than pure iron and they have also been used in MRFs [28]. Chen et al. 

[30] reported that for MREs based on natural rubber containing 60 wt% carbonyl iron 

particles, saturation occurred around 400 mT and Qiao et al. [107] reported that for 

MREs based on thermoplastic elastomer matrix containing modified carbonyl iron, 

the saturation occurred at around 500 mT. 

 In addition, some researchers have studied the microstructure of MREs under 

different magnetic field strength during curing. It has been found that more particles 

aggregate with each other and the chain like columnar structures became longer and 

thicker as the magnetic field strength increased. Formation of such chain-like 

columnar structures was found to provide much larger damping and stiffness [80, 

130]. 

 

2.6.2 Surface modification of magnetic particles 

Damping of MREs depends not only on the type of rubber matrix and 

magnetic particles used, but also on the level of adhesion between the particles and 

the rubber matrix; the strength of interaction between the particles and matrix has to 

be sufficiently strong to obtain efficient interfacial damping. For MREs this sets a 

challenge. Here, as for other MRE components, the incompatibility of the inorganic 

magnetic fillers and the rubber matrix can lead to poor wettability and adhesion 

between the filler and matrix as well as non-uniformity of filler dispersion leading to 
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low energy absorption [38-40]. Therefore, a lot of work has focused on surface 

modification of the magnetic particles in order to improve ease of adhesion with and 

dispersion within the rubber matrix in order to realise the full potential of MREs. 

Surface modification of inorganic magnetic particles can be achieved using a 

number of approaches; most commonly, the filler surface is chemically modified to 

become more compatible with the matrix using methods such as grafting of coupling 

agents, particle coating, reactions with species to enhance surface chemistry and 

surfactant absorption. Table 2.10 presents most commonly used methods for surface 

modification of MREs. 

 

Table 2.10 Methods of surface modification for MREs 

Method Matrix Particle Reference 

Coupling agent (silane) silicone rubber carbonyl iron [87] 

Coupling agent (silane) polyurathene rubber carbonyl iron [108] 

Coupling agent (silane) nitrile rubber strontium ferrite [40] 

Coupling agent (titanate) thermoplastic elastomer carbonyl iron [107] 

Particle coating (PEG) natural rubber iron oxide [32, 42] 

Particle coating (CTCS) silicone rubber carbonyl iron [90] 

Particle coating (PMMA) silicone rubber carbonyl iron [131] 

Reaction with maleic 

anhydride 

polybutadiene rubber carbonyl iron [132] 

Anionic and non-ionic 

surfactant absorption 

natural rubber carbonyl iron [79] 

 

 Among the various modification approaches, treatment using silane based 

coupling agents has been seen to be the most successful and cost effective treatment 

for improving the adhesion between magnetic particles and the rubber matrix. These 

chemicals are silicon-based chemicals that contain hydrolysable groups (such as 
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methoxy, ethoxy or acetoxy) at one end that will interact with inorganic materials and 

organofunctional groups (such as amino, vinyl or sulphide) at  the other end that can 

react with the rubber matrix. Therefore, inorganic and organic materials can be 

coupled together with the silane coupling agent acting as a bridge between them. This 

type of surface modification is also well established for enabling different types of 

fillers such as silica [133, 134], aluminium powder [135], halloysite nanotubes [136], 

wood flour [137] and natural fibre [138, 139] to be used as reinforcement in rubber 

compounds. It has been also reported that surface modification of magnetic particles 

using coupling agents such as silane and titanate coupling agents increases the 

mechanical and damping performance of MREs due to decreased interfacial tension 

resulting in improved dispersion of magnetic particles in isotropic MREs and 

improved degree of freedom of movement for magnetic particles to organise into 

chain like columnar structures in anisotropic MREs [40, 87, 107, 108]. 

 Particle coating is usually carried out by surface polymerization of magnetic 

particles using functionalised polymers such as polyethylene glycol (PEG), 

polymethyl methacrylate (PMMA) and polybutyl acrylate. This typically uses 

complex polymerization processes such as emulsion polymerisation or atom transfer 

radical polymerisation to graft the polymer on the magnetic particles before they are 

subsequently mixed with the matrix. MREs with surface coated particles have shown 

improved dynamic shear storage modulus and superior mechanical properties [32, 42, 

90, 131]. 

 It has also been reported that when magnetic particles are modified by 

anionic, non-ionic and compound surfactants, longer and bulkier magnetic chains in 

ansotropic MREs have been obtained and the damping performance during 
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application can be increased up to 188% due to the good compatibility between the 

particles and matrix [79]. 

In this study, Bis-(3-triethoxysilylpropyl) tetrasulphane (known as TESPT or 

Si 69) which is the most popular and effective silane coupling agent for hydrocarbon 

rubber was used for surface modification of iron sand particles [140]. TESPT 

possesses ethoxy hydrolysable groups at both ends and the tetrasulphane group at its 

centre. The ethoxy hydrolysable groups can react with the hydroxyl groups on the 

surface of iron sand during surface treatment and should lead to the formation of 

stable iron sand and TESPT bond. Tetrasulfane groups are rubber reactive and can 

react in the presence of accelerators at elevated temperatures with or without 

elemental sulphur being present, to form crosslinks with rubbers [141]. Therefore, the 

iron sand and rubber could likely be coupled together with the silane coupling agent 

acting as a bridge between them. 

 

2.6.3 Miscellaneous 

 A number of other factors that influence the damping performance of MREs 

have also been reported by several authors. For instance, plasticiser has been used to 

soften the matrix in order to improve the degree of freedom of movement for 

magnetic particles during curing for anisotropic MREs and to improve the dynamic 

mechanical properties of isotropic and anisotropic MREs. Lokander et al. [26] added 

the plasticiser di-ethylhexylphthalate (DEHP) in isotropic MREs based on nitrile 

rubber and iron particles and obtained a slight improvement of the dynamic shear 

modulus, however, tan δ was not reported. Chen et al. [30] investigated the influence 

of plasticiser content on dynamic shear modulus and tan δ of anisotropic MREs based 
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on natural rubber and carbonyl iron. The results showed that the dynamic shear 

modulus decreased and the tan δ increased with increasing plasticiser content from 10 

to 20 wt%. Wu et al. [142] incorporated the plasticiser diisooctylphthalate (DOP) into 

MREs based on polyurethane rubber and carbonyl iron. It was found that the 

viscosity of the matrix decreased resulting in longer magnetic particle alignment in 

anisotropic MREs. However, the tan δ slightly decreased as well as thermal stability 

and compressive strength. 

 It has also been reported that addition of nanosized reinforcement such as 

carbon black into MRE formulations can improve the damping. Nayak et al. [93] 

fabricated MREs based on silicone rubber and carbonyl iron with addition of 7 wt% 

of carbon black. It was observed that the Young’s modulus increased about 56.8%, 

the dynamic shear modulus increased about 13% and tan δ increased about 40%. 

Addition of carbon black in anisotropic MREs based on natural rubber and iron 

particles has also provided good improvement of mechanical and damping 

performance [20, 31]. 

 

2.7 Processing of MREs 

 The flow diagram of MREs fabrication process for MREs is shown in Figure 

2.17.  

2.7.1 Raw materials 

 As previously discussed, the main materials comprising MREs are rubber 

matrix and magnetic particles. The magnetic particles used can be unmodified or 

surface modified prior to mixing and compounding. In addition, additives like 

crosslinking agents, antioxidants and mixing aids may be used. 
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Figure 2.17 Flow diagram of MREs fabrication process 

 

2.7.2 Mixing and compounding 

 The mixing and compounding methods for MREs can be carried out using 

conventional rubber-mixing/compounding equipment (two roll mill). The conceptual 

view of a two roll mill is shown in Figure 2.18. 

 

 

Figure 2.18 Conceptual view of two roll mill 
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 The front roller temperature is set typically at between around 40-80oC and 

the mixing and compounding time is approximately around 30-40 minutes. The first 

stage of the compounding involves softening the rubber on its own in the two roll 

mill (mastication). Mastication reduces the viscosity and increase the plasticity of 

rubber which are brought about by heat generated in a two roll mill through 

conduction from the heated roller and shearing of rubber during milling. After 

mastication, most of the additives (other than accelerators and sulphur) and magnetic 

particles are then added and homogenously dispersed in the rubber. Addition of 

accelerators and the crosslinking agent needs to be delayed to the last part of the 

process to prevent premature vulcanization during compounding. The art and skill of 

the operator plays a significant part in compounding. A good compound should have 

uniform distribution, high level of dispersion and consistent rheological properties. 

 

2.7.3 Measurement of cure characteristics 

 The degree of vulcanization of MRE compound has a big influence on the 

properties of the final product. Therefore, precisely defining curing characteristics 

including optimum cure time is important to ensure the production of final products 

having high performance. However, at present, there is little work that has assessed 

the influence of cure time of MRE compounds. A single study [143] has thoroughly 

studied the cure time of anisotropic MREs containing silicone rubber and carbonyl 

iron particles. In this work, MREs were prepared with different cure times and the 

microstructures and dynamic shear modulus were observed to determine the optimum 

cure time that produced the highest damping performance. However, this optimum 

cure time is only suitable to use for the same types of MRE. 
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 The conventional rubber curemeters such as oscillating disk rheometer (ODR) 

and moving die rheometer (MDR) are the most commonly used equipment to 

measure cure time [10, 144, 145]. In a curemeter, a piece of rubber compound is 

contained in a sealed test cavity with a rotor that oscillated at a constant angular 

displacement. As vulcanization proceeds at a specific temperature, the torque 

required to shear the compound is monitored and a curve of torque versus time can be 

generated [10, 102]. The optimum cure time of rubber compound (t90), is defined as 

the time required for the torque to reach 90% of the maximum achievable torque and 

relates to the time necessary for the rubber to crosslink to produce optimal 

mechanical performance [146]. The working principal of the curemeter is based on 

the fact that the stiffness of the rubber compound increases with the formation of the 

crosslinks during vulcanization. The use of a curemeter to determine the 

vulcanization characteristics is specified in ASTM D 2084 [147]. A new method to 

predict optimum cure time of MREs using dynamic mechanical analysis (DMA) was 

assessed in this study.  

 

2.7.4 Shaping and curing  

 After compounding and measurement of cure time, a predetermined amount 

of MRE compound is weighted and inserted into a mould for shaping and curing. For 

isotropic MREs, the compound is typically cured in a compression moulder at around 

150-170oC under a pressure of approximately 10-12 MPa [26, 29]. A schematic of a 

compression moulder is shown in Figure 2.19. The curing temperature and pressure is 

important to ensure that the compound flow and take shape according to the mould. 

The pressure also helps to contain the expansion of volatiles within the rubber 
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compound until dimensional stability is achieved. For anisotropic MREs, the mould 

containing MRE compound is subjected to an applied magnetic field prior to 

compression moulding. The magnetic field is commonly generated by an 

electromagnetic devices [21, 24, 30, 42, 80, 81, 97, 132, 142] or permanent magnets 

[18, 85]. The mould is placed within the magnetic field at elevated temperature to 

soften the rubber matrix and  allows the magnetic particles to organize into chain like 

columnar structures [30, 81]. Subsequently, the MRE compound is cured in a 

compression moulder at around 150-170oC under a pressure of approximately 10-12 

MPa [98]. Upon curing the matrix, the particles are set in place. 

 

Figure 2.19 Conceptual view of compression moulder 
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2.8 Damping mechanisms of MREs 

 Damping of material originates from the energy loss associated with a few 

different energy dissipation mechanisms such as viscous damping which is associated 

with molecular chain motion in polymers, dislocation damping, point defect damping 

and grain boundary damping due to microstructural defects in metal, thermoelastic 

damping which is caused by local temperature gradients resulting from non-uniform 

stresses acting on the material, interfacial damping arising from different types of 

interfaces between reinforcement and matrix as well as magnetism-induced damping 

due to eddy current loss, residual magnetic loss or magnetomechanical effects. The 

damping capacity in a material is generally due to the sum of several energy 

dissipative mechanisms. The purpose of this section is to briefly review some of the 

important mechanisms that lead to vibration damping in MREs based on natural 

rubber and iron sand. 

 

2.8.1 Viscous damping 

 Rubber is a viscoelastic material which exhibits both viscous and elastic 

behaviour. Under cyclic deformation, its elastic component allows rubber to return 

quickly to its original shape and does not contribute to damping; the viscous flow of 

the rubber molecular chains during deformation converts kinetic energy into heat by 

internal friction of the disentangling long chain molecules and is responsible for 

damping [148, 149]. Viscous damping is mainly influenced by temperature and 

frequency [149]. The effect of temperature is illustrated in Figure 2.20 which 

highlights four distinct regions. In the glassy region, the chains are rigidly ordered 

and crystalline in nature, with glass-like behaviour; the storage modulus is at its 
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maximum value whilst loss modulus is at a minimum. As temperature increases into 

the transition region, the storage modulus decreases while the loss modulus increase 

to a peak value and then starts to drop off. In this region, the long molecular chains 

are in a semi-rigid and semi-flowing state, and able to rub against adjacent chains. 

These frictional effects result in viscous damping in the material. In the rubbery 

region, the storage modulus and loss modulus only varies slightly with changes in 

temperature. Rubber materials for vibration damping and isolation are always in 

practice used in the rubbery region. As temperature increases into the flow region, 

storage modulus and loss modulus start to decrease [150, 151].  

 Frequency change may have the same effect on material damping as a 

temperature change. At low frequency, an applied stress deforms the long chains 

rotation and bending. This is a slow process for which low frequency allows time for 

the chains to readjust back to the equilibrium state, resulting in low energy 

dissipation. As the frequency increases, chains undergo coiling and uncoiling motion 

and break crosslinks. In this region, high damping occurs by internal friction between 

molecular chains during deformation. At high frequencies, molecular chains are not 

permitted to relax and energy dissipates as heat; stress and strain are out of phase 

[152]. 

 

 

 

 

 

 

 

 

Figure 2.20 Variation of viscoelastic properties with temperature 
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2.8.2 Interfacial damping 

 The interface between reinforcement and the matrix is also important in 

determining the damping of MREs. Little work has been carried out to study the 

interfacial damping of MREs and previous work has not comprehensively considered 

the condition of the interfacial bonding [97, 153]. Interfacial bonding can be 

classified into three categories [154, 155]: ideal interfaces, strongly bonded interfaces 

and weakly bonded interfaces. An ideal interface between a particle and matrix 

enables efficient stress and strain transfer between the components and therefore does 

not contribute to overall damping. For strongly bonded interfaces, damping is mainly 

due to energy absorbed during viscous flow which is more constrained due to the 

formation of interfacial bonding between particles and the matrix and energy loss due 

to stress released after debonding of particles from the matrix. For weakly bonded 

interfaces, damping is mainly due to interfacial friction between the surfaces of the 

two materials where the relative motion takes place. In addition, an increased of 

strain amplitude could possibly results in breakdown of strongly bonded interfaces 

into weakly bonded interfaces. 

The main factors that influence interfacial properties include particle size, 

particle loading, dispersion and formation of agglomerates. It is known that for 

smaller particles, there is a larger overall surface area for the same particle volume 

fraction and therefore, the total interfacial surface area available for interfacial 

damping increases and energy dissipation increases. However, the tendency of 

smaller particles to form agglomerates is higher as the particle loading increases and 

poor dispersion occurs. When the particles agglomerate, some rubber segments will 

be trapped within the particles, as shown in Figure 2.21 [97]. The rubber which is 
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located outside the agglomerate is defined as free rubber, while the rubber inside the 

agglomerate is defined as trapped rubber. The trapped rubber reduces the effective 

interfacial damping area between the free rubber and the particles and behaves as a 

hard filler, leading to a decrease in energy dissipation. The agglomeration is strongly 

amplitude and temperature dependent. At high amplitude, the agglomerates are 

broadly destroyed and release the trapped rubber to take part in energy absorption. On 

the other hand, increasing the temperature would increase the flowability of the 

trapped rubber molecules, overcoming inter-particles interaction in the agglomerates 

and leads to breakdown of agglomerates. 

 

 

 

 

 

 

 

 

 

Figure 2.21 The restrained rubber and free rubber in agglomerate. 

 

 

2.8.3 Magnetism-induced damping 

As previously discussed in Section 2.5.1.3, magnetic particles can be divided 

into regions of uniform magnetic polarization, known as domains and each one has 

different dipole orientations. Upon application of an applied magnetic field during 

curing, the particles align and form continuous columnar structures in the magnetic 
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field direction. The magnetic domains, nominally in random orientation, are oriented, 

resulting in anisotropic MREs. 

Possible magnetism-induced damping in MREs is due to energy absorbed to 

overcome magnetic interaction between neighbouring particles; this process 

transforms elastic energy into magnetic energy and subsequently dissipates by 

magnetic hysteresis [21]. Other mechanisms include eddy current loss, residual 

magnetic loss and magnetomechanical damping. Eddy current loss is due to electrical 

resistance losses inside the materials when it is subjected to an alternating magnetic 

field. The circulation of the currents in a material generates a magnetic field which 

will interact with the applied field, resulting in a force that opposes the change in flux 

and due to the electrical resistance of the material, the induced currents will be 

dissipated into heat [156]. However, iron sand used in this study is a non-conductive 

mineral with high electrical resistivity at 28.5 Ohm-m under DC-resistivity 

measurement and 29.6 Ohm-m under AC-resistivity measurement [115] and 

therefore, damping resulting from eddy current loss can be disregarded and will not 

be further discussed. The residual magnetic loss is associated with deviation of 

atomic magnetic spin waves from the equilibrium position and resonance phenomena 

of magnetic moment orientation within the magnetic domain walls in permanent 

magnets such as nickel, cobalt, and some alloys of rare earth metals [157]. Therefore, 

damping due to residual magnetic loss can be assumed negligible as iron sand is a 

soft magnetic material. 

The process for energy absorption by the magnetomechanical damping is due 

to change of magnetic domain structure induced by application of stress [111, 112, 

158]. The effect of domain interaction before and after applied tensile, compressive 
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and shear stresses are shown in Figure 2.22. Tensile stress tends to align domains 

parallel to the tensile load whilst the compressive stress also orientates domains 

parallel to the compressive load. Shear loading can be resolved into a biaxial stress 

state such that the two stresses perpendicular to each other with one directed towards 

the natural and the other away from the natural (see Figure 2.22 c). The effect of 

shear stress on domain orientation can be represented by coalescence of tension and 

compression stresses such that the tensile stress tends to align domains parallel to the 

tensile load and the compressive stress further encourages alignment of domain in the 

tensile direction. 

When the material is subjected to a cyclic load, the matrix phase transfers load 

to the damping phase and the domains align correspondingly to the loading direction. 

At a critical stress level, the domains switch from one stable orientation to another. 

Each domain reorientation absorbs a quantifiable amount of energy under an applied 

cyclical load. After the domains have orientated, they behave elastically until an 

opposite critical stress is applied, causing them to reorient back to a new state, 

absorbing more energy. Furthermore, the mechanical energy required for domain 

motion increases when an external magnetic field is applied during services. 

Kallio [159] reported that the effect of magnetomechanical damping for 

MREs based on silicon rubber and iron particles was much less than that through 

inter-particle magnetic interactions. Furthermore, the energy losses due to change of 

the magnetic domain structure is very difficult to directly measured. 
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Figure 2.22 Results of domain interaction before and after applied tensile, 

compressive and shear stresses 
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2.8.4 Modelling of MRE damping mechanisms 

 Literature on the modelling of MRE damping mechanisms is limited. Early 

models were developed by Davis [37] and Jolly et al. [46] describing the effect of 

inter-particle magnetic interactions on the elastic properties of MREs, particularly on 

the shear modulus. Their work was based on prior theoretical and finite element 

analyses of MRFs. The developed models use assumptions that the particles are 

spherical and aligned in perfect chains where the quasi-static shear strains and 

associated stresses are uniformly distributed over the length of each particle chain. 

These models have the ability to predict shear modulus well. However, prediction of 

damping was neglected and mechanisms other than inter-particle magnetic 

interactions were not included. Lin [153] and Yancheng et al. [97] proposed 

interfacial slip models to describe contributions of the interface between magnetic 

particles and the rubber matrix to damping but not damping mechanisms associated 

with the matrix and magnetic particle interactions and so these models would be 

expected to be limited with respect to describing total damping. Furthermore, these 

models were not verified experimentally. 

 Chen and Jerrams [49] were the first to try to take account of all damping 

mechanisms. They proposed a model to predict overall shear modulus of MREs under 

cyclic deformation from separate shear moduli representing the different 

mechanisms, taking into account the viscoelasticity of the rubber matrix, interfacial 

slippage between magnetic particles and the matrix and inter-particle magnetic 

interactions. Tan δ was then obtained from the combined shear modulus. The model 

is suggested to be potentially reliable for prediction of the overall damping for MREs 

with weakly bonded interfaces between magnetic particles and the matrix, but less 
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accurate for MREs containing surface modified particles with strongly bonded 

interfaces due to additional energy absorbed during viscous flow which is more 

constrained due to the formation of interfacial bonding between particles and the 

matrix and energy loss due to stress released after debonding of particles from the 

matrix. The effectiveness of the model was tested by numerical simulations, however, 

the results were not verified experimentally. 

 More recently, Jie et al. [48] developed a model that also aimed to take 

account of all possible damping mechanisms to predict overall damping of MREs. 

This took account of intrinsic damping of component materials, interfacial damping 

and inter-particle magnetic damping. In their model, the rule of mixtures (commonly 

used to model the strength of unidirectional, continuous fibre composites) [160] was 

used to describe the intrinsic damping, assuming MREs as particle reinforced 

composites with magnetic particle chains of infinite length. The contribution to 

damping for strongly bonded interfaces was proposed based on Eshelby inclusion 

theory [161] and the contribution for weakly bonded interfaces was proposed based 

on Coulomb’s law of friction [162]. The contribution for inter-particle magnetic 

damping was described using the inter-particle magnetic interactions model 

developed by Jolly et al. [46]. The model has the ability to explain the experimental 

trends but the differences between predicted damping values and experimental values 

were more than 40% which is most likely due to over-simplication in prediction of 

intrinsic damping by using the ROM. Furthermore, the dependence of frequency on 

material damping was neglected. 
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 The aim of the current work was to accurately predict total damping capacity 

of MREs taking account the separate mechanisms that would contribute to damping, 

namely: 

i) viscous flow of the rubber matrix, 

ii) interfacial damping through strongly bonded interfaces and weakly bonded 

interfaces, 

iii) magnetism-induced damping. 

The contribution of viscous flow of the rubber matrix on the overall damping was 

characterised using the Kelvin Voight model [163]. The contribution to damping for 

strongly bonded interfaces was described using Schoeck theory [164] which is 

originally based on Eshelby inclusion theory [161]  and the contribution for weakly 

bonded interfaces was proposed based on Lavernia analysis [165] which is based on 

Coulomb’s law of friction [162]. The inter-particle magnetic interactions model 

developed by Jolly et al. [46] was adopted to evaluate the magnetism-induced 

damping. 
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Chapter 3 

Curing of Rubber Compound Using Dynamic 

Mechanical Analysis 

 

3.1 Introduction 

In this chapter, a new method to predict optimum cure (t90) time of rubber 

compounds was proposed. Dynamic Mechanical Analysis (DMA) was carried out in 

an isothermal shear mode to measure the changes in material properties caused by 

vulcanization. Storage modulus (G′), loss modulus (G′′) and tan δ were recorded as a 

function of time and correlation between G', G'' and tan δ with t90 were investigated. 

To assess that DMA is reliable for assessment of t90, the t90 of 21 different rubber 

compounds with various filler loading and particle size were analysed and results 

were compared with cure time obtained using a conventional rubber curemeter, 

moving die rheometer (MDR). 

 

3.2 Experimental 

3.2.1 Material and specimen preparation 

In order to check the applicability of DMA to predict the optimum cure time 

and to evaluate the consistency of the measurements, 21 formulations of rubber 

compound were investigated. The formulations used in this study are shown in Table 

3.1. Natural rubber (SMR L) and other chemicals such as zinc oxide, stearic acid, n-

cyclohexyl-2-benzothiazole sulfenamide (CBS), tetra methyl thiuram disulphide 
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(TMTD), paraffin oil, naphthenic oil were all purchased from Field Rubber Limited, 

Auckland. Both unfilled and filled rubbers were involved in this study. Iron sand was 

used as filler, which was milled to various sizes using planetary mono mill 

(Pulverisette 6) produced by Fristech GmbH. 

The mixing and compounding was carried out using a conventional laboratory 

two roll mill (model XK150). The front roller speed was 24 rpm, the rear roller speed 

was 33 rpm, the roller diameters were 150 mm, friction ratio of two rollers was 1:1.4 

and the roller temperature was set to 80oC. The nip gap (distance between front and 

back roller) was maintained at 2 mm during compounding. The compounding began 

with softening the rubber on its own in the two roll mill (mastication). Mastication 

reduces the viscosity and increase the plasticity of natural rubber which is brought 

about by heat generated in two roll mill through conduction from the heated roller 

and shearing of rubber during milling. After 2-3 minutes the rubber became invested 

on the hot roll and additives (other than accelerators and sulphur) were then added 

followed by filler; addition of accelerators and sulphur were delayed to the last part of 

the process to prevent premature vulcanization during compounding. The mixing 

time was approximately 40 minutes. Samples were punched from the uncured 

compound in the form of circular discs with 10 mm diameter and thickness of 3 mm 

for DMA shear mode testing. 

3.2.2 Equipment and procedure 

Moving Die Rheometer (MDR) 

The MDR 2000 is a rotor less curemeter designed to measure vulcanization of 

rubber compounds under isothermal test conditions with constant strain and 

frequency. It has gained much acceptance by the rubber industry and offers several 
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substantial advantages over previous ODR techniques as described in ASTM D 2084. 

The design of the MDR 2000 allows the lower half of the die to perform an 

oscillating rotation of 0.5o with torque measured at the upper die by a torque 

transducer. The curing characteristics of the compound were determined at 150oC 

under a constant frequency of 1.66 Hz and the t90 values were derived from the 

vulcanization curve. The results of the cure time measurements with the MDR are 

listed in Table 3.2 

Dynamic mechanical analysis (DMA) 

The DMA instrument used to perform these experiments was a Perkin Elmer 

DMA 8000. It is made up of six major components (Figure 3.1): a force motor, a 

drive shaft, a high sensitivity displacement detector (LVDT), a sample fixture, a 

furnace and a temperature controller. DMA measurements were conducted on 

circular disc specimens in shear mode. The specimen loading is shown in Figure 3.2 

The driveshaft motion was kept in a horizontal direction during the test and the 

temperature controller was placed at a minimum distance from the sample. The 

furnace was first preheated to 150oC and then an isothermal test was carried out under 

a fixed frequency of 1.66 Hz and constant displacement amplitude of 0.1 mm. The 

temperature was held at 150oC for 15 minutes to allow full vulcanization to occur. 

Data were collected approximately every 5 second in the isotherm period. Shear 

storage modulus (G′), shear loss modulus (G′′) and tan δ were recorded as a function 

of time in order to deduce a direct connection between the dynamic time sweep test 

and optimum curing time. 
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Table 3.1 Formulation of rubber compounds 

Material Natural 

Rubber  

ZnO Stearic 

Acid  

CBS TMTD Paraffin 

 oil 

Naphthenic 

 oil 

Sulphur Iron 

sand 

loading 

Iron sand 

particle 

size 

Sample/Unit phr phr phr phr phr phr phr phr phr µm 

1 100 5 1 2 1 2 3 1.5 0 0 

2 100 5 1 2 1 2 3 1.5 30 0 - 32 

3 100 5 1 2 1 2 3 1.5 30 32 - 45 

4 100 5 1 2 1 2 3 1.5 30 45 - 56 

5 100 5 1 2 1 2 3 1.5 30 56 - 75 

6 100 5 1 2 1 2 3 1.5 30 75 - 106 

7 100 5 1 2 1 2 3 1.5 50 0 - 32 

8 100 5 1 2 1 2 3 1.5 50 32 - 45 

9 100 5 1 2 1 2 3 1.5 50 45 - 56 

10 100 5 1 2 1 2 3 1.5 50 56 - 75 

11 100 5 1 2 1 2 3 1.5 50 75 - 106 

12 100 5 1 2 1 2 3 1.5 70 0 - 32 

13 100 5 1 2 1 2 3 1.5 70 32 - 45 

14 100 5 1 2 1 2 3 1.5 70 45 - 56 

15 100 5 1 2 1 2 3 1.5 70 56 - 75 

16 100 5 1 2 1 2 3 1.5 70 75 - 106 

17 100 5 1 2 1 2 3 1.5 100 0 - 32 

18 100 5 1 2 1 2 3 1.5 100 32 - 45 

19 100 5 1 2 1 2 3 1.5 100 45 - 56 

20 100 5 1 2 1 2 3 1.5 100 56 - 75 

21 100 5 1 2 1 2 3 1.5 100 75-106 
*phr= per hundred rubber 
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Table 3.2 Optimum cure time (t90) of the formulations as evaluated by MDR 

Sample  1 2 3 4 5 6 7 8 9 10 11 

t90 MDR 

(min) 5.10 4.65 5.19 4.85 5.25 4.71 4.41 4.82 4.64 4.51 4.92 

                        

                        

Sample  12 13 14 15 16 17 18 19 20 21   

t90 MDR 

(min) 4.46 4.42 4.58 4.31 4.47 4.47 4.70 4.55 4.54 4.20   
                        

.  

 

 

 

 

 

 

 

Figure 3.1 Scheme of the DMA 8000 

 

 

 

 

 

 

 

 

Figure 3.2 Scheme of the shear mode specimen loading in DMA 
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3.3 Results and discussion 

A typical time sweep plot of the unfilled natural rubber compound (NR) 

measured by DMA is shown in Figure 3.3, including G′ and G′′. As can be seen, G′′ 

increases representing when the curing process started and reached a peak after 5 

minutes. This is thought to be due to softening of the material as the material is 

exposed to the curing temperature. After the maximum point, G′′ was found to 

decrease rapidly for 3 minutes, followed by a gradual decrease for approximately 15 

minutes. This is believed to occur due to the reduction of viscous flow in the material 

and therefore low energy being absorbed. In contrast, it is apparent that G′ does not 

change at the beginning of the curing stage. This indicates that the stiffness of the 

rubber remains low at the early stage of vulcanization. After 5 minutes, a rapid 

increase of G′ was observed, followed by a continuous increment up to 15 minutes. 

This represents the increase of stiffness as a result of crosslink formation. The results 

obtained agreed with previous work carried out by Gatos et al. [166] using a plate-

plate rheometer. 

 Altogether, it can be seen that neither parameter shows a plateau value that 

indicates an equilibrium degree of vulcanization. A gelation point can be detected at 

6.1 minutes; the gelation point is taken to be the crossover of G′′ and G′ where tan δ 

equals 1. In monitoring cure of thermosetting resins by DMA, the gelation point can 

be defined as a point where the crosslinks have progressed to form a network across 

the specimen and the material changes from a viscous liquid to a viscoelastic solid 

[167]. However, the values obtained show a significant difference with the value 

from a conventional curemeter with an average percentage error of 20% (Table 3.3).  
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It can be concluded that there is not a direct correlation between t90 and G′′ or G′ 

graphs.  

 

Figure 3.3 Time sweep plot, including G′′ and G′ for NR compound 

 

Table 3.3 Differences of t90 value measured by MDR and calculated from the 

gelation point of G′′ or G′ graphs for unfilled natural rubber compound (NR) 

    Time 

Method 
t90 MDR 5.1 minutes 

t90 Gelation Point 6.1 minutes 

Error (%)   20% 

      

 

Another important parameter obtained in dynamic time sweep test is tan δ. 

Tan δ is calculated as the quotient of the loss and the storage moduli. Therefore, it 

reveals the ratio of the viscous and the elastic portions of the materials [168]. The 

results for tan δ as a function of time for NR are depicted in Figure 3.4. As can be 

seen, three stages of curing process can be observed for the tan δ curve suggests that, 
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this parameter and its changes with time apparently reflect the development of 

crosslinking reaction inside the rubber. In induction period, tan δ increased to a 

maximum which indicates the softening of the material and slow chemical reaction 

between vulcanizing agent, rubber and other compound constituents. The peak could 

relate to where optimum flow of the rubber compound through the mould cavity can 

occur giving the compound its final shape for curing. In the curing stage, tan δ was 

found to decrease rapidly which can again be explained by development of crosslinks 

between the rubber molecular chains that increase the elasticity of the material. As 

previously discussed, the end of this stage corresponds to the optimum vulcanization 

time (t90). In most cases of torque versus time graphs (vulcanization curves) 

generated by the MDR, the final stage of vulcanization is characterized by a plateau 

at a maximum value [166].  A potentially equivalent plateau is well resolvable in the 

tan δ curve, but tan δ stabilizes at a minimum value as a function of time. 

 

Figure 3.4 Tan δ curve as a function of time for NR compound 
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In a typical MDR vulcanization curve, the time to achieve the optimum 

network density, at a given temperature is the time required for the torque to reach 

90% of the maximum achievable torque [147]. The T90 can be calculated as follows: 

T90 = Tmin + 0.9(Tmax-Tmin) (3.1) 

where Tmax and Tmin are the maximum and minimum torque values. The value of t90 

can now be found from the graph of torque versus time. Considering the capability of 

the DMA to monitor the formation of the crosslinking network by the tan δ curve, an 

equivalent t90 could be obtained similiarly from 90  according to Equation 3.2 : 

90 =  max – 0.9(  max-  min) (3.2) 

where now  max and  min are the maximum and minimum tan δ values. It is assumed 

that t90 could now be obtained from tan δ versus time graphs at 90. From the tan δ 

curve of NR in Figure 3.4, the t90 value obtained using Equation 3.2 is 5.3 minutes. 

There was little difference between MDR and DMA values with percentage error of 

3.9%. It should be mentioned at this point that even different types of conventional 

curemeters present variation of optimum curing time for the same sample [166]. 

Therefore, as both techniques use a shear excitation and measure a quantity that is 

related to the shear modulus, the similarity is reasonable.  

 In addition, it is possible that cure rate could also be determined from the tan 

δ versus time curve, as a decrease in tan δ value with time such that it could be 

obtained by the slope in the curing stage. However, further work would be needed to 

assess that. The sensitivity of the DMA is also sufficient to record the overcuring of 

rubber (after t90). 
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In order to assess that DMA is reliable for assessment of t90, further rubber 

compounds were analysed. In this step, t90 of 20 further rubber compounds with 

various filler loading and particle size as mentioned in Table 3.1 were measured using 

MDR and DMA. A percentage error criterion was used for comparison of these two 

techniques. The percentage errors for t90 measurements using DMA are given in 

Table 3.4. In view of the results obtained, the percentage errors for all compounds 

were lower than +/- 5 % with average percentage error of 0.58 %. The results for all 

compounds at different particle sizes and loading were satisfactory and reliable with 

acceptable proximity. This indicates that the DMA is capable to measure different 

types of curing behaviours which is more apparent in the compounds with fillers as 

discussed ealier. 

Table 3.4 Percentage error of optimum cure time (t90) measured by DMA 

Sample  t90 MDR (min) t90 DMA (min) DMA (%) 

1 5.10 5.30 3.92 

2 4.65 4.70 1.08 

3 5.19 5.10 -1.73 

4 4.85 4.80 -1.03 

5 5.25 5.40 2.86 

6 4.71 4.50 -4.46 

7 4.41 4.30 -2.49 

8 4.82 4.70 -2.49 

9 4.64 4.50 -3.02 

10 4.51 4.60 2.00 

11 4.92 4.80 -2.44 

12 4.46 4.50 0.90 

13 4.42 4.20 -4.98 

14 4.58 4.50 -1.75 

15 4.31 4.20 -2.55 

16 4.47 4.50 0.67 

17 4.47 4.60 2.91 

18 4.70 4.90 4.26 

19 4.55 4.60 1.10 

20 4.54 4.60 1.32 

21 4.20 4.40 4.76 

Average error (%)     0.58 
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3.4 Chapter conclusion 

This work was devoted to assess the capability of DMA to predict the 

optimum curing time (t90) of rubber compounds. This was performed by investigating 

natural rubber compounds with a conventional sulphur crosslinking system.  It is 

known that the oscillating disk rheometer (ODR) and moving die rheometer (MDR) 

are by far the most commonly used equipment to characterize the curing behaviour of 

rubbers. The results of isothermal curing test of the DMA indicate that several 

parameters such as shear storage modulus (G′), shear loss modulus (G′′) and tan δ 

reflect the vulcanization process. However, only the tan δ curve shows a strong 

correlation with crosslink development. This means that the three stages of curing can 

be clearly observed, with the final stage of vulcanization characterised by a plateau. 

Contradictory to the typical MDR vulcanization curve where the torque reaches 

maximum, tan δ stabilizes at a minimum value and the t90 can be calculated as the 

time when tan δ reduces to 90 % of its maximum value. The measured values were 

generally in agreement with results obtained by a MDR with range of errors lower 

than +/- 5% and average percentage error of 0.58 %. Overall, the presented results 

show for the first time that DMA can be used to predict the optimum curing time of 

rubber. 
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Chapter 4 

Dynamic Properties of Magnetorheological 

Elastomers Based on Iron sand and  

Natural rubber 

 

4.1 Introduction 

In this study, magnetorheological elastomers (MREs) based on iron sand and 

natural rubber were prepared. The Taguchi method was employed to investigate the 

effect of a number of factors, namely, iron sand content, iron sand particle size and 

applied magnetic field during curing on tan δ and energy dissipated during hysteresis 

tests. Tan δ was measured through dynamic mechanical analysis (DMA) over a range 

of frequency (0.01–130Hz), strain amplitude (0.1–4.5%), and temperature (-100–50 

°C). Energy dissipated was measured using a universal tester under cyclic tensile 

loading. The data were then statistically analysed to predict the optimal combination 

of factors and finally experiments were conducted for verification. The 

morphological characteristics of the MREs were also examined using scanning 

electron microscopy (SEM). In the next section the Taguchi method is briefly 

reviewed. Then, the experimental methods used to fabricate the MREs, the factors 

investigated and the characterisation methods are described. This is followed by a 

presentation of the results and discussion. Finally, the conclusions are summarised 

and some finding remarks made. 
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4.2 Experimental 

4.2.1 Taguchi method 

The Taguchi method, pioneered by Genichi Taguchi, provides a simple, 

efficient, and systematic approach to study the effects of multiple variables by 

identifying the performance trend for each factor and determining the combination 

that yields optimum conditions.  

The Taguchi method generally includes the following steps: (1) identification 

of the factors and their levels; (2) selection of an appropriate orthogonal array (OA) 

and assignment of the factors and levels to the OA; (3) conducting of the experiment; 

(4) analysis of experimental data and determination of the optimal levels; (5) 

verification of the optimum design factors through experiment. 

The key component in designing the experiment is the identification of factors 

and their levels. With the finalised factors and levels, the Taguchi method makes use 

of an OA for experimental design. The Taguchi method allows for 18 different 

standards of OAs and the details of OA selection are published in references [169, 

170].  After OA selection, experiments are carried out and results can then be 

analysed using signal-to-noise (S/N) ratio to determine the effect of each factor and 

the level that maximizes the performance. The S/N ratio can be divided into three 

categories depending on the desired output performance: nominal (used where a 

target value is desired), smaller-the-better and larger-the-better, for which Equations 

4.1, 4.2 and 4.3 are used respectively to determine S/N: 

 𝑆

𝑁
= −10 𝑙𝑜𝑔

∑  (𝑌i-D)2𝑛
𝑖=0

𝑛
 

 

(4.1) 
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 𝑆

𝑁
= −10 𝑙𝑜𝑔

∑ 𝑌i 2
𝑛
𝑖=0

𝑛
 

(4.2) 
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𝑖=0

𝑛
 (4.3) 

 

where D is the average of observed data, n is the number of observation, i is the level 

and Yi is the observed data at level i. Another function of S/N is that it is able to 

determine the ranking of factors by calculating the average effect of a factor at a 

level. This is given by simple statistical calculation as follows [171] 

 

𝐴𝑗 =  
∑ (

𝑆

𝑁
) 𝑖𝑛

𝑖=0

𝑛
 (4.4) 

 

where Aj is the average  for factor j , (S/N)i represents the S/N observation of a factor 

at level i, and n represents the total number of observations for that factor. By plotting 

the average factor effect against the corresponding factor level, a main effect plot is 

obtained and the trend of the influence of each factor on the results is extracted. The 

relative effects of factors affecting the response can be calculated by analysis of 

variance (ANOVA). ANOVA is a powerful statistical analysis tool that can be used 

in the Taguchi method to determine statistically significant factors and to explore the 

relative contribution of each factor and level to the total variation. ANOVA provides 

information on sum of squares, degrees of freedom, percentage confidence level and 

percentage contribution. The sum of squares is a measure of the total variability of 

observed data. The sum of squares is defined as 

 
𝑆𝑆 =

∑ 𝑋𝑗
2𝑛

𝑖=0

𝑛
− 

𝑇2

𝑁
 (4.5) 
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where SS is the sum of squares, n is the number of observations, j is the factor, Xj is 

the sum of observed data at factor j, T = Σ Xj is the sum of all data and N is the total 

number of data points. The degree of freedom represents the number of levels for 

each factor that may vary independently and equals the number of levels of each 

factor minus one. The percentage confidence level represents the probability of the 

occurrence and the reliability of the data. The percentage contribution can is given by 

 Percentage contribution = 
𝑆𝑆𝑗

𝑆𝑆𝑇
 × 100% (4.6) 

where SSj is the sum of squares of factor j and SST is the total sum of squares. With 

S/N ratio and ANOVA analyses, the optimal combination of the factors can be 

predicted and finally, an experiment can be conducted to verify the optimal factors.  

 

4.2.2 Materials 

A fixed masterbatch formulation for rubber was used in this study (Table 4.1). 

Natural rubber (SMR L grade) and other chemicals including zinc oxide, stearic acid, 

n-cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram disulphide 

(TMTD), paraffin oil, and naphthenic oil were all purchased from Field Rubber 

Limited, Auckland. Iron sand was collected from Ngarunui Beach, Raglan. The iron 

sand was then milled using a planetary mono mill (Pulverisette 6) produced by 

Fristech GmbH and subsequently sieved to obtain a wide range of particle size 

fractions. 
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Table 4.1 Masterbatch formulation 

Materials Function phr* 

Natural Rubber raw material/matrix 100 

ZnO accelerator/activator 5 

Stearic Acid accelerator/activator 1 

CBS accelerator 2 

TMTD accelerator 1 

Paraffin Oil plasticiser 2 

Naphthenic Oil plasticiser 3 

Sulphur crosslinking agent 1.5 

 *parts per hundred rubber     
 

4.2.3 Experimental Design 

Selection of factors and levels 

In this study, three factors were considered: iron sand content, particle size 

and applied magnetic field during curing. These factors were varied at five levels as 

shown in Table 4.2, based on the existing literature [18, 19, 24, 29, 31]. 

Table 4.2 Experimental control factors and their respective levels 

Factors Symbol Unit Level 1 Level 2 Level 3 Level 4 Level 5 

Iron sand content I phr 0 30 50 70 100 

Particle size P µm 0–32 32–45 45–56 56–75 75–106 

Magnetic field M mT 0 300 500 700 1000 

 *phr=part per hudred rubber, *µm = micrometer,*mT=miliTesla 

 

Selection of orthogonal array and analysis of data 

Given the three factors and five levels considered in this study, an L25 

orthogonal array (OA) was selected for the Taguchi method. The L25 OA is shown in 

Table 4.3 and consists of 25 experiments corresponding to 25 rows and three design 

factors assigned to the respective columns along with their levels. Analysis of the S/N 

ratio was subsequently used to evaluate the experimental results. In the present study, 

since the tan δ and amount of energy dissipated (hysteresis tests) were intended to be 
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maximized, the larger-the-better target for S/N ratio was chosen. Analysis of variance 

(ANOVA) was used to statistically assess the percentage contribution between each 

factor. ANOVA was performed by using STATISTICA software. In addition, it is 

possible to study the interaction effects of the factors and their levels by using 

ANOVA, however, the use of L25 OA does not allows for the determination of 

interactions and further work would be needed to assess that. 

 

Table 4.3 Experimental layout of an L25 orthogonal array according to the Taguchi 

method 

Sample 

type 
Factors and their levels  

I P M 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 1 4 4 

5 1 5 5 

6 2 1 2 

7 2 2 3 

8 2 3 4 

9 2 4 5 

10 2 5 1 

11 3 1 3 

12 3 2 4 

13 3 3 5 

14 3 4 1 

15 3 5 2 

16 4 1 4 

17 4 2 5 

18 4 3 1 

19 4 4 2 

20 4 5 3 

21 5 1 5 

22 5 2 1 

23 5 3 2 

24 5 4 3 

25 5 5 4 
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4.2.4 Preparation of isotropic and anisotropic MREs 

Formulations were determined according to the OA and were compounded 

using a conventional laboratory two roll mill (model XK150) according to ASTM 

designation D3184-80. The front roller speed was 24 rpm and the rear roller speed 

was 33 rpm, the roller diameters were 150 mm, friction ratio of two rollers was 1:1.4 

and the roller temperature was set to 80oC. The nip gap (distance between front and 

back roller) was maintained at 2 mm during compounding. The compounding began 

with softening the rubber on its own in the two roll mill (mastication). Mastication 

reduces the viscosity and increase the plasticity of natural rubber which is brought 

about by heat generated in two roll mill through conduction from the heated roller 

and shearing of rubber during milling. After 2-3 minutes the rubber became invested 

on the hot roll and additives (other than accelerators and sulphur) were then added 

followed by iron sand; addition of accelerators and sulphur were delayed to the last 

part of the process to prevent premature vulcanization during compounding. The 

mixing time was approximately 40 minutes. The cure time at 150°C was then 

determined according to the procedure as described in Chapter 3 and the results are 

attached in the Appendix I. Compounded rubber samples weighing 13g were placed 

in a mould 60 x 50 x 3 mm. The isotropic MREs were cured in a compression 

moulder at 150°C under a pressure of approximately 12 MPa. The anisotropic MREs 

were subjected to an external magnetic field in a specially developed 

electromagnetic-thermal coupled device (as shown in Figure 4.1) at 80°C for 30 

minutes and subsequently were cured in a compression moulder at 150°C under a 

pressure of approximately 12 MPa. Finally, post-cure treatment was performed by 

cooling the anisotropic MREs at room temperature for 30 minutes under an external 
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magnetic field of the same strength as that used during pre-curing. The post-cure 

treatment was considered necessary to reorientate the magnetic dipoles after 

compression moulding. 

 

Figure 4.1 Sketch of specially developed electromagnetic-heat coupled device. 

 

4.2.5 Characterisation 

Dynamic mechanical analysis 

Dynamic mechanical analysis was carried out using a Perkin Elmer Dynamic 

Mechanical Analyser (DMA 8000). Tan δ was measured over a wide range of 

frequency, strain amplitude and temperature. The influence of frequency and strain 

amplitude on tan δ was assessed using two circular disc specimens with a diameter of 

10 mm and a thickness of 3 mm in shear mode at room temperature. Tan δ was 

measured over the frequency range of 0.01–130 Hz at a fixed strain amplitude of 

0.5% and over a strain amplitude range of 0.1–4.5% at a fixed frequency of 100Hz. 

For the influence of temperature on tan δ, the samples were analysed in dual 

cantilever mode at a frequency of 1 Hz, with a strain amplitude of 0.5% and  over a 

temperature range from  -100 – 50 °C. The samples were rectangular with dimensions 

30 mm ×6 mm ×3 mm. 
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Hysteresis 

Hysteresis loss is defined as the amount of energy dissipated during cyclic 

deformation when the samples are stretched and then allowed to retract at the same 

rate to the unstretched state. In this study, the hysteresis loss was determined on 

tensile dumbbells using an Instron 4204 at a crosshead speed of 500 mm/min 

according to ASTM D412-80. The stress-strain curve was recorded and hysteresis 

loss was calculated as 

Hysteresis loss = Area under the loading curve - Area under the recovery curve (4.7) 

Morphology 

The microstructures of isotropic and anisotropic MREs were observed using a 

Hitachi S-4700 scanning electron microscope (SEM). The samples were cut into 

pieces with a surface area of 5 mm × 3 mm and coated with a thin layer of platinum 

prior to observation at an accelerating voltage of 20 kV. 

 

4.3 Results and discussion 

Typical trends obtained in this work for the influence of frequency [29, 99, 

110], strain amplitude [31, 172] and temperature [173, 174] on tan δ as well as the 

hysteresis loop obtained after a complete reversed stress cycle [175, 176] are shown 

in Figure 4.2. In order to calculate the optimum levels for the different factors using 

S/N ratio and ANOVA, reference points for tan δ were selected. For optimising tan δ 

over a range of frequency of 0.01-130 Hz, the maximum value of tan δ was taken as 

the reference point, which was consistently observed at 130 Hz (the maximum 

frequency applied). For optimising tan δ over a range of strain amplitude (0.1–4.5%), 

the reference point was chosen to be within the plateau region at 3% strain amplitude. 
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With respect to choosing a reference point over a range of temperature, attention was 

given to the peak of the curve of tan δ versus temperature which represents the glass 

transition temperature (Tg) where the material undergoes drastic changes in the 

mechanical energy of the molecular vibrational motion (see Figure 4.2 (c)). Addition 

of particulate fillers into rubber is generally not expected to change the temperature at 

which tan δ reaches a peak. What is commonly apparent, however, is broadening of 

the transition region after Tg to the plateau region [173, 177]. In this study, Tg of 

natural rubber is -47 °C and the transition region after Tg to the plateau region was 

observed at -47– 0 °C. To reflect the broadening of the peak, a reference point for tan 

δ was selected at -35 °C. In hysteresis testing, the amount of energy dissipated was 

calculated from the area of the hysteresis loop (see Figure 4.2 (d)). Table 4.4 shows 

the values of tan δ and hysteresis loss obtained for these reference points that were 

subsequently used to calculate S/N ratios and ANOVA, each value representing an 

average from 3 samples. The highest values for each test type are shown in bold. 

 

 

 

 

 

 

 

 

 

Figure 4.2 Typical trends for influence of (a) frequency, (b) strain amplitude, (c) 

temperature on tan δ and (d) typical hysteresis for a complete reversible stress cycle. 

Frequency 

(Hz) 

T
an

 δ
 

Strain amplitude 

(%) 

T
an

 δ
 

Temperature 

(oC) 

T
an

 δ
 

Strain 

S
tr

es
s 



 

87 

 

Table 4.4 Tan δ and hysteresis loss used to calculate S/N ratios and ANOVA, highest 

value shown in bold 

 

Sample 

type 

Maximum tan δ 

over 0.01-130 Hz 

(130 Hz) *a 

Tan δ at plateau 

over 0.1–4.5% 

strain amplitude 

(3%)*b 

Tan δ in 

transition region 

of -47– 0 °C  

(-35 °C) *c 

Hysteresis 

loss 

(kJ/m3) 

1 0.093 0.098 0.758 31.59 

2 0.093 0.098 0.749 31.96 

3 0.097 0.099 0.720 31.71 

4 0.096 0.098 0.758 31.72 

5 0.095 0.098 0.744 32.44 

6 0.111 0.103 1.082 39.04 

7 0.078 0.129 0.870 52.46 

8 0.131 0.112 0.946 69.98 

9 0.095 0.137 1.142 55.11 

10 0.112 0.113 0.958 49.46 

11 0.118 0.099 0.881 45.55 

12 0.114 0.107 1.025 94.15 

13 0.125 0.110 1.128 110.92 

14 0.103 0.090 0.676 96.41 

15 0.171 0.155 0.670 57.10 

16 0.133 0.104 0.913 57.58 

17 0.112 0.098 1.216 119.48 

18 0.158 0.118 0.843 95.26 

19 0.161 0.134 0.952 70.09 

20 0.169 0.130 0.842 75.51 

21 0.114 0.095 1.061 100.05 

22 0.113 0.098 0.920 99.29 

23 0.103 0.090 0.851 154.61 

24 0.151 0.148 0.851 104.10 

25 0.078 0.071 0.946 133.34 
 

*a Strain amplitude = 0.5% 

*b Frequency = 100 Hz 

*c Strain amplitude = 0.5% and frequency = 1 Hz 
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4.3.1 Morphology 

Figure 4.3 shows SEM images of the isotopic and anisotropic MREs. From 

the SEM micrographs, it can be seen that isotropic MREs have a homogeneous iron 

sand particle distribution in the rubber matrix without obvious aggregation (Figure 

4.3 a). Figure 4.3 b-e show anisotropic MREs cured at different magnetic field. 

Clearly, as expected, applying a magnetic field at elevated temperature allowed the 

iron sand particles to organise into chain-like columnar structures. It can also be 

noted that the chains became longer and more aligned as the magnetic field strength 

increased. A higher magnification micrograph (Figure 4.3 f) highlights that there are 

obvious gaps between iron sand particle and rubber, which suggests weak interaction 

between iron sand and rubber. 

 

4.3.2 Effect of frequency on tan δ 

The trends for influence of frequency on tan δ when the factors were varied 

over their different levels are shown on the main effect plots in Figure 4.4. As 

discussed earlier, the higher the value of the S/N ratio, the better the signal, which 

implied that the highest value in the main effect plots can be used to attain optimised 

tan δ for variable frequency loading. The S/N ratio increases with increasing iron 

sand content until it reaches a maximum value at 70 phr and thereafter decreases at 

the highest iron sand content (100 phr). The increase of S/N ratio with increasing iron 

sand content can be explained by the increase in energy absorbed due to interfacial 

friction caused by the increase in interfacial area with increase in iron sand content. 

The decrease in S/N ratio at the highest iron sand content can be explained by poor 

dispersion of  iron sand particles due to the insufficient amounts of  rubber matrix to  
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Figure 4.3  SEM images of iron sand-natural rubber MREs: (a) isotropic MRE – 0 

mT; (b) anisotropic MRE – 300 mT; (c) anisotropic MRE – 500 mT; (d) anisotropic 

MRE – 700 mT; (e) anisotropic MRE – 1000mT; and (f) interphase of iron sand-

natural rubber matrix. 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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wet the iron sand thoroughly. Similar findings have been observed in other studies 

[30, 97]. From Figures 4.4 (b) and (c), it can be seen that the particle size and 

magnetic field had a minimal influences on S/N ratio but the S/N ratios at 45-56µm 

and 300 mT are the highest. The minimal influence of magnetic field on S/N ratios 

would appear to be due to minimal increase of particle separation as the test was 

performed at a low fixed strain amplitude (0.5%) in shear mode such that particle 

chains would generally rotate rather than extend. The results suggest that the highest 

value for tan δ might be obtained by using 70 phr iron sand, a 45–56 µm particle size 

and a 300 mT magnetic field during curing. 

Figure 4.4 Main effect plots for S/N ratio of tan δ at 130Hz (a) effect of iron sand 

content, (b) effect of iron sand particle size and (c) effect of magnetic field during 

curing. 
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Table 4.5 shows ANOVA results for the effect of frequency on tan δ. It can be 

seen from the level of contribution that iron sand content has the greatest influence on 

tan δ with a 99.9% confidence level. The particle size and magnetic field show much 

less influence (lower % contribution) with confidence levels of 99% and 97%, 

respectively.  

 

Table 4.5 ANOVA results for the effect of frequency on tan δ 

Factor 

Sum of 

squares 

Degrees 

of 

freedom 

% confidence 

level 
% contribution 

Iron sand content (phr) 0.024 4 99.9 72.73 

Particle size (µm) 0.005 4 99 15.15 

Magnetic field (mT) 0.004 4 97 12.12 

          
 

The final and essential step to complete the Taguchi analysis, namely 

conducting an experiment to verify the suggested optimum conditions, was carried 

out using optimised conditions (70 phr iron sand, 45-56 µm particle size and 300 mT) 

and the value of tan δ found (0.22) was indeed higher than the highest value achieved 

previously (0.171 for sample type 15). This supports the optimum conditions 

suggested by S/N ratio and ANOVA. The variation of tan δ with frequency is shown 

in Figure 4.5a. Tan δ is higher for the optimised sample over the whole frequency 

range explored. G′ and G′′ are also plotted in Figure 4.5 (b and c) to help highlight the 

mechanisms involved. G′ and G′′, similar to tan δ are frequency dependent and it can 

be seen that the increase of tan δ as the frequency increases is mainly due to 

increasing in G′′ as opposed to G′. The increase in G′′ can again be explained by the 

increased energy loss due to the increase of interfacial friction between the iron sand 

and rubber with increasing frequency. 
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Figure 4.5 (a) Tan δ, (b) storage modulus (G′) and (c) loss modulus (G′′) versus 

frequency for the optimised sample and sample type 15. 
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4.3.3 Effect of strain amplitude on tan δ 

Figure 4.6 shows the main effect plots of the S/N ratios for the influence of 

strain amplitude on tan δ. The highest S/N ratios are observed at 30 phr iron sand 

content, 56-75 µm particle size and 500 mT magnetic field during curing. However, 

no obvious trend of the S/N ratios is seen for any factor as the level changes. This 

could be attributed to the poor bonding between iron sand and rubber as supported by 

morphology. This is in agreement with the results reported by other researchers [97]. 

The weak interaction between the iron sand and natural rubber is fully disrupted at 

low strain amplitude and therefore, at high strain amplitude, the damping is 

dominated by the viscous flow of the rubber matrix and friction between rubber 

chains and iron sand. For the selected reference point (3% strain amplitude) here, it 

should also be noted that the suggested optimum conditions for variable strain 

amplitude loading are different compared with the optimum conditions for the effect 

of frequency on tan δ (70 phr, 45-56 μm, 300 mT). A lower optimum iron sand 

content (30 phr) here supports that at the reference point for this experiment on effect 

of strain amplitude on tan δ, energy absorbed is more dominated by the viscous flow 

in rubber matrix. However, the suggested optimum magnetic field is higher, which 

indicates that formation of longer particle chains opposed the higher shearing force 

with increasing strain amplitudes such that the particle chain orientation changes and 

transforms elastic energy into magnetic energy, which then dissipates by magnetic 

hysteresis [21, 178]; the increased energy could also be absorbed through the 

magnetomechanical effect (change of magnetic domain structure induced by 

application of stress). 
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Figure 4.6 Main effect plots for S/N ratio of tan δ at 3% strain amplitude (a) effect of 

iron sand content, (b) effect of iron sand particle size and (c) effect of magnetic field 

during curing. 

 

Table 4.6 shows ANOVA results for the effect of strain amplitude on tan δ. 

Also seen that the variability for each factor was tested at 99.9% confidence level. 

None of the factors have a significant influence on tan δ and hence the percentage 

contribution is approximately the same for each factor. 
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Table 4.6 ANOVA results for the effect of tan δ on strain amplitude 

Factor 
Sum of 

squares 

Degrees of 

freedom 
% confidence 

level 
% contribution 

Iron sand content (phr) 0.005 4 99.9 35.71 

Particle size (µm) 0.004 4 99.9 28.57 

Magnetic field (mT) 0.005 4 99.9 35.71 

 

As expected, an experiment using optimised conditions (30 phr iron sand 

content, 56-75 µm particle size and 500 mT) results in slightly higher value of tan δ 

(0.160) compared with the highest achieved previously (0.155 for sample type 15). 

Figure 4.7 shows tan δ, the  storage modulus (G′) and the loss modulus (G′′) of the 

optimised sample and sample type 15 over a range of strain amplitude (0.1–4.5%). It 

was found that tan δ and G′ were amplitude dependent at low strain amplitudes 

reaching a plateau at about 1% strain amplitude. The amplitude dependence at low 

strain is typically attributed to the Payne effect [179]. This effect is frequently 

explained by the breakdown of filler aggregates to release trapped rubber to allow 

more viscous flow, separation of dipole-dipole interaction between neighbouring 

particle and filler rubber detachment and reformation that increases with increasing 

strain amplitude. Once the strain amplitude is high enough, all the interactions are 

destroyed to such an extent that it cannot be reconstructed and the Payne effect 

diminishes. Consequently, the energy loss is largely reliant on the rubber matrix and 

friction of rubber chains and iron sand. 
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Figure 4.7 (a) Tan δ, (b) storage modulus (G′) and (c) loss modulus (G′′) versus 

strain amplitude for the optimised sample and sample type 15. 
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4.3.4 Effect of temperature on tan δ  

The main effect plots of the S/N ratios for influence of temperature on tan δ 

are depicted in Figure 4.8. The Taguchi method suggests that the optimised tan δ for 

variable temperatures loading could be obtained by using 30 phr of iron sand content, 

a 32-45 µm of particle size and a 1000 mT magnetic field during curing. As can be 

seen from Figure 4.8 (a), S/N ratios of the filled compounds are higher compared to 

those of the unfilled compound. Addition of iron sand has constrained rubber chains 

and therefore increased the temperature required for their mobility, thus increasing 

relaxation at the reference temperature [177]. From Figure 4.8 (b), it can be seen that 

the S/N ratios decrease with increasing particle size, which is likely to be due to the 

decrease of surface area of iron sand adhered to rubber. In Figure 4.8 (c), the S/N 

ratio increases with increasing magnetic field until it reaches a maximum at 1000 mT. 

This indicates that the formation of magnetic particle chains and columnar structures 

provides additional damping by further restriction of the intermolecular 

conformational changes during relaxation, as supported by morphology. As can also 

be noted, the suggested optimum conditions are different compared with those 

observed previously for the effect of frequency and strain amplitude on tan δ. As this 

test was performed in dual cantilever mode at a fixed low frequency (1Hz) and strain 

amplitude (0.5%) over the temperature range, the deformation of material would be 

much lower compared with that tested in shear loading. Therefore, at selected 

reference point used for this experiment, the additional damping through interfacial 

friction and magnetic interactions (inter-particle interaction and magnetomechanical 

damping) would be expected to be much lower. A lower optimum iron sand content 

(30 phr) supports that the damping is largely reliant on the intermolecular relaxation 
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of the rubber matrix. However, the suggested optimum magnetic field at 1000 mT 

suggests that the energy absorbed by formation of longer particles chains would not 

be due to separation of dipole-dipole interaction or magnetomechanical damping, 

perhaps the longer particle chains provide additional damping by further restriction of 

the intermolecular conformational changes during relaxation. 

 

Figure 4.8 Main effect plots for S/N ratio of tan δ at -35 °C (a) effect of iron sand 

content, (b) effect of iron sand particle size and (c) effect of magnetic field during 

curing. 

 

Table 4.7 shows ANOVA results for the effect of temperature on tan δ. Iron 
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confidence levels of 99%. It is also apparent that the particle size has much less 

influence with less than 10% contribution. 

 

Table 4.7 ANOVA results for effect of temperature on tan δ 

          

Factor 
Sum of 

squares 

Degrees of 

freedom 
% confidence 

level 
% contribution 

Iron sand content (phr) 0.185 4 99 48.15 

Particle size (µm) 0.035 4 70 9.22 

Magnetic field (mT) 0.164 4 99 42.62 

          
 

Finally, an experiment was carried out to compare the value of tan δ for the 

optimised sample (30 phr of iron sand content, 32-45 µm particle size and 1000 mT) 

with those achieved previously for the sample with the highest value of tan δ in the 

transition zone (sample type 17). In addition, unfilled natural rubber was included for 

comparison (see Figure 4.9). The values of tan δ for the optimised sample, sample 

type 17 and unfilled natural rubber are 1.280, 1.216 and 0.803, respectively. As can 

also be seen, the tan δ peak of natural rubber is higher compared to the optimised 

sample and sample type 17. It should be noted, however, that the width of the tan δ 

peaks for the optimised sample and sample type 17 are wider and tan δ for the 

optimised sample at -35oC is the highest. This can again be explained as being due to 

confinement of molecular chain movement. Since rubber materials are always in 

practice used in the rubbery phase, the performance and behaviour of the materials in 

the temperature range after the transition region is more crucial. In the rubbery phase 

(occurring in the plateau after the peak), it can also be seen that the optimised sample 

has the largest value of tan δ, followed by sample type 17 and unfilled natural rubber.  
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This is because at higher temperature the thermal energy is comparable to the 

potential energy barriers for the viscous flow, therefore, interfacial friction, 

breakdown and reformation of the filler-filler interaction and filler-rubber detachment 

would be the main causes of damping.  

 

 

Figure 4.9 Tan δ versus temperature for natural rubber, the optimised sample and 

sample 17. 

 

4.3.5 Hysteresis 

The main effect plots of the S/N ratios for hysteresis loss are presented in 
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(b) and (c), it can be seen that the particle size and magnetic field have minimal 

influence on hysteresis loss but the S/N ratios at 45-56 µm and 1000 mT are the 

highest. It is also noted that the suggested optimum conditions to obtain highest 

hysteresis loss are similar to those for the optimum conditions when assessing 

influence of frequency on tan δ; the Taguchi method suggests that highest hysteresis 

loss and tan δ could be obtained by using high iron sand content (100 phr and 70 phr, 

respectively) with particle size not being greatly influential (although 45-56 µm gave 

the highest for both hysteresis and tan δ). However, the suggested magnetic field 

during curing gives a contrary conclusion (1000 mT and 300 mT, respectively for 

hysteresis and tan δ) which could be due to the different mode of loading during 

testing (tensile versus shear). This suggests that energy absorption due to interaction 

between magnetic particles alignment is less efficient in a tensile mode compare with 

a shear mode using the DMA, which is not surprising, given that in tension, it is 

largely only the spacing increasing between chains, whereas in shear, the spacing 

within chain between the particles increases (see Figure 4.11). 

Table 4.8 shows ANOVA results for hysteresis loss. Confidence levels for all 

factors are 98% and higher. From the levels of contribution, it can be seen that the 

most influential factor by far is iron sand content followed by particle size (80.71% 

and 14.38%, respectively). The influence of magnetic field was much less at 4.91%. 
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Figure 4.10 Main effect plots for S/N ratio of hysteresis loss (a) effect of iron sand 

content, (b) effect of iron sand particle size and (c) effect of magnetic field during 

curing. 

 

Figure 4.11 Comparison of influence of loading types on particle separation, (a) 

tensile mode and (b) shear mode. 
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Table 4.8 ANOVA results for hysteresis loss 

          

Factor 
Sum of 

squares 

Degrees of 

freedom 
% confidence 

level 
% contribution 

Iron sand content (phr) 43038.6 4 99.9 80.71 

Particle size (µm) 7669.1 4 99.9 14.38 

Magnetic field (mT) 2616.7 4 98 4.91 

          
 

Figure 4.12 shows stress-strain loops of the sample at the suggested optimum 

conditions (100 phr iron sand, 45-56 µm particle size and 1000 mT) and those for the 

highest hysteresis loss achieved previously (sample type 23) after a complete 

reversed stress cycle. As can be seen, the area of the hysteresis loop for the optimised 

sample is larger than sample type 23. The amount of energy loss for the optimised 

sample and sample type 23 are 160.96 kJ/m3 and 154.61 kJ/m3, respectively. This 

supports the optimum conditions suggested by the S/N ratio and ANOVA. As the 

strain increases, the curvilinear part at the beginning of stretching is attributed to 

interfacial friction, breakdown of filler aggregates and filler rubber detachment and 

reformation and as the strain increases, the amount of energy dissipated increases, 

which is believed to be mainly dominated by the viscous flow in the rubber phase as 

reported in the literature [176]. As the strain increases, the cross sectional area of the 

tested samples reduces and the rubber molecular chains come closer to each other. 

Under further strain, the chains constrain each other, therefore they slide with respect 

to each other, resulting in further increased of dissipated energy. Upon removing the 

load, the rubber molecular chains do not completely regain their original 

configuration and the energy dissipated would be expected to have been converted 

into heat [176, 180].  



 

104 

 

 

Figure 4.12 Hysteresis loops of optimised sample and sample 23. 

 

 

4.4 Chapter conclusion 

In this work, iron sand and natural rubber MREs were manufactured and 

experiments were designed using the Taguchi method in order to assess the effect of 

iron sand content, iron sand particle size, and applied magnetic field during curing on 

the tan δ (over a wide range of frequency, strain amplitude and temperature) and 

energy dissipated during cyclic loading. SEM micrographs revealed that isotropic 

MREs had homogeneous iron sand particle distribution and curing the materials 

under an applied magnetic field at elevated temperature resulted in the iron sand 

particles organising into chain-like columnar structures. For the effect of frequency 

on tan δ, the Taguchi method suggested that the optimum conditions can be obtained 

by using 70 phr iron sand, a 45–56 µm particle size and a 300 mT magnetic field 

which was supported by experiment. It was found that iron sand had the greatest 
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optimum conditions to obtain highest hysteresis loss were similar to that for the 

optimum conditions when assessing influence of frequency on tan δ; the Taguchi 

method suggests that highest hysteresis loss could be obtained by using 100 phr iron 

sand (slightly different to the 70 phr iron sand for frequency) with particle size not 

being greatly influential (although 45-56 µm gave the highest for both hysteresis and 

tan δ). However, the optimum magnetic field during curing is different for 

maximizing tan δ and hysteresis loss (300 mT and 1000 mT, respectively) which 

could be due to the different mode of loading during testing (tensile versus shear). 

For the effect of strain amplitude on tan δ, none of the factors showed significant 

influence on tan δ for the plateau region from 1.0-4.5% strain amplitude, which could 

be attributed to the poor bonding between iron sand and rubber such that the weak 

interaction between the iron sand and natural rubber is fully disrupted at low strain 

amplitude and therefore, at high strain amplitude, the damping is dominated by the 

viscous flow of the rubber matrix and friction of rubber chains and iron sand. For the 

effect of temperature on tan δ, the optimum conditions suggested by the Taguchi 

method are 30 phr iron sand, a 32–45 µm particle size and a 1000 mT. It was found 

that addition of iron sand and formation of magnetic particle chains constrained 

conformational changes of rubber molecular chains from taking part in relaxation 

process and therefore, increased the temperature at which the molecular chains start 

to mobilize, such that the width of the peak of tan δ is increased. The different 

optimum conditions for different tests carried out herein would appear to be due to 

the relatively different amounts of energy absorbed by different degree that different 

mechanisms are involved with different loading conditions and at different 

frequencies and strain amplitudes. 
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Chapter 5 

The Effect of Silane Coupling Agent on Iron 

Sand for Use in Magnetorheological Elastomers 

Part 1: Surface Chemical Modification and 

Characterisation 

 

5.1 Introduction 

Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was employed for surface 

modification of iron sand for use in MREs. The amount of TESPT was varied at five 

levels (2, 4, 6, 8 and 10 wt%) relative to iron sand content to assess the optimum 

amount of coupling agent for interfacial bonding and damping performance. 

Evidence that coupling had occurred between iron sand and TESPT was identified by 

Raman Spectroscopy and the grafting percentage was determined by 

thermogravimetric analysis. Subsequently, isotropic MREs containing unmodified 

and modified iron sand particles and natural rubber were prepared. Formation of 

crosslinks between tetrasulphane group of TESPT with the rubber chains was 

identified by crosslink density assessment by swelling testing. The effects of the 

amount of TESPT on dynamic mechanical properties the morphological 

characteristics of the MREs were also investigated. 

 

 

 



 

107 

 

5.2 Experimental 

5.2.1 Materials 

Natural rubber (SMR L grade) and other chemicals including zinc oxide, 

stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram 

disulphide (TMTD), paraffin oil, and naphthenic oil were all purchased from Field 

Rubber Limited, Auckland. Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was 

purchased from Leap Lab Chem Co. Limited, China. Iron sand was collected from 

Ngarunui Beach, Raglan. The iron sand was milled using a planetary mono mill 

(Pulverisette 6) produced by Fristech GmbH and subsequently sieved to obtain a 45-

56 μm particle size range. 

 

5.2.2 Surface modification of iron sand 

The surface modification of iron sand was carried out by an aqueous alcohol 

solution method. The iron sand particles were subjected to surface treatment with 

TESPT at 2, 4, 6, 8, 10% by weight (wt%) of the particles. An aqueous alcohol 

solution of 95% ethanol was used and the pH of the solution was adjusted with acetic 

acid to 4.0 – 4.5. The TESPT of predetermined quantity was dispersed in the ethanol 

solution at a ratio of 1:100 and the mixed solution was stirred for 5 minutes to assure 

the hydrolization of the silane coupling agent. The iron sand particles were then 

added and stirred for an additional 30 minutes at room temperature to ensure a 

uniform distribution of the coupling agent on the surface of iron sand particles. The 

mixture was filtered and washed three times with ethanol to remove unreacted 

coupling agent. The treated iron sand particles were then dried at 80oC in an oven 

until a constant weight was achieved. 
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5.2.3 Preparation of isotropic MREs 

The compound formulation used in this study is given in Table 5.1. 

Formulations of isotropic MREs were compounded using a conventional laboratory 

two roll mill (model XK150). The front roller speed was 24 rpm and the rear roller 

speed was 33 rpm, the roller diameters were 150 mm, friction ratio of two rollers was 

1:1.4 and the roller temperature was set to 80oC. The nip gap (distance between front 

and back roller) was maintained at 2 mm during compounding. The compounding 

began with softening the rubber on its own in the two roll mill (mastication). 

Mastication reduces the viscosity and increase the plasticity of natural rubber which 

is brought about by heat generated in two roll mill through conduction from the 

heated roller and shearing of rubber during milling. After 2-3 minutes the rubber 

became invested on the hot roll and additives (other than accelerators and sulphur) 

were then added followed by iron sand; addition of accelerators and sulphur were 

delayed to the last part of the process to prevent premature vulcanization during 

compounding. The mixing time was approximately 40 minutes. The cure time at 

150°C was then determined according to the procedure as described in Chapter 3 and 

the results are attached in the Appendix II. Compounded rubber samples weighing 

13g were placed in a mould 60 x 50 x 3 mm and were cured in a compression 

moulder at 150°C under a pressure of approximately 12 MPa. 
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Table 5.1 Formulation of rubber compounds 

Materials Function loading (phr*) 

Natural rubber raw material/matrix 100 100 100 100 100 100 

ZnO accelerator/activator 5 5 5 5 5 5 

Stearic acid accelerator/activator 1 1 1 1 1 1 

Paraffin oil plasticiser 2 2 2 2 2 2 

Naphthenic oil plasticiser 3 3 3 3 3 3 

Iron sand filler 70 70 70 70 70 70 

CBS accelerator 2 2 2 2 2 2 

TMTD accelerator 1 1 1 1 1 1 

Sulphur crosslinking agent 1.5 1.5 1.5 1.5 1.5 1.5 

Silane coupling agent level (wt %) 

TESPT coupling agent 0 2 4 6 8 10 

* phr = per hundred rubber 

 

     

 

5.2.4 Characterisation 

Raman spectroscopy 

Raman spectra were acquired with a Ramanstation 400R (PerkinElmer) 

spectrometer equipped with an air cooled charged coupled device (CCD) detector and 

data points were recorded at 1 cm-1 intervals. The excitation source was a 785 nm 

near infrared laser focused on surface of samples with a spot approximately 200 μm 

in diameter. Calibration was validated against a polystyrene standard disk 

(PerkinElmer) prior to measurement. Samples were analysed while placed on 

aluminium foil. The Raman instrument was visually focused onto the surface of each 

location to be analysed on the modified iron sand samples. Laser power was set to 

approximately 40 mW (40% of maximum, estimated to be 6 105 W/m2 on the 200 

μm diameter spot) to acquire spectra from all samples (after initial trials) for 

consistency across the range of materials analysed. Spectra were collected over the 

range 200 – 3200 cm-1 and each spectrum was acquired as the sum of five repeats of 
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60s exposures on the sample. Five separate spectra were acquired at different 

locations on each sample analysed. 

Thermogravimetric analysis 

The grafting percentage of silane coupling agent with iron sand particles was 

determined by thermogravimetric analysis (TGA) using an TA Instrument SDT 2910 

thermal analyser operated in dynamic mode, heating from ambient temperature to 

300oC at 5oC/min in air purged at 150 ml/min with an empty pan used as a reference. 

Thermal gravimetric curves were obtained. The grafting percentage was calculated as 

the fraction of the mass of grafted silane coupling agent divided by the mass of iron 

sand particles at 280oC [181, 182] as follows: 

Silane grafting (%) =
Grafted silane coupling agent/g

iron sand particles/g
 (5.1) 

The amount of grafted silane coupling agent was calculated from the weight loss of 

treated iron sand at 280oC minus weight loss of iron sand particles at 280oC. 

Crosslink Density 

Determination of crosslink density in MREs was obtained using a swelling 

test. MREs samples with dimensions of 30 mm  5 mm  3 mm were weighed, and 

then immersed in toluene for 72 hours at room temperature in a dark environment. 

The toluene was replaced at 24 hours intervals over this time to minimise interference 

from toluene soluble fractions remaining in the samples. After 72 hours, samples 

were drained and dried and the swollen mass was recorded. Samples were then dried 

at 80oC in an oven until a constant weight was achieved. For each experimental point, 

3 samples were produced and the average values were calculated. The crosslink 

density was calculated by applying the Flory-Rehner equations as follows  [183] 



 

111 

 

𝑉𝑟 =
𝑉𝑝

𝑉𝑝 + 𝑉𝑠
= 

𝑚𝑑𝑟𝑦

𝜌𝑟

(
𝑚𝑑𝑟𝑦

𝜌𝑟
+ 

𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝜌𝑠
)

 (5.2) 

 

[𝑋] =
− [ln(1 − 𝑉𝑟) + 𝑉𝑟 +  𝜒𝑉𝑟

2]

𝑉𝑜(𝑉𝑟

1

3 −
𝑉𝑟

2
)

 

 

(5.3) 

where Vr is the volume fraction of MREs, mwet is the swollen equilibrium mass, mdry 

is the dry MREs mass, ρr is the density of natural rubber (910 kg/m3), ρs is the density 

of toluene (866 kg/m3), [X] represents the crosslink concentration in mol/cm3, χ is the 

interaction parameter between the rubber and toluene (0.393) and Vo is the molar 

volume of toluene (106.4 cm3/mol). 

Morphology 

The microstructures of isotropic MREs were observed using a Hitachi S-4700 

scanning electron microscope (SEM). The samples were frozen and snapped into 

pieces to expose their interior and coated with a thin layer of platinum prior to 

observation at an accelerating voltage of 20kV. 

Dynamic mechanical analysis 

Dynamic mechanical analysis was carried out using the method described in 

Section 4.2.5 

Hysteresis 

Hysteresis loss was carried out using the method described in Section 4.2.5 
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5.3 Results and discussion 

5.3.1 Characterisation of surface modified iron sand particles 

Figure 5.1 shows a schematic of the potential reaction mechanisms of TESPT 

with iron sand particles. In the presence of water in an ethanol solution and under 

acid catalysed conditions the ethoxy reactive groups of the silane are hydrolysed 

thereby forming silanol groups (-Si-O-OH) and liberating ethanol [184, 185]. The 

silanol groups are highly reactive intermediates which are presumed responsible for 

bond formation with the iron sand. When iron sand was added into the solution, the 

hydroxyl groups on the surface of the iron sand is believed to react with the silanol 

groups and subsequent drying condenses silanol groups to form siloxane linkages. 

Evidence for this was provided by Raman Spectroscopy analysis of unmodified and 

modified iron sand particles as shown in Figure 5.2. For iron sand, a number of peaks 

can be seen including a broad peak between 1100 and 1900 cm-1, similar to 

observation elsewhere [186]. The growth of peaks at around 300 cm-1 for all modified 

iron sand particles is indicative of the formation of Si-O-iron sand and/or Si-O-Si 

bonds that would occur during reaction of iron sand with TESPT, although, the latter 

could also occur due to polymerisation of TESPT to produce siloxane; however, 

production of siloxane would not be expected to improve interfacial bonding. The 

increased height of the peaks around 1400 cm-1 (representing CH2 bending in TESPT) 

from 0 to 6 wt% TESPT followed by no further increase from 6 wt% onwards 

suggests that coverage of iron sand particles by TESPT increases to 6 wt% when it 

reaches a saturation coverage [187]. 
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Figure 5.1 Illustration of the reactions of TESPT with iron sand particle surface. 
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Figure 5.2 Raman spectra of iron sand particles at different TESPT contents 

 

Figure 5.3 shows TGA curves for unmodified and modified iron sand particles 

at different TESPT contents. All samples showed weight loss over the temperature 

range of 50oC to 280oC with weight increase above 280oC which is believed to have 

resulted from the oxidation of iron sand particles [188]. Similar trends have been 

observed in TGA curves for other magnetite particles [189]. As can also be seen, the 

unmodified iron sand particles were relatively stable in the air and only slightly 

weight loss between 100oC to 280oC which was probably due to vaporization of 

physically absorbed water at the surface of iron sand particles. The weight losses for 

modified particles increased with increasing TESPT content until 6% and then 

reduced for 8% and 10% TESPT. The weight loss for modified particles could be 

attributed to the decomposition and evaporation of silane coupling agent on the 

surface of iron sand particles such that suggests the silane coupling agent is strongly 

bound to particle surfaces by what is expected to be covalent bonds [190]. The 
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amount of TESPT attached to the surfaces of iron sand particles was quantitatively 

determined by TGA (taking the loss due to physically absorbed water into account) 

over the temperature range of 50oC to 280oC (each value representing an average 

from 3 samples) and is presented in Figure 5.4. It was not possible to conduct TGA 

analysis of TESPT on its own, however, a separate experiment was conducted where 

TESPT was heated at 280oC in a furnace for which a residual weight of only 0.6% 

was obtained. Thus, residual TESPT is not considered to have a significant effect on 

the obtained data. It can be seen that the percentage of grafted silane appears to 

increase with increasing TESPT content until it reached a maximum value at 6% 

TESPT and thereafter decreased for higher TESPT contents (8% and 10%). At high 

TESPT content, the potential for hydrolysed TESPT to react with itself to produce 

polymeric siloxane increases as an alternative to reacting with iron sand. This 

polymeric siloxane could act as a barrier between TESPT and iron sand preventing 

reaction, particularly given that the siloxane polymer can react with multiple OH 

groups on the iron sand particles and screen other OH groups between those bonded 

with polymeric siloxane as described in the literature [191]. Polymeric siloxane that 

has not reacted with OH groups on iron sand would easily have been removed by 

washing the modified iron sand with ethanol and evaporation by drying during the 

preparation of the modified particles. This was checked by an extra wash with 

dichloromethane (DCM) following three times washing with ethanol for which the 

TGA weight loss and silane grafting percentage was found to be no significant 

different with those washed using just ethanol. Any remaining unreacted polymeric 

siloxane may also form e.g. oligomers by hydrogen bonding to the grafted TESPT 
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such that may weaken the composites properties since the silane molecules may not 

link the filler to the matrix [191]. 

 

Figure 5.3 TGA curves for iron sand particles at different TESPT contents 

 

Figure 5.4 Silane grafting percentage for iron sand particles at different TESPT 

contents 
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Figure 5.5 shows a schematic of possible reaction mechanisms for the 

tetrasulphane group of TESPT with natural rubber. The tetrasulphane group of the 

TESPT could have been first dissociated during the compounding process to produce 

sulfidic radicals that subsequently react either directly or through sulphur crosslinking 

agent (Sx) with the rubber molecules in the presence of accelerators at elevated 

temperature during vulcanization to form crosslinks with the rubber molecules [141, 

192, 193]. Evidence for this would be provided by crosslink density measurements of 

MREs filled with unmodified and modified iron sand particles at different TESPT 

contents as shown in Figure 5.6. It can be seen that the crosslink density gradually 

increased as the TESPT content increased from 2% to 6%; this highlights the 

potential formation of new crosslinks in the rubber network due to interaction 

between tetrasulphane group of TESPT with the rubber molecules. In order to assess 

the time required for the tetrasulphane group of TESPT to react with rubber and form 

crosslinks, another compound was prepared, the same as that containing 6 wt% silane 

coupling agent except that the sulphur crosslinking agent was excluded. It was found 

that the compound cured in 5.63 minutes which is not too different from time used 

here supporting substantial TESPT rubber crosslinking could have occurred. At 

higher TESPT contents (8% and 10%) the crosslink density decreased which is not 

surprising given the evidence from TGA results that at such TESPT contents less 

silane is coupled to the iron sand, which would be expected to lead to less 

crosslinking between iron sand and rubber. The obtained results support the use of 

TESPT as a coupling agent for iron sand particles and natural rubber and also a 

content of 6% TESPT is more suitable than 8% and 10% TESPT. 

 



 

118 

 

 

 

 

Figure 5.5 Schematic illustration of the reaction mechanisms of tetrasulphane group 

of TESPT with the natural rubber (S2● represents sulfidic radicals of tetrasulphane 

group of TESPT) 
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Figure 5.6 Crosslink density of MREs with different TESPT contents. 

 

5.3.2 Morphology 

Figure 5.7 shows SEM images of fracture surface of isotropic MREs with 

unmodified and modified iron sand particles. It can be seen for unmodified particle 

MREs, the surface is smooth with less matrix tearing and uneven distribution of iron 

sand particles in the rubber matrix. Clearly, there are a lot of cavities remaining due 

to the particle pull out from the rubber matrix and obvious gaps between iron sand 

particle and rubber, suggesting weak interaction between iron sand and rubber 

(Figure 5.7 a).  In Figure 5.7 b, the surface of isotropic MREs with modified iron 

sand particles is rougher due to matrix tearing than for MREs with unmodified 

particles. It is also evident that iron sand particles are more evenly dispersed in the 

rubber with much less aggregates in the matrix. Clearly, much less particle pullout 

can be seen supporting improved interfacial adhesion between iron sand and natural 
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rubber suggesting stronger interaction between iron sand and rubber was obtained by 

using modified iron sand particles supporting  Si-O-iron sand bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 SEM images of fracture surface of isotropic MREs with; (a) unmodified 

and (b) modified iron sand particles (treated with 6% TESPT) 

 

5.3.3 Dynamic mechanical analysis 

The variation of tan δ with frequency for MREs with different TESPT 

contents is shown in Figure 5.8a. Tan δ is the highest for the MREs with modified 

iron sand treated with 6% TESPT and the increases in tan δ compared to MREs with 

unmodified iron sand is on average 40% over the whole frequency range explored. G' 

(a) 

(b) 
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and G'' are also plotted in Figure 5.8 (b and c) to help highlight the mechanisms 

involved.  G' and G'', similar to tan δ are frequency dependent. It can be seen that the 

increase of tan δ as the frequency increased, is mainly due to increasing G'' as 

opposed to changes in G'. The increased energy loss is assumed to be due to covalent 

bonding bringing about more intimate contact between the particles and rubber such 

that during deformation, increasing energy is expended overcoming friction, physical 

bonding as well as covalent bonding. At high TESPT content (8% and 10%), the 

lower tan δ values could again be explained by less silane grafting due to the 

formation of siloxane oligomer attached to the first layer of reacted TESPT on 

particle surfaces which could further reduce the energy absorption capability of the 

MREs. Energy loss in the materials could also be attributed to interfacial friction of 

weakly or partially bonded iron sand particles and rubber with increasing frequency. 

It is also apparent that the G' for MREs with modified iron sand are higher compared 

to MREs with unmodified iron sand. Explanation for general increment of G' for 

MREs with modified iron sand could be related to efficient stress transfer between 

particles and matrix which can improve stiffness, strength and failure strain of the 

materials [194]. Furthermore, improved interfacial bonding and degree of iron sand 

particle dispersion in the matrix might increase the effective particle-matrix 

interfacial area such that increased constraint of polymer chains occurs during 

deformation and improved the ability of the material to store elastic energy associated 

with recoverable elastic deformation [195]. 
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Figure 5.8 (a) Tan δ, (b) storage modulus (G') and (c) loss modulus (G'') versus 

frequency for MREs with different TESPT contents. 
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The variation of tan δ with strain amplitude for MREs with different TESPT 

contents is shown in Figure 5.9a; G' and G'' are also plotted in Figure 5.9 (b and c). 

As expected, MREs with modified iron sand treated with 6% TESPT had the highest 

tan δ over the whole strain amplitude range explored with a 20% increase in tan δ 

compared to MREs with unmodified iron sand. As can be observed in Figure 5.9 (a 

and b), the tan δ and G' were amplitude dependent at low strain amplitudes before 

reaching a plateau, with the tan δ for MREs with modified iron sand reaching a 

plateau at around 2.5% strain amplitude, whereas the tan δ of the MREs with 

unmodified iron sand reached a plateau at 2% strain amplitude. It was evident that 

strong interfacial bonding between the iron sand and rubber as well as better 

dispersion increased the dependency of tan δ on the amplitude of the applied strain 

and the change of tan δ values over the strain amplitude range for all tested samples is 

mainly due to a decrease in G' as the strain amplitude increased. The decrease in G' as 

the strain amplitude increased for MREs with modified iron sand could be explained 

by the increase of particle detachment from the matrix with increasing strain 

amplitude. As can also be seen, G'' for MREs with modified iron sand are higher 

compared to MREs with unmodified iron sand. The higher loss modulus could be 

attributed to the energy loss due to stress released after debonding and increase of 

energy absorbed during viscous flow which is more constrained due to formation of 

chemical linkages between iron sand and rubber. Once the strain amplitude is high 

enough, all the interactions are destroyed to such an extent it cannot be reconstructed 

and consequently, the energy loss is largely reliant on the viscous flow of the rubber 

matrix and friction between rubber chains and iron sand. 
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Figure 5.9 (a) Tan δ, (b) storage modulus (G') and (c) loss modulus (G'') versus strain 

amplitude for MREs with different TESPT contents. 
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Figure 5.10 presents the tan δ versus temperature curves for MREs with 

different TESPT contents. The tan δ peak is associated with glass transition 

temperature (Tg) of the materials. In the glass transition zone, the energy dissipation 

is mainly from the segmental motion of macromolecular chain of rubber matrix in 

spite of breakdown of filler-filler or filler rubber interaction [196]. It can be seen that 

the presence of coupling agent does not strongly affect the peak height and width of 

the curves. This is in agreement with similar finding reported by other researchers 

[138, 196, 197]. However, an enlarged graph of the tan δ versus temperature around 

the peaks showed a slight decrease of the height of the tan δ peak and the Tg values 

shifted to a slightly higher temperature for MREs with modified iron sand compared 

with MREs with unmodified iron sand. In addition, the decreased height of the tan δ 

peak was in an order similar to the silane grafting percentage as previously discussed. 

The decrease height of the damping peak and a shift of Tg to higher temperature 

could be attributed to strong filler rubber interaction which resulted in restriction in 

mobility and flexibility of rubber chains in the materials. 
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Figure 5.10 Tan δ versus temperature curves for MREs with different TESPT 

contents. 
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5.3.4 Hysteresis 

Figure 5.11 shows hysteresis loss for MREs with different TESPT contents. 

As can be seen, hysteresis loss increased with increasing TESPT content until it 

reached a maximum value at 6% TESPT and thereafter decreased at higher TESPT 

content (8% and 10%). The results are in agreement with the silane grafting 

percentage as previously discussed. The effect of coupling agent on the hysteresis 

loss of MREs could again be explained by the energy loss due to stress released after 

debonding and increase of energy absorbed during viscous flow which is more 

constrained due to formation of chemical linkages between iron sand and rubber. 

Some authors have considered constraint in liaise of a rubber shell mechanisms [140]. 

The molecular chain mobility would be reduced by the formation of silane linkages 

between iron sand and rubber, resulting in a rubber shell on the filler surface in which 

the polymer viscosity and Young modulus would be increased. The higher Young’s 

modulus of rubber near the surface of iron sand in the rubber shell would gradually 

decrease with increased distance from the filler surface and finally reach the same 

level as that of the rubber matrix at a certain distance. When the MREs were 

subjected to dynamic strain, the rubber shell around the particles would begin to 

break down and increase the amount of energy loss. In addition, hysteresis loss could 

also be attributed to interfacial friction at the filler matrix interface and breakdown of 

filler aggregates. The decrease of hysteresis loss at higher TESPT content could again 

be explained by the lower silane grafting and formation of weak siloxane oligomer 

that may begin to break down at a relatively lower level of strain. 
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Figure 5.11 Hysteresis loss for MREs with different TESPT contents. 

 

5.4 Chapter conclusion 

In this work, iron sand particles were modified at five different TESPT 

contents (2, 4, 6, 8 and 10 wt%) relative to the iron sand content to assess the 

optimum amount of TESPT for use in MREs. TESPT contains ethoxy hydrolysable 

groups that enable bonding with iron sand particles and a tetrasulphane group capable 

of bonding with the rubber matrix. Raman spectroscopy showed evidence that 

siloxane linkages were formed between TESPT and iron sand. Weight loss measured 

using TGA supports that silane coupling agent is strongly bound to particle surfaces 

and the silane grafting percentage was found to be the highest at 6% TESPT. 

Crosslink density measurement of MREs made using TESPT treated iron sand 

highlight that the tetrasulphane group of TESPT formed crosslinks with the rubber 

molecular chains. Treated iron sand was found to be more evenly dispersed in the 

rubber with much less particle pullout on fracture surface supporting improved 
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interfacial adhesion with natural rubber. Tan δ was found to be highest for the MREs 

with modified iron sand treated with 6% TESPT and 40% larger than that unmodified 

iron sand over the whole frequency range explored and 20% higher over the whole 

strain amplitude explored. However, the presence of coupling agent did not strongly 

affect the peak temperature of tan δ versus temperature curves. An increase in 

hysteresis loss was also obtained for MREs with modified iron sand treated with 6% 

TESPT content compared with MREs with unmodified iron sand.  
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Chapter 6 

The Effect of Silane Coupling Agent on Iron 

Sand for Use in Magnetorheological Elastomers 

Part 2: Dynamic Properties of Isotropic and 

Anisotropic Magnetorheological Elastomers 

 

6.1 Introduction 

In this chapter, isotropic and anisotropic MREs containing unmodified and 

silane modified iron sand (as optimised in Chapter 5) in a natural rubber matrix were 

prepared. For isotropic MREs, curing was carried out in the absence of a magnetic 

field. For anisotropic MREs, curing was carried out in the presence of five different 

magnetic fields (200, 400, 600, 800 and 1000 mT). The morphological characteristics 

of isotropic and anisotropic MREs were examined using SEM. Tan δ was measured 

through dynamic mechanical analysis (DMA) over a range of frequency (0.01–

130Hz), strain amplitude (0.1–4.5%), and temperature (-100–50°C). Energy 

dissipated was measured using a universal tester under cyclic tensile loading. 
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6.2 Experimental  

6.2.1 Materials 

Natural rubber (SMR L grade) and other chemicals used in this study were the 

same as previously mentioned in Section 5.2.1. Iron sand was collected from 

Ngarunui Beach, Raglan. The iron sand was then milled using a planetary mono mill 

(Pulverisette 6) produced by Fristech GmbH and subsequently sieved to obtain a 45-

56 μm particle size range. 

 

6.2.2 Surface modification of iron sand 

The surface modification of iron sand was carried out by using aqueous 

alcohol solution method as previously described in Section 5.2.2. The particles were 

subjected to surface treatment with TESPT at 6 (wt%) by weight of the particles. 

 

6.2.3 Preparation of isotropic and anisotropic MREs 

The compound formulation used in this study is given in Table 6.1. Isotropic 

and anisotropic MREs were fabricated according to the methods as previously 

described in Section 4.2.4. The cure time at 150ºC was 4.23 minutes as previously 

determined in Part 1, Section 5.2.3. 

 

 

 

 

 



 

131 

 

Table 6.1 Formulation of rubber compound 

 

 Materials Function phr* 

Natural rubber raw material/matrix 100 

ZnO accelerator/activator 5 

Stearic Acid accelerator/activator 1 

Paraffin Oil plasticiser 2 

Naphthenic Oil plasticiser 3 

Iron sand filler 70 

CBS accelerator 2 

TMTD accelerator 1 

Sulphur crosslinking agent 1.5 

*parts per hundred rubber 

  

   6.2.4 Characterisation 

Morphology 

The microstructures of isotropic and anisotropic MREs were observed using 

the method described in Section 4.2.5 

Dynamic mechanical analysis 

Dynamic mechanical analysis was carried out using the method described in 

Section 4.2.5 

Hysteresis 

Hysteresis loss was carried out using the method described in Section 4.2.5 

 

6.3 Results and discussion 

6.3.1 Morphology 

Figure 6.1 shows SEM images of isotopic and anisotropic MREs with 

modified iron sand. From the SEM micrographs, it can be seen that isotropic MREs 

have a homogeneous dispersion of iron sand particle in the rubber matrix without 
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obvious aggregation (Figure 6.1a). Figure 6.1 b-f show anisotropic MREs cured at 

different magnetic fields. It can be seen that the alignment of modified magnetic 

particles has occurred similarly to that obtained in Section 4.3.1 with unmodified iron 

sand. It can also be noted that the chains became longer and more aligned as the 

magnetic field strength increased. 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 SEM images of iron sand-natural rubber MREs: (a) isotropic MRE – 0 

mT; (b) anisotropic MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic 

MRE – 600 mT; (e) anisotropic MRE – 800mT and anisotropic MRE – 1000mT. 

(a) (b) 

(c) (d) 

(e) (f) 
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6.3.2 Dynamic Mechanical Analysis 

The variation of tan δ with frequency for isotropic and anisotropic MREs at 

different magnetic fields is shown in Figure 6.2. Generally, it was seen that tan δ 

increased with increasing frequency, rapidly at low frequencies, more slowly at 

intermediate frequencies, increasing again more rapidly at high frequencies. It can be 

also seen that tan δ is higher for MREs (isotropic and anisotropic) with modified iron 

sand compared to those with unmodified iron sand (it was reported in Part 1, Section 

5.3.3 that silane treatment of iron sand improved tan δ for isotropic MREs by 

approximately 40% over the whole frequency range explored as shown in Figure 

6.2a). The improvements for anisotropic MREs cured at 200, 400, 600, 800 and 1000 

mT was approximately 30%, 27%, 18%, 24% and 20%, respectively (Figure 3b-f). 

Storage modulus (G') and loss modulus (G'') are also plotted in Figure 6.3 and 6.4 to 

help highlight the mechanisms involved with change of tan δ. It can be seen that the 

increase of tan δ as the frequency increases, is mainly due to increasing G'' as 

opposed to changes in G'. Considering the factors influencing G'' (energy loss), 

modification with silane has brought about chemical bonding between the iron sand 

and the rubber, such that the rubber would be more constrained. Therefore, during 

cyclic deformation, more energy could be absorbed in breaking bonds and in bringing 

about viscous flow of more constrained material. At the low strain amplitude for this 

particular experiment, it is considered that few bonds would be broken and the major 

cause of the increase in energy absorption is that required to bring about viscous flow 

of the constrained rubber. In the literature, this constrained rubber is commonly 

regarded as a rubber shell with higher stiffness than the surrounding rubber [140]. For 

anisotropic MREs with modified iron sand, the aligned particles lead to the formation 
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of joint rubber shells between neighbouring particles (see Figure 6.5) in which the 

mobility of the rubber molecules would be further reduced and further increase the 

amount of energy absorbed [140]. The aligned structures in anisotropic MREs would 

also reduce particle aggregation and therefore reduce the amount of trapped rubber 

and allow a greater amount of rubber to take part in the energy dissipation process. 

Furthermore, better interfacial bonding with silane treatment will increase stress 

transfer to the iron sand and lead to increased energy loss through the 

magnetomechanical effect (change of magnetic domain structure induced by 

application of stress) and also prevent rotation of particles and avoid loss of dipole 

alignment which will enhance magnetic interaction between neighbouring particles, 

resulting in an increase of energy required to overcome the magnetic inter-particle 

interactions [107, 198]. G' for MREs with modified iron sand is higher than those 

with unmodified iron sand (isotropic and anisotropic), supporting increased stress 

transfer between matrix and particles. Overall, an increase of tan δ is seen for 

modified iron sand with the application of different magnetic fields which can be 

explained by the multiple mechanisms described above which can be summarized as 

constraint of joint rubber shells, release of trapped rubber and increased interfacial 

bonding leading to higher losses through magnetic interactions (magnetomechanical 

and inter-particle interaction). To demonstrate the increase in tan δ, G' and G'' with 

increased magnetic field (and so degree of anisotropy) that can be seen in Figures 6.2, 

6.3 and 6.4 better, tan δ, G' and G'' have been plotted against magnetic field in Figure 

6.6. As can be seen, there is generally a slight increase in tan δ, G' and G'' with 

increase in magnetic field which levels off at about 600 mT. This supports saturation 

magnetisation to be occurring at around 600 mT and indicates that the influence of 
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magnetic interactions during cyclic stress outweighs the energy dissipation due to 

increase of joint rubber shells and trapped rubber released with increased degree of 

anisotropy. The limited influence of magnetic field on tan δ, G' and G'' observed here 

would appear to be due to low strain amplitude (0.5%) as well as the stress being in 

shear.  

 

Figure 6.2 Tan δ versus frequency: (a) isotropic MRE – 0 mT; (b) anisotropic MRE – 

200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 600 mT; (e) 

anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT. 
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Figure 6.3 Storage modulus versus frequency: (a) isotropic MRE – 0 mT; (b) 

anisotropic MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 

600 mT; (e) anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT. 
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Figure 6.4 Loss modulus versus frequency: (a) isotropic MRE – 0 mT; (b) 

anisotropic MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 

600 mT; (e) anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT. 

 

 

 

 

 

Figure 6.5 Joint rubber shells between adjacent particles in anisotropic MREs. 
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Figure 6.6 (a) Tan δ, (b) storage modulus (G’) and (c) loss modulus (G”) versus 

magnetic field (mT) for MREs with unmodified iron sand and (d) tan δ, (e) G' and (f) 

G'' versus magnetic field (mT) for MREs with modified iron sand at different 

frequencies. 
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The variation of tan δ with strain amplitude for isotropic and anisotropic 

MREs at different magnetic fields is shown in Figure 6.7. Generally, tan δ increased 

with increase in strain amplitude at low strain amplitudes and plateaued at higher 

strain amplitudes. It can also be seen that tan δ for MREs with modified iron sand are 

higher compared to those with unmodified iron sand (isotropic and anisotropic) over 

the whole strain amplitude range explored. The improvement in tan δ with silane 

treatment for isotropic as well as anisotropic MREs cured at 200, 400, 600, 800 and 

1000 mT were approximately 20%, 19%, 18%, 14%, 11% and 12%, respectively. The 

plateaux of tan δ for unmodified iron sand and those with modified iron sand 

occurred at different strain amplitudes (approximately 2% and 2.5%, respectively). 

Storage modulus (G') and loss modulus (G'') are also plotted in Figures 6.8 and 6.9 to 

help highlight the mechanisms involved with change of tan δ. It is apparent that the 

change in tan δ with increased strain amplitude is mainly due to the decrease in G' 

which occurred at a faster rate for unmodified iron sand. The larger reduction of 

elasticity with increase in strain amplitude for MREs containing unmodified iron sand 

could be due to the relatively easier breakdown of physical bonding/mechanical 

interlocking between iron sand and rubber compared to breakage of stronger silane 

linkages with modified particles. Indeed, better interfacial bonding with silane 

treatment increased the dependency of G' on the strain amplitude such that plateau 

occurred at higher strain amplitude, supporting that stronger interfacial bonding 

between iron sand and rubber increased the amplitude of applied strain required to 

break bonds. At the plateau region G' and G'' are largely reliant on the rubber matrix 

due to its detachment from particles and friction between rubber chains and iron sand. 

As can also be seen, G'' for MREs with modified iron sand is higher compared to 
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those for MREs with unmodified iron sand. The higher energy loss for isotropic 

MREs with modified iron sand could be attributed to more energy absorbed at low 

strain amplitudes for the viscous flow of rubber better bonded to iron sand and at high 

strain amplitudes, to bring about bond failure and viscous flow of rubber chains that 

are more bulky due to the presence of coupling agent. For anisotropic MREs with 

modified iron sand, similar mechanisms would be involved as well as further  energy 

loss attributed to breakdown of joint rubber shells, more trapped rubber released, as 

well as increased interfacial bonding leading to higher losses through magnetic 

interactions (magnetomechanical and inter particle interaction). G' for MREs with 

modified iron sand is higher than those with unmodified iron sand which can again be 

explained due to increased stress transfer between the matrix and iron sand. The 

increases of tan δ, G' and G'' with increased magnetic field (as can be seen from 

Figures 6.7, 6.8 and 6.9) has been plotted in Figure 6.10. It can be seen that tan δ, G' 

and G'' increased dramatically and then leveled off at 600 mT due to saturation 

magnetization, indicating increased energy dissipation is mainly dominated by the 

magnetic interactions with increased degree of anisotropy. The process for energy 

absorption by the magnetic interactions again can be explained due to 

magnetomechanical damping and increased energy absorbed to overcome inter-

particle magnetic interaction; these processes transform elastic energy into magnetic 

energy which subsequently dissipates by magnetic hysteresis [21]. 
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Figure 6.7 Tan δ versus strain amplitude: (a) isotropic MRE – 0 mT; (b) anisotropic 

MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 600 mT; (e) 

anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT. 
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Figure 6.8 Storage modulus versus strain amplitude: (a) isotropic MRE – 0 mT; (b) 

anisotropic MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 

600 mT; (e) anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT. 
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Figure 6.9 Loss modulus versus strain amplitude: (a) isotropic MRE – 0 mT; (b) 

anisotropic MRE – 200 mT; (c) anisotropic MRE – 400 mT; (d) anisotropic MRE – 

600 mT; (e) anisotropic MRE – 800 mT and (f) anisotropic MRE – 1000 mT.  
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Figure 6.10 (a) Tan δ, (b) storage modulus (G’) and (c) loss modulus (G”) versus 

magnetic field (mT) for MREs with unmodified iron sand and (d) tan δ, (e) G' and (f) 

G'' versus magnetic field (mT) for MREs with modified iron sand at different strain 

amplitudes 
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Table 6.2 presents the glass transition temperatures (Tg) and maximum values 

of tan δ (associated with the Tg of the materials) of isotropic and anisotropic MREs 

with unmodified and modified iron sand. It was shown in Part 1, Section 5.3.3 that 

the presence of coupling agent did not strongly affect the Tg and the height of the tan 

δ peak (maximum tan δ) of isotropic MREs; the Tg values shifted to a slightly higher 

temperature and the height of the tan δ peak slightly decreased with addition of 

coupling agent. The shift of Tg to higher temperature and a decrease height of the tan 

δ peak has been explained due to stronger interfacial bonding bringing more 

restriction in mobility of rubber chains in the materials. From Table 6.2, it can be 

seen that, the effect of silane treatment for anisotropic MREs similarly resulted in a 

slight increase of Tg value as well as a slight decrease of maximum tan δ. It is known 

for materials containing non-magnetic particles, that in the glass transition zone, the 

energy dissipation due to the segmental motion of macromolecular chains of the 

rubber matrix far overweighs that through breakdown of filler-rubber interactions 

[196]; furthermore for anisotropic MREs, the damping through magnetic interactions 

around Tg is thought to be insignificant with the height of the tan δ peak for 

anisotropic MREs having been observed to be lower than those of unfilled natural 

rubber, as previously obtained in Section 4.3.4. It is also noted that increasing 

magnetic field (and so degree of anisotropy) resulted in a slight increase in maximum 

tan δ but no change of Tg. The increase of maximum tan δ value with increased 

degree of anisotropy could be explained due to more trapped rubber released allowing 

a greater free volume of rubber to participate in large scale motions at Tg and 

consequently increased damping [159]. 
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Table 6.2 Maximum tan δ at Tg and Tg values of isotropic and anisotropic MREs 

with unmodified and modified iron sand. 

Iron sand 

modification 

MRE type Magnetic field (mT) Tg (Cº) Maximum 

tan δ at Tg 

Unmodified 

isotropic 0 -46.4 2.372 

anisotropic 200 -46.3 2.386 

anisotropic 400 -46.3 2.395 

anisotropic 600 -46.3 2.421 

anisotropic 800 -46.3 2.413 

anisotropic 1000 -46.3 2.421 

Modified 

isotropic 0 -45.7 2.267 

anisotropic 200 -45.7 2.323 

anisotropic 400 -45.3 2.351 

anisotropic 600 -45.2 2.369 

anisotropic 800 -45.1 2.371 

anisotropic 1000 -45.2 2.374 

 

6.3.3 Hysteresis 

Figure 6.11 shows the hysteresis loss for isotropic and anisotropic MREs with 

unmodified and modified iron sand. As can be seen, hysteresis loss for isotropic and 

anisotropic MREs with modified iron sand is higher compared to those with 

unmodified iron sand. This improvement for isotropic, as well as anisotropic MREs 

cured at 200, 400, 600, 800 and 1000 mT was approximately 25%, 32%, 41%, 23%, 

31% and 22%, respectively. The effect of coupling agent on the hysteresis loss of 

isotropic MREs could again be explained by increased energy absorbed during 

viscous flow which is more constrained due to formation of chemical linkages 

between iron sand and rubber and increased energy loss due to more stress released in 

breaking bonds (higher strain amplitude than the previous experiment assessing the 

effect of temperature on tan δ). For anisotropic MREs with modified iron sand, 

similar mechanisms would be involved as well as further energy loss due to 
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breakdown of joint rubber shells with more trapped rubber released. However, 

hysteresis loss for anisotropic MREs with unmodified and modified iron sand 

demonstrated no obvious trend with magnetic field. This suggests that formation of 

different lengths of magnetic particle chains in anisotropic MREs and magnetization 

of particles by curing the materials under different magnetic fields have minimal 

influence on hysteresis loss. This seems to contradict the previous results for the 

effect of magnetic field on tan δ at different frequencies and strain amplitudes. 

However, the differences observed could be due to the different mode of loading 

during testing, tensile versus shear (as shown in Figure 4.11); the energy absorbed 

due to magnetic particle interaction would be less in a tensile loading mode used in 

this experiment compared with shear loading using the DMA, given that in tension, it 

is largely only the spacing increasing between chains that is changing, whereas in 

shear loading, the spacing within chains and so between the particles increases. 

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Hysteresis loss for isotropic and anisotropic MREs 
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6.4 Chapter conclusion 

It was found that alignment of magnetic particles occurred as a consequence 

of an applied magnetic field for modified iron sand particles, similar to that obtained 

in Section 4.3.1 with unmodified iron sand and the chains became longer and more 

aligned as the magnetic field strength increased. Tan δ was found to be higher for 

isotropic and anisotropic MREs with modified iron sand compared to MREs with 

untreated iron sand, with 20-40% improvement over the whole frequency range 

explored and 11-20% improvement over the strain amplitude range explored. Tan δ 

increased with increasing magnetic field up to a saturation point at 600 mT. However, 

the presence of coupling agent and formation of different lengths of aligned particles 

did not strongly affect the value of Tg and maximum tan δ at Tg which can be 

explained by the segmental motion of rubber chains being by far the most significant 

influence on energy absorption at this temperature as supported by the literature. An 

increase in hysteresis loss was obtained for isotropic and anisotropic MREs through 

modification of iron sand, although no obvious trend was seen at different magnetic 

fields; this is in contrast to the results for the effect of magnetic field on tan δ at 

different frequencies and strain amplitudes which could be due to the different mode 

of loading used when studying hysteresis loss. 
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Chapter 7 

Comparison of Dynamic Properties of 

Developed Magnetorheological Elastomers with 

Existing Antivibration Rubbers 

 

7.1 Introduction 

In this chapter, tan δ and energy dissipated during hysteresis testing of 

isotropic and anisotropic MREs developed during this thesis work were compared 

with existing antivibration rubbers. MREs containing 70 phr silane modified iron 

sand particles in a natural rubber matrix were prepared and curing was carried out in 

the absence or presence of a magnetic field. The antivibration rubbers for comparison 

were prepared according to existing formulations from published patents (see details 

in Table 7.1). Those chosen, contained different contents of carbon black filler (30, 

50 and 70 phr) in a natural rubber matrix. In addition, anisotropic MREs containing 

70 phr silane modified iron sand and a predetermined amount of carbon black were 

also prepared in order to investigate the influence of carbon black on the damping 

performance of the MREs. Tan δ was measured using dynamic mechanical analysis 

(DMA) over a range of frequency (0.01–130 Hz), strain amplitude (0.1–4.5%), and 

temperature (-100–50°C). Energy dissipated was measured using a universal tester 

under cyclic tensile loading. The morphological characteristics were examined using 

scanning electron microscopy (SEM). 
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Table 7.1 Comparative samples’ patent specifications 

Comparative 

sample 

Patent number Applicant Title Description 

1 US 

2011/0166276 

A1 [199] 

Tokai Rubber 

Industries Ltd 

Antivibration rubber 

composition 

The invention relates to a vibration 

damping rubber composition to be used for 

an engine mount or the like adapted to 

support an engine in an automobile or the 

like and suppress transmission of 

vibrations. 

 

2 EP 0 481 810 

B1 [200] 

Sumitomo 

Rubber 

Industries Ltd 

Rubber composition for 

laminated vibration 

proofing structure 

The present invention relates to a rubber 

composition for use in the seismic isolation 

of a bridge, a building or a house. 

 

 

3 US6180711 B1 

[201] 

Yokohama 

Rubber  Co. 

Ltd 

Rubber composition for 

seismic isolation 

laminates 

This invention relates to a rubber 

composition for seismic isolation laminate 

for buildings. 
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7.2 Experimental  

7.2.1 Materials 

Natural rubber (SMR L grade) and other chemicals including zinc oxide, 

stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram 

disulphide (TMTD), paraffin oil, and naphthenic oil were all purchased from Field 

Rubber Limited, Auckland. Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was 

purchased from Leap Lab Chem Co. Ltd. Carbon black was purchased from 

Shijiazhuang Changhang Co. Ltd. Iron sand was collected from Ngarunui Beach, 

Raglan. The iron sand was then milled using a planetary mono mill (Pulverisette 6) 

produced by Fristech GmbH and subsequently sieved to obtain a 45-56 μm particle 

size range. 

 

7.2.2 Surface Modification of Iron Sand 

The surface modification of iron sand was carried out by using aqueous 

alcohol solution method as previously described in Section 5.2.2. The particles were 

subjected to surface treatment with TESPT at 6 (wt%) by weight of the particles. 

 

7.2.3 Preparation of MREs and comparative samples 

The compound formulation used in this study is given in Table 7.2. The 

formulations of comparative samples based on published patents comprised of natural 

rubber and carbon black as the major components with processing aids and 

crosslinking agent. Additives such as anti-oxidant, anti-thermal aging agent and 

petroleum resin were excluded from the formulations. Isotropic and anisotropic 

MREs  were  fabricated  according  to the methods as previously described in Section  
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Table 7.2 Formulation of rubber compounds 

                

Materials MRE/ISO MRE/AN MRE/AN/30CB MRE/AN/50CB 

Comparative 

sample 1 

Comparative 

sample 2 

Comparative 

sample 3 

    

(CS/30CB) (CS/50CB) (CS/70CB) 

Natural Rubber 100 100 100 100 100 100 100 

ZnO 5 5 5 5 5 5 5 

Stearic Acid 1 1 1 1 1 1 1 

Paraffin Oil 2 2 2 2 2 - - 

Naphthenic Oil 3 3 3 3 3 10 5 

Iron sand 70 70 70 70 - - - 

Carbon black - - 30 50 30 50 70 

CBS 2 2 2 2 2 1.9 1 

TMTD 1 1 1 1 1 0.8 - 

Sulphur 1.5 1.5 1.5 1.5 1 0.8 1.5 

 Curing condition           

Temperature (ºC) 150 150 150 150 150 150 150 

Pressure (MPa) 12 12 12 12 12 12 12 

Magnetic field 

during curing (mT) 
0 600 600 600 - - - 
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4.2.4. The comparatives samples were fabricate similar to methods used to fabricate 

isotropic MREs. The cure time at 150°C was then determined according to the 

procedure as described in Chapter 3 and the results are attached in the Appendix III. 

7.2.4 Characterisation 

Morphology 

The microstructures of isotropic and anisotropic MREs were observed using 

the method described in Section 4.2.5 

Dynamic mechanical analysis 

Dynamic mechanical analysis was carried out using the method described in 

Section 4.2.5 

Hysteresis 

Hysteresis loss was carried out using the method described in Section 4.2.5 

 

7.3 Results and discussion 

7.3.1 Morphology 

Figure 7.1 shows SEM images of MREs and comparative samples. It can be 

seen that MRE/ISO had uniform iron sand particle distribution in the rubber matrix 

without obvious aggregation (Figure 7.1a). Figure 7.1b shows an MRE/AN sample 

cured under an applied magnetic field of 600 mT at elevated temperature; as 

expected, the iron sand organized into chain-like columnar structures. For 

comparative samples, the carbon black particles were generally evenly distributed in 

the rubber matrix but with some aggregates ranged probably from below the 

resolution of the SEM up to 20 µm as seen in Figure 7.1c. For MRE/AN/50CB 
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sample (Figure 7.1d), it can be seen that the presence of carbon black has constrained 

the movement of iron sand particles and the chain-like columnar structures are shorter 

and less aligned than MRE/AN sample. 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 SEM images of surface of; (a) MRE/ISO (ISO), (b) MRE/AN, (c) 

CS/50CB and (d) MRE/AN/50CB 

 

7.3.2 Dynamic Mechanical Analysis 

 The variation of tan δ with frequency for MREs and comparative samples is 

depicted in Figure 7.2a. Generally, tan δ increased with increasing frequency, with 

tan δ values for both MRE/ISO and MRE/AN found to be lower than for the others at 

most frequencies, although relatively larger increases in tan δ above 100Hz compared 

to other samples occurred, such that at the highest frequencies explored, tan δ values 

for MRE/ISO and MRE/AN were at the upper end of those obtained. The increase of 

tan δ as the frequency increased for isotropic MREs and comparative samples could 

(a) (b) 

(c) (d) 
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be due to increased energy absorbed through viscous flow of the rubber matrix and 

interfacial damping between the particle and the rubber matrix; for anisotropic MREs, 

similar mechanisms would be involved as well as potentially, energy absorbed 

through magnetic interactions; for samples containing carbon black, increased energy 

could be absorbed due to overcoming inter-particle interactions (Van der Waals) 

[140]. The difference in trends observed for MREs and comparative samples are 

likely to be due to the relatively different amounts of energy absorbed by different 

mechanisms involved with different reinforcement particles at different frequencies. 

It can also be seen that tan δ of MRE/AN is about 8% higher than MRE/ISO over the 

whole frequency range explored; the higher tan δ of MRE/AN can be attributed to 

multiple mechanisms described previously in Chapter 6 which can be summarized as 

constraint of joint rubber shells between neighbouring iron sand particles, less 

trapped rubber and damping through magnetic interactions (magnetomechanical 

damping and inter-particle magnetic interactions). For the comparative samples, tan δ 

increased in the following order: CS/30CB < CS/50CB < CS70/CB, correlating with 

the increased content of carbon black. A significant improvement of tan δ was 

observed for comparative samples when compared to MRE/ISO and MRE/AN; it was 

suspected that this could be due to the presence of carbon black in the formulation. In 

order to assess the influence of carbon black on damping performance of MREs, two 

compounds were prepared that were the same as MRE/AN except they had additions 

of 30 and 50 phr carbon black (MRE/AN/30CB and MRE/AN/50CB). It was found 

that such additions of carbon black gave good improvement of tan δ, the tan δ values 

for MRE/AN/30CB and MRE/AN/50CB were 21% and 43% higher than MRE/AN, 

indeed, the tan δ were 10% and 7% higher compared to CS/30CB and CS/50CB over 
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the whole frequency range explored, supporting the use of iron sand to improve 

damping. The effect of carbon black on tan δ can be analysed further using storage 

modulus (G') and loss modulus (G'') plots as shown in Figure 7.2 (b and c). It is 

apparent that G' and G'' for samples containing carbon black are much higher than 

those for MRE/ISO and MRE/AN. The G' increases with increasing carbon black 

content up to the highest values at 70 phr carbon black. The increase in G' can be 

explained by the increased carbon black particle-rubber interactions and carbon black 

particle-particle interactions, as reported by number of researchers [140, 202]. The 

particle-rubber interactions include physical adsorption of rubber chains on carbon 

black filler surfaces and chemical bonding between functional groups on the surface 

of carbon black (mostly quinonic groups) with rubber molecular chains which will 

restrain the mobility of rubber on the filler surface. The particle-particle interactions 

relate to the tendency of carbon black particles to form aggregates at different levels. 

Carbon black aggregates agglomerate together to form what are known as primary 

aggregates, held together by Van der Waals bonds. Further agglomeration occurs 

between primary aggregates to produce secondary aggregates, again held together by 

Van der Waals bonds, although the secondary aggregates are less rigidly held 

together. The particle-rubber interactions and particle-particle interactions lead to the 

formation of a carbon black filler networks in the rubber matrix as shown in Figure 

7.3. These contain rubber with different degrees of constraint (bound rubber, 

occluded rubber and trapped rubber), higher than that for rubber away from carbon 

black particles. These constrained rubber regions improve the ability to store elastic 

energy, resulting in increased G'. The increase of G'' with increasing carbon black 



 

157 

  

content during deformation can be explained by the increased energy loss that occurs 

due to the breakdown and reformation of the carbon black filler networks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 (a) Tan δ, (b) storage modulus (G') and (c) loss modulus (G'') versus 

frequency for MREs and comparative samples. 
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Figure 7.3 Schematic presentation of carbon black filler network 

 

 The variation of tan δ with strain amplitude for MREs and comparative 

samples is depicted in Figure 7.4a. Tan δ was amplitude dependent at low strain 

amplitude before reaching a plateau, with increasing tan δ for MRE/AN and 

MRE/ISO at around 2.5% strain amplitude, whereas for the other samples containing 

carbon black the tan δ reached a plateau at around 1.5% strain amplitude. The 

increased amplitude dependence for MRE/AN and MRE/ISO compared to 

comparative samples indicates that the amplitude of applied strain required to break 

stronger interfacial bonding between iron sand and rubber was relatively large 

compared to easier that required for breaking down carbon black filler networks. At 

the plateau region, it would appear that most of the filler-rubber interactions diminish 

(Van der Waals for carbon black and Van der Waals and covalent for iron sand) and 

tan δ is largely reliant on the rubber matrix which is at its largest due to greatest 

amount of rubber free to flow and friction between rubber chains and iron sand. Tan δ 

of MRE/AN was found to be 8.5% higher than that of MRE/ISO over the whole 

bound rubber 

occluded rubber 

trapped rubber       
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strain amplitude range explored; the higher tan δ for MRE/AN can again be explained 

due to additional damping through breakdown of  joint rubber shells, more trapped 

rubber released and magnetic interactions (magnetomechanical and inter particle 

interaction). Indeed, it can also be seen that although the tan δ for MRE/AN is lower 

at low strain amplitudes, it is slightly higher than for CS/30CB above a strain 

amplitude of 2%. For the comparative samples, tan δ increased in the following order: 

CS/30CB < CS/50CB < CS70/CB, along with the increased content of carbon black. 

Similarly, tan δ values for MRE/AN/30CB and MRE/AN/50CB were higher than 

MRE/AN (6% and 15%, respectively) and the tan δ approximately 4% and 5% higher 

compared to CS/30CB and CS/50CB over the strain amplitude range explored as was 

seen for range of frequency discussed in the previous paragraph. Again, the effect of 

carbon black on improved tan δ can be analysed further using G' and G'' plots as 

shown in Figure 7.4 (b and c).  It is apparent that G' and G'' for samples containing 

carbon black are much higher than MRE/ISO and MRE/AN, which is not surprising 

given similar trends with influence of frequency on G' and G''. As previously 

discussed, the increase of G' with increase in carbon black content can be explained 

by increased amount of constrained rubber in filler networks and the increased energy 

loss is likely due to breakdown and reformation of filler networks during cyclic 

deformation along with more constrained rubber flow. 

 

 



 

160 

  

 

Figure 7.4 (a) Tan δ, (b) storage modulus (G') and (c) loss modulus (G'') versus strain 

amplitude for MREs and comparative samples. 
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 Figure 7.5 presents the tan δ versus temperature curves for MREs and 

comparative samples. The tan δ peak is associated with the glass transition 

temperature (Tg) of the materials. In general, the trend for the height of the tan δ peak 

is different compared to trends observed previously for the effect of frequency and 

strain amplitude on tan δ; the tan δ peaks for MRE/ISO and MRE/AN are higher than 

for the others and the height of the tan δ peak decreased with increasing carbon black 

content in the following order: CS/30CB > CS/50CB > CS70/CB. To explain the 

trend seen here, it is necessary to consider the relative change of contributions by 

different energy dissipation mechanisms in the glass transition zone. It is known for 

materials containing non-magnetic particles, that in the glass transition zone, 

contribution from segmental motion of rubber chains generally far outweighs the 

energy absorption through breakdown of filler-filler and filler-rubber interactions 

[196]. Furthermore for anisotropic MREs, the damping through magnetic interactions 

around Tg is thought to be insignificant compared with that due to segmental motion 

of rubber chains with the height of the tan δ peak for anisotropic MREs having been 

observed to be lower than unfilled natural rubber, as previously obtained in Section 

4.3.4. Based on such importance of rubber chain motion, the higher tan δ peak for 

MRE/ISO and MRE/AN can be explained due to a greater volume of free rubber 

chains participating in large scale motions at Tg which is likely to be due to less 

constrained rubber with iron sand particles in the MRE/ISO and MRE/AN than with 

carbon black particles in the comparatives samples due to the difference in interfacial 

area, being much smaller in the case of the much larger iron sand particles. For 

samples containing carbon black, further regions of constrained rubber would also 

form within carbon black filler networks; this constrained rubber is shielded from 
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deformation and loses its ability to participate in the energy dissipation process. 

There also appears to be a slightly higher tan δ peak for MRE/AN compared with 

MRE/ISO which is likely to be due to formation of aligned structures in anisotropic 

MREs reducing the amount of trapped rubber. The decrease in height of the tan δ 

peak with increased carbon black content could be explained by the increased amount 

of constrained rubber on carbon black surfaces and within filler networks. The height 

of the tan δ peaks for MRE/AN/30CB and MRE/AN/50CB were found to be lower 

than the tan δ peaks for CS/30CB and CS/50CB, supporting iron sand contributing to 

rubber constraint. It is also apparent that Tg values for MREs (MRE/ISO, MRE/AN, 

MRE/AN/30CB and MRE/AN/50CB) are slightly higher compared to comparative 

samples (CS/30CB, CS/50CB and CS/70CB). This observation suggests that strong 

interfacial bonding between iron sand and rubber increased the temperature required 

for the rubber molecular chains to attain maximum segmental motion. 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 Tan δ versus temperature curves for MREs and comparative samples. 
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7.3.3 Hysteresis 

 Figure 7.6 shows hysteresis loss for MREs and comparative samples. 

Hysteresis loss for both MRE/ISO and MRE/AN was found to be lower than for the 

other samples. Hysteresis loss in isotropic MREs could be associated with the energy 

absorbed during viscous flow which is constrained due to strong interfacial bonding 

between iron sand and rubber and energy loss due to stress released in breaking the 

interfacial bonding and given higher hysteresis loss than for unfilled rubber (31 

kJ/m3, obtained in Section 4.3) ; for anisotropic MREs, similar mechanisms would be 

involved as well as further energy loss due to breakdown of joint rubber shells with 

more trapped rubber released, however, the damping through magnetic interactions 

would appear to be insignificant given that the hysteresis loss for MRE/AN was 

lower than MRE/ISO. This seems to contradict the results for the effect of frequency 

and strain amplitude on tan δ, which could be explained as being due to a different 

mode of loading during testing as previously discussed in Section 4.3.5 (tensile 

versus shear). In tension as in the case here, it is largely the spacing increasing 

between chains that is changing, whereas in shear loading, the spacing within chains 

and so between the particle increases. It is possible that in the direction of tensile 

loading, the particles are separated to such an extent in anisotropic MREs that inter-

particle attraction is less effective than for the isotropic MREs. For the comparative 

samples, hysteresis loss increased in the following order: CS/30CB < CS/50CB < 

CS70/CB, along with the increased content of carbon black. This could be explained 

due to increased energy absorbed caused by breakdown and reformation of carbon 

black filler networks with increase in carbon black content which becomes more 

significant than the reduction of segmental motion of rubber chains (away from Tg). 
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Furthermore, when the applied strain increases to such an extent the filler network 

can be broken down, the constrained rubber would be released and therefore allow 

more viscous flow during deformation, resulting in an increase of dissipated energy. 

As can also be seen, hysteresis loss for MRE/AN/30CB and MRE/AN/50CB 

significantly increased compared to MRE/AN (21% and 71%, respectively), 

supporting the data obtained for assessment of the effect of frequency and strain 

amplitude on tan δ, that addition of carbon black results in higher energy dissipation 

in the materials (other than around Tg). Also hysteresis losses for MRE/AN/30CB and 

MRE/AN/50CB were approximately 5% and 8% higher compared to CS/30CB and 

CS/50CB, supporting the use of iron sand to improve hysteresis loss. 

 

 

Figure 7.6 Hysteresis loss for MREs and comparative samples 
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7.4 Chapter conclusion 

It was found that isotropic MREs had uniform iron sand particle distribution 

without obvious aggregation and curing the materials under an applied magnetic field 

at elevated temperature resulted in the iron sand organizing into chain-like columnar 

structures. For comparative samples, carbon black particles were generally evenly 

distributed in the rubber matrix but with some aggregates, but none larger than 20μm. 

SEM also revealed that addition of carbon black into anisotropic MREs constrained 

the movement of iron sand particles; chain-like columnar structures became shorter 

and less aligned. Energy absorption for comparative samples (CS/30CB, CS/50CB 

and CS/70CB) was generally found higher than MRE/ISO and MRE/AN over the 

range of frequency and strain amplitude explored, as well as in hysteresis testing and 

this was believed to be largely due the presence of carbon black in the formulation. 

Further assessment carried out on materials that were the same as MRE/AN except 

they had additions of 30 and 50 phr carbon black (MRE/AN/30CB and 

MRE/AN/50CB) gave generally higher energy absorption than comparative samples 

of the same carbon black contents (CS/30CB and CS/50CB), supporting the use of 

iron sand to improve damping. However, trends for energy absorption at around Tg 

were found to reverse which can be explained by the segmental motion of rubber 

chains being by far the most significant influence on energy absorption at this 

temperature as supported by literature and so care should be taken when using the 

materials at such temperature although this is likely to be away from the service 

temperature for these materials. 
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Chapter 8 

Investigation and Modelling of Damping 

Mechanisms of Magnetorheological Elastomers 

 

8.1 Introduction 

Damping in MREs is considered to be ascribed to viscous flow of the rubber 

matrix, interfacial damping at the interface between the magnetic particles and the 

matrix and magnetism-induced damping. In this study, individual components in 

MREs that contribute to material damping were investigated. A corresponding model 

was developed to determine the total damping capacity (𝜓𝑀𝑅𝐸) from all mechanisms 

as well as factors that influenced the damping capacity. Then, the proposed model 

was verified experimentally using a series of MRE samples. Isotropic and anisotropic 

MREs were prepared with different contents of silane modified iron sand particles 

and curing was carried out in the absence or presence of a magnetic field. Tan δ was 

used as the fundamental parameter to assess damping and was measured through 

dynamic mechanical analysis (DMA) under a series of frequency and strain 

amplitude ranging from 0.01Hz-130Hz and 0.1-4.5%, respectively. 
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8.2 Experimental 

8.2.1 Damping mechanisms of MREs 

MREs can be regarded as a type of particulate reinforced composite. In most 

particulate composites the reinforcement is much stiffer than the matrix and is 

practically non-dissipative material. Damping is essentially due to the viscous flow of 

the matrix and friction at the interface between the components. However, the 

damping in MREs also occurs due to magnetism-induced damping through magnetic 

particle interaction and magnetomechanical damping. Therefore, modelling damping 

capacity of MREs requires identification of the individual components in the material 

and a determination of their contributions to the total damping. Thus, the overall 

damping of MREs can be expressed as  

𝜓𝑀𝑅𝐸 = 𝜓𝑉 + 𝜓𝐼 + 𝜓𝑀 (8.1) 

where 𝜓𝑀𝑅𝐸 is the overall material damping capacity, 𝜓𝑉 is viscous damping, 𝜓𝐼 is 

interface damping and 𝜓𝑀 is magnetism-induced damping. 

 

8.2.1.1 Viscous damping 

Viscous damping of MREs is mainly provided by the rubber matrix. Rubber is 

a viscoelastic material which exhibits both viscous and elastic behaviour. The elastic 

stress follows Hooke’s law where stress is directly proportional to strain while the 

viscous stress follows Newton’s law of viscosity, which states that, viscous stress is 

proportional to strain rate. For a viscoelastic material, the stress-strain relationship is 

expressed by a linear differential equation with respect to time. A commonly 
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employed relationship is based on the Kelvin Voight model. This model can be 

represented by spring and dashpot elements (Figure 8.1) and can be expressed as: 

 

𝜏 = 𝐺𝛾 + 𝐺∗
𝑑𝛾

𝑑𝑡
 (8.2) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 Representation of rubber elastic and viscous components according to the 

Kelvin Voight model 

 

 

In equation 8.2, G is shear modulus and G* is a complex modulus. The term Gγ 

represents the elastic component which does not contribute to damping. The term G* 

dγ/dt is the viscous component and embodies for damping. From the Kelvin Voight 

model, the viscous damping per unit volume is  

𝜓𝑉 = 𝐺∗ ∮
𝑑𝛾

𝑑𝑡
 𝑑𝛾  

 

(8.3) 

If the material is subjected to a harmonic (sinusoidal) excitation, at steady state, the 

strain can be expressed as follows 

𝛾 = 𝛾𝑚𝑎𝑥 cos𝜔𝑡 (8.4) 

 

𝜏 = 𝐺𝛾 + 𝐺∗
𝑑𝛾

𝑑𝑡
 

𝐺𝛾 

𝐺∗
𝑑𝛾

𝑑𝑡
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By substituting Equation 8.4 into 8.3, the damping capacity per unit volume can be 

expressed as 

𝜓𝑉 =  𝜋𝜔𝐺∗𝛾𝑚𝑎𝑥
2  (8.5) 

Now, γ = γmax when t = 0 in Equation 8.4, or when dγ/dt = 0. The corresponding stress 

according to Equation 8.2, is τmax = Gγmax. It follows that  

𝜓𝑉 =  
𝜋𝜔𝐺∗𝜏𝑚𝑎𝑥

2

𝐺2
 (8.6) 

 

so it would be expected that  𝜓𝑉 depends on the frequency, ω. At low levels of 

damping (tan δ < 1) for viscoelastic material, 𝜓𝑉 can be equated with other common 

damping measures as estimated in references [70, 163] and can expressed as follows: 

𝜓𝑉 =  𝜂 = 𝑡𝑎𝑛 𝛿 (8.7) 

where 𝜂 is the loss factor which is defined as the specific damping capacity per radian 

of damping cycle and tan δ is a comparison between energy lost to that stored as 

previously defined in Section 2.2. 

 

8.2.1.2 Interfacial damping 

The interface between magnetic particles and the matrix is also important in 

determining the damping of MREs. Interfacial damping can be attributed to damping 

through strongly bonded interfaces and weakly bonded interfaces. In the next section 

the model for damping through strongly bonded interfaces and weakly bonded 

interfaces are described. 

Strongly bonded interfaces 

For MREs containing particles with functionalized surfaces, polymer 

molecules can bond to the surface of the particles such that a third phase is formed 
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known as the interphase. The interphase possesses properties distinct from those of 

the matrix and the particles. The interphase mainly plays the role of transferring stress 

between the matrix to the reinforced particles. The energy absorption could be 

attributed to energy required to bring about viscous flow of constrained materials in 

the vicinity of the particle interfaces, as well as breakdown of interfacial bonding 

when the applied strain amplitude is high, resulting in transformation of elastic 

energy into kinetic energy, which then converts into heat. MREs with strongly 

bonded interfaces can be characterized by Schoeck theory [164]. Based on Schoeck 

theory, the contribution of interfacial damping of strongly bonded interfaces can be 

expressed as follows: 

𝜓𝐼
𝑠 =

1

𝜏2

1 − 𝜗

3𝜋(2 − 𝜗)

1

𝑉𝑝
∑𝑟𝑖

3

𝑛

𝑖=1

(𝜏̃2)𝑖 (8.8) 

where 𝜓𝐼
𝑠 denotes the strongly bonded interfacial damping, 𝜏 is the applied shear 

stress, 𝜗 is the Poisson’s ratio of the matrix, Vp is volume fraction of the particle, 𝑟𝑖 is 

the radius of the ith particle and (𝜏̃)𝑖 is the component of 𝜏 in the plane of the ith 

particle that has relative motion during viscous flow. The following assumption has 

been made to simplify the calculation; the particles all have the same diameter, the 

shear stress on each particle is identical and the stress concentration coefficient 𝜏̃𝑖/𝜏 

is taken as 1.5 as in the references [164, 165]. Then, the contribution of interfacial 

damping of strongly bonded interface in MREs can be simplified as 

𝜓𝐼
𝑠 = 

4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
𝑉𝑝 (8.9) 

 

Equation 8.9 indicates that the damping due to a strongly bonded interface is related 

to the particle content and the Poisson’s ratio of the matrix materials. 
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Weakly bonded interfaces 

Weakly bonded interfaces are formed due to weak interactions between 

particles and the matrix. For weakly bonded interfaces, the damping is mainly due to 

interfacial friction between the surfaces of particles and the matrix during 

deformation. The effect of weakly bonded interfaces on the overall damping of the 

composites can be characterised using Lavernia analysis [165]. In this analysis, the 

damping is determined by the friction coefficient between the two constituents and 

the normal stress at the interface where the relative moment is likely to occur as 

shown in Figure 8.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 A schematic of the force at the interface where relative movement is 

likely to occur 
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As shown in Figure 8.2, the change of area that has relative movement is 

denoted as ds and the normal stress at ds is denoted as σn. When the applied stress is 

sufficient to overcome the resistance due to friction, relative displacement occurs, 

r(γ0-γcrt), where γ0 is the corresponding strain amplitude and γcrt is the critical strain of 

relative movement. The friction on the area ds is given as  

 

𝑑𝐹𝜏 = (𝑓𝜎𝑛)𝑑𝑠 (8.10) 

 

where f is the friction coefficient for the particle and matrix. Then, corresponding 

dissipated energy could be written as  

𝑑𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 = 𝑟(𝛾𝑜 − 𝛾𝑐𝑟𝑡)(𝑓𝜎𝑛)𝑑𝑠 (8.11) 

 

The dissipation energy per unit volume in the materials over the whole particle 

surface can be expressed as  

𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 = 
∑ ∮ 𝑟(𝛾𝑜 − 𝛾𝑐𝑟𝑡)(𝑓𝜎𝑛)𝑑𝑠𝑛

𝑖=0

𝑉

=  
3𝜋

4
 𝑓𝑉𝑝𝜎𝑛(𝛾𝑜 − 𝛾𝑐𝑟𝑡)  

(8.12) 

where V is volume of the MREs and Vp is the volume fraction of the particles. For 

simplification, equation 𝑉𝑝 = 
1

𝑉
∑ 𝑉𝑖

𝑛
𝑖=0  is utilized where Vi is the volume of ith 

particle. The elastic energy stored in the material is determined as follows: 

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 

1

2
𝜏𝑜
2

𝐺
 (8.13) 

where τo is applied stress, G is the shear modulus of the MREs. Subsequently, the 

damping can be expressed as 

𝜓𝐼
𝑤 =

𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐
= 

3𝜋

2
∙  
𝑓𝑉𝑝𝜎𝑛(𝛾𝑜 − 𝛾𝑐𝑟𝑡)

𝜏𝑜
2/G

 (8.14) 
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For a weakly bonded interface, it is assumed that γcrt is much smaller than γo and 

therefore Equation 8.14 can be written as  

𝜓𝐼
𝑤 =  

3𝜋

2
∙  
𝑓𝑉𝑝𝜎𝑛

𝜏0
 (8.15) 

As stated in [203, 204], 𝜏0 can be equated as  𝜏0 = 𝜎𝑥𝑦 , where 𝜎𝑥𝑦 is effective stress 

at the particle interfaces in the xy plane (see Figure 8.2). Then, Equation 8.15 can be 

simplified by introducing K=σn/σxy which represents the normal stress concentration 

coefficient at the particle interface with relative moment. In addition, the non-uniform 

strain state throughout the material during deformation caused by relative movement 

at the interface, only occurs at part of the interface. Taking into account fraction of 

interface that has relative movement during deformation, a correction factor C can be 

introduced in Equation 8.15 as follows:  

𝜓𝐼
𝑤 = 

3𝜋

2
∙ 𝐶𝑓𝑉𝑝𝐾 (8.16) 

Equation 8.16 indicates that the damping with weakly bonded interfaces is 

proportional to the particle content. 

The interfacial damping of MREs can be thought as combination of both 

strongly bonded and weakly bonded interfaces. Therefore the total interfacial 

damping can be expressed as: 

𝜓𝐼 = 𝜓𝐼
𝑠 + 𝜓𝐼

𝑤 = (1 − 𝜑)
4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
𝑉𝑝 + 𝜑

3𝜋

2
∙ 𝐶𝑓𝑉𝑝𝐾 (8.17) 

where 𝜑 is the proportion of weakly bonded interface in comparative relation to the 

total interfacial damping. According to Jie’s analysis [48], 𝜑 is given by 

𝜑 = (1 − 𝑉𝑝)
1/3(1 − 𝛾)1/3 (8.18) 
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By substituting Equation 8.18 into Equation 8.17, the interfacial damping of MREs 

can be represented by: 

𝜓𝐼 =
4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
𝑉𝑝 + (

3𝜋

2
∙ 𝐶𝑓𝐾 − 

4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
) ((1 − 𝑉𝑝)

1/3(1 − 𝛾)1/3)𝑉𝑝 (8.19) 

Equation 8.19 indicates that the interfacial damping is related to the particle content 

and applied strain amplitude 

 

8.2.1.3 Magnetism-induced damping 

The processes for energy absorption through magnetism-induced damping are 

increased energy absorbed to overcome inter-particle magnetic interactions as well as 

magnetomechanical damping (change of magnetic domain structure induced by 

application of stress); these processes transform elastic energy into magnetic energy 

which subsequently dissipates by magnetic hysteresis [21]. The energy absorbed 

through inter-particle magnetic interactions is considered to far outweigh that through 

magnetomechanical damping as reported elsewhere [159]. Furthermore, the energy 

losses due to change of the magnetic domain structure is very difficult to directly 

measured. Therefore, the model is developed on the basis of inter-particle magnetic 

interactions.  

Figure 8.3 shows schematic diagrams of two adjacent magnetic particles in a 

chain with the direction of applied magnetic field, 𝐻⃗⃗  and deformation in response to 

the external shear strain, γ. Magnetic particles are assumed in the model to share the 

same spherical shape with diameter, d, and initial centre distance between adjacent 

particles is assumed to be, ro. The length of the chain is assumed to be infinite. Upon 

loading with a shear strain perpendicular to 𝐻⃗⃗ , the particle chain deviates from the 
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direction of the magnetic field by 𝜃 degrees and the inter-particle distance is stretched 

to r.  

 

 

 

 

 

 

 

Figure 8.3 Schematic diagrams of two adjacent magnetic particles in a chain with the 

direction of applied magnetic field, 𝐻⃗⃗  ⃗ and deformation of the particle in response to 

the shear strain, γ. 

 

The interaction energy of the two adjacent magnetic particles of equal dipole strength 

𝑚⃗⃗  [46] with north pole of one particle interacting with the south pole of its neighbour 

can be written as: 

𝑈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = −
𝑚⃗⃗ 2(1 − 3𝑐𝑜𝑠2 𝜃)

4𝜋𝜇1𝜇0|𝑟|3
 

 

                            = −
𝑚⃗⃗ 2(1 − 3

𝑟0
2

𝑟𝑜2+ 𝑥2)

4𝜋𝜇1𝜇0(𝑟02 + 𝑥2)
3

2

 

(8.20) 

where 𝜇1 is the permeability of the matrix and 𝜇0 is the permeability of a vacuum. By 

defining the scalar shear strain as γ = x/ro , the dissipation energy due to separation of 

particles can be expressed as:   

𝐻⃗⃗  

 

ro 

x 

r 

m 

m 

γ 

γ 

𝜃 𝐻⃗⃗  

 

d 

ro 
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𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 = −
𝑚⃗⃗ 2(𝛾2 − 2)

4𝜋𝜇1𝜇0𝑟𝑜3(𝛾2 + 1)
5

2

 (8.21) 

It is assumed that the particles are aligned in long chains and there are only magnetic 

interactions between adjacent particles within the chain. The total energy dissipation 

per unit volume associated with the one dimensional shear strain can be calculated by 

multiplying inter-particle dissipation energy by the volume fraction of the particles 

and dividing by the total particle volume as follows: 

 

𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 =
3𝑉𝑝𝑚⃗⃗ 

2(2 − 𝛾2)

2𝜋2𝜇1𝜇0𝑑3𝑟𝑜3(𝛾2 + 1)
5

2

 
(8.22) 

where 𝑉𝑝 is the volume fraction of the particles in the MREs and d is is the particle 

diameter. The elastic energy stored in the material is determined as follows: 

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 
1

2
𝐺𝛾2 (8.23) 

Subsequently, the magnetism-induced damping of MREs can be determined by 

𝜓𝑀 =
𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐
= 

3𝑉𝑝𝑚⃗⃗ 
2(2 − 𝛾2)

𝜋2𝜇1𝜇0𝑑3𝑟𝑜3𝐺𝛾2(𝛾2 + 1)
5

2

 (8.24) 

As stated in the literature [46, 48], 𝑚⃗⃗   can be defined as 𝑚⃗⃗ =
1

6
𝜋𝑑3𝐽𝑠 , where Js is 

saturation magnetization and 𝑟𝑜 = 1.25𝑑 . For iron sand, Js is estimated to be 0.5 T 

[205]. Subsequently, the magnetism-induced damping of MREs can be rewritten as: 

𝜓𝑀 =
𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐
= 

0.083𝑉𝑝𝐽𝑠
2(2 − 𝛾2)

1.95𝜇1𝜇0𝐺𝛾2(𝛾2 + 1)
5

2

 

 

(8.25) 
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 Equation 8.25 indicates that the magnetism-induced damping is related to the particle 

content, applied strain amplitude and the magnetism-induced damping is independent 

of the applied magnetic field over saturation magnetization. 

 

8.2.1.4 Overall Damping 

From the analysis, the overall damping capacity in MREs containing modified 

iron sand in natural rubber matrix is derived by substituting Equations 8.6, 8.19 and 

8.25 into Equation 8.1, as follows: 

𝜓𝑀𝑅𝐸 =
𝜋𝜔𝐺∗𝜏𝑚𝑎𝑥

2

𝐺2
+

4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
𝑉𝑝

+ (
3𝜋

2
∙ 𝐶𝑓𝐾 − 

4.5 (1 − 𝜗)

𝜋2(2 − 𝜗)
) ((1 − 𝑉𝑝)

1/3(1 − 𝛾)1/3)𝑉𝑝

+
0.083𝑉𝑝𝐽𝑠

2(2 − 𝛾2)

1.95𝜇1𝜇0𝐺𝛾2(𝛾2 + 1)
5

2

 

 

(8.26) 

 

For MREs containing unmodified iron sand in natural rubber matrix, the 

contribution of damping through strongly bonded interfaces can be neglected and the 

overall damping capacity can be derived by modifying Equation 8.26 and can be can 

be rewritten as: 

𝜓𝑀𝑅𝐸 =
𝜋𝜔𝐺∗𝜏𝑚𝑎𝑥

2

𝐺2
+

3𝜋

2
∙ 𝐶𝑓𝑉𝑝𝐾((1 − 𝑉𝑝)

1/3(1 − 𝛾)1/3)

+
0.083𝑉𝑝𝐽𝑠

2(2 − 𝛾2)

1.95𝜇1𝜇0𝐺𝛾2(𝛾2 + 1)
5

2

 

 

(8.27) 

 

Equation 8.26 and 8.27 indicates that 𝜓𝑀𝑅𝐸 depends on frequency, iron sand content, 

strain amplitude and 𝜓𝑀𝑅𝐸is independent of the applied magnetic field over 

saturation magnetization.  
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In this study, G*, τmax and G were obtained from DMA. Poisson’s ratio ( 𝜗 ) 

of rubber is 0.48. The correction factor C has been reported to be 0.5, which assumes 

50% of the interface area subjected to the critical strain of relative movement during 

deformation [165]. The coefficient of friction between iron sand and natural rubber 

(f) was determined to be 0.21 (experimental methods to determine f is attached in 

Appendix IV). The stress concentration factor (K)  at the interface between iron sand 

particle and matrix used was 1.2 [165]. The relative permeability of a rubber is 1 and 

the permeability of vacuum is 4π10-7 NA-2 

 

8.2.2 Materials 

Natural rubber (SMR L grade) and other chemicals used in this study were the 

same as previously mentioned in Section 5.2.1. Iron sand was collected from 

Ngarunui Beach, Raglan. The iron sand was then milled using a planetary mono mill 

(Pulverisette 6) produced by Fristech GmbH and subsequently sieved to obtain a 45-

56 μm particle size range. 

 

8.2.3 Surface Modification of Iron Sand 

The surface modification of iron sand was carried out by using aqueous 

alcohol solution method as previously described in Section 5.2.2. The iron sand 

particles were subjected to surface treatment with TESPT at 6 (wt%) by weight of the 

particles. 
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8.2.4 Preparation of isotropic and anisotropic MREs 

The compound formulation used in this study is given in Table 8.1. Isotropic 

and anisotropic MREs were fabricated according to the methods as previously 

described in Section 4.2.4. The cure time was then determined according to the 

procedure as described in Chapter 3 and the results are attached in the Appendix V. 

Table 8.1 Formulation of rubber compounds 

Materials Function phr* 

Natural Rubber raw material/matrix 100 

ZnO accelerator/activator 5 

Stearic Acid accelerator/activator 1 

Paraffin Oil plasticiser 2 

Naphthenic Oil plasticiser 3 

Iron sand filler 0-70 

Carbon black filler - 

CBS accelerator 2 

TMTD accelerator 1 

Sulphur crosslinking agent 1.5 

Curing condition      Unit   

Temperature oC 150 

Pressure Mpa 12 

Magnetic field during curing  mT 0-1000 

 

8.2.5 Characterisation 

Dynamic mechanical analysis 

Dynamic mechanical analysis was carried out using a Perkin Elmer dynamic 

mechanical analyser (DMA 8000). Tan δ was measured over a series of frequency 

and strain amplitude ranging from 0.01Hz-130Hz and 0.1-4.5%, respectively. The 

influence of frequency and strain amplitude on tan δ was assessed using two circular 

disc specimens with a diameter of 10 mm and a thickness of 3 mm in shear mode at 

room temperature. 
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8.3 Results and discussion 

8.3.1 Verification of MRE damping capacity, 𝝍𝑴𝑹𝑬 

A preliminary assessment of the validity of the model was carried out by 

conducting an experiment using isotropic and anisotropic MREs. The dependency of 

frequency, strain amplitude, iron sand content and magnetic field on MRE damping 

capacity was investigated and the relationship between the theoretical model and 

experimental results assessed. 

 

8.3.1.1 Viscous damping 

As shown in Equation 8.6, viscous damping (𝜓𝑉) is frequency dependent. For 

assessing the validity of the viscous damping, unfilled natural rubber sample was 

prepared and tan δ was measured through DMA over a range of frequency (0.01-

130Hz) and strain amplitude (0.1-4.5%). The results are shown in Figure 8.4. Tan δ 

increased with increasing frequency and remained constant as the strain amplitude 

increased, supporting the proposed model for viscous damping. This trend was also in 

general agreement with other researchers [179]. 

 

8.3.1.2 Interfacial Damping 

As represented in Equation 8.19, interfacial damping is related to the particle 

content and applied strain amplitude. For assessing the validity of this equation, a 

series of isotropic MREs containing different contents of silane modified iron sand 

(10, 30, 50 and 70 phr) was prepared giving covalent bonding at the interfaces 

(although it is accepted that weakly bound interfacial area is likely to also be  present)  
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Figure 8.4 Influence of strain amplitude and frequency on tan δ 

and curing was carried out in the absence of a magnetic field in order to rule out the 

influence of magnetism-induced damping. Tan δ was measured over a range of strain 

amplitude (0.1-4.5%) and the results are shown in Figure 8.5. Generally, tan δ 

increased with the increased content of iron sand as well as the strain amplitude. As 

can also be seen, at lower iron sand contents (10 and 30 phr), tan δ showed slight 

increases over the whole strain amplitude range explored, supporting that for low iron 

sand contents, energy absorption through viscous damping outweighs that through 

interfacial damping. At higher iron sand contents (50 and 70 phr), tan δ increased 

with increase in strain amplitude at low strain amplitudes and plateaued at higher 

strain amplitude. The amplitude dependence at low strain amplitudes for strongly 

bonded interfaces can be explained due to increased energy absorbed in bringing 

viscous flow of constrained materials at the particle interfaces and breakage of 
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interfacial bonding; for weakly bonded interfaces increased energy could be absorbed 

due to breakdown of physical bonding/mechanical interlocking between iron sand 

and rubber. At the plateau region (above approximately 2.5% strain amplitude), all 

interactions are destroyed to such an extent they cannot be reconstructed and damping 

is largely reliant on the rubber matrix which is at its largest due to greatest amount of 

rubber flow and the friction between rubber chains and iron sand. Overall, an increase 

of tan δ with increased iron sand content as well as strain amplitude showed good 

agreement with the proposed model for interfacial damping (𝜓𝐼). 

 

Figure 8.5 Influence of iron sand content and strain amplitude on tan δ 

 

8.3.1.3 Magnetism-induced damping 

As stated in Equation 8.25, magnetism-induced damping of MREs is related 

to iron sand content, strain amplitude and magnetic field up to saturation 

magnetisation. For assessing the validity of the magnetism-induced damping, a series 
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of MRE samples containing different contents of iron sand (10, 30, 50 and 70 phr) 

was prepared and curing was carried out in the absence and presence of different 

magnetic fields (100, 300, 500, 700 and 1000 mT). 

Figure 8.6 shows the variation of tan δ with iron sand content and magnetic 

field which was measured at a fixed frequency (100Hz) and strain amplitude (0.5%). 

It can be seen that tan δ increased with increased content of iron sand as well as 

increasing magnetic field. The increase of tan δ with increasing iron sand content can 

be explained by the increase in energy losses caused by interfacial damping with 

increase in iron sand content; furthermore for anisotropic MREs, increased energy 

could be absorbed through magnetic interactions caused by the increased in inter-

particle interaction and change of magnetic domain structures with increase in iron 

sand content. As can also be seen, there is generally a slight increase in tan δ with 

increased magnetic field which levels off at about 500 mT, supporting saturation 

magnetization to be occurring at around 500 mT. 

The variation of tan δ with magnetic field and strain amplitude for MRE 

containing 70 phr silane modified iron sand is shown in Figure 8.7. It can be seen that 

tan δ increased with increasing magnetic field at most strain amplitudes and then 

leveled off at around 500 mT due to saturation magnetization. It is also apparent that 

tan δ increased with increase in strain amplitude at low strain amplitudes and 

plateaued at higher strain amplitude. The amplitude dependence at low strain 

amplitudes could again be explained due to increase energy absorbed through 

interfacial damping. For anisotropic MREs, similar mechanisms would be involved as 

well as further energy absorbed through inter-particle interactions and 

magnetomechanical damping. At the plateau region, tan δ is largely reliant on the 
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rubber matrix as previous explained in Section 8.3.1.2. Overall, the obtained data for 

the influence of iron sand content, strain amplitude and magnetic field on tan δ 

supports proposed model for magnetism-induced damping (𝜓𝑀). 

 

Figure 8.6 Influence of iron sand content and magnetic field on tan δ 

 

Figure 8.7 Influence of magnetic field and strain amplitude on tan δ 
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8.3.2 Comparison between tan δ with theoretical 𝝍𝑴𝑹𝑬 

Comparison between tan δ with  𝜓𝑀𝑅𝐸 was carried out on a series of isotropic 

and anisotropic MREs developed during this thesis work. 𝜓𝑀𝑅𝐸 for MREs with 

modified and unmodified iron sand was calculated using Equation 8.26 and 8.27, 

respectively. The results are shown in Tables 8.2 and 8.3. Generally, 𝜓𝑀𝑅𝐸 increases 

with increased in frequency, strain amplitude, iron sand content and magnetic field up 

to magnetic saturation and the trend matches the experimental trend; the values were 

generally higher than for tan δ with average percentage differences for modified and 

unmodified iron sand of 8.1% and 21.8%, respectively. This disparity is not 

surprising when all the assumptions of the model (previously described separately in 

the sections for different mechanisms) are considered which are summarized as 

follows: 

 𝜓𝑀𝑅𝐸  ≈ tan 𝛿 (although 𝜓𝑉 ≈ 𝑡𝑎𝑛 𝛿 is accepted for viscous damping, this 

has not been previously shown to cover all mechanisms in MREs). 

 The viscous damping of MREs follows the linear Kelvin Voight model. In 

reality, however, nonlinearity could occur due to addition of iron sand 

particles in the rubber matrix. 

 Iron sand particles were assumed to be spherical with the same diameter, 

however, the particles were not perfectly spherical or having the same 

diameter. 

 In magnetism-induced damping, the energy absorbed through 

magnetomechanical damping was considered insignificant. 

 The iron sand particles are assumed to be aligned in long chains, however, the 

particles were not perfectly aligned in long chains.  
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1
8
6
 

 

 

Table 8.2 Comparison of theoretical damping capacity (𝜓𝑀𝑅𝐸) with tan δ obtained from experiments for MREs containing 

different contents of modified iron sand in a rubber matrix and tested at different frequencies, strain amplitudes and magnetic 

fields. 

Factor   Damping capacity, 

ψMRE of MREs 

according to 

proposed model 

Experimental 

tan δ of 

MREs 

Difference 

(%) 
Iron sand 

content 

(phr) 

Frequency 

(Hz) 

Strain 

amplitude 

(%) 

Magnetic 

field 

(mT) 

  

0 100 0.5 0   0.1689 0.1202 40.5 

10 100 0.5 500   0.1741 0.1472 18.3 

30 100 0.5 500   0.1832 0.1584 15.6 

50 100 0.5 500   0.1916 0.1772 8.1 

70 100 0.5 500   0.1993 0.1828 9.0 

70 50 0.5 500   0.1148 0.1493 -23.1 

70 120 0.5 500   0.2330 0.2182 6.7 

70 100 1.5 500   0.2043 0.2175 -6.1 

70 100 4.0 500   0.2107 0.2265 -7.0 

70 100 0.5 100   0.1988 0.1731 14.9 

70 100 0.5 300   0.1990 0.1778 11.9 

70 100 0.5 1000   0.1993 0.1822 9.3 

Average difference (%)  8.1 
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1
8
7
 

 

 

 

Table 8.3 Comparison of theoretical damping capacity (𝜓𝑀𝑅𝐸) with tan δ obtained from experiments for MREs containing different 

contents of unmodified iron sand in a rubber matrix and tested at different frequencies, strain amplitudes and magnetic fields. 

 

Factor   Damping capacity, 

ψMRE of MREs 

according to 

proposed model 

Experimental 

tan δ of 

MREs 

Difference 

(%) 
Iron sand 

content 

(phr) 

Frequency 

(Hz) 

Strain 

amplitude 

(%) 

Magnetic 

field 

(mT) 

  

30 100 0.5 700   0.1745 0.1101 58.5 

70 100 0.5 0   0.1804 0.1348 33.8 

70 50 0.5 300   0.0961 0.1076 -10.6 

70 100 0.5 300   0.1806 0.1421 27.1 

70 120 0.5 300   0.2143 0.1965 9.0 

70 100 1.5 300   0.1857 0.1615 15.0 

70 100 4.0 300   0.1921 0.1605 19.7 

Average difference (%)           21.8 
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However, given the limitations of other models that cover all mechanisms for MREs, 

this model can provide a guideline to manufacture MREs with desired damping 

performance. It also gives support that the following approximation can be used to 

determine damping of MREs at various variable factors: 

𝜓𝑀𝑅𝐸  ≈ tan 𝛿 (8.28) 

 

8.4 Chapter conclusion 

A theoretical model was developed to determine the total damping capacity of 

MREs (𝜓𝑀𝑅𝐸) from viscous flow of the rubber matrix, interfacial damping and 

magnetism-induced damping. 𝜓𝑀𝑅𝐸 was found to be dependent on frequency, iron 

sand content, strain amplitude and magnetic field up to magnetic saturation. An 

experiment was carried out to assess the proposed model and comparison between tan 

δ with  𝜓𝑀𝑅𝐸 on a series of isotropic and anisotropic MREs showed that 𝜓𝑀𝑅𝐸 

matched the experimental trends for tan δ with average percentage difference of 8.1% 

and 21.8% for MREs with modified and unmodified iron sand, respectively. It is 

considered that the model can provide a guideline to manufacture MREs with desired 

damping performance. 

 

 

 

 

 

 

 



 

189 

  

Chapter 9 

Conclusions 

The capability of DMA for use in predicting the optimum curing time (t90) of 

rubber compounds was assessed for different rubber compounds with various filler 

contents and particle sizes. The curves of G′, G′′ and tan δ as a function of time were 

found to reflect the vulcanization process. However, only the tan δ curve showed a 

strong correlation with crosslink development. Three stages of curing (induction, 

curing and overcuring) were observed on the tan δ versus time curve and t90 was 

calculated as the time when tan δ reduces to 90% of its maximum value. The 

measured values were compared with results obtained by conventional methodology. 

The percentage errors for all compounds were found to be lower than +/- 5% with an 

average percentage error of 0.58%. The results showed for the first time that DMA is 

capable of measuring the optimum cure time of rubber. 

The effect of a number of factors (iron sand content, iron sand particle size 

and applied magnetic field during curing) on tan δ and energy dissipated during 

hysteresis tests was explored using a designed experiment (Taguchi) to minimise 

sample preparation and testing effort. Iron sand content had the greatest influence on 

tan δ when measured over a range of frequency (0.01-130Hz) as well as on the 

energy dissipated during the hysteresis tests, followed by particle size and magnetic 

field. Energy absorption for isotropic MREs can occur due to viscous flow of the 

rubber matrix and interfacial friction between the particle and the rubber matrix; for 

anisotropic MREs, similar mechanisms would be involved as well as potentially, 
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energy absorbed through magnetic interactions. However, a smaller contribution to 

energy absorption observed for tensile loading in hysteresis tests compared with shear 

loading in the DMA, is believed to be due to the fact that it is largely the spacing 

increasing between chains that is changing, whereas in shear loading, the spacing 

within chains is changing, such that closer particles are moving more relative to each 

other. It was also found that addition of iron sand and formation of magnetic particle 

chains constrained conformational changes of rubber molecules from relaxation and 

therefore increased the temperature at which the molecular chains started to mobilize, 

such that the width of the peak of tan δ was increased. It was observed that none of 

the factors investigated had significant influence on tan δ for the plateau region from 

1.0-4.5% strain amplitude, which is likely to be due to disruption of weak interfacial 

bonding between iron sand and rubber at low strain amplitudes. SEM analysis of 

MRE sections showed that isotropic MREs had uniform particle distribution and 

curing the materials under an applied magnetic field at elevated temperature resulted 

in the iron sand organizing into chain-like columnar structures. Evidence from SEM 

also supported weak interfacial bonding between iron sand and rubber. 

Surface modification of iron sand using TESPT was found to provide 

coupling between iron sand and natural rubber; Raman spectroscopy gave evidence 

that siloxane linkages were formed between TESPT and iron sand. The results were 

supported by grafting percentage determined using TGA. Crosslink density 

measurements showed evidence that the tetrasulphane group of TESPT formed 

crosslinks with the rubber chains. The optimum amount of TESPT for interfacial 

bonding and the highest damping performance occurred at 6 wt% TESPT relative to 

iron sand content. Treated iron sand was found to be more evenly dispersed in the 
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rubber with much less particle pullout on fracture surface supporting improved 

interfacial adhesion with natural rubber. Tan δ was found higher for isotropic and 

anisotropic MREs with modified iron sand compared to MREs with unmodified iron 

sand, with 20-40% improvement over the whole frequency range explored and 11-

20% improvement over the strain amplitude range explored. Tan δ for anisotropic 

MREs with silane modified iron sand increased with increased in magnetic field up to 

a saturation point at 600 mT. The higher energy absorption for isotropic MREs that 

occurred with modified iron sand was thought to be due to more energy absorbed at 

low strain amplitudes for the viscous flow of rubber better bonded to iron sand and at 

high strain amplitudes, to bring about bond failure and viscous flow of rubber chains 

that are more bulky due to the presence of coupling agent; for anisotropic MREs, 

similar mechanisms would be involved as well as further energy absorbed due to the 

breakdown of joint rubber shells with more trapped rubber released and magnetic 

interactions. Improvement in hysteresis loss of 20-41% was obtained for isotropic and 

anisotropic MREs with modified iron sand, however, hysteresis loss demonstrated no 

obvious trend with magnetic field which is in contrast to the results for the effect of 

magnetic field on tan δ over a range of frequency and strain amplitude; this was 

thought to be due to the different mode of loading used when studying hysteresis loss. 

The presence of TESPT and formation of different lengths of aligned particle chains 

did not strongly affect the value of Tg and maximum tan δ at Tg; this is explained by 

the segmental motion of rubber chains being by far the most significant influence on 

energy absorption at this temperature as supported by the literature. It was evident 

that surface modification of iron sand using TESPT generally resulted in increases in 
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MRE damping performance due to improvement in iron sand-rubber interfacial 

bonding. 

Energy absorption of isotropic and anisotropic MREs with silane treated iron 

sand were compared with existing antivibration rubbers contained different contents 

of carbon black filler (30, 50 and 70 phr) in a natural rubber matrix. Energy 

absorption for existing antivibration rubbers was generally higher than isotropic and 

anisotropic MREs and this was believed to be largely due the presence of carbon 

black in the formulation. For samples containing carbon black, it was assumed that 

increased energy could be absorbed due to breakdown and reformation of carbon 

black filler networks. Further assessment was carried out on materials that were the 

same as anisotropic MREs, except they had additions of carbon black. The energy 

absorption was found higher than existing antivibration rubber samples of the same 

carbon black contents, supporting the use of iron sand to improve damping. However, 

trends for energy absorption at around Tg were found to reverse which is considered 

to be due to the segmental motion of rubber chains being by far the most significant 

influence on energy absorption in the glass transition zone and so care should be 

taken when using the materials at such temperature although this is unlikely to be the 

service temperature for these materials. 

A model was developed to include viscous flow of the rubber matrix, 

interfacial damping and magnetism-induced damping to give the total predicted 

damping capacity of MREs (𝜓𝑀𝑅𝐸). 𝜓𝑀𝑅𝐸 was found to be dependent on frequency, 

iron sand content, strain amplitude and magnetic field up to magnetic saturation. It 

was found that 𝜓𝑀𝑅𝐸 matched the experimental trends with average percentage 

difference of 8.1% for MREs with modified iron sand and 21.8% for MREs with 
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unmodified iron sand. Although the model was not completely accurate, it can serve 

as a foundation model that covers all damping mechanisms to which improvements 

can be made in the future.  

It is believed that the research objectives stated in the introduction have been 

met with the completion of this thesis. Isotropic and anisotropic MREs based on iron 

sand and natural rubber were successfully produced and a greater understanding of 

the MRE damping mechanisms have been attained. 
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Chapter 10 

Recommendations and Future Work 

 

The results obtained from this study have laid down an important platform from 

which to further improve the processing methods and properties of MREs based on 

natural rubber and iron sand. Some recommendations for future work are proposed as 

follows: 

 Applying a magnetic field at elevated temperature during processing allowed 

iron sand particles to organise into chain like columnar structures vertically 

arranged through the material which provided much larger damping. It was 

not possible with available equipment to bring about horizontal alignment of 

iron sand particles, but this would be recommended for future work as it could 

provide further improvement in the MRE damping performance. 

 In this research, damping of MREs was tested in a passive mode through 

dynamic mechanical analysis and hysteresis testing. Further testing in a semi 

active or active mode could be carried out to study the damping performance 

of MREs under an applied responsive magnetic field during testing or in 

service to give improved in-service performance.  

 Development of prototypes and products for practical applications including 

seismic bearings and engine bushings. 
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Appendices  

Appendix I 

Results of cure time of rubber compounds for formulations stated in Table 4.3 

 

    

Sample type Cure time (min) 

1 5.3 

2 5.3 

3 5.3 

4 5.3 

5 5.3 

6 4.7 

7 5.1 

8 4.8 

9 5.4 

10 4.5 

11 4.3 

12 4.7 

13 4.5 

14 4.6 

15 4.8 

16 4.5 

17 4.2 

18 4.5 

19 4.2 

20 4.5 

21 4.6 

22 4.9 

23 4.6 

24 4.6 

25 4.4 
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Appendix II 
 

Results of cure time of rubber compounds for formulations stated in Table 5.1 

 

                

Materials Function loading (phr) 

Natural rubber raw material/matrix 100 100 100 100 100 100 

ZnO accelerator/activator 5 5 5 5 5 5 

Stearic acid accelerator/activator 1 1 1 1 1 1 

Paraffin oil plasticiser 2 2 2 2 2 2 

Naphthenic oil plasticiser 3 3 3 3 3 3 

Iron sand filler 70 70 70 70 70 70 

CBS accelerator 2 2 2 2 2 2 

TMTD accelerator 1 1 1 1 1 1 

Sulphur crosslinking agent 1.5 1.5 1.5 1.5 1.5 1.5 

Silane coupling agent level (wt %) 

TESPT coupling agent 0 2 4 6 8 10 

Curing characteristics (minutes) 

Cure time  (t90) 4.57 4.53 4.33 4.23 4.4 4.46 

* phr = per hundred rubber             
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Appendix III 

Results of cure time of rubber compounds for formulations stated in Table 7.2 

                

Materials MRE/ISO MRE/AN MRE/AN/30CB MRE/AN/50CB 

Comparative 

sample 1 

Comparative 

sample 2 

Comparative 

sample 3 

    

(CS/30CB) (CS/50CB) (CS/70CB) 

Natural Rubber 100 100 100 100 100 100 100 

ZnO 5 5 5 5 5 5 5 

Stearic Acid 1 1 1 1 1 1 1 

Paraffin Oil 2 2 2 2 2 - - 

Naphthenic Oil 3 3 3 3 3 10 5 

Iron sand 70 70 70 70 - - - 

Carbon black - - 30 50 30 50 70 

CBS 2 2 2 2 2 1.9 1 

TMTD 1 1 1 1 1 0.8 - 

Sulphur 1.5 1.5 1.5 1.5 1 0.8 1.5 

 Curing condition           

Temperature (ºC) 150 150 150 150 150 150 150 

Pressure (MPa) 12 12 12 12 12 12 12 

Magnetic field 

during curing (mT) 
0 600 600 600 - - - 

Curing characteristics (minutes)       

Cure time (t90) 4.23 4.23 4.19 4.07 4.46 3.90 5.1 

 



 

211 

  

Appendix IV 

 

Experimental procedure to determine coefficient of friction between iron sand 

and rubber 

For the measurement of coefficient of friction between iron sand and rubber, 

test specimens were prepared using two iron sand coated plates with dimensions 35 

mm x 150 mm x 3mm and rubber sheet with dimension 35 mm x 150 mm x 3mm. A 

schematic arrangement of test specimens during testing is shown as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Schematic of friction experiments with the centre specimen being rubber sheet and 

the outer specimens being iron sand coated plates 

 

 

P 

F 

natural rubber sheet 

plates coated with 

iron sand 



 

212 

  

 The central specimen was rubber sheet and the two outer specimens were 

iron sand coated plates. The overlapping length of the specimens was approximately 

40 mm. The normal force P was first applied manually by clamping the outer plates, 

which compressed the rubber sheet and was measured with the load cell at 

approximately 100N.The specimens were inserted in Instron tensile tester and the 

relative sliding motion between the specimens was applied with the actuator of the 

testing machine. The friction force, F, was measured with the load cell of the testing 

machine. The coefficient of friction was calculated as follows: 

𝜇 =
𝐹

2𝑃
 (A.1) 

where factor 2 comes from the fact that there are two contact surfaces on each 

specimen. Five specimens were prepared and average coefficient of friction of the 

five specimens was measured. 

 

Results 

Sample Frictional force (N) Coefficient of friction (μ) 

1 31.57 0.16 

2 50.26 0.25 

3 39.02 0.20 

4 46.31 0.23 

5 40.28 0.20 

Average 41.49 0.21 
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Appendix V 

Results of cure time of rubber compounds for formulations stated in Table 8.1 

       Materials Function loading (phr) 

Natural Rubber matrix 100 100 100 100 100 

ZnO accelerator/activator 5 5 5 5 5 

Stearic Acid accelerator/activator 1 1 1 1 1 

Paraffin Oil plasticiser 2 2 2 2 2 

Naphthenic Oil plasticiser 3 3 3 3 3 

Iron sand filler 0 10 30 50 70 

CBS accelerator 2 2 2 2 2 

TMTD accelerator 1 1 1 1 1 

Sulphur crosslinking agent 1.5 1.5 1.5 1.5 1.5 

Curing characteristics (minutes) 

Cure time  (t90) 5.3 4.5 4.36 4.2 4.23 

* phr = per hundred rubber           
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ABSTRACT: The degree of vulcanization of a rubber compound has a big influence on the properties of the final product. Therefore,

precisely defining the curing process including optimum cure time is important to ensure the production of final products having

high performance. Typically, vulcanization is represented using vulcanization curves. The main types of equipment used for produc-

ing vulcanization curves are the oscillating disc rheometer (ODR) and the moving die rheometer (MDR). These can be used to plot

graphs of torque versus time at a constant temperature to show how cure is proceeding. Based on the results obtained, optimum

cure time (t90) is calculated as the time required for the torque to reach 90% of the maximum achievable torque. In this study, the

use of Dynamic Mechanical Analysis (DMA) for assessment of t90 was assessed. DMA was carried out using shear mode isothermal

tests to measure the changes in material properties caused by vulcanization. The results revealed that the shear storage modulus (G0),

shear loss modulus (G00), and tan d all reflect the vulcanization process, however, tan d gave the best representation of level of vulcan-

ization. Indeed, the curve of tan d was able to be used to derive the t90 for rubber compounds and showed good agreement with the

results from an MDR. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40008.
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INTRODUCTION

Rubbers are one of the most widely used groups of materials in

engineering products. The advantages of rubbers such as elastic-

ity and high damping make them dominant in various applica-

tions including tires, dampers, gaskets, seals, and conveyor belts.

However, in order to produce its unique material properties,

the rubber compound, which is generally a mixture of rubber,

vulcanization agent, accelerator, fillers, and several additional

ingredients, needs to be vulcanized to form a cohesive rubber

based solid. During the vulcanization process, the rubber com-

pound is heated up to a temperature at which irreversible reac-

tion between the rubber molecular chains and the vulcanization

agent starts to form crosslinks leading to an elastic, three-

dimensional structure.1

Typically, vulcanization is represented using vulcanization curves

such as that shown in Figure 1. The main types of equipment

used for producing vulcanization curves are the oscillating disk

rheometer (ODR) and the moving die rheometer (MDR), both

of which are technically classified as curemeters.2–4 In a cure-

meter, a piece of rubber compound is contained in a sealed test

cavity with a rotor that oscillated at a constant angular displace-

ment. As vulcanization proceeds at a specific temperature, the

torque required to shear the compound is monitored and a

curve of torque versus time can be generated.4,5 The working

principal of the curemeter is based on the fact that the stiffness

of the rubber compound increases with the formation of the

crosslinks during vulcanization. The use of a curemeter to deter-

mine the vulcanization characteristics is specified in ASTM D

2084.6

Generally, three stages are clearly represented by a vulcanization

curve. The first stage is the induction period which is character-

ized by slow chemical reaction between rubber and the addi-

tives. It enables safe processing and good flow of the rubber

compound inside a mould cavity. The second stage is where

curing of rubber molecular chains occur to form network struc-

tures. Vulcanization rate can be considered as the rate of this

stage. Optimum cure time (t90), which as stated earlier, is the

time required for the torque to reach 90% of the maximum

achievable torque (T90) and relates to the time necessary for the

cured rubber to achieve optimal properties.7 The last stage can

involve overcuring reactions depending on the rubber type, vul-

canization agent and temperature. In an ideal case, an equilib-

rium degree of vulcanization is obtained and the torque versus

time graph plateaus. However, some compounds show reversion

due to overheating during the test that corresponds to break

down of rubber networks. Conversely, additional crosslinks may

VC 2013 Wiley Periodicals, Inc.
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occur (induced by reaction of very reactive vulcanization agent

such as hyperoxides) to produce a marching curve. It is well

known that overcure of rubber compound usually has an unde-

sirable effect on product quality. Therefore, a precise determina-

tion of cure time is necessary to ensure the production of final

products having optimum performance with competitive

cost.4,5,8

In addition, a good understanding of factors that affect vulcani-

zation is crucial to predict the optimum cure time. Rubber

compounds that have different formulations may not produce

the same network density. Some of the most important factors

that affect the cure time are addition of fillers, formation of sul-

phur linkages, and thermal instability of sulphur linkages.2,3

The effect of cure time is more evident in the compound with

filler due to rubber–filler interactions.9 For filled elastomers, the

cure time is usually shorter than unfilled elastomers and the

maximum torque value increases as filler content increases.

Considering the fact that the fundamentals of curemeter appli-

cation involve monitoring the shear modulus to assess the vul-

canization, suggest that the shear mode of Dynamic Mechanical

Analysis (DMA) could also be used for evaluating the optimum

cure time of a rubber compound. DMA can be simply described

as applying a sinusoidal deformation to a sample whilst analyz-

ing the material’s response to that deformation. From this, a

variety of fundamental material parameters can be determined

such as storage and loss modulus, tan d, viscosity, and glass

transition temperature. Lately, DMA has been used for monitor-

ing cure of thermosetting resins, by which the viscosity of the

initial stage of curing and the latter stage of curing (after gela-

tion) are generally studied. Based on the changes in viscosity,

DMA can detect cure development and important transitions in

cure process such as gelation and vitrification point.10–13 How-

ever, according to the author’s knowledge, no comprehensive

work was dedicated to monitor and predict optimum cure time

Figure 1. Vulcanization curve of rubber.

Table I. Formulations of Rubber Compound

Material
Natural
rubber ZnO

Stearic
Acid CBS TMTD

Paraffin
oil

Naphthenic
oil Sulphur

Titanomagnetite
loading

Titanomagnetite
particle size

Sample/Unit phr phr phr phr phr phr phr phr phr lm

1 100 5 1 2 1 2 3 1.5 0 0

2 100 5 1 2 1 2 3 1.5 30 0–32

3 100 5 1 2 1 2 3 1.5 30 32–45

4 100 5 1 2 1 2 3 1.5 30 45–56

5 100 5 1 2 1 2 3 1.5 30 56–75

6 100 5 1 2 1 2 3 1.5 30 75–106

7 100 5 1 2 1 2 3 1.5 50 0–32

8 100 5 1 2 1 2 3 1.5 50 32–45

9 100 5 1 2 1 2 3 1.5 50 45–56

10 100 5 1 2 1 2 3 1.5 50 56–75

11 100 5 1 2 1 2 3 1.5 50 75–106

12 100 5 1 2 1 2 3 1.5 70 0–32

13 100 5 1 2 1 2 3 1.5 70 32–45

14 100 5 1 2 1 2 3 1.5 70 45–56

15 100 5 1 2 1 2 3 1.5 70 56–75

16 100 5 1 2 1 2 3 1.5 70 75–106

17 100 5 1 2 1 2 3 1.5 100 0–32

18 100 5 1 2 1 2 3 1.5 100 32–45

19 100 5 1 2 1 2 3 1.5 100 45–56

20 100 5 1 2 1 2 3 1.5 100 56–75

21 100 5 1 2 1 2 3 1.5 100 75–106

phr, per hundred rubber
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of rubber compounds. In this study, the DMA is tested for suit-

ability for monitoring cure of rubber compounds.

EXPERIMENTAL

Material and Specimen Preparation

In order to check the applicability of DMA to predict the opti-

mum cure time and to evaluate the consistency of the measure-

ments, 21 formulations of rubber compound were investigated.

The formulations used in this study are shown in Table I.

Natural rubber (SMR L) and other chemicals such as zinc oxide,

stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide (CBS),

tetra methyl thiuramdisulphide (TMTD), paraffin oil, and

naphthenic oil were all purchased from Field Rubber Limited,

Auckland. Both unfilled and filled rubbers were involved in this

study. Titanomagnetite was used as filler, which was milling to

various sizes using planetary mono mill (Pulverisette 6)

produced by Fristech GmbH.

The mixing and compounding was carried out using a conven-

tional laboratory two roll mill (model XK150) according to

ASTM designation D3184-80. Nip gap (distance between front

and back roller), time of compounding and sequence of addi-

tion of the ingredients (the ingredients were added in the

following sequence: rubber, activator, plasticizer, filler, accelera-

tor, and crosslinking agent) were kept constant for all the

compounds. Samples were punched from the uncured

compound in the form of circular discs with 10 mm diameter

and thickness of 3 mm for DMA shear mode testing.

Equipment and Procedure

Moving Die Rheometer (MDR). The MDR 2000 is a rotor less

curemeter designed to measure vulcanization of rubber com-

pounds under isothermal test conditions with constant strain

and frequency. It has gained much acceptance by the rubber

industry and offers several substantial advantages over previous

ODR techniques as described in ASTM D 2084. The design of

the MDR 2000 allows the lower half of the die to perform an

oscillating rotation of 0.5� with torque measured at the upper

die by a torque transducer. The curing characteristics of the

compound were determined at 150�C under a constant fre-

quency of 1.66 Hz and the t90 values were derived from the vul-

canization curve. The results of the cure time measurements

with the MDR are listed in Table II.

Dynamic Mechanical Analysis (DMA). The DMA instrument

used to perform these experiments was a Perkin Elmer DMA

8000. It is made up of six major components (Figure 2): a force

motor, a drive shaft, a high sensitivity displacement detector

(LVDT), a sample fixture, a furnace, and a temperature control-

ler. DMA measurements were conducted on circular disc speci-

mens in shear mode. The specimen loading is shown in

Figure 3. The driveshaft motion was kept in a horizontal direc-

tion during the test and the temperature controller was placed

at a minimum distance from the sample. The furnace was first

preheated to 150�C and then an isothermal test was carried out

Table II. Optimum Cure Time (t90) of the Formulations as Evaluated by

MDR

Sample t90 MDR (min)

1 5.10

2 4.65

3 5.19

4 4.85

5 5.25

6 4.71

7 4.41

8 4.82

9 4.64

10 4.51

11 4.92

12 4.46

13 4.42

14 4.58

15 4.31

16 4.47

17 4.47

18 4.70

19 4.55

20 4.54

21 4.20

Figure 2. Scheme of the DMA 8000. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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under a fixed frequency of 1.66 Hz and constant displacement

amplitude of 0.1 mm. The temperature was held at 150�C for

15 min to allow full vulcanization to occur. Data were collected

approximately every 5 s in the isotherm period. Shear storage

modulus (G0), shear loss modulus (G00) and tan d were recorded

as a function of time in order to deduce a direct connection

between the dynamic time sweep test and optimum curing

time.

RESULTS AND DISCUSSION

A typical time sweep plot of the unfilled natural rubber com-

pound (NR) measured by DMA is shown in Figure 4, including

G0 and G00. As can be seen, G00 increases representing when the

curing process started and reaches a peak after 5 min. This is

thought to be due to softening of the material as the material is

exposed to the oven temperature. After the maximum point, G00

was found to decrease rapidly for 3 min, followed by a gradual

decrease for approximately 15 min. This is believed to occur

due to the reduction of viscous flow in the material and there-

fore low energy being absorbed. In contrast, it is apparent that

G0 does not change at the beginning of the curing stage. This

indicates that the stiffness of the rubber remains low at the early

stage of vulcanization. After 5 min, a rapid increase of G0 was

observed, followed by a continuous increment up to 15 min.

This represents the increase of stiffness as a result of crosslink

formation. The results obtained agreed with previous work car-

ried out by Gatos et al.14 using a plate–plate rheometer.

Altogether, it can be seen that neither parameter shows a pla-

teau value that indicates an equilibrium degree of vulcanization.

A gelation point can be detected at 6.1 min; the gelation point

is taken to be the crossover of G00 and G0 where tan d equals 1.

In monitoring cure of thermosetting resins by DMA, the gela-

tion point can be defined as a point where the crosslinks have

progressed to form a network across the specimen and the

material changes from a viscous liquid to a viscoelastic solid.15

However, the values obtained show a significant difference

with the value from a conventional curemeter with an average

percentage error of 20% (Table III). It can be concluded

that there is not a direct correlation between t90 and G00 or

G0 graphs.

Another important parameter obtained in dynamic time sweep

test is tan d. Tan d is calculated as the quotient of the loss and

the storage moduli. Therefore, it reveals the ratio of the viscous

and the elastic portion of the materials.16 The results for tan d
as a function of time for NR are depicted in Figure 5. As can

be seen, three stages of curing process can be observed for the

tan d curve suggests that, this parameter and its changes with

time apparently reflect the development of crosslinking reaction

inside the rubber. In induction period, tan d increased to a

maximum which indicates the softening of the material and

slow chemical reaction between vulcanizing agent, rubber and

other compound constituents. The peak could relate to where

optimum flow of the rubber compound through the mould cav-

ity can occur giving the compound its final shape for curing. In

the curing stage, tan d was found to decrease rapidly which can

again be explained by development of crosslinks between the

rubber molecular chains that increase the elasticity of the

Figure 3. Scheme of the shear mode specimen loading in DMA.

Figure 4. Time sweep plot, including G0 0 and G0 for NR compound.

Table III. Differences of t90 Value Measured by MDR and Calculated from

the Gelation Point of G0 0 or G0 Graphs for Unfilled Natural Rubber Com-

pound (NR)

Time

Method t90 MDR 5.1 min

t90 Gelation Point 6.1 min

Error (%) 20%

Figure 5. Tan d curve as a function of time for NR compound.
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material. As previously discussed, the end of this stage corre-

sponds to the optimum vulcanization time (t90). In most cases

of torque versus time graphs (vulcanization curves) generated

by the MDR, the final stage of vulcanization is characterized by

a plateau at a maximum value.14 A potentially equivalent pla-

teau is well resolvable in the tan d curve, but tan d stabilizes at

a minimum value as a function of time.

In a typical MDR vulcanization curve, the time to achieve the

optimum network density, at a given temperature is the time

required for the torque to reach 90% of the maximum achieva-

ble torque.6 The T90 can be calculated as follows:

T905Tmin 1 0:9 Tmax 2Tminð Þ (1)

where Tmax and Tmin are the maximum and minimum torque

values. The value of t90 can now be found from the graph of

torque versus time. Considering the capability of the DMA to

monitor the formation of the crosslinking network by the tan d
curve, an equivalent t90 could be obtained similiarly from d90

according to Eq. (2):

d905 dmax – 0:9 dmax 2 dminð Þ (2)

where now dmax and dmin are the maximum and minimum tan

d values. It is assumed that t90 could now be obtained from tan

d versus time graphs at d90. From the tan d curve of NR in

Figure 5, the t90 value obtained using Eq. (2) is 5.3 min. There

was little difference between MDR and DMA values with per-

centage error of 3.9%. It should be mentioned at this point that

even different types of conventional curemeters present varia-

tion of optimum curing time for the same sample.14 Therefore,

as both techniques use a shear excitation and measure a quan-

tity that is related to the shear modulus, the similarity is

reasonable.

In addition, it is possible that cure rate could also be deter-

mined from the tan d versus time curve, as a decrease in tan d
value with time such that it could be obtained by the slope in

the curing stage. However, further work would be needed to

assess that. The sensitivity of the DMA is also sufficient to

record the overcuring of rubber (after t90).

In order to assess that DMA is reliable for assessment of t90,

further rubber compounds were analysed. In this step, t90 of

20 further rubber compounds with various filler loading and

particle size as mentioned in Table I were measured using MDR

and DMA. A percentage error criteria was used for comparison

of these two techniques. The percentage errors for t90 measure-

ments using DMA are given in Table IV. In view of the results

obtained, the percentage errors for all compounds were lower

than 1/2 5% with average percentage error of 0.58%. The

results for all compounds at different particle sizes and loading

were satisfactory and reliable with acceptable proximity. This

indicates that the DMA is capable to measure different types of

curing behaviours which is more apparent in the compounds

with fillers as discussed ealier.

CONCLUSIONS

This study was devoted to assess the capability of DMA to pre-

dict the optimum curing time (t90) of rubber compounds. This

was performed by investigating natural rubber compounds with

a conventional sulphur crosslinking system. It is known that the

oscillating disk rheometer (ODR) and moving die rheometer

(MDR) are by far the most commonly used equipment to char-

acterize the curing behavior of rubbers. The results of isother-

mal curing test of the DMA indicate that several parameters

such as shear storage modulus (G0), shear loss modulus (G00)
and tan d reflect the vulcanization process. However, only the

tan d curve shows a strong correlation with crosslink develop-

ment. This means that the three stages of curing can be clearly

observed, with the final stage of vulcanization characterized by

a plateau. Contradictory to the typical MDR vulcanization

curve where the torque reaches maximum, tan d value stabilizes

at a minimum value and the t90 can be calculated as the time

when tan d reduces to 90% of its maximum value. The meas-

ured values were generally in agreement with results obtained

by a MDR with range of errors lower than 1/2 5% and aver-

age percentage error of 0.58%. Overall, the presented results

show that DMA can be use as a new equipment to predict the

optimum curing time of rubber.
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Table IV. Percentage Error of Optimum Cure Time (t90) Measured by

DMA

Sample
t90 MDR
(min)

t90 DMA
(min)

DMA
error (%)

1 5.10 5.30 3.92

2 4.65 4.70 1.08

3 5.19 5.10 21.73

4 4.85 4.80 21.03

5 5.25 5.40 2.86

6 4.71 4.50 24.46

7 4.41 4.30 22.49

8 4.82 4.70 22.49

9 4.64 4.50 23.02

10 4.51 4.60 2.00

11 4.92 4.80 22.44

12 4.46 4.50 0.90

13 4.42 4.20 24.98

14 4.58 4.50 21.75

15 4.31 4.20 22.55

16 4.47 4.50 0.67

17 4.47 4.60 2.91

18 4.70 4.90 4.26

19 4.55 4.60 1.10

20 4.54 4.60 1.32

21 4.20 4.40 4.76

Average error (%) 0.58
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ABSTRACT: In this study, magnetorheological elastomers (MREs) based on iron sand and natural rubber were prepared. The Taguchi

method was employed to investigate the effect of a number of factors, namely, the iron sand content, iron sand particle size, and

applied magnetic field during curing on the loss tangent (tan d) and energy dissipated during cyclic loading. Tan d was measured

through dynamic mechanical analysis over a range of frequency (0.01–130 Hz), strain amplitude (0.1–4.5%), and temperature (2100

to 50�C). The energy dissipated was measured with a universal tester under cyclic tensile loading. The data were then statistically ana-

lyzed to predict the optimal combination of factors, and finally, experiments were conducted for verification. It was found that the

iron sand content had the greatest influence on tan d when measured over a range of frequency, and the energy dissipated during

hysteresis tests. However, none of the factors showed a significant influence on tan d when measured over a range of strain amplitude.

Furthermore, the iron sand content and magnetic field were also found to influence the width of the peak in tan d as a function of

the temperature. The morphological characteristics of the MREs were also examined with scanning electron microscopy. VC 2014 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41506.
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INTRODUCTION

A material with a high damping capability is desired from the

viewpoint of vibration suppression in structures. Rubber is by

far the most commonly used material for damping; here, damp-

ing relies on the energy absorbed due to viscous flow that

occurs during deformation in this viscoelastic material. How-

ever, the enhancement of damping through rubber modification

or rubber selection to increase the viscous flow, not surprisingly,

generally results in a reduction in stiffness and strength.1 More

recently, magnetorheological elastomers (MREs) have been

developed such that the inclusion of magnetic particles in rub-

ber enables additional damping through magnetic interactions

between neighbouring magnetic particles and interfacial damp-

ing between the particles and the rubber matrix. Furthermore,

the damping and stiffness can be varied by the application of

an applied magnetic field during fabrication or in service.

MREs are often referred to as solid analogs of the previously

developed magnetorheological fluids (MRFs) used in the damp-

ing of automotive suspensions. In MRFs, magnetic particles are

contained within an oil. The main advantage of MREs over

MRFs is that particle sedimentation is overcome. Moreover,

MREs do not need containers or seals to hold the fluid or pre-

vent leakage.2 MREs can be used for damping, either alone or

within a composite structures, such as those including steel

plates.

MREs can be fabricated to contain a uniform suspension of

magnetic particles (isotropic MREs). However, it has been

found that when a magnetic field is applied during curing,

chainlike structures of magnetic particles are formed within the

rubber (which become anisotropic MREs); this provides much

larger damping and stiffness values.3 Figure 1 shows the struc-

ture of isotropic and anisotropic MREs. The formation of such

chainlike structures relies on a mechanism such that when indi-

vidual particles are exposed to an applied magnetic field, mag-

netic dipole moments pointing along the field direction are

induced within them. A magnetic force will cause the north

pole of one particle to attract the south pole of its neighbour;

this results in the formation of chains and columnar structures

inside the matrix. When the matrix is cured, the particle struc-

ture is set in place.4

The magnetic particles of choice for MREs are iron particles,

and suitable matrix materials include natural rubber, silicone

rubber, polybutadiene, polyisobutylene, polyisoprene, and poly-

urethene rubber.3,5–10 These materials are nonmagnetic

VC 2014 Wiley Periodicals, Inc.
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viscoelastic materials into which the magnetic particles can be

added and subsequently processed into a final solid form through

conventional rubber or plastic processing.11–13 Recent work has

focused on carbonyl iron and natural rubber MRE because of

their associated ease of processing and good damping perform-

ance.14–16 However, one of the biggest challenges in the develop-

ment of MREs is cost. Carbonyl iron particles, the most

commonly used particles, are expensive at $13–15/kg in bulk.

The more cheaply produced iron particles iron oxide (Fe3O4)

and barium ferrite (BaFe12O19) tend to be irregular in shape,

tend to have wider size distributions, and simply do not perform

as well.17,18 Some iron alloy particles actually perform better than

carbonyl iron, but they are significantly more expensive.19 It is

apparent that more applications would quickly become commer-

cially viable if the material cost could be reduced.

This work aims to fabricate iron sand and natural rubber MREs.

Iron sand was chosen because it has a high permeability and sat-

uration magnetization, has a low cost, and is readily available in

New Zealand. It is derived from the erosion of andesitic and

rhyolitic volcanic rocks, which are the main types of iron ore

deposits in New Zealand. Iron sand is a dark, high-density sand

that occurs along the west coast of the North Island from Wan-

ganui to Kaipara Harbour near Auckland over a distance of

480 km. It contains titanomagnetite, a mineral itself containing

iron and titanium, which is highly magnetic.20,21

The conventional approach of experimental design is that one

factor is varied and the remaining factors are kept constant; it is

expensive and time-consuming. Hence, several design-of-

experiment methods have been developed that can reduce the

number of experiments, time, and cost required to model the

response functions.22 Among them, the Taguchi method has

had great success in the design and optimization of the control-

lable factors to achieve a high-quality product or process.23,24

This method has been used successfully, for example, to opti-

mize the processing conditions and chemical formulation in

rubber.25,26 As far we are aware, there has been no published

analysis of the factors effecting the dynamic properties of MREs

with the Taguchi method. In this study, the loss tangent (tan d)

was considered as the fundamental parameter to assess damp-

ing. Tan d gives a comparison of the energy lost to that stored;

it is obtained by dividing the loss modulus (G00) by the storage

modulus (G0).1 However, another estimate of damping used in

the literature is the amount of energy dissipated during cyclic

deformation; this can be calculated from the area of the hystere-

sis loop. In the next section, the Taguchi method is briefly

reviewed. Then, the experimental methods used to fabricate the

MREs, the factors investigated, and the characterization meth-

ods are described. This is followed by a presentation of the

results and discussion. Finally, the conclusions are summarized,

and some finding remarks are made.

TAGUCHI METHOD

The Taguchi method, pioneered by Genichi Taguchi, provides a

simple, efficient, and systematic approach to study the effects of

multiple variables by identifying the performance trend for each

factor and determining the combination that yields the opti-

mum conditions.

The Taguchi method generally includes the following steps:

1. Identification of the factors and their levels.

2. Selection of an appropriate orthogonal array (OA) and

assignment of the factors and levels to the OA.

3. The conducting of the experiment.

4. Analysis of the experimental data and determination of the

optimal levels.

5. Verification of the optimum design factors through

experimentation.

The key component in the design of the experiment is the iden-

tification of factors and their levels. With the finalized factors

and levels, the Taguchi method makes use of an OA for experi-

mental design. The Taguchi method allows for 18 different

standards of OAs, and the details of OA selection are published

in refs.24,27 After OA selection, the experiments are carried out,

and the results can then be analyzed with the signal-to-noise (S/

N) ratio to determine the effect of each factor and the level that

maximizes the performance. The S/N can be divided into three

categories depending on the desired output performance: nomi-

nal (used where a target value is desired), the smaller the better,

and the larger the better, for which eqs. (1), (2), and (3) are

used, respectively, to determine S/N:

S

N
5210log

Xn

i50
ðYi2DÞ2

n
(1)

S

N
5210log

Xn

i50
Y 2

i

n
(2)

Figure 1. MRE structure: (a) isotropic and (b) anisotropic MRE.
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where D is the average of the observed data, n is the number of

observations, i is the level, and Yi is the observed data at level i.

Another function of S/N is that it is able to determine the rank-

ing of factors through the calculation of the average effect of a

factor at a level. This is given by simple statistical calculation as

follows:25

Aj5

Xn

i50

S

N

� �
i

n
(4)

where Aj is the average for factor j, (S/N)i represents the S/N

observation of a factor at level i, and n represents the total num-

ber of observations for that factor. By plotting the average factor

effect against the corresponding factor level, a main effect plot is

obtained, and the trend of the influence of each factor on the

results is extracted. The relative effects of factors affecting the

response can be calculated by an analysis of variance (ANOVA).

ANOVA is a powerful statistical analysis tool that can be used in

the Taguchi method to determine statistically significant factors

and to explore the relative contribution of each factor and level

to the total variation. ANOVA provides information on the sum

of squares (SS), degrees of freedom, percentage confidence level,

and percentage contribution. SS is a measure of the total vari-

ability of the observed data. The SS is defined as follows:

SS5

Xn

i50
X2

a

n
2

T 2

N
(5)

where a is the factor, Xa is the sum of the observed data at fac-

tor a, T 5 RXa is the sum of all of the data, and N is the total

number of data points. The degrees of freedom represent the

number of levels for each factor, which may vary independently

and is equal to the number of levels of each factor minus one.

The percentage confidence level represents the probability of the

occurrence and the reliability of the data. The percentage contri-

bution is calculated as follows:

Percentage contribution 5
SSa

SST

3100% (6)

where SSa is the sum of squares of factor a and SST is the total

sum of squares. With S/N and ANOVA analyzed, the optimal

combination of the factors can be predicted, and finally, an

experiment can be conducted to verify the optimal factors.

EXPERIMENTAL

Materials

A fixed masterbatch formulation for rubber was used in this

study (Table I). Natural rubber (Standard Malaysian Rubber

(SMR) L grade) and other chemicals, including zinc oxide, ste-

aric acid, n-cyclohexyl-2-benzothiazole sulfenamide (CBS), tet-

ramethylthiuram disulfide (TMTD), paraffin oil, and

naphthenic oil, were all purchased from Field Rubber, Ltd.

(Auckland). Iron sand was collected from Ngarunui Beach,

Raglan. The iron sand was then milled with a planetary mono-

mill (Pulverisette 6) produced by Fristech GmbH and subse-

quently sieved to obtain a wide range of particle size fractions.

Experimental Design

Selection of Factors and Levels. In this study, three factors

were considered: the iron sand content, particle size, and

applied magnetic field during curing. These factors were varied

at five levels, as shown in Table II, on the basis of the existing

literature.3,4,9,14,16

Selection of OA and Analysis of Data. Given the three factors

and five levels considered in this study, an L25 OA was selected

for the Taguchi method. The L25 OA is shown in Table III and

consisted of 25 experiments corresponding to 25 rows and three

design factors assigned to the respective columns along with

their levels. The analysis of the S/N was subsequently used to

evaluate the experimental results. In this study, because the tan

d and amount of energy dissipated (hysteresis tests) were

intended to be maximized, the larger-the-better target for S/N

was chosen. ANOVA was used to statistically assess the percent-

age contribution and relationship between each factor. ANOVA

was performed with STATISTICA software.

Preparation of the Iron Sand–Natural Rubber MREs. Formu-

lations were determined according to the OA and were com-

pounded with a conventional laboratory two-roll mill (model

XK150) according to ASTM D 3184-80. The nip gap (the dis-

tance between the front and back rollers), time of compound-

ing, and sequence of addition of the ingredients (rubber,

activator, plasticizer, filler, accelerator, and crosslinking agent)

Table I. Masterbatch Formulation

Material Function phr

Natural rubber Raw material and matrix 100

ZnO Activator/peptiser 5

Stearic acid Activator/peptiser 1

CBS Accelerator 2

TMTD Accelerator 1

Paraffin oil Plasticizer 2

Naphthenic oil Plasticizer 3

Sulfur Crosslinking agent 1.5

Table II. Experimental Control Factors and Their Respective Levels

Factor Symbol Unit Level 1 Level 2 Level 3 Level 4 Level 5

Iron sand content I phr 0 30 50 70 100

Particle size P mm 0–32 32–45 45–56 56–75 75–106

Magnetic field M mT 0 300 500 700 1000
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were kept constant for all of the compounds. The cure time at

150�C was then determined according to the procedure, as

described in ref. 28. Compounded rubber samples weighing

13 g were placed in a 60 3 50 3 3 mm mold. The isotropic

MREs were cured in a compression moulder at 150�C under a

pressure of approximately 12 MPa. The anisotropic MREs were

subjected to an external magnetic field in a specially developed

electromagnetic thermally coupled device (as shown in Figure

2) at 80�C for 30 min and were subsequently cured in a com-

pression moulder at 150�C under a pressure of approximately

12 MPa. Finally, postcure treatment was performed by the cool-

ing of the anisotropic MREs at room temperature for 30 min

under an external magnetic field of the same strength as that

used during precuring. The postcure treatment was necessary to

reorientate the magnetic dipoles after they were exposed to the

compression stress during compression molding.

Characterization

Dynamic Mechanical Analysis (DMA). DMA was carried out

with a PerkinElmer dynamic mechanical analyzer (DMA 8000).

Tan d was measured over a wide range of frequency, strain

amplitude, and temperature. The influence of the frequency and

strain amplitude on tan d was assessed with two circular disc

specimens with a diameter of 10 mm and a thickness of 3 mm

in shear mode at room temperature. Tan d was measured over

the frequency range 0.01–130 Hz at a fixed strain amplitude of

0.5% and over the strain amplitude range 0.1–4.5% at a fixed

frequency of 100 Hz. To determine the influence of the temper-

ature on tan d, the samples were analyzed in dual-cantilever

mode at a frequency of 1 Hz with a strain amplitude of 0.5%

and over the temperature range from 2100 to 50�C. The sam-

ples were then heated at rate of 2�C/min. The samples were rec-

tangular with dimensions of 30 36 33 mm3.

Hysteresis. Hysteresis loss is defined as the amount of energy

dissipated during cyclic deformation when the samples are

stretched and then allowed to retract at the same rate to their

unstretched state. In this study, the hysteresis loss was deter-

mined on tensile dumbbells with an Instron 4204 at a crosshead

speed of 500 mm/min according to ASTM D 412-80. The

stress–strain curve was recorded, and the hysteresis loss was cal-

culated as follows:

Hysteresis loss 5 Area under the loading curve 2 Area under the

recovery curve (7)

Morphology. The microstructures of the isotropic and aniso-

tropic MREs were observed with scanning electron microscopy

(SEM; Hitachi S-4700). The samples were cut into pieces with a

surface area of 5 3 3 mm2 and coated with a thin layer of plati-

num before observation at an accelerating voltage of 20 kV.

RESULTS AND DISCUSSION

The trends obtained in this study were similar to typical trends

observed in previous works for the influence of frequency,14,29,30

strain amplitude,16,31 and temperature32,33 on tan d and the hys-

teresis loop obtained after a complete reversed stress cycle.34,35

To calculate the optimum levels for the different factors with S/

N and ANOVA, reference points for tan d were selected. To

optimize tan d over a range of frequency from 0.01 to 130 Hz,

the maximum value of tan d was taken as the reference point; it

was consistently observed at 130 Hz (the maximum frequency

applied). To optimize tan d over a range of strain amplitude

(0.1–4.5%), the reference point was chosen to be within the pla-

teau region at 3% strain amplitude. With respect to the choice

of a reference point over a range of temperature, attention was

given to the peak of the curve of tan d versus temperature,

which represented the glass-transition temperature (Tg), where

the material undergoes drastic changes in the mechanical energy

of the molecular vibrational motion. The addition of particulate

Table III. Experimental Layout of an L25 OA According to the Taguchi

Method

Sample type

Factors and their levels

I P M

1 1 1 1

2 1 2 2

3 1 3 3

4 1 4 4

5 1 5 5

6 2 1 2

7 2 2 3

8 2 3 4

9 2 4 5

10 2 5 1

11 3 1 3

12 3 2 4

13 3 3 5

14 3 4 1

15 3 5 2

16 4 1 4

17 4 2 5

18 4 3 1

19 4 4 2

20 4 5 3

21 5 1 5

22 5 2 1

23 5 3 2

24 5 4 3

25 5 5 4

Figure 2. Sketch of the specially developed electromagnetic, heat-coupled

device (DC 5 direct current).
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fillers into rubber is generally not expected to change the tem-

perature at which tan d reaches a peak. What is commonly

apparent, however, is a broadening of the transition region after

Tg to the plateau region.32,36 In this study, Tg of the natural

rubber was 247�C, and the transition region after Tg to the pla-

teau region was observed at 247 to 0�C. To reflect the broaden-

ing of the peak, a reference point for tan d was selected at

235�C. In hysteresis testing, the amount of energy dissipated

was calculated from the area of the hysteresis loop. Table IV

shows the values of the tan d and hysteresis loss obtained for

these reference points, which were subsequently used to calcu-

late the S/Ns and ANOVA, with each value representing an aver-

age from the three samples. The highest values for each test

type are shown in bold.

Morphology

Figure 3 shows SEM images of the isotopic and anisotropic

MREs. From the SEM micrographs, it can be seen that the iso-

tropic MREs had a homogeneous iron sand particle distribution

in the rubber matrix without obvious aggregation [Figure 3(a)].

Figure 3(b–e) shows anisotropic MREs cured at different mag-

netic fields. Clearly, as expected, the application of a magnetic

field at elevated temperature allowed the iron sand particles to

organize into chainlike columnar structures. It can also be noted

that the chains became longer and more aligned as the magnetic

field strength increased. A higher magnification micrograph

[Figure 3(f)] highlighted that there were obvious gaps between

the iron sand particles and rubber; this suggested weak interac-

tion between the iron sand and rubber.

Effect of the Frequency on Tan d

The trends for the influence of the frequency on tan d when

the factors were varied over their different levels are shown on

the main effect plots in Figure 4. As discussed earlier, the

higher the value of S/N was, the better the signal was; this

implied that the highest value in the main effect plots could be

used as the conditions to attain the optimized tan d. The S/N

increased with increasing iron sand content until it reached a

maximum value at 70 parts per hundred rubber (phr) and,

thereafter, decreased at the highest iron sand content (100

Table IV. Tan d and Hysteresis Loss Used to the Calculate S/Ns and ANOVA

Sample type

Maximum tan
d over 0.01–130 Hz
(130 Hz)a

Tan d at a plateau
over 0.1–4.5% strain
amplitude (3%)b

Tan d in the transition
region of 247
to 0�C (235�C)c

Hysteresis loss
(kJ/m3)

1 0.093 0.098 0.758 31.59

2 0.093 0.098 0.749 31.96

3 0.097 0.099 0.720 31.71

4 0.096 0.098 0.758 31.72

5 0.095 0.098 0.744 32.44

6 0.111 0.103 1.082 39.04

7 0.078 0.129 0.870 52.46

8 0.131 0.112 0.946 69.98

9 0.095 0.137 1.142 55.11

10 0.112 0.113 0.958 49.46

11 0.118 0.099 0.881 45.55

12 0.114 0.107 1.025 94.15

13 0.125 0.110 1.128 110.92

14 0.103 0.090 0.676 96.41

15 0.171 0.155 0.670 57.10

16 0.133 0.104 0.913 57.58

17 0.112 0.098 1.216 119.48

18 0.158 0.118 0.843 95.26

19 0.161 0.134 0.952 70.09

20 0.169 0.130 0.842 75.51

21 0.114 0.095 1.061 100.05

22 0.113 0.098 0.920 99.29

23 0.103 0.090 0.851 154.61

24 0.151 0.148 0.851 104.10

25 0.078 0.071 0.946 133.34

The highest values are shown in bold.
a Strain amplitude 5 0.5%.
b Frequency 5 100 Hz.
c Strain amplitude 5 0.5% and frequency 5 1 Hz.
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phr). The increase of S/N with increasing iron sand content

could be explained by the increase in energy absorbed due to

interfacial friction caused by the increase in the interfacial area

with the increase in iron sand content. The decrease in S/N at

the highest iron sand content could be explained by the poor

dispersion of iron sand particles, which was due to the insuffi-

cient amounts of rubber matrix to wet the iron sand thor-

oughly. Similar findings were observed in other studies.15,37 As

shown in Figures 4(b,c), the particle size and magnetic field

had minimal influence on S/N, but the S/Ns at 45–56 mm and

300 mT were the highest. The minimal influence of the mag-

netic field on the S/Ns appeared to be due to the minimal

increase of particle separation as the test was performed at a

low fixed strain amplitude (0.5%) in shear mode such that par-

ticle chains generally rotated rather than extended. The results

suggest that the highest value for tan d might have been

obtained with 70-phr iron sand, a 45–56-mm particle size, and

a 300-mT magnetic field during curing.

Table V shows the ANOVA results for the effect of the frequency

on tan d. It can be seen from the level of contribution that the

iron sand content had the greatest influence on tan d, with a

99.9% confidence level. The particle size and magnetic field

showed much less influence (lower percentage contribution),

with confidence levels of 99 and 97%, respectively.

The final and essential step to complete the Taguchi analysis,

namely, the conducting of an experiment to verify the suggested

optimum conditions, was carried out with the optimized condi-

tions (70-phr iron sand, 45–56-mm particle size, and 300-mT

magnetic field), and the value of tan d found (0.22) was indeed

higher than the highest value achieved previously (0.171 for

sample type 15). This supported the optimum conditions sug-

gested by S/N and ANOVA. The variation of tan d with fre-

quency is shown in Figure 5(a). Tan d was higher for the

optimized sample over the whole frequency range explored. G0

and G00 are also plotted in Figure 5(b,c) to help highlight the

mechanisms involved. G0 and G00, similar to tan d, were

Figure 3. SEM images of the iron sand–natural rubber MREs: (a) isotropic MRE, 0 mT; (b) anisotropic MRE, 300 mT; (c) anisotropic MRE, 500 mT;

(d) anisotropic MRE, 700 mT; (e) anisotropic MRE, 1000mT; and (f) interphase of the iron sand–natural rubber matrix.
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frequency-dependent, and the increase in tan d as the frequency

increased was mainly due to the increase in G00 as opposed to

G0. The increase in G00 could again be explained by the

increased energy loss due to the increase of interfacial friction

between the iron sand and rubber with increasing frequency.

Effect of the Strain Amplitude on Tan d

Figure 6 shows the main effect plots of the S/Ns for the influ-

ence of strain amplitude on tan d. The highest S/Ns were

observed at a 30-phr iron sand content, a 56–75-mm particle

size, and a 500-mT magnetic field during curing. However, no

obvious trend of the S/Ns was observed for any factor as the

level changed. This was attributed to the poor bonding between

the iron sand and rubber, as supported by their morphology.

This was in agreement with results reported by other research-

ers.37 The weak interaction between the iron sand and natural

rubber was fully disrupted at low strain amplitudes, and there-

fore, at high strain amplitudes, the damping was dominated by

the viscous flow of the rubber matrix. As was the case for the

selected reference point (3% strain amplitude) here, it should

also be noted that the suggested optimum conditions were dif-

ferent compared with the optimum conditions for the effect of

the frequency on tan d (70 phr, 45–56 lm, and 300 mT). A

lower optimum iron sand content (30 phr) supported that at

the reference point for the experiment on the effect of the strain

amplitude on tan d, the energy absorbed was more dominated

by the viscous flow in the rubber matrix. However, the sug-

gested optimum magnetic field was higher; this indicated that

the formation of longer particle chains opposed the higher

shearing force with increasing strain amplitudes, such that the

particle chain orientation changed and transformed elastic

energy into magnetic energy, which then dissipated by magnetic

hysteresis.6,38

Table VI shows the ANOVA results for the effect of the strain

amplitude on tan d. The variability for each factor was tested at

a 99.9% confidence level. None of the factors had a significant

influence on tan d, and hence, the percentage contribution was

approximately the same for each factor.

As expected, an experiment with optimized conditions (30-phr

iron sand content, 56–75-mm particle size, and 500-mT mag-

netic field) resulted in a slightly higher value of tan d (0.160)

compared with the highest achieved previously (0.155 for sam-

ple type 15). Figure 7 shows the tan d, G0, and G00 of the opti-

mized sample and sample type 15 over a range of strain

amplitude (0.1–4.5%). It was found that tan d and G0 were

amplitude-dependent at low strain amplitudes and reached a

plateau at about 1% strain amplitude. The amplitude depend-

ence at low strain is typically attributed to the Payne effect.39

This effect is frequently explained by the breakdown of filler

aggregates to release trapped rubber to allow more viscous flow,

the separation of dipole–dipole interaction between neighbour-

ing particles, and filler–rubber detachment and reformation that

increases with increasing strain amplitude. Once the strain

amplitude is high enough, all of the interactions are destroyed

to such an extent that it cannot be reconstructed, and the Payne

effect diminishes. Consequently, the energy loss is largely reliant

on the rubber matrix.

Effect of the Temperature on Tan d

The main effect plots of the S/Ns for the influence of the tem-

perature on tan d are depicted in Figure 8. The Taguchi method

suggested that an optimized value for tan d could be obtained

with a 30-phr iron sand content, a 32–45-mm particle size, and

Figure 4. Main effect plots for the S/N of tan d at 130 Hz: (a) effect of

the iron sand content, (b) effect of the iron sand particle size, and (c)

effect of the magnetic field during curing.
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a 1000-mT magnetic field during curing. As shown in Figure

8(a), S/Ns of the filled compounds were higher compared to

those of the unfilled compound. The addition of iron sand con-

strained the rubber chains and, therefore, increased the temper-

Figure 5. (a) Tan d, (b) G0, and (c) G00 versus the frequency for the opti-

mized sample and sample type 15.

Figure 6. Main effect plots for S/N of tan d at 3% strain amplitude: (a)

effect of the iron sand content, (b) effect of the iron sand particle size,

and (c) effect of the magnetic field during curing.

Table V. ANOVA Results for the Effect of the Frequency on Tan d

Factor SS Degrees of freedom Confidence level (%) Contribution (%)

Iron sand content (phr) 0.024 4 99.9 72.73

Particle size (mm) 0.005 4 99 15.15

Magnetic field (mT) 0.004 4 97 12.12
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ature required for their mobility; this increased the relaxation at

the reference temperature.36 As shown in Figure 8(b), the S/Ns

decreased with increasing particle size; this was likely to be due

to the decrease in the surface area of the iron sand adhered to

the rubber. As shown in Figure 8(c), the S/N increased with

increasing magnetic field until it reached a maximum at

1000 mT. This indicated that the formation of magnetic particle

chains and columnar structures provided additional damping by

further restriction of the intermolecular conformational changes

during relaxation, as supported by the morphology. As also

noted, the suggested optimum conditions were different com-

pared with those observed previously for the effect of the fre-

quency and strain amplitude on tan d. As this test was

performed in dual-cantilever mode at a fixed low frequency (1

Hz) and strain amplitude (0.5%) over the temperature range,

the deformation of the material was much lower compared with

that tested in shear loading. Therefore, at the selected reference

point used for this experiment, the additional damping through

interfacial friction and magnetic particle interaction was

expected to be much lower. A lower optimum iron sand content

(30 phr) supported that the damping was largely reliant on the

intermolecular relaxation of the rubber matrix. However, the

suggested optimum magnetic field at 1000 mT suggested that

the energy absorbed by the formation of longer particle chains

was not due to the separation of dipole–dipole interactions;

perhaps the longer particle chains provided additional damping

through further restriction of the intermolecular conformational

changes during relaxation.

Table VII shows the ANOVA results for the effect of the temper-

ature on tan d. The iron sand content and magnetic field both

showed a significant influence on tan d with a confidence level

of 99%. It was also apparent that the particle size had much

less influence, with a less than 10% contribution.

Finally, an experiment was carried out to compare the value of

tan d for the optimized sample (30-phr iron sand content, 32–

45-mm particle size, and 1000-mT magnetic field) with those

achieved previously for the sample with the highest value of tan

d in the transition zone (sample type 17). In addition, the

unfilled natural rubber was included for comparison (see Figure

9). The values of tan d for the optimized sample, sample type

17, and unfilled natural rubber were 1.280, 1.216, and 0.803,

respectively. As also shown, the tan d peak of natural rubber

was higher compared to those of the optimized sample and

sample type 17. However, the widths of the tan d peaks for the

optimized sample and sample type 17 were wider, and tan d for

the optimized sample at 235�C was the highest. This could

again be explained as being due to the confinement of molecu-

lar chain movement. Because rubber materials are always in

practice used in the rubbery phase, the performance and behav-

iour of the materials in the temperature range after the transi-

tion region were more crucial. In the rubbery phase (occurring

Table VI. ANOVA Results for the Effects of Tan d on the Strain Amplitude

Factor SS Degrees of freedom Confidence level (%) Contribution (%)

Iron sand content (phr) 0.005 4 99.9 35.71

Particle size (mm) 0.004 4 99.9 28.57

Magnetic field (mT) 0.005 4 99.9 35.71

Figure 7. (a) Tan d, (b) G0, and (c) G00 versus strain amplitude for the

optimized sample and sample type 15.
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in the plateau after the peak), it can also be seen that the opti-

mized sample had the largest value of tan d, followed by sample

type 17 and the unfilled natural rubber. This was because, at

higher temperatures, the thermal energy was comparable to the

potential energy barriers for the viscous flow; therefore, the

interfacial friction, breakdown, and reformation of the filler–fil-

ler interaction and filler–rubber detachment were the main

causes of damping.

Hysteresis

The main effect plots of the S/Ns for hysteresis loss are pre-

sented in Figure 10. The relationship between the iron sand

content and S/N was approximately linear, with the amount of

energy dissipated increasing with the iron sand content up to

100 phr. The increase in energy dissipated could be attributed

to interfacial friction, the breakdown of filler aggregates to

release trapped rubber to allow more viscous flow, and filler–

rubber detachment and reformation. As shown in Figure

10(b,c), the particle size and magnetic field had minimal influ-

ence on the hysteresis loss, but the S/Ns at 45–56 mm and 1000

mT were the highest. It is also noted that the suggested opti-

mum conditions to obtain highest the hysteresis loss were simi-

lar to those for the optimum conditions when assessing the

influence of the frequency on tan d. The Taguchi method sug-

gested that the highest hysteresis loss and tan d could be

obtained with high iron sand contents (100 and 70 phr, respec-

tively), with particle size not being greatly influential (although

a particle size of 45–56 mm gave the highest values for both hys-

teresis and tan d). However, the suggested magnetic field during

curing gave a contrary conclusion (1000 and 300 mT, respec-

tively, for hysteresis and tan d); this could have been due to the

different mode of loading during testing (tensile vs shear). This

suggested that the energy absorption due to interactions

between magnetic particle alignment was less efficient in the

tensile mode compared with those in the shear mode with

DMA; this was not surprising, given that in tension, it is largely

only the spacing increasing between chains, whereas in shear,

the spacing within chain between the particles increases (see

Figure 11).

Table VIII shows the ANOVA results for the hysteresis loss. The

confidence levels for all factors were 98% and higher. From the

levels of contribution, it can be seen that the most influential

factor by far was the iron sand content; this was followed by

the particle size (80.71 and 14.38%, respectively). The influence

of the magnetic field was much less at 4.91%.

Figure 12 shows the stress–strain loops of the sample at the sug-

gested optimum conditions (100-phr iron sand, 45–56-mm par-

ticle size, and 1000 mT), and those for the highest hysteresis

loss achieved previously (sample type 23) after a complete

reversed stress cycle. As shown, the area of the hysteresis loop

for the optimized sample was larger than that in sample type

23. The amounts of energy lost for the optimized sample and

sample type 23 were 160.96 and 154.61 kJ/m3, respectively. This

supported the optimum conditions suggested by the S/N and

ANOVA. As the strain increased, the curvilinear part at the

beginning of stretching was attributed to interfacial friction, the

breakdown of filler aggregates, and filler–rubber detachment

and reformation, and as the strain increased, the amount of

energy dissipated increased. This was believed to be mainly

dominated by the viscous flow in the rubber phase, as reported

in the literature.35 As the strain increased, the cross-sectional

area of the tested samples decreased, and the rubber molecular

chains came closer to each other. Under further strain, the

Figure 8. Main effect plots for S/N of tan d at 235�C: (a) effect of the

iron sand content, (b) effect of the iron sand particle size, and (c) effect

of the magnetic field during curing.
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chains constrained each other; therefore, they slid with respect

to each other, and this resulted in a further increase in dissi-

pated energy. When the load was removed, the rubber molecu-

lar chains did not completely regain their original

configuration, and the energy dissipated was expected to be

converted into heat.35,40

CONCLUSIONS

In this study, iron sand and natural rubber MREs were manu-

factured, and experiments were designed with the Taguchi

method to assess the effects of the iron sand content, iron sand

particle size, and applied magnetic field during curing on the

tan d (over a wide range of frequency, strain amplitude, and

temperature) and energy dissipated during cyclic loading. SEM

micrographs revealed that the isotropic MREs had homogene-

ous iron sand particle distribution, and curing the materials

under an applied magnetic field at an elevated temperature

resulted in the iron sand particles organizing into chainlike

columnar structures. For the effect of the frequency on tan d,

the Taguchi method suggested that the optimum conditions

were obtained with 70-phr iron sand, a 45–56-mm particle size,

and a 300-mT magnetic field; this was supported by the experi-

ment. It was found that the iron sand had the greatest influence

on tan d followed by the particle size and magnetic field. The

suggested optimum conditions to obtain the highest hysteresis

loss were similar to the optimum conditions suggested when

assessing the influence of the frequency on tan d. The Taguchi

method suggested that the highest hysteresis loss could be

obtained with a 100-phr iron sand content (slightly different

than the 70-phr iron sand content suggested for frequency),

with the particle size not being greatly influential (although a

particle size of 45–56 mm gave the highest values for both

Table VII. ANOVA Results for the Effects of the Temperature on Tan d

Factor SS Degrees of freedom Confidence level (%) Contribution (%)

Iron sand content (phr) 0.185 4 99 48.15

Particle size (mm) 0.035 4 70 9.22

Magnetic field (mT) 0.164 4 99 42.62

Figure 9. Tan d versus the temperature for natural rubber (NR), the opti-

mized sample, and sample 17.

Figure 10. Main effect plots for S/N of hysteresis loss: (a) effect of the

iron sand content, (b) effect of the iron sand particle size, and (c) effect

of the magnetic field during curing.
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hysteresis and tan d). However, the optimum magnetic field

during curing was different for the maximization of tan d and

hysteresis loss (300 and 1000 mT, respectively); this could have

been due to the different modes of loading during testing (tensile

vs shear). For the effect of the strain amplitude on tan d, none of

the factors showed a significant influence on tan d over a range of

strain amplitude; this was attributed to the poor bonding between

the iron sand and rubber such that the weak interactions between

the iron sand and natural rubber were fully disrupted at low

strain amplitudes. Therefore, at high strain amplitudes, the damp-

ing was dominated by the viscous flow of the rubber matrix. For

the effect of the temperature on tan d, the optimum conditions

suggested by the Taguchi method were 30-phr iron sand, a 32–

45-mm particle size, and a 1000-mT magnetic field. It was found

that addition of iron sand and the formation of magnetic particle

chains constrained the conformational changes of the rubber

molecular chains from taking part in the relaxation process and,

therefore, increased the temperature at which the molecular chains

started to mobilize, such that the width of the peak of tan d
increased. The different optimum conditions for different tests

carried out herein would appear to have been due to the relatively

different amounts of energy absorbed by different degrees that dif-

ferent mechanisms were involved with different loading conditions

and at different frequencies and strain amplitudes.
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a b s t r a c t

Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was employed for surface modification of iron sand for
use in magnetorheological elastomers (MREs). The amount of TESPT was varied at five levels (2, 4, 6, 8
and 10 wt%) relative to iron sand content to assess the optimum amount of coupling agent for interfacial
bonding and damping performance. Evidence that coupling had occurred between iron sand and TESPT
was identified by Raman Spectroscopy and the grafting percentage was determined by thermogravimet-
ric analysis. Subsequently, isotropic MREs containing unmodified and modified iron sand particles and
natural rubber were prepared. Crosslink density assessment by swelling testing provided evidence that
the tetrasulphane group of TESPT formed crosslinks with the rubber chains. The results exhibited the
advantages of TESPT as a coupling agent between iron sand particles and rubber and also revealed that
6% TESPT content produced the highest crosslink density. The effects of the amount of TESPT on dynamic
mechanical properties the morphological characteristics of the MREs were also investigated.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetorheological elastomers (MREs) are a new group of
damping materials which consist of a non-magnetic matrix (nor-
mally an elastomer) containing a suspension of magnetically per-
meable particles. The most commonly used magnetic particles
for MREs are carbonyl iron particles and suitable matrix materials
include natural rubber, silicone rubber, polybutadiene, polyisobu-
tylene, polyisoprene, and polyurethene rubber [1–7]. The main
advantage of MREs is that the damping and stiffness can be varied
by application of an applied magnetic field during fabrication or in
service. Damping occurs by the viscous flow of the rubber matrix
and inclusion of magnetic particles in rubber enables additional
damping through magnetic particle interaction and interfacial
damping. MREs can be classified into two kinds: isotropic MREs
and anisotropic MREs. Isotropic MREs can be characterized by hav-
ing a uniform magnetic particle distribution in the matrix. Aniso-
tropic MREs have a special chain-like structure of magnetic
particles in a matrix resulting from curing the matrix under an
applied magnetic field. Over the past few years, MREs have
attracted increasing attention and have been considered for

applications such as adaptive tuned vibration absorbers [8], auto-
motive engine mounts [4] and semi active seismic dampers [9].

New Zealand iron sand possesses physical and magnetic prop-
erties that make it suitable for use in MREs. Compared to com-
monly use magnetic particles, such as pure iron and carbonyl
iron, iron sand has a number of advantages, including high perme-
ability and saturation magnetisation, low cost and it is readily
available in New Zealand. It is derived from erosion of andesitic
and rhyolitic volcanic rocks which are the main types of iron ore
deposits in New Zealand. Iron sand is a dark, high-density sand
that occurs along the west coast of the North Island from Wanga-
nui to Kaipara Harbour near Auckland, over a distance of 480 km. It
contains titanomagnetite, a mineral containing iron and titanium,
which is highly magnetic [19,20].

Similarly for all MREs, the damping of MREs depends not only
on the types of rubber matrix and magnetic particles, but also on
the level of adhesion between the particles and the rubber matrix
such that the strength of interaction between the particles and
matrix has to be sufficiently strong to obtain efficient interfacial
damping. For MREs this sets a challenge. Here, as for other MRE
components, the incompatibility of the inorganic magnetic fillers
and the matrix can actually lead to poor wettability and adhesion
between the filler and matrix as well as non-uniformity of filler
dispersion leading to low energy absorption [10–12]. Therefore,

http://dx.doi.org/10.1016/j.compositesa.2014.10.005
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it is sensible to modify the surface of the iron sand in order to
improve ease of adhesion with and dispersion within the rubber
matrix in order to realise the full potential of MREs.

Surface modification of inorganic particles can be achieved
using a number of approaches [13]; most commonly, the filler sur-
face is chemically modified to become more compatible with the
matrix using methods such as polymer coating [14], surfactant
absorption [15] and bifunctional coupling agent treatments
[16,17]. Among various modification approaches, the bifunctional
coupling agent treatment using silane based coupling agents is
the most successful and cost effective treatment for improving
the adhesion between inorganic particle and rubber matrix. These
chemicals are silicon-based chemicals that contain hydrolysable
groups (such as methoxy, ethoxy or acetoxy) at one end that will
interact with inorganic materials and organofunctional groups
(such as amino, vinyl or sulphide) at the other end that can react
with the rubber matrix. Therefore, inorganic and organic materials
can be coupled together with the silane coupling agent acting as a
bridge between them. Although this type of surface modification is
well established for enabling different types of fillers such as silica
[18,19], aluminium powder [20], halloysite nanotubes [21], wood
flour [22] and natural fibre [23,24] to be used as reinforcement fill-
ers in rubber compounds, its effect on inorganic magnetic particles
for used in MREs has not been extensively studied. Some research
has been reported on modification of carbonyl iron particles using
silane coupling agents used as a filler in silicon rubber [25,26] and
polyurathene rubber [16] based MREs; the results showed that the
mechanical and damping performance of MREs increased due to
increased dispersion and interaction between particles and the
matrix. Although it is accepted that the effectiveness of silane to
interact with the substrate is dependent on a number of factors
including hydrolysis time, presence of solvent, temperature and
pH [27], none have assessed the optimum silane content coupled
to the particles to allow for improved subsequent bonding. Fur-
thermore, as far as the authors are aware, there is no work carried
out on surface modification of inorganic magnetic particles for use
in natural rubber based MREs.

In this study, isotropic MREs based on iron sand and natural
rubber were prepared. Bis-(3-triethoxysilylpropyl) tetrasulphane
(known as TESPT or Si 69) which is the most popular and effective
silane coupling agent for hydrocarbon rubber (see Fig. 1) was used
for surface modification of iron sand particles [13]. TESPT contains
ethoxy hydrolysable groups at both ends that enable the silicon
groups to bond with iron sand particles and the tetrasulphane
group of its centre which is capable of bonding with the rubber
matrix. Iron sand contains stable oxides that potentially have reac-
tive sites including Fe–O bonds and OH groups on their surface
[28,29]. Therefore, there is potential for improvement of iron sand
and natural rubber interaction by using TESPT as a coupling agent.
The effects of TESPT content on dynamic mechanical properties
were investigated using two methods. The loss tangent, commonly
called tand, is considered as the fundamental parameter to assess
damping. Tand gives a comparison of the energy lost to that stored;
it is obtained by dividing the loss modulus (G00 or E00) by the storage
modulus (G0 or E0) [30]. The other estimate of damping used was
the amount of energy dissipated during cyclic deformation, which

can be calculated from the area of the hysteresis loop (hysteresis
loss).

2. Experimental

2.1. Materials

Natural rubber (SMR L grade) and other chemicals including
zinc oxide, stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide
(CBS), tetramethylthiuram disulphide (TMTD), paraffin oil, and
naphthenic oil were all purchased from Field Rubber Limited,
Auckland. Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was
purchased from Leap LabChem Co., Limited, China. Iron sand was
collected from Ngarunui Beach, Raglan. The iron sand was milled
using a planetary mono mill (Pulverisette 6) produced by Fristech
GmbH and subsequently sieved to obtain a 45–56 lm particle size.

2.2. Surface modification of iron sand particles

The surface modification of iron sand particles was carried out
by an aqueous alcohol solution method. The particles were sub-
jected to surface treatment with TESPT at 2%, 4%, 6%, 8%, 10% by
weight (wt%) of the particles. An aqueous alcohol solution of 95%
ethanol was used and the pH of the solution was adjusted with
acetic acid to 4.0–4.5. The TESPT of predetermined quantity was
dispersed in the ethanol solution at a ratio of 1:100 and the mixed
solution was stirred for 5 min to assure the hydrolization of the
silane coupling agent. The iron sand particles were then added
and stirred for an additional 30 min at room temperature to ensure
a uniform distribution of the coupling agent on the surface of iron
sand particles. The mixture was filtered and washed three times
with ethanol to remove unreacted coupling agent. The treated iron
sand particles were then dried at 80 �C in an oven until a constant
weight was achieved.

2.3. Preparation of iron sand-natural rubber isotropic MREs

The compound formulation used in this study is given in Table 1.
Formulations were compounded using a conventional laboratory
two roll mill (model XK150) according to ASTM designation
D3184-80. The front roller speed was 23.86 rpm and the rear roller
speed was 32.81 rpm, diameter of rolls was 150 mm, friction ratio
of two rolls was 1:1.4 and the roller temperature was set at 80 �C.
The nip gap (distance between front and back roller) was main-
tained at 2 mm during compounding. The compounding began
with softening the rubber on its own in the two roll mill (mastica-
tion). Mastication reduces the viscosity and increase the plasticity
of natural rubber which is brought about by heat generated in two
roll mill through conduction from the heated roller and shearing of
rubber during milling. After mastication, during which the rubber
had become invested on the hot roll (2–3 min), additives (other
than accelerators and sulphur) were then added followed by iron
sand; addition of accelerators and sulphur were delayed to the last
part of the process to prevent premature vulcanization during
compounding. The mixing time was approximately 40 min. The
cure time at 150 �C was then determined according to the proce-
dure as described in reference [31] and the results are shown in
Table 1. Compounded rubber samples weighing 13 g were placed
in a mould 60 � 50 � 3 mm and were cured in a compression
moulder at 150 �C under a pressure of approximately 12 MPa.

2.4. Raman Spectroscopy

Raman spectra were acquired with a Ramanstation 400R
(PerkinElmer) spectrometer equipped with an air cooled chargedFig. 1. Molecular structure of TESPT.
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coupled device (CCD) detector and data points were recorded at
1 cm�1 intervals. The excitation source was a 785 nm near infrared
laser focused on surface of samples with a spot approximately
200 lm in diameter. Calibration was validated against a polysty-
rene standard disk (PerkinElmer) prior to measurement. Samples
were analysed while placed on aluminium foil. The Raman instru-
ment was visually focused onto the surface of each location to be
analysed on the modified iron sand samples. Laser power was set
to approximately 40 mW (40% of maximum, estimated to be
6 � 105 W/m2 on the 200 lm diameter spot) to acquire spectra
from all samples (after initial trials) for consistency across the
range of materials analysed. Spectra were collected over the range
3200–200 cm�1 and each spectrum was acquired as the sum of five
repeats of 60s exposures on the sample. Five separate spectra were
acquired at different locations on each sample analysed.

2.5. Thermogravimetric analysis

The grafting percentage of silane coupling agent with iron sand
particles was determined by thermogravimetric analysis (TGA)
using an TA Instrument SDT 2910 thermal analyser operated in
dynamic mode, heating from ambient temperature to 300 �C at
5 �C/min in air purged at 150 ml/min with an empty pan used as
a reference. Thermal gravimetric curves were obtained. The graft-
ing percentage was calculated as the fraction of the mass of grafted
silane coupling agent divided by the mass of iron sand particles at
280 �C [32,33] as follows:

Silane grafting ð%Þ ¼ Grafted silane coupling agent=g
iron sand particles=g

ð1Þ

The amount of grafted silane coupling agent was calculated from
the weight loss of treated iron sand at 280 �C minus weight loss
of iron sand particles at 280 �C.

2.6. Crosslink density

Determination of crosslink density in MREs was obtained using
a swelling test. MREs samples with dimensions of
30 mm � 5 mm � 3 mm were weighed, and then immersed in
toluene for 72 h at room temperature in a dark environment. The
toluene was replaced at 24 h intervals over this time to minimise
interference from toluene soluble fractions remaining in the sam-
ples. After 72 h, samples were drained and dried and the swollen
mass was recorded. Samples were then dried at 80 �C in an oven
until a constant weight was achieved. For each experimental point,
3 samples were produced and the average values were calculated.

The crosslink density was calculated by applying the Flory–Rehner
equations as follows [34]

Vr ¼
Vp

Vp þ Vs
¼

mdry

qr

mdry

qr
þ mwet�mdry

qs

� � ð2Þ

½X� ¼
� lnð1� VrÞ þ Vr þ vV2

r

h i

Vo V
1
3
r � Vr

2

� � ð3Þ

where Vr is the volume fraction of MREs, mwet is the swollen equi-
librium mass, mdry is the dry MREs mass, qr is the density of natural
rubber (910 kg/m3), qs is the density of toluene (866 kg/m3), [X]
represents the crosslink concentration in mol/cm3, v is the interac-
tion parameter between the rubber and toluene (0.393) and Vo is
the molar volume of toluene (106.4 cm3/mol).

2.7. Morphology

The microstructures of isotropic MREs were observed using a
Hitachi S-4700 scanning electron microscope (SEM). The samples
were frozen and snapped into pieces to expose their interior and
coated with a thin layer of platinum prior to observation at an
accelerating voltage of 20 kV.

2.8. Dynamic mechanical analysis

Dynamic mechanical analysis was carried out using a Perkin
Elmer dynamic mechanical analyser (DMA 8000). Tand was mea-
sured over a wide range of frequency, strain amplitude and tem-
perature. The influence of frequency and strain amplitude on
tand was assessed using two circular disc specimens with a diam-
eter of 10 mm and a thickness of 3 mm in shear mode at room tem-
perature. Tand was measured over the frequency range of 0.01–
130 Hz at a fixed strain amplitude of 0.5% and over a strain ampli-
tude range of 0.1–4.5% at a fixed frequency of 100 Hz. For the influ-
ence of temperature on tand, the samples were analysed in dual
cantilever mode at a frequency of 1 Hz, with a strain amplitude
of 0.5% over a temperature range of �100 to 50 �C. The samples
were rectangular with dimensions 30 mm � 6 mm � 3 mm.

2.9. Hysteresis

Hysteresis loss is defined as the amount of energy dissipated
during cyclic deformation when the samples are stretched and
then allowed to retract at the same rate to the unstretched state.
In this study, the hysteresis loss was determined for tensile

Table 1
Formulation of rubber compound.

Materials Function Loading (phr‘*’ )

Natural rubber Raw material/matrix 100 100 100 100 100 100
ZnO Activator/peptiser 5 5 5 5 5 5
Stearic acid Activator/peptiser 1 1 1 1 1 1
Paraffin oil Plasticiser 2 2 2 2 2 2
Naphthenic oil Plasticiser 3 3 3 3 3 3
Iron sand Filler 70 70 70 70 70 70
CBS Accelerator 2 2 2 2 2 2
TMTD Accelerator 1 1 1 1 1 1
Sulphur Crosslinking agent 1.5 1.5 1.5 1.5 1.5 1.5

Silane coupling agent level (wt%)
TESPT Coupling agent 0 2 4 6 8 10

Curing characteristics (minutes)
Cure time (t90) 4.57 4.53 4.33 4.23 4.40 4.46

* phr = per hundred rubber.
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dumbbells using an Instron 4204 at a crosshead speed of 500 mm/
min according to ASTM D412-80. The stress–strain curve was
recorded and hysteresis loss was calculated as

Hysteresis loss ¼ Area under the loading curve

� Area under the recovery curve ð4Þ

3. Results and discussion

3.1. Characterization of surface modified iron sand particles

Fig. 2 shows a schematic of the potential reaction mechanisms
of TESPT with iron sand particles. In the presence of water in an

Fig. 2. Illustration of the reactions of TESPT with iron sand particle surface.
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ethanol solution and under acid catalysed conditions the ethoxy
reactive groups of the silane are hydrolysed thereby forming sila-
nol groups (–Si–O–OH) and liberating ethanol [35,36]. The silanol
groups are highly reactive intermediates which are presumed
responsible for bond formation with the iron sand. When iron sand
was added into the solution, the hydroxyl groups on the surface of

the iron sand is believed to react with the silanol groups and sub-
sequent drying condenses silanol groups to form siloxane linkages.
Evidence for this was provided by Raman Spectroscopy analysis of
unmodified and modified iron sand particles as shown in Fig. 3. For
iron sand, a number of peaks can be seen including a broad peak
between 1100 and 1900 cm�1, similar to observation elsewhere
[37]. The growth of peaks at around 300 cm�1 for all modified iron
sand particles is indicative of the formation of Si–O–iron sand and/
or Si–O–Si bonds that would occur during reaction of iron sand
with TESPT, although, the latter could also occur due to polymeri-
sation of TESPT to produce siloxane; however, production of silox-
ane would not be expected to improve interfacial bonding. The
increased height of the peaks around 1400 cm�1 (representing
CH2 bending in TESPT) from 0 to 6 wt% TESPT followed by no fur-
ther increase from 6 wt% onwards suggests that coverage of iron
sand particles by TESPT increases to 6 wt% when it reaches a
saturation coverage [38].

Fig. 4 shows TGA curves for unmodified and modified iron sand
particles at different TESPT contents. All samples showed weight
loss over the temperature range of 50–280 �C with weight increase
above 280 �C which is believed to have resulted from the oxidation
of iron sand particles [39]. Similar trends have been observed in
TGA curves for other magnetite particles [40]. As can also be seen,
the unmodified iron sand particles were relatively stable in the air
and only slightly weight loss between 100 �C and 280 �C which was
probably due to vaporization of physically absorbed water at the
surface of iron sand particles. The weight losses for modified parti-
cles increased with increasing TESPT content until 6% and then
reduced for 8% and 10% TESPT. The weight loss for modified parti-
cles could be attributed to the decomposition and evaporation of
silane coupling agent on the surface of iron sand particles such that
suggests the silane coupling agent is strongly bound to particle
surfaces by what is expected to be covalent bonds [41]. The
amount of TESPT attached to the surfaces of iron sand particles
was quantitatively determined by TGA (taking the loss due to
physically absorbed water into account) over the temperature
range of 50–280 �C (each value representing an average from 3
samples) and is presented in Fig. 5. It was not possible to conduct
TGA analysis of TESPT on its own, however, a separate experiment
was conducted where TESPT was heated at 280 �C in a furnace for
which a residual weight of only 0.6% was obtained. Thus, residual
TESPT is not considered to have a significant effect on the obtained
data. It can be seen that the percentage of grafted silane appears to
increase with increasing TESPT content until it reached a maxi-
mum value at 6% TESPT and thereafter decreased for higher TESPT
contents (8% and 10%). At high TESPT content, the potential for
hydrolysed TESPT to react with itself to produce polymeric silox-
ane increases as an alternative to reacting with iron sand. This
polymeric siloxane could act as a barrier between TESPT and iron
sand preventing reaction, particularly given that the siloxane poly-
mer can react with multiple OH groups on the iron sand particles
and screen other OH groups between those bonded with polymeric
siloxane as described in the literature [42]. Polymeric siloxane that
has not reacted with OH groups on iron sand would easily have
been removed by washing the modified iron sand with ethanol
and evaporation by drying during the preparation of the modified
particles. This was checked by an extra wash with dichlorometh-
ane (DCM) following three times washing with ethanol for which
the TGA weight loss and silane grafting percentage was found to
be no significant different with those washed using just ethanol.
Any remaining unreacted polymeric siloxane may also form e.g.
oligomers by hydrogen bonding to the grafted TESPT such that
may weaken the composites properties since the silane molecules
may not link the filler to the matrix [42].

Fig. 6 shows a schematic of possible reaction mechanisms for
the tetrasulphane group of TESPT with natural rubber. The
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tetrasulphane group of the TESPT could have been first dissociated
during the compounding process to produce sulfidic radicals that
subsequently react either directly or through sulphur crosslinking
agent (Sx) with the rubber molecules in the presence of accelera-
tors at elevated temperature during vulcanization to form

crosslinks with the rubber molecules [43–45]. Evidence for this
would be provided by crosslink density measurements of MREs
filled with unmodified and modified iron sand particles at different
TESPT contents as shown in Fig. 7. It can be seen that the crosslink
density gradually increased as the TESPT content increased from
2% to 6%; this highlights the potential formation of new crosslinks
in the rubber network due to interaction between tetrasulphane
group of TESPT with the rubber molecules. In order to assess the
time required for the tetrasulphane group of TESPT to react with
rubber and form crosslinks, another compound was prepared, the
same as that containing 6 wt% silane coupling agent except that
the sulphur crosslinking agent was excluded. It was found that
the compound cured in 5.63 min which is not too different from
time used here supporting substantial TESPT rubber crosslinking
could have occurred. At higher TESPT contents (8% and 10%) the
crosslink density decreased which is not surprising given the evi-
dence from TGA results that at such TESPT contents less silane is
coupled to the iron sand, which would be expected to lead to less
crosslinking between iron sand and rubber. The obtained results
support the use of TESPT as a coupling agent for iron sand particles
and natural rubber and also a content of 6% TESPT is more suitable
than 8% and 10% TESPT.

Fig. 6. Schematic illustration of the reaction mechanisms of tetrasulphane group of TESPT with the natural rubber (S2
� represents sulfidic radicals of tetrasulphane group of

TESPT).
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3.2. Morphology

Fig. 8 shows SEM images of fracture surface of isotropic MREs
with unmodified and modified iron sand particles. It can be seen
for unmodified particle MREs, the surface is smooth with less
matrix tearing and uneven distribution of iron sand particles in
the rubber matrix. Clearly, there are a lot of cavities remaining
due to the particle pull out from the rubber matrix and obvious
gaps between iron sand particle and rubber, suggesting weak inter-
action between iron sand and rubber (Fig. 8a). In Fig. 8b, the
surface of isotropic MREs with modified iron sand particles is
rougher due to matrix tearing than for MREs with unmodified
particles. It is also evident that iron sand particles are more evenly
dispersed in the rubber with much less aggregates in the matrix.
Clearly, much less particle pullout can be seen supporting
improved interfacial adhesion between iron sand and natural
rubber suggesting stronger interaction between iron sand and
rubber was obtained by using modified iron sand particles
supporting Si-O-iron sand bonding.

3.3. Dynamic mechanical properties

The variation of tand with frequency for MREs with different
TESPT contents is shown in Fig. 9a. Tand is the highest for the MREs
with modified iron sand treated with 6% TESPT and the increases in
tand compared to MREs with unmodified iron sand is on average
40% over the whole frequency range explored. G0 and G00 are also
plotted in Fig. 9(b and c) to help highlight the mechanisms
involved. G0 and G00, similar to tand are frequency dependent. It
can be seen that the increase of tand as the frequency increased,
is mainly due to increasing G00 as opposed to changes in G0. The
increased energy loss is assumed to be due to covalent bonding
bringing about more intimate contact between the particles and
rubber such that during deformation, increasing energy is
expended overcoming friction, physical bonding as well as cova-
lent bonding. At high TESPT content (8% and 10%), the lower tand

values could again be explained by less silane grafting due to the
formation of siloxane oligomer attached to the first layer of reacted
TESPT on particle surfaces which could further reduce the energy
absorption capability of the MREs. Energy loss in the materials
could also be attributed to interfacial friction of weakly or partially
bonded iron sand particles and rubber with increasing frequency. It
is also apparent that the G0 for MREs with modified iron sand are
higher compared to MREs with unmodified iron sand. Explanation
for general increment of G0 for MREs with modified iron sand could
be related to efficient stress transfer between particles and matrix
which can improve stiffness, strength and failure strain of the
materials [46]. Furthermore, improved interfacial bonding and
degree of iron sand particle dispersion in the matrix might increase
the effective particle–matrix interfacial area such that increased
constraint of polymer chains occurs during deformation and
improved the ability of the material to store elastic energy
associated with recoverable elastic deformation [47].

The variation of tand with strain amplitude for MREs with dif-
ferent TESPT contents is shown in Fig. 10a; G0 and G00 are also plot-
ted in Fig. 10(b and c). As expected, MREs with modified iron sand
treated with 6% TESPT had the highest tand over the whole strain
amplitude range explored with a 20% increase in tand compared to
MREs with unmodified iron sand. As can be observed in Fig. 10(a
and b), the tand and G0 were amplitude dependent at low strain
amplitudes before reaching a plateau, with the tand for MREs with
modified iron sand reaching a plateau at around 2.5% strain ampli-
tude, whereas the tand of the MREs with unmodified iron sand
reached a plateau at 2% strain amplitude. It was evident that strong
interfacial bonding between the iron sand and rubber as well as
better dispersion increased the dependency of tand on the ampli-
tude of the applied strain and the change of tand values over the
strain amplitude range for all tested samples is mainly due to a
decrease in G0 as the strain amplitude increased. The decrease in
G0 as the strain amplitude increased for MREs with modified iron
sand could be explained by the increase of particle detachment
from the matrix with increasing strain amplitude. As can also be

Fig. 8. SEM images of fracture surface of isotropic MREs with; (a) unmodified and (b) modified iron sand particles (treated with 6% TESPT).
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seen, G00 for MREs with modified iron sand are higher compared to
MREs with unmodified iron sand. The higher loss modulus could be
attributed to the energy loss due to stress released after debonding
and increase of energy absorbed during viscous flow which is more
constrained due to formation of chemical linkages between iron
sand and rubber. Once the strain amplitude is high enough, all
the interactions are destroyed to such an extent it cannot be recon-
structed and consequently, the energy loss is largely reliant on the
viscous flow of the rubber matrix.

Fig. 11 presents the tand versus temperature curves for MREs
with different TESPT contents. The tand peak is associated with
glass transition temperature (Tg) of the materials. In the glass tran-
sition zone, the energy dissipation is mainly from the segmental
motion of macromolecular chain of rubber matrix in spite of break-
down of filler-filler or filler rubber interaction [48]. It can be seen
that the presence of coupling agent does not strongly affect the
peak height and width of the curves. This is in agreement with sim-
ilar finding reported by other researchers [23,49,50]. However, an
enlarged graph of the tand versus temperature around the peaks

showed a slight decrease of the height of the tand peak and the
Tg values shifted to a slightly higher temperature for MREs with
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modified iron sand compared with MREs with unmodified iron
sand. In addition, the decreased height of the tand peak was in
an order similar to the silane grafting percentage as previously dis-
cussed. The decrease height of the damping peak and a shift of Tg
to higher temperature could be attributed to strong filler rubber
interaction which resulted in restriction in mobility and flexibility
of rubber chains in the materials.

Fig. 12 shows hysteresis loss for MREs with different TESPT con-
tents. As can be seen, hysteresis loss increased with increasing TES-
PT content until it reached a maximum value at 6% TESPT and
thereafter decreased at higher TESPT content (8% and 10%). The
results are in agreement with the silane grafting percentage as pre-
viously discussed. The effect of coupling agent on the hysteresis
loss of MREs could again be explained by the energy loss due to
stress released after debonding and increase of energy absorbed
during viscous flow which is more constrained due to formation
of chemical linkages between iron sand and rubber. Some authors
have considered constraint in liaise of a rubber shell mechanisms
[13]. The molecular chain mobility would be reduced by the forma-
tion of silane linkages between iron sand and rubber, resulting in a
rubber shell on the filler surface in which the polymer viscosity
and Young modulus would be increased. The higher Young’s mod-
ulus of rubber near the surface of iron sand in the rubber shell
would gradually decrease with increased distance from the filler
surface and finally reach the same level as that of the rubber matrix
at a certain distance. When the MREs were subjected to dynamic
strain, the rubber shell around the particles would begin to break
down and increase the amount of energy loss. In addition, hyster-
esis loss could also be attributed to interfacial friction at the filler
matrix interface and breakdown of filler aggregates. The decrease
of hysteresis loss at higher TESPT content could again be explained
by the lower silane grafting and formation of weak siloxane
oligomer that may begin to break down at a relatively lower level
of strain.

4. Conclusions

In this work, iron sand particles were modified at five different
TESPT contents (2, 4, 6, 8 and 10 wt%) relative to the iron sand con-
tent to assess the optimum amount of for use in MREs. TESPT con-
tains ethoxy hydrolysable groups that enable bonding with iron
sand particles and a tetrasulphane group capable of bonding with
the rubber matrix. Raman Spectroscopy showed evidence that
siloxane linkages were formed between TESPT and iron sand.
Weight loss measured using TGA supports that silane coupling
agent is strongly bound to particle surfaces and the silane grafting
percentage was found to be the highest at 6% TESPT. Crosslink

density measurement of MREs made using TESPT treated iron sand
highlight that the tetrasulphane group of TESPT formed crosslinks
with the rubber molecular chains. Treated iron sand was found to
be more evenly dispersed in the rubber with much less particle
pullout on fracture surface supporting improved interfacial adhe-
sion with natural rubber. Tand was found to be highest for the
MREs with modified iron sand treated with 6% TESPT and 40% lar-
ger than that unmodified iron sand over the whole frequency range
explored and 20% higher over the whole strain amplitude explored.
However, the presence of coupling agent did not strongly affect the
peak temperature of tand versus temperature curves. An increase
in hysteresis loss was also obtained for MREs with modified iron
sand treated with 6% TESTPT content compared with MREs with
unmodified iron sand.
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a b s t r a c t

Tan d and energy dissipated during hysteresis testing of isotropic and anisotropic MREs containing silane
modified iron sand particles in a natural rubber matrix were compared with existing antivibration
rubbers. Tan d was measured using dynamic mechanical analysis (DMA) over a range of frequency (0.01
e130 Hz), strain amplitude (0.1e4.5%), and temperature (�100e50 �C). Energy dissipated was measured
using a universal tester under cyclic tensile loading. The chosen antivibration rubbers for comparison
contained different contents of carbon black filler (30, 50 and 70 phr) in a natural rubber matrix. It was
found that energy absorption for comparative samples was generally higher than isotropic and aniso-
tropic MREs over the range of frequency and strain amplitude explored, as well as in hysteresis testing
and this was believed to be largely due the presence of carbon black in the formulation. Further
assessment was carried out on materials that were the same as anisotropic MREs except they had ad-
ditions of carbon black. The energy absorption was found higher than comparative samples with the
same carbon black contents, supporting the use of iron sand to improve damping. However, trends for
energy absorption at around Tg were found to reverse which is considered to be due to the segmental
motion of rubber chains being by far the most significant influence on energy absorption in the glass
transition zone.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetorheological elastomers (MREs) are a new group of
damping materials which consist of a non-magnetic matrix (nor-
mally an elastomer) containing a suspension of magnetically
permeable particles. Damping occurs by the viscous flow of the
rubber matrix and inclusion of magnetic particles in rubber enables
additional damping through magnetic particle interaction and
interfacial damping. The magnetic particles of choice are carbonyl
iron, magnetite, iron oxides, barium ferrite or Terfenol-D [1e3] and
suitable matrix materials include natural rubber, silicone rubber,
polybutadiene, polyisobutylene, polyisoprene and polyurethene
rubber [4e11]. The main advantage of MREs is that the damping
and stiffness can be varied by application of an applied magnetic
field during fabrication or in service. MREs can be classified into
two kinds: isotropic MREs and anisotropic MREs [12]. Fig. 1 shows
structure of isotropic and anisotropic MREs. Isotropic MREs can be

characterized by having a uniformmagnetic particle distribution in
the matrix. Anisotropic MREs have a special chain-like structure of
magnetic particles in a matrix resulting from curing the matrix
under an applied magnetic field. Over the past few years, MREs
have attracted increasing attention and have been considered for
applications such as adaptive tuned vibration absorbers [13],
automotive engine mounts [8] and semi active seismic dampers
[14].

In this study, isotropic and anisotropic MREs based on natural
rubber and silane modified iron sand particles were prepared. The
natural rubber was used as a matrix because of its associated ease
of processing and good damping performance [14e16] and iron
sand was chosen as magnetic particles because it has high
permeability and saturation magnetisation, low cost and is readily
available in New Zealand. Surface modification of iron sand using
silane coupling agent was found to provide coupling between iron
sand and natural rubber [15]. It has also been reported that the
silane modified particles decrease the interfacial tension around
the particles and results in improved dispersion of magnetic par-
ticles in isotropic MREs and an improved degree of magnetic par-
ticle alignment in anisotropic MREs [16,17].
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This work aims to assess the potential of developed MREs for
potential use in vibration damping. The dynamic properties of
isotropic and anisotropic MREs were compared with existing
antivibration rubbers. The dynamic properties were investigated
using two different methods. The loss tangent, commonly called
tan d, is considered as the fundamental parameter to assess
damping. Tan d gives a comparison of the energy lost to that stored;
it is obtained by dividing the loss modulus (G00 or E00) by the storage
modulus (G0 or E0) [12,18]. The other estimate of damping used was
the amount of energy dissipated during cyclic deformation, which
can be calculated from the area of the hysteresis loop. The anti-
vibration rubbers for comparison were prepared according to
existing formulations from published patents (see details in
Table 1). Those chosen, contained different contents of carbon black
filler (30, 50 and 70 phr) in a natural rubber matrix. In addition,
anisotropic MREs containing silane modified iron sand and a pre-
determined amount of carbon black were also prepared in order to
investigate the influence of carbon black on the damping perfor-
mance of the MREs.

2. Experimental

2.1. Materials

Natural rubber (SMR L grade) and other chemicals including
zinc oxide, stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide
(CBS), tetramethylthiuram disulphide (TMTD), paraffin oil, and
naphthenic oil were all purchased from Field Rubber Limited,
Auckland. Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was
purchased from Leap Lab Chem Co. Ltd. Carbon black was pur-
chased from Shijiazhuang Changhang Co. Ltd. Iron sand was
collected from Ngarunui Beach, Raglan. The iron sand was then
milled using a planetary mono mill (Pulverisette 6) produced by
Fristech GmbH and subsequently sieved to obtain a 45e56 mm
particle size range.

2.2. Surface modification of iron sand

The surface modification of iron sand was carried out using an
aqueous alcohol solution method. Iron sand particles were sub-
jected to surface treatment with TESPT at 6 wt% relative to the
weight of the particles. An aqueous alcohol solution of 95 vol%
ethanol was used and the pH of the solution was adjusted with
acetic acid to 4.0e4.5. TESPT of predetermined quantity was
dispersed in the ethanol solution at a ratio of 1:100 and the mixed
solution was stirred for 5 min to ensure hydrolization of the silane
coupling agent. The iron sand particles were then added and stirred
for an additional 30 min at room temperature to ensure a uniform
distribution of the coupling agent on the surface of iron sand par-
ticles. The mixture was filtered and washed three times with
ethanol to remove unreacted coupling agent. The treated iron sand
particles were then dried at 80 �C in an oven until a constant weight
was achieved.

2.3. Preparation of MREs and comparative samples

The compound formulation used in this study is given in Table 2.
The formulations of comparative samples based on published
patents comprised of natural rubber and carbon black as the major
components with processing aids and crosslinking agent. Additives
such as anti antioxidant, anti-thermal aging agent and petroleum
resin were excluded from the formulations. Formulations were
compounded using a conventional laboratory two roll mill (model
XK150) according to ASTM designation D3184-80. The front roller
speed was 24 rpm and the rear roller speed was 33 rpm, the roller
diameters were 150 mm, friction ratio of two rollers was 1:1.4 and
the roller temperature was set to 80 �C. The nip gap (distance be-
tween front and back roller) was maintained at 2 mm during
compounding. The compounding began with softening the rubber
on its own in the two roll mill (mastication). Mastication reduces
the viscosity and increases the plasticity of natural rubber by mean
of heat generated in the two roll mill through conduction from the

(a) (b)

Fig. 1. MRE structure: (a) isotropic MRE; and (b) anisotropic MRE.

Table 1
Comparative samples' patent specifications.

Comparative
sample

Patent number Applicant Title Description

1 US 2011/0166276 A1 [18] Tokai Rubber Industries Ltd Antivibration rubber composition The invention relates to a vibration damping rubber
composition to be used for an engine mount or the
like adapted to support an engine in an automobile
or the like and suppress transmission of vibrations.

2 EP 0 481 810 B1 [19] Sumitomo Rubber Industries Ltd Rubber composition for laminated
vibration proofing structure

The present invention relates to a rubber composition
for use in the seismic isolation of a bridge, a building
or a house.

3 US6180711 B1 [20] Yokohama Rubber Co. Ltd Rubber composition for seismic
isolation laminates

This invention relates to a rubber composition for
seismic isolation laminate for buildings.
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heated roller and shearing of rubber during milling. After 2e3 min
the rubber became invested on the hot roll and additives (other
than accelerators and sulphur) were then added followed by filler
(iron sand or carbon black); addition of accelerators and sulphur
were delayed to the last part of the process to prevent premature
vulcanization during compounding. The mixing time was approx-
imately 40 min. The cure time at 150 �C was then determined ac-
cording to the procedure as described elsewhere [19]. Compounded
rubber samples weighing 13 g were placed in a mould
60 � 50 � 3 mm. The isotropic MREs and comparative samples
were cured in a compression moulder at 150 �C under a pressure of
approximately 12 MPa. The anisotropic MREs were subjected to an
external magnetic field in a specially developed electromagnetic-
thermal coupled device (as shown in Fig. 2) at 80 �C for 30 min
and subsequently were cured in a compression moulder at 150 �C
under a pressure of approximately 12 MPa. Finally, post-cure
treatment was performed by cooling the anisotropic MREs at
room temperature for 30 min under an external magnetic field of
the same strength as that used during pre-curing. The post-cure
treatment was considered necessary to reorientate the magnetic
dipoles after compression moulding.

2.4. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a technique used to
measure damping of materials as they are deformed under periodic
force. In DMA, a sinusoidal force at different frequencies, strain
amplitudes and temperatures is applied and displacement of the

materials is measured, allowing one to determine the storage
modulus (G0 or E0), loss modulus (G00 or E00) and tan d. DMA was
carried out using a Perkin Elmer dynamic mechanical analyser
(DMA 8000). It is made up of six major components (Fig. 3): a force
motor, a drive shaft, a high sensitivity displacement detector
(LVDT), a sample fixture, a furnace and a temperature controller.
The driveshaft motionwas kept in a horizontal direction during the
test and the temperature controller was placed at a minimum
distance from the sample. Tan dwas measured over a wide range of
frequency, strain amplitude and temperature. The influence of
frequency and strain amplitude on tan d was assessed using two
circular disc specimenswith a diameter of 10mmand a thickness of
3 mm in shear mode at room temperature. Tan d was measured
over the frequency range of 0.01e130 Hz at a fixed strain amplitude
of 0.5% and over a strain amplitude range of 0.1e4.5% at a fixed
frequency of 100 Hz. For the influence of temperature on tan d, the
samples were analysed in dual cantilever mode at a frequency of
1 Hz with a strain amplitude of 0.5% and over a temperature range
from �100e50 �C. The samples were rectangular with dimensions
30 mm � 6 mm � 3 mm.

2.5. Hysteresis

Hysteresis loss is defined as the amount of energy dissipated
during cyclic deformationwhen the samples are stretched and then
allowed to retract at the same rate to the unstretched state. In this
study, the hysteresis loss was determined for tensile dumbbells
using an Instron 4204 at a crosshead speed of 500 mm/min

Table 2
Formulation of rubber compounds.

Materials MRE/ISO MRE/AN MRE/AN/30CB MRE/AN/50CB Comparative sample 1 Comparative sample 2 Comparative sample 3

(CS/30CB) (CS/50CB) (CS/70CB)

Natural Rubber 100 100 100 100 100 100 100
ZnO 5 5 5 5 5 5 5
Stearic Acid 1 1 1 1 1 1 1
Paraffin Oil 2 2 2 2 2 e e

Naphthenic Oil 3 3 3 3 3 10 5
Iron sand 70 70 70 70 e e e

Carbon black e e 30 50 30 50 70
CBS 2 2 2 2 2 1.9 1
TMTD 1 1 1 1 1 0.8 e

Sulphur 1.5 1.5 1.5 1.5 1 0.8 1.5
Curing condition
Temperature (ºC) 150 150 150 150 150 150 150
Pressure (MPa) 12 12 12 12 12 12 12
Magnetic field during curing (mT) 0 600 600 600 e e e

*MRE ¼ Magnetorheological elastomers.
*ISO¼ Isotropic.
*AN ¼ Anisotropic.
*CB¼ Carbon black.
*CS¼ Comparative sample.

DC power Temperature 

DC power 

Coil

Coil

+ -

+

-

+
-

+
-

Magnetic core

Mould

Heating Sample

Magnetic core

Fig. 2. Sketch of specially developed electromagnetic-heat coupled device.
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according to ASTM D412-80. The stressestrain curve was recorded
and hysteresis loss was calculated as:

Hysteresis loss ¼ Area under the loading curve

� Area under the recovery curve (1)

2.6. Morphology

The microstructures of isotropic and anisotropic MREs were
observed using a Hitachi S-4700 scanning electron microscope
(SEM). The samples were cut into pieces with a surface area of
5 mm � 3 mm and coated with a thin layer of platinum prior to
observation at an accelerating voltage of 20 kV.

3. Results and discussion

3.1. Morphology

Fig. 4 shows SEM images of MREs and comparative samples. It
can be seen that MRE/ISO had uniform iron sand particle distri-
bution in the rubber matrix without obvious aggregation (Fig. 4a).
Fig. 4b shows an MRE/AN sample cured under an applied magnetic
field of 600 mT at elevated temperature; as expected, the iron sand
organized into chain-like columnar structures. For comparative
samples, the carbon black particles were generally evenly distrib-
uted in the rubber matrix but with some aggregates ranged prob-
ably from below the resolution of the SEM up to 20 mm as seen in
Fig. 4c. It can be seen that the distribution of carbon black in the
rubber matrix has occurred similarly to that obtained elsewhere
[20]. For MRE/AN/50CB sample (Fig. 4d), it can be seen that the
presence of carbon black has constrained the movement of iron
sand particles and the chain-like columnar structures are shorter
and less aligned than MRE/AN sample.

3.2. Dynamic mechanical analysis

3.2.1. Frequency sweep measurements
The variation of tan dwith frequency for MREs and comparative

samples is depicted in Fig. 5a. Generally, tan d increased with
increasing frequency, with tan d values for both MRE/ISO and MRE/
AN found to be lower than for the others at most frequencies,
although relatively larger increases in tan d above 100 Hz compared
to other samples occurred, such that at the highest frequencies
explored, tan d values for MRE/ISO and MRE/AN were at the upper

end of those obtained. The increase of tan d as the frequency
increased for isotropicMREs and comparative samples could be due
to increased energy absorbed through viscous flow of the rubber
matrix and interfacial damping between the particle and the rub-
ber matrix [15]; for anisotropicMREs similar mechanisms would be
involved as well as potentially, energy absorbed through magnetic
interactions [21]; for samples containing carbon black, increased
energy could be absorbed due to overcoming inter-particle in-
teractions (Van der Waals) [22]. The difference in trends observed
for MREs and comparative samples are likely to be due to the
relatively different amounts of energy absorbed by different
mechanisms involved with different reinforcement particles at
different frequencies.

It can also be seen that tan d of MRE/AN is about 8% higher than
MRE/ISO over the whole frequency range explored; the higher tan
d of MRE/AN can be attributed to multiple mechanisms such that
include constraint of joint rubber shells between neighbouring iron
sand particles, less trapped rubber due to formation of aligned
structures and damping through inter-particle magnetic in-
teractions as well as magnetomechanical effect (change of mag-
netic domain structure induced by application of stress) [21,22]. For
the comparative samples, tan d increased in the following order:
CS/30CB < CS/50CB < CS70/CB, correlating with the increased
content of carbon black. A significant improvement of tan d was
observed for comparative samples when compared to MRE/ISO and
MRE/AN; it was suspected that this could be due to the presence of
carbon black in the formulation. In order to assess the influence of
carbon black on damping performance of MREs, two compounds
were prepared that were the same as MRE/AN except they had
additions of 30 and 50 phr carbon black (MRE/AN/30CB and MRE/
AN/50CB). It was found that such additions of carbon black gave
good improvement of tan d. The tan d values for MRE/AN/30CB and
MRE/AN/50CB were 21% and 43% higher than MRE/AN, indeed, the
tan d were 10% and 7% higher compared to CS/30CB and CS/50CB
over the whole frequency range explored; supporting the use of
iron sand to improve damping through interfacial damping be-
tween the particle and the rubbermatrix andmagnetic interactions
(magnetomechanical and inter-particle interaction).

The effect of carbon black on tan d can be analysed further using
storage modulus (G0) and loss modulus (G00) plots as shown in Fig. 5
(b and c). It is apparent that G0 and G00 for samples containing
carbon black are much higher than those for MRE/ISO andMRE/AN.
The G0 increases with increasing carbon black content up to the
highest values at 70 phr carbon black. The increase in G0 can be
explained by increased carbon black particle-rubber interactions
and carbon black particleeparticle interactions as reported by

Fig. 3. Scheme of the DMA 8000.
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Fig. 4. SEM images of surface of; (a) MRE/ISO (ISO), (b) MRE/AN, (c) CS/50CB and (d) MRE/AN/50CB at �80 magnitude of enlargement.

Fig. 5. (a) Tan d, (b) storage modulus (G0) and, (c) loss modulus (G00) versus frequency for MREs and comparative samples.
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number of researchers [22,23]. The particle-rubber interactions
include physical adsorption of rubber chains on carbon black filler
surfaces and chemical bonding between functional groups on the
surface of carbon black (mostly quinonic groups) with rubber
molecular chains which will restrain the mobility of rubber on the
filler surface [24]. The particleeparticle interactions relate to the
tendency of carbon black particles to form aggregates at different
levels [24]. Carbon black aggregates agglomerate together to form
what are known as primary aggregates, held together by Van der
Waals bonds. Further agglomeration occurs between primary ag-
gregates to produce secondary aggregates, again held together by
Van der Waals bonds, although the secondary aggregates are less
rigidly held together. The particle-rubber interactions and parti-
cleeparticle interactions lead to the formation of a carbon black
filler networks in the rubber matrix as shown in Fig. 6. These
contain rubber with different degrees of constraint (bound rubber,
occluded rubber and trapped rubber), higher than that for rubber
away from carbon black particles [25]. These constrained rubber
regions improve the ability to store elastic energy, resulting in
increased G0. The increase of G00 with increasing carbon black
content during deformation can be explained by the increased
energy loss that occurs due to the breakdown and reformation of
the carbon black filler networks.

3.2.2. Strain amplitude sweep measurements
The variation of tan d with strain amplitude for MREs and

comparative samples is depicted in Fig. 7a. Tan d was amplitude
dependent at low strain amplitude before reaching a plateau, with
tan d for MRE/AN and MRE/ISO reaching a plateau at around 2.5%
strain amplitude, whereas for the other samples containing carbon
black the tan d reached a plateau at around 1.5% strain amplitude.
The increased amplitude dependence for MRE/AN and MRE/ISO
compared to comparative samples indicates that the amplitude of
applied strain required to break stronger interfacial bonding be-
tween iron sand and rubber was relatively larger compared to
easier that required for breaking down carbon black filler networks.
At the plateau region, it would appear that most of the filler-rubber
interactions diminish (Van der Waals for carbon black and Van der
Waals and covalent for iron sand) and tan d is largely reliant on the
rubber matrix which is at its largest due to greatest amount of
rubber free to flow and friction between rubber chains and iron
sand [15,26].

Tan d of MRE/AN was found to be 8.5% higher than that of MRE/
ISO over the whole strain amplitude range explored; the higher tan
d for MRE/AN can again be explained due to additional damping

through breakdown of joint rubber shells, more trapped rubber
released and magnetic interactions (magnetomechanical and inter-
particle interaction). Indeed, it can also be seen that although the
tan d for MRE/AN is lower at low strain amplitudes, it is slightly
higher than for CS/30CB above a strain amplitude of 2%. For the
comparative samples, tan d increased in the following order: CS/
30CB < CS/50CB < CS70/CB, along with the increased content of
carbon black. Similarly, tan d values forMRE/AN/30CB andMRE/AN/
50CB were higher than MRE/AN (6% and 15%, respectively) and the
tan d approximately 4% and 5% higher compared to CS/30CB and CS/
50CB over the strain amplitude range explored as was seen for
range of frequency discussed in the previous section.

Again, the effect of carbon black on improved tan d can be
analysed further using G0 and G00 plots as shown in Fig. 7 (b and c). It
is apparent that G0 and G00 for samples containing carbon black are
much higher than MRE/ISO and MRE/AN, which is not surprising
given similar trends with influence of frequency on G0 and G''. As
previously discussed, the increase of G0 with increase in carbon
black content can be explained by increased amount of constrained
rubber in filler networks and the increased energy loss is likely due
to breakdown and reformation of filler networks during cyclic
deformation along with more constrained rubber flow.

3.2.3. Temperature sweep measurements
Fig. 8 presents the tan d versus temperature curves for MREs and

comparative samples. The tan d peak is associated with the glass
transition temperature (Tg) of the materials. In general, the trend
for the height of the tan d peak is different compared to trends
observed previously for the effect of frequency and strain ampli-
tude on tan d; the tan d peaks for MRE/ISO and MRE/AN are higher
than for the others and the height of the tan d peak decreased with
increasing carbon black content in the following order: CS/
30CB > CS/50CB > CS70/CB. To explain the trend seen here, it is
necessary to consider the relative change of contributions by
different energy dissipation mechanisms in the glass transition
zone. It is known for materials containing non-magnetic particles,
that in the glass transition zone, contribution from segmental
motion of rubber chains generally far outweighs that through
breakdown of fillerefiller and filler-rubber interactions [27];
furthermore for anisotropic MREs, the damping through magnetic
interactions around Tg is thought to be insignificant compared with
that due to segmental motion of rubber chains with the height of
the tan d peak for anisotropic MREs having been observed to be
lower than unfilled natural rubber [28]. Based on such importance
of rubber chain motion, the higher tan d peak for MRE/ISO and
MRE/AN can be explained due to a greater volume of free rubber
chains participating in large scale motions at Tg which is likely to be
due to less constrained rubber with iron sand particles in the MRE/
ISO and MRE/AN than with carbon black particles in the MREs
containing carbon black and comparatives samples due to the dif-
ference in interfacial area, being much smaller in the case of the
much larger iron sand particles. For samples containing carbon
black, further regions of constrained rubber would also formwithin
carbon black filler networks; this constrained rubber is shielded
from deformation and loses its ability to participate in the energy
dissipation process. There also appears to be a slightly higher tan
d peak for MRE/AN compared with MRE/ISO which is likely to be
due to formation of aligned structures in anisotropicMREs reducing
the amount of trapped rubber. The decrease in height of the tan
d peak with increased carbon black content could be explained by
the increased amount of constrained rubber on carbon black sur-
faces and within filler networks. The height of the tan d peaks for
MRE/AN/30CB and MRE/AN/50CB were found to be lower than the
tan d peaks for CS/30CB and CS/50CB, supporting iron sand
contributing to rubber constraint. It is also apparent that Tg values

 

 

 bound rubber 
occluded rubber 
trapped rubber       

Fig. 6. Schematic presentation of carbon black filler network.
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for MRE/ISO and MRE/AN are the highest followed by MRE/AN/
30CB and MRE/AN/50CB and comparative samples. This observa-
tion suggests that strong interfacial bonding between iron sand and
rubber increased the temperature required for the rubber molec-
ular chains to attain maximum segmental motion compared to
weak Van der Wall bonds in samples containing carbon black.

3.3. Hysteresis

Fig. 9 shows hysteresis loss for MREs and comparative samples.
Hysteresis loss for both MRE/ISO and MRE/AN was found to be
lower than for the other samples. Hysteresis loss in isotropic MREs
could be associated with the energy absorbed during viscous flow

Fig. 7. (a) Tan d, (b) storage modulus (G0) and, (c) loss modulus (G00) versus strain amplitude for MREs and comparative samples.

Fig. 8. Tan d versus temperature curves for MREs and comparative samples.
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which is constrained due to strong interfacial bonding between
iron sand and rubber and energy loss due to stress released in
breaking the interfacial bonding [15] and given higher hysteresis
loss than for unfilled rubber (31 kJ/m3, as obtained elsewhere [28]);
for anisotropic MREs similar mechanisms would be involved as
well as energy loss due to breakdown of joint rubber shells with
more trapped rubber released, however, the damping through
magnetic interactions would appear to be insignificant given that
the hysteresis loss for MRE/ANwas lower thanMRE/ISO. This seems
to contradict the results for the effect of frequency and strain
amplitude on tan d, which could be explained as being due to a
different mode of loading as shown in Fig. 10 (tensile versus shear).
In tension as in the case here, it is largely the spacing increasing
between chains that are changing, whereas in shear loading, the
spacing within chains and so between the particle increases [28]. It
is possible that in the direction of tensile loading, the particles are
separated to such an extent in anisotropic MREs that inter-particle
attraction is less effective than for the isotropic MREs.

For the comparative samples, hysteresis loss increased in the
following order: CS/30CB < CS/50CB < CS70/CB, along with the
increased content of carbon black. This could be explained due to
increased energy absorbed caused by breakdown and reformation
of carbon black filler networks with increase in carbon black con-
tent which becomes more significant than the reduction of
segmental motion of rubber chains (away from Tg). Furthermore,
when the applied strain increases to such an extent the filler
network can be broken down, the constrained rubber would be
released and therefore allow more viscous flow during deforma-
tion, resulting in an increase of dissipated energy [29,30]. As can
also be seen, hysteresis loss for MRE/AN/30CB and MRE/AN/50CB
significantly increased compared to MRE/AN (21% and 71%,
respectively), supporting the data obtained for assessment of the
effect of frequency and strain amplitude on tan d, that addition of
carbon black results in higher energy dissipation in the materials
(other than around Tg). Also hysteresis losses for MRE/AN/30CB and
MRE/AN/50CB were approximately 5% and 8% higher compared to
CS/30CB and CS/50CB, supporting the use of iron sand to improve
hysteresis loss through interfacial damping between the particle

and the rubber matrix (constraint of viscous flow due to strong
interfacial bonding between iron sand and rubber, energy loss due
to breakdown of the interfacial bonding and breakdown of joint
rubber shells with more trapped rubber released).

4. Conclusion

It was found that isotropic MREs had uniform iron sand particle
distribution without obvious aggregation and alignment of mag-
netic particles occurred for anisotropic MREs as a consequence of
curing the materials under an applied magnetic field at elevated
temperature. For comparative samples, carbon black particles were
generally evenly distributed in the rubber matrix with some ag-
gregates, but none larger than 20 mm. SEM also revealed that
addition of carbon black into anisotropic MREs constrained the
movement of iron sand particles; chain-like columnar structures
became shorter and less aligned. Energy absorption for compara-
tive samples (CS/30CB, CS/50CB and CS/70CB) was generally found
higher than MRE/ISO and MRE/AN over the range of frequency and
strain amplitude explored, as well as in hysteresis testing and this
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Fig. 9. Hysteresis loss for MREs and comparative samples.
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Fig. 10. Comparison of influence of loading types on particle separation, (a) tensile
mode, (b) shear mode.
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was believed to be largely due the presence of carbon black in the
formulation. Further assessment carried out on materials that were
the same as MRE/AN except they had additions of 30 and 50 phr
carbon black (MRE/AN/30CB and MRE/AN/50CB) gave generally
higher energy absorption than comparative samples of the same
carbon black contents (CS/30CB and CS/50CB), supporting the use
of iron sand to improve damping through interfacial damping be-
tween the particle and the rubbermatrix andmagnetic interactions
(magnetomechanical and inter-particle interaction). However,
trends for energy absorption at around Tg were found to reverse
which can be explained by the segmental motion of rubber chains
being by far the most significant influence on energy absorption at
this temperature as supported by literature and so care should be
taken when using the materials at such temperature although this
is likely to be away from the service temperature for these
materials.
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