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Abstract 

Magnetorheological elastomers (MREs) are novel class of magneto-active materials comprised of micron-sized 

ferromagnetic particles impregnated into an elastomeric matrix, which exhibit variable stiffness and damping 

properties in a reversible manner under the application of an external magnetic field. Characterization of highly 

complex behavior of these active composites is a fundamental necessity to design adaptive devices based on the 

MREs. This study is mainly concerned with in-depth experimental characterizations of static and dynamic properties 

of different types of MREs using methods defined in related standards. For this purpose, six different types of MRE 

samples with varying contents of rubber matrix and ferromagnetic particles were fabricated. The static 

characteristics of the samples were experimentally evaluated in shear mode as a function of the magnetic flux 

density. The particular MRE sample with highest iron particles content (40% volume fraction) was chosen for 

subsequent dynamic characterizations under broad ranges shear strain amplitude (2.5-20%), excitation frequency 

(0.1-50 Hz) and applied magnetic flux densities (0-450 mT). The results revealed nearly 1672% increase in the MRE 

storage modulus under the application of a magnetic flux of 450 mT, which confirms the potential of the novel 

fabricated MRE for control of vibration and noise in various engineering applications.  

Keywords: Magnetorheological Elastomer; Fabrication; Characterization; Shear, Elastic and Loss Moduli 

 

1. Introduction 

Elastomers are rubber-like solids with viscoelastic properties, which are widely used as reliable and cost-effective 

passive damping treatments for attenuation of noise and vibration in many engineering applications. Such 

elastomers, owing to their fixed parameters, are known to be effective in a limited frequency range. 

Magnetorheological elastomers (MREs) are a class of smart composite materials, which exhibit reversible and rapid 

variations in their dynamic properties under the application of an external magnetic field. MREs are comprised of 

micron-sized ferromagnetic particles prearranged or suspended into an elastomeric matrix. Owing to their rapid 

response [1], the elastic moduli of these flexible smart composites can be effectively controlled in nearly real-time in 

response to varying external excitations. The MREs thus provide greater potential for suppression of  vibration in an 

active manner in a wider range of frequencies [2, 3]. Moreover, MREs exhibit additional desirable features, such as 

low power requirement, fail-safe character, insensitivity to contaminants and no sealing issues (as generally 
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encountered in MR fluids). These are thus considered as reliable smart materials for numerous engineering 

applications particularly where an adaptive response is desired from a rubber-like material such as adaptive tuned 

vibration absorbers [4, 5], adaptive vibration isolators [6-8], vehicle seat suspension [9, 10], engine mounts [11], 

adaptive beam structures [12], sensing devices [13] and MRE based actuators for valves [14].  

 MREs are composed of three fundamental components: ferromagnetic particles, elastomeric matrix and the 

additives. Compared to their fluid analogous (MR fluids), relatively larger sizes of polarizable particles could be 

used in MREs since the particles sedimentation is not a concern in MREs [15]. Research on the theories describing 

the magnetism of iron nanoparticles started by early 1960s [16], and has continued in earliest by development of 

new synthesis techniques for nanoparticles to improve their homogeneity, electrochemical and ecofriendly 

properties [17, 18]. The reported studies have widely employed different sizes of carbonyl iron particles (CIPs), 

ranging from 1µm to 200µm. Owing to their high saturation magnetization, the CIPs are considered well-suited for 

the MR materials [19, 20].  In order to achieve a higher MR effect, the particles must be large enough to support at 

least several magnetic domains. The MREs have been fabricated using different types of matrix materials such as 

silicone rubber, natural rubber, thermoplastic elastomers and polyurethane. Furthermore, additives are generally 

used to increase the fluidity and stability of the matrix [21]. Silicone oil is the most common additive in MRE 

fabrication, which works as a softening agent, and decreases the storage modulus of the elastomeric matrix. 

Additives also prevent the agglomeration of ferromagnetic particles, and increase the compatibility of the matrix 

with the particles [22]. Such added ingredients thus help achieve more uniform distribution of internal stress in the 

material, which makes the material properties more stable [21]. The fabrication process generally begins with 

thorough mixing of the three primary components (ferromagnetic particles, matrix material and additives) [4, 6]. 

The mixture is then vacuumed in a controlled environment in order to extract the air bubbles. Depending on the 

MRE type, the mixture is then permitted to cure in the absence (isotropic MRE) or presence of a magnetic field 

(anisotropic MRE). A strong magnetic flux, normally up to 1 T, is applied to realize anisotropic property of the 

MRE. While some silicone rubbers can be cured at room temperature, a constant temperature above 100 ̊C has been 

generally suggested to speed up the curing process. In order to achieve substantial MR effect from an isotropic 

MRE, the iron particle concentration has to be close to the critical particle volume concentration (CPVC), where the 

inter-particle distances are minimal. The pre-cure orientation of the particles in this case will not affect the absolute 

MR effect [23]. However, the composite with such high iron particle concentration exhibits high zero-field modulus, 

and thereby relatively lower relative MR effect. The softening of the matrix thus constitutes one of the challenges in 

MRE fabrication in order to achieve higher relative MR effect.  

 Reported studies have employed widely different matrix materials, volume fraction and sizes of ferromagnetic 

particles, and additive materials, apart from some variations in the fabrication method, which are summarized in 

Table 1 [2, 5, 8, 20, 24-42] in a chorological order. The table presents the matrix compound and iron particles 

considered in each study together with the particle content. From the review of these studies, it is evident that the 

vast majority of the studies have employed a blend of silicone rubber with silicone oil as the matrix compound and 

CIPs with average size ranging from 1 to 10 µm. Although the reported studies have focused on MREs with both the 
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isotropic and anisotropic property, the isotropic MREs have become more widespread since these do not require 

magnetic field during the curing process. 

A few studies have evaluated dynamic responses of MREs considering different applications and excitations [6, 

8, 43]. These have illustrated considerable challenges due to intrinsic hysteresis behavior and coupled nonlinear 

dependence on both the excitation condition and the magnetic field intensity. Although, the properties of MREs 

have been widely studied during the past decade using experimental and analytical methods, standardized 

methodologies for characterization and modeling of MREs do not yet exist. Reported studies have employed widely 

different methods and experimental conditions for characterizing the mechanical properties of MREs. They may be 

classified into two groups based on the operation mode, namely the uniaxial tension or compression and simple 

shear. The studies reporting characteristics of MREs in the shear mode may be further categorized into two groups. 

The first group of studies is aimed at characterization of MRE samples alone [20, 26, 30, 32, 34-38, 43, 44], while 

the second group of studies is focused on characterization of MRE-based devices such as vibration absorbers and 

isolators [2, 7]. Table 2 summarizes the range of loading conditions including the excitation frequency, strain 

amplitude as well as the magnetic flux density, considered in the first group of studies together with the sample 

dimensions and the test method. These have employed double-lap shear test methods and rheometry to characterize 

shear properties of the MREs. The studies using the double-lap shear method have employed widely different sizes 

of MRE samples, while those using rheometry have considered circular samples of the same size. The MRE 

hysteresis characteristics, whether in the stress-strain or in the force-displacement, however, have been reported in 

fewer studies [35, 36, 43].  

The characterizations of MREs have been mostly limited to low frequency excitations and relatively low strain 

amplitudes. The characteristics of MREs subject to strain level exceeding 10% at frequencies above 5 Hz are thus 

not fully explored. Apart from the limited ranges of loading conditions, the studies are mostly focused on MRE 

samples with relatively low ferromagnetic particles content. The nonlinear behavior of the MRE, which may 

resemble that of the viscoelastic materials, is thus not fully explored. Moreover, the reported studies have employed 

widely different test methods for characterizing properties of MREs. In the present study, the static and dynamic 

characterizations of MREs were performed in accordance with the available standardized methods for rubbery type 

materials under wide ranges of strain amplitudes and excitation frequencies. Isotropic MREs with different 

ferromagnetic particles content and matrix material were fabricated in the laboratory, and effects of the constituents 

on the magneto-mechanical properties were investigated, namely, the zero-field shear modulus, and relative and 

absolute MR effects. The static characteristics of the MRE samples, obtained using the standardized double-lap 

shear test, revealed substantially higher MR effect of the sample with higher volume fraction of iron particles. The 

dynamic characterizations of the sample with enhanced MR effect were subsequently performed under shear strain 

ranging from 2.5 to 20% in the 0.1 to 50 Hz frequency range, and varying magnetic flux density (0-450 mT). The 

measured data are used to determine dynamic properties of the MRE in terms of elastic and loss shear moduli 

(��, ���), and their dependency on the loading conditions as well as the applied magnetic flux density.  
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Table 1: The matrix compound and iron particles content used in MRE samples fabricated in selected reported studies. 

Study Matrix Particles 
Particle 
content 

Type of 
MRE 

Shiga [24], 1995 Silicone gel Iron (100µm) Up to 28% Vol  Anisotropic 

Jolly et al. [19], 1996 Silicone oil CIP (3-4µm) 10 to 30% Vol  Anisotropic 

Ginder et al. [26], 1999 Natural rubber CIP (0.5-5µm) 27 and 40% Vol  
Isotropic & 
Anisotropic 

Bellan et al. [27], 2002 
Silicone rubber; 

Silicone oil 
CIP (2µm) 

Nickel particles 
5 to 25% Vol Anisotropic 

Lokander and Stenberg 
[20], 2003 

Nitrile rubbers 
acrylonitrile 

large & irregular 
shaped pure iron 
particles (60,180, 

200µm); and 
CIP (3.9-5µm) 

- Isotropic 

Farshad et al. [28], 
2004 

Silicone rubber CIP (3.8µm) 27% Vol Anisotropic 

Kallio et al. [29], 2005 
Natural rubber 
Silicone rubber 
Thermoplastics 

CIP (4µm); and 
Irregular iron particles 

(up to 
200µm) 

- Anisotropic 

Gong et al. [30], 2005 
Silicone Rubber; 

Silicone oil 
CIP (3µm) 

20 to 70% 
Weight 

Isotropic 

Lockette et al. [31], 
2006 

Silicone rubber 
combination of 40µm 

and 10µm iron 
particles 

Up to 32% Vol Anisotropic 

Stepanov et al. [32], 
2007 

Silicone rubber 
Combination of        

2-4µm and 2-70µm 
Iron particles  

30 to 37% Vol 
Isotropic 

Anisotropic 

Lerner et al. [33], 2007 Silicone rubber CIP (6-9µm) Up to 35% Vol Anisotropic 

Böse et al. [34], 2009 Silicone rubber 
CIP (5µm) 
CIP (40µm) 0 to 35% Vol 

 Isotropic & 
 Anisotropic 

Jung et al. [35], 2009 Silicone rubber Iron particles (10µm) 30% Vol Isotropic 

Li et al. [36], 2010 
Silicone rubber; 

silicone oil 
CIP (5µm) 60% weight  Anisotropic 

Danas et al. [37], 2011 Natural rubber CIP (0.5-5µm) 25% Vol Anisotropic 

Gordaninezhad et al. 
[38], 2012 

Silicone elastomer CIP (2-8 µm) 30 to 70% weight Anisotropic 

Li et al. [39], 2013 
+ RTV Silicone 

Rubber 
5µm 30% Vol Anisotropic 

Li et al. [8], 2013 
Silicone Rubber; 

Silicone Oil 
CIP (3-5µm) 23% Vol Isotropic 

Agirre-Olabide et al. 
[40], 2014 

Silicone rubber;  
Vulcanizer 

CIP (1.25±0.55µm) 10 to 30% Vol 
Isotropic & 
Anisotropic 

Sun et al. [2, 5, 41], 
2014-2015 

Silicone Rubber; 
Silicone oil 

CIP (3-5µm) 75 to 80% weight  Isotropic 
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Yu et al. [42], 2016 
Silicone rubber; 
Silicone Rubber 

CIP (3-5µm) 23% Vol Isotropic 

Vatandoost et al. [22], 
2017 

Silicone rubber; 
Silicone oil 

CIP (3-5µm) 70% Weight Isotropic 

Wan et al. [45], 2018 Silicone rubber CIP (5-9µm) 30% Vol Anisotropic 
            + RTV, Room-Temperature-Vulcanizing.   

Table 2: Summary of test methods and conditions employed for characterizations of MREs samples in the reported studies. 

Authors - Year Sample shape/dimensions  
Test method  

Frequency 
range 

Amplitude 
range 

Magnetic flux 
density  

Ginder et al. [26] 
Disc-shaped specimens 

Double-lap shear 
2 Hz 1.5, 3, 6%  Up to 1500 mT 

Lokander and 
Stenberg [20]  

20 × 15 × 2	���	 
Double-lap shear  

2.5% at 1 Hz decreased with 
increasing frequency to 0.6% at 21 

Hz 

170 kA/m      
(≈ 214	��) 

Gong et al. [30] 	6 × 10 × 30	��� 
Single Shear  

100 - 600 Hz 
(Random) 

Not Reported 0 and 200 mT 

Stepanov et al. 
[32] 

		10 × 10 × 5	��� 
	Double-lap shear 

Static 

 Up to 30% shear 
strain at 0mT,  

Up to 15% shear 
strain at 80mT 

Up to 80mT 

 Circular  
(*d = 20mm, *t = 1mm) 

	Rheometery 
Up to 5 Hz Not Reported 30~70	�� 

Bose and Roder 
[34] 

- 
Rheometery 

10 Hz 1%  Up to 700 mT 

Jung et al. [35] 19.05 × 12.7 × 12.7	���  
	Double-Lap shear 

0.1 to 3 Hz  
1.0, 3, 5 mm 
displacement 50~500 mT 

Popp et al. [44]  
 Circular  

(*d = 20mm, *t =1mm) 
	Rheometery 

up to 100 Hz 
(sweep) 

0.1, 1, 5, 10, 
15% 

409 mT 

Li et al. [36] 
 Circular  

(*d = 20mm, *t =1mm) 
Rheometery 

1, 5 and 10 Hz 1, 5, 10, 50% Up to 750 mT 

Danas et al. [37]  24 × 12 × 12	��� 
	Double-lap shear 

Static Up to 15%  

Up to non-
dimensional 

magnetic field 
= ℎ ����⁄ = 1 

Gordaninezhad et 
al. [38] 

 
22.45 × 12.7 ×

(6.35, 12.7, 19.05, 25.4)	��� 
Double-lap shear  

Static 0.1 to 10%  
0, 590 and 990 

mT 

Norouzi et al. 
[43] 

	50 × 12 × 9.5	��� 
	Double-lap 

0.1 to 5 Hz 2, 4, 8, 16%  100 to  272 mT 

Jung et al. [46] 
Circular  

(*d = 20mm, *t =1.2 mm) 
Rheometery 

1 Hz 
0.01 to 5% 

(sweep) 
Up to 343 kA/m 

(≈ 430	��) 
1 to 100 rad/s 

(0.16 to 15.9 Hz) 
(sweep) 

0.02 % 
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  * d = diameter; t = thickness  

2. Fabrication and Experimental Method 

Six different types of MRE samples were fabricated in the laboratory with varying volume fractions of the 

ferromagnetic particles and the matrix material, as summarized in Table 3. Spherical carbonyl iron particles (BASF-

SQ) with diameter ranging from 3.9 to 5 �� were dispersed into the matrix material, which was chosen as a silicone 

rubber (Eco-Flex Series, Smooth-on, Inc.). Furthermore, two additives were used, including the slacker (Smooth-on, 

Inc.) as the softening agent and the silicone thinner (Smooth-on, Inc.) as the diluting agent. According to the 

manufacturer’s (Smooth-on, Inc) guidelines, slacker changes the feel of the silicone rubber to a softer material, 

while the silicone thinner lowers the mixed viscosity of silicone rubber products [47]. The mixture was used to 

fabricate the MRE samples using the methods reported in [4, 6]. Briefly, the process was initiated by computing the 

desired weight fractions of each component, which was followed by thorough mixing of all the ingredients in a 

container using an electrical blender for nearly 5 minutes. The mixture was then placed in a vacuum chamber for 5 

minutes under 29 in-Hg pressure. The grey blend was subsequently poured in circular molds (100mm diameter - 10 

& 5mm thick), and cured for 20 minutes at a temperature of about 65°C. Six different types of samples, listed in 

Table 3, are denoted as Type 1 to Type 6. Apart from the CIP and matrix material fractions, the fabrication process 

involved variations in the slacker and thinner contents. Type 1 to Type 3 samples were fabricated without the 

additives, while only softening agent was used for Type 4 and Type 5 samples. The Type 6 sample included both the 

softening and the diluting agents (slacker and silicon thinner). The use of additives was essential for mixing of 

uncured blends for Type 5 and Type 6 MRE samples due to their greater CIP content (30 and 40% volume fraction).  

The reason for using 10% silicone thinner for MRE sample type 6 is to bring the viscosity of the whole mixture to a 

lower value, otherwise it was not possible to thoroughly mix the iron particles with the silicone rubber and slacker 

due to high viscosity of the mixture. Figure 1 illustrates a typical MRE sample fabricated in the laboratory. 

Table 3: The volume fraction of the constituents used in different types of MREs. 

MRE 
sample 

Volume fractions of constituents 

CIP  Silicone rubber  Slacker  Silicone thinner  

Type 1 12.5 87.5 - - 
Type 2 17.5 82.5 - - 
Type 3 25 75 - - 
Type 4 25 60 15 - 
Type 5 30 50 20 - 
Type 6 40 40 10 10 
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Figure 1: A pictorial view of a MRE sample. 

 

2.1 Experimental Setup and Methods 

Two series of experiments were designed for characterization of static and dynamic properties of the MRE samples 

in the shear mode. The experimental methods were formulated on the basis of standardized test methods defined in 

ISO-1827 [48] and ISO-4664 [49] for characterizations under static and dynamic conditions, respectively. The 

experiments under dynamic conditions were designed to include relatively broad ranges of strain as well as 

excitation frequencies in order to obtain dynamic characteristics of the MRE over a wide spectrum of loading 

conditions.  The methods and the experimental setup designed in the study are described below.  

A double-lap test setup was designed to characterize the stress-strain properties of MREs in the shear mode under 

both static as well as dynamic conditions. The shear loading fixture was constructed via 3D printing of a very stiff 

polymer, Bio-Flex V 135001. Rectangular specimens (25�� × 20�� × 5��) of each types of MRE were 

prepared for the static and dynamic tests, as recommended in ISO-1827 [42]. The test specimen was sandwiched 

between the inner and outer members of the double-lap shear test fixture, as shown in Figure 2. The experiments 

were conducted using the table top Bose ElectroForce 3200 test system in the displacement control mode. The test 

fixture with the specimen was attached to the test system via two non-magnetic material shafts. The upper shaft, 

fixed to the actuator, was attached to the inner member of the fixture. The lower shaft attached to the outer member 

of the fixture was attached to the fixed base via a load cell. Neodymium permanent magnets were used to generate 

the desired magnetic flux density. Two sets of permanent magnets (50mm×50mm×10mm each) were positioned 

symmetrically about the central axis of the test arrangement so as to apply the magnetic field in the thickness 

direction of the specimens, as shown in Figure 3. The fixture holding the permanent magnets was designed so as to 

permit variations in the distance between the magnets and the fixture containing the specimen. This permitted 

variation in the density of the magnetic flux imposed on the MRE specimen. The use of non-magnetic material for 

the dual-lap fixture and the shafts ensured minimal magnetic field leakage.  The magnetic flux density was measured 

in the vicinity of specimen’s thickness center using a Gauss-meter, which was, about 5 mm from the line of 

symmetry of the test fixture, as shown in Figure 3. Figure 4 illustrates variations in the magnetic flux density 

measured at the distance of 5 mm from the line of symmetry considering six different distances between the 

magnets, ranging from 25 to 75 mm. The measured data suggest that the magnetic flux density decreases 

exponentially with increasing distance between the magnets. The results further suggest that the test setup could 
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provide static and dynamic characterization of the MRE specimens under magnetic flux density in the 150 to 450 

mT range. 

 
Figure 2: Dual-lap shear test fixture with MRE specimens.  

 

 

Figure 3: Double-lap shear test set-up fixed within the Bose ElectroForce test system and arrangement of permanent 

magnets.  
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Figure 4: Variations in the magnetic flux density measured near the center of the MRE specimen thickness with 
distance between the permanent magnets. 

2.1 Static Characterization  

Static tests were performed in accordance with ISO-1827 [42] by applying static shear deformation to the specimen 

via the inner member. The deformation was applied in a ramp manner at a rate of 5 mm/min to achieve maximum 

shear strain of 30%. This corresponds to peak deformations of 1.5 mm of the 5 mm thick MRE specimens. The 

deformation was measured using the displacement sensor, integrated within the test system, with resolution of 1��. 

Both the displacement and force signals were acquired at a sampling rate of 2000 Hz. The data were acquired under 

three different intensities of the applied magnetic flux (150, 300 and 450 mT), which were achieved by selecting the 

distance between the permanent magnets as 75mm, 40mm and 25mm, respectively. The experiments with each 

specimen were performed under deformations in the upward as well as downward directions. Furthermore, each 

measurement was repeated two times.  

Owing to the symmetric nature of the test arrangement, no noticeable difference was observed between the tests 

results obtained under deformations in the upward and downward directions. The data acquired during 4 trials for 

each specimen were thus averaged for characterizing the mean stress-strain characteristics of the specimens. The 

mean static shear modulus of six different MRE samples considered in the study were subsequently computed using 

the method described in ISO-1827 [42]. The mean shear moduli of different types of MR samples are further 

analyzed to obtain their respective absolute as well as relative MR effects. The absolute MR effect is defined by 

difference between the shear moduli measured under the maximum (450 mT) and minimum (0 mT) magnetic flux 

density. The ratio of this absolute change to the modulus obtained in the absence of the magnetic field provided the 

relative MR effect of the each type of sample. 

2.2 Dynamic Characterization 

The measurements of dynamic characteristics were limited to the MRE exhibiting greatest MR effect, which was 

observed for the sample with highest fraction of carbonyl iron particles. (Type 6). The reported studies have shown 

important effects of excitation frequency and deformation amplitude on dynamic properties of MREs apart from the 
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magnetic flux density. The vast majority have been limited to low frequencies up to only 10 Hz or low strain 

amplitudes (Table 2). Gong et al. [27] characterized an MRE under single-shear and random excitation in the 100-

600 Hz, while the magnitude of excitation was not stated. Popp et al. [41] investigated dynamic properties of a 

circular MRE using rheometry under excitations swept up to 100 Hz. The study, however, considered a very thin 

MRE sample (1mm). The experiment in this study was designed to characterize the sample properties over wide 

ranges of harmonic strain amplitude and frequency, and flux density. The measurements were performed under four 

different amplitudes of harmonic strain (2.5, 5, 10 and 20%), each being applied at four different frequencies (0.1, 1, 

10 and 50 Hz). Measurements under each input were also performed under four different densities of the magnetic 

flux, namely, 0, 150, 300 and 450 mT. The experiment design thus resulted in a total of 64 measurements. The force 

and displacement signals were acquired during each measurement, while the sampling rate was adjusted to achieve a 

total of 100 measurements per cycle, irrespective of the excitation frequency. The measured data were analyzed to 

describe shear stress - shear strain characteristics of the sample as functions of the three inputs, namely, strain 

amplitude, frequency, and magnetic flux density. The data in the steady state alone are considered to describe 

hysteresis in the stress-strain loops.  The dynamic properties of the MRE sample such as storage (elastic) and loss 

moduli are further quantified from the stress-strain hysteresis loops using the method described in ISO 4664 [49].   

4. Results and Discussions 

4.1. Static characteristics of the MRE samples  

Figure 5 illustrates mean shear stress-shear strain properties of the MRE samples (types 1 to 6) obtained from the 

static tests considering four different magnetic flux densities. The results show increasing stiffness of the samples 

with increasing magnetic flux density, which has also been reported in [39, 50]. The mean measured data show 

nearly linear stress-strain behavior of the MREs in the absence of the magnetic field, similar to that of the filled 

rubbers [51]. The nonlinearity in the stress-strain relationship is apparent under the applied magnetic field, which is 

more pronounced under the higher magnetic flux of 450 mT for all the samples. This nonlinearity is further 

compounded by increase in the volume fraction of iron particles, which is more evident for types 4, 5 and 6 samples 

(Table 3). Under lower strain excitations (below 5%), the slopes of stress-strain curves tend to decrease and 

approach to nearly constant values with further increase in the strain. The gradual decrease in the slope of the strain-

stress curve has been related to strain softening characteristic of filled rubbers [36, 51]. The higher magnetic flux 

densities, however, show a significant reduction in the slope, which is clearly evident for all types under the 450 mT 

field density. This trend has been attributed to weakening of the dipoles network due to greater distances between 

the adjacent iron particles under increasing strain [32, 36].  This effect is more noticeable for MRE samples (types 4, 

5 and 6) with higher fraction of iron particles under exposure to higher magnetic flux density. The data obtained for 

the Type 6 sample also exhibit increase in the slope of stress-train curve under strain amplitudes exceeding 20% and 

magnetic field densities of 300 and 450 mT. This trend was also noted in the data for other types, although the 

change in slope was very small. Such strain stiffening effect under large strain deformation has also been reported in 

a few studies focused on dynamic behavior of the MREs [7, 22]. This strain stiffening effect has also been attributed 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

to limited extensibility or saturation of the polymer chains [52], which contributes to increase in the shear modulus 

of the polymer.  

   
(a)  (b)  (c) 

   
(d) (e) (f) 

Figure 5: Stress-strain characteristics of MRE samples under different levels of magnetic flux density: (a) Type 1; 
(b) Type 2; (c) Type 3; (d) Type 4; (e) Type 5; and (f) Type 6. 

The average static shear moduli of the MREs are further evaluated for different magnetic flux densities using the 

method described in ISO-1827 [48]. The standard defines the shear modulus as the ratio of shear stress to shear 

strain corresponding to 25% strain. Figure 6 shows variations in the shear moduli of all the MRE samples with 

magnetic flux density ranging from 0 mT to 450 mT. While the mean static shear modulus of all the samples 

increased with the applied flux density, the MRE with greatest concentration of iron particles (type 6 - 40%) exhibits 

highest static shear modulus in the presence of the magnetic field. The results also suggest saturation of the shear 

modulus of MRE type 6 under magnetic flux density exceeding 300 mT. Similar tendency has also been reported in 

[19, 53]. 
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Figure 6: Variations in mean static shear modulus of MRE samples (type 1 to type 6) with the magnetic flux density. 

The measured stress-strain data are further evaluated in terms of zero-field shear modulus, shear modulus 

corresponding to the maximum magnetic flux density, and relative and absolute MR effect. Results, summarized in 

Table 4, are used to evaluate relative effects of the constituents on static properties of the MREs fabricated in the 

study. The effect of CIP fraction alone can be evaluated from the properties of type 1, 2 and 3 samples with CIP 

volume fractions of 12.5%, 17.5% and 25%, respectively. The results suggest that increasing the CIP volume 

fraction yields slight increase in the zero-field shear modulus but substantially higher modulus under 450 mT flux, 

and absolute and relative MR effect. This is likely due to stronger dipoles network of the elastomer with higher CIP 

concentration. The absolute MR effect increases nearly linearly with the CIP volume fraction. Increasing the CIP 

volume fraction from 12.5% to 25% yields over 100% increase in the absolute MR effect. The corresponding 

increase in the relative MR effect, however, is smaller, which is due to higher zero-field shear modulus for the 

higher CIP fraction.  

Table 4: Static magneto-mechanical properties of the fabricated MREs 

MRE type 
Iron particles 
content (%) 

Zero-field shear 
modulus (kPa) 

Shear modulus at 
450 mT (kPa) 

Absolute MR 
effect (kPa) 

Relative MR 
effect (%) 

1 12.5 32.62 59.64 27.01 82.80 
2 17.5 36.67 71.83 35.16 95.90 
3 25 49.40 109.84 60.43 122.31 
4 25 22.53 90.47 67.93 301.41 
5 30 37.72 149.07 111.34 295.15 
6 40 32.66 214.21 181.54 555.74 

 

Comparisons of properties of type 3 and type 4 MREs show the effect of the softening agent since both types use 

identical CIP content (25%).  Type 4 MRE was realized by adding slacker (15% volume fraction) to the matrix 

material. The results suggest that addition of the softening agent reduces the zero-field shear modulus considerably, 

which is less than one-half of that of type 3. The softening also yields about 17% reduction in the maximum shear 

modulus when compared to that of type 3, while its and absolute MR effect increases by about 10%. The relative 

MR effect, however, increases to about 301% from 122% for type 3 with the addition of the softening agent, which 

is due to significantly lower zero-field shear modulus of the type 4 MRE.  Moreover, this may be attributed to the 
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fact that the slacker (softening agent) prevents localized accumulation of iron particles and facilitates frictional 

sliding at the interface between the matrix and the particles [22].  

Type 5 MRE contains 30% volume fraction of CIP in addition to the slacker (20% volume fraction). The CIP 

concentration of 30% is close to the critical particle volume concentration (CPVC), defined as the ratio of the 

apparent density to the balk density of CIP, which is reported to be 29.1% for BASF SQ - carbonyl iron powder 

[29].  In this case, the particles may be in physical contact with each other, although it may yield maximum relative 

MR effect [29]. While the CIP concentration of type 5 is only 5% greater than that of type 4, it exhibits nearly 68% 

and 63% higher values of the zero-field shear modulus, and absolute MR effect, respectively, compared to the type 

4. The relative MR effect of both types, however, is quite comparable, which is due to higher zero-filed shear 

modulus of MRE type 5. This suggests that the relative MR effect may not necessarily approach the maximum when 

CIP concentration is close to the CPVC. Greater relative MR effect can be obtained by softening the matrix during 

the fabrication process.  

The results obtained for type 6 MRE are compared with those of types 4 and 5 to identify the effects of silicon 

thinner on the static properties. It should be noted that the type 6 MRE is composed of 40% CIP, 40 % silicone 

rubber, 10 % slacker and 10 % silicone thinner (all fractions are by volumes, as listed in Table 3).  The results show 

nearly 13% reduction in the zero-field shear modulus of type 6 compared to type 5, while its maximum modulus 

under 450 mT flux density is nearly 120% of that of type 5. The type 6 MRE yields the highest absolute (181.54 

kPa) absolute and relative (555.74%) MR effects amongst all the MRE types considered in the study. Higher relative 

MR effect cannot be entirely attributed to its lower zero-field shear modulus, which is either comparable or higher 

than those types 1 and 4. The results suggest that both the maximum shear modulus and the relative MR effect of an 

MRE can be significantly enhanced by increasing the particle volume fraction beyond the critical value, provided 

that an adequate level of a softening agent is used to limit the zero-field shear modulus. Such an MRE can yield 

wider control bandwidth in view of the elastic and loss modulus properties. 

4.2. Dynamic characteristics of the MRE samples 

The dynamic characterizations were performed with type 6 MRE alone, which revealed highest absolute and relative 

MR effects. The measured data are analyzed to study the influences of excitation frequency, strain amplitude and 

magnetic flux density on the stress-strain properties, complex shear modulus and hysteresis. The elastic and loss 

shear moduli of the MRE are further evaluated using the method described in ISO-4664 [49].  

 

4.2.1 Effect of excitation frequency 

The measured data revealed important effects of excitation frequencies on the stress-strain characteristics of the 

MRE, especially on the hysteresis.  As an example, Figure 7 illustrates the stress-strain characteristics measured 

under 10% shear strain at different frequencies in the 0-50 Hz frequency range. The results also show the effect of 

magnetic flux density. Nearly visco-elastic behavior, similar to that of a filled rubber, is observed in the absence of 

the magnetic field. The slope and hysteresis of the stress-strain loops increase considerably with increasing 
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frequency under 0 and 150 mT flux density, as seen in Figs. 7(a) and 7(b), suggesting strong dependence of effective 

stiffness and damping of the MRE. This frequency dependence of the stress-strain characteristics, however, tends to 

saturate under higher magnetic flux densities, as seen in Figs. 7(c) and 7(d). The results also show that perfectly 

elliptic hysteresis loops, obtained in the absence of the magnetic field, transform to non-elliptical loops with the 

applied magnetic field. This nonlinear tendency is more apparent under 300 and 450 mT flux density, which is 

attributed to the strain softening effect, as observed in static stress-strain properties of type 6 MRE in Fig. 5(f).  

  

(a) (b) 

  

(c) (d) 

Figure 7: Excitation frequency dependence of stress- strain characteristics of MRE (type 6) measured under 10% 
shear strain and different levels of magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 

The frequency dependence of the stress-stress characteristics yields significant effect of the excitation frequency on 

the elastic and shear moduli of the MRE, as seen in Figs. 8 and 9, respectively. The results are presented for 

different magnitudes shear strain and flux density. Both the moduli increase with increasing frequency in a nearly 

exponential manner under 0 mT or lower flux density (150 mT), irrespective of the strain amplitude. The observed 

strain rate stiffening effect is similar to that reported for filled rubbers [54]. Both the moduli increase substantially 

with increase in the strain and the flux density. The dependency of the moduli on the excitation frequency, however, 
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diminishes with increasing magnetic field, as seen in Figs. 8(c), 8(d), 9(c) and 9(d). This is likely due to saturation of 

the MRE under higher magnetic flux density, as observed in the measured stress-stress data in Fig. 7. The MRE 

exposed to higher magnetic field yields relatively higher increase in the loss modulus compared to the storage 

modulus, irrespective of the strain amplitude. For instance, the loss modulus of the MRE under and 0 mT flux and 

2.5% strain increases from 11.95 kPa	to 60.75 kPa (≈408%), when the frequency is increased from 0 to 50 Hz.  The 

corresponding increase under 450 mT flux density is only 33.74% (392.7 kPa to 525.2 kPa), although the increase is 

quite considerable.  

 

  

(a) (b) 

  

(c) (d) 

Figure 8: Effects of excitation frequency on elastic shear modulus of the MRE subject to different strain amplitudes 
and magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 
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(a) (b) 

  

(c) (d) 

Figure 9: Effects of excitation frequency on loss shear modulus of the MRE subject to different strain amplitudes 
and magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 

4.2.2 Effect of strain amplitude 

Increase in the strain amplitude yields substantially lower storage and loss moduli, especially in the presence of a 

magnetic flux, irrespective of the excitation frequency and flux density, as seen in Figs. 8 and 19. The significant 

effects are further evident from the stress-strain characteristics, shown in Figure 10, in terms of slope and hysteresis. 

The results are presented considering the excitation frequency of 10 Hz and different magnetic flux densities. The 

slope of the hysteresis loop, representing the storage modulus of the MRE, decreases substantially with increase in 

the strain amplitude. This tendency is more pronounced under higher magnetic flux density. Moreover, the 

hysteresis loops under low strain amplitudes are nearly elliptic and transform to non-elliptical shape under higher 

strain amplitudes. This suggests that the MRE behaves like a nonlinear viscoelastic material under high strain 

amplitudes and flux density, irrespective of the excitation frequency. Under lower applied magnetic field (150 mT), 

the transition from linear to nonlinear behavior occurs at relatively higher strain amplitude (above 5%), while it is 

observed around the low strain (2.5%) under the higher flux density of 450 mT. 
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(a) (b) 

  

(c) (d) 

Figure 10: Effect of strain amplitude on the measured stress-strain characteristics of the MRE in simple shear mode 
at 10 Hz and different magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 

The effect of variations in strain amplitude on the elastic and loss shear moduli of the MRE are illustrated in Figs. 11 

and 12, respectively, considering different excitation frequencies and magnetic flux densities. The results clearly 

show that both the moduli decrease with increase in the strain amplitude in an exponential manner, especially in the 

presence of the magnetic flux. As expected, it is observed that the elastic shear modulus decreases by increasing the 

amplitude of excitation. The rate of decrease in the moduli, however, tends to be lower under strain amplitudes 

exceeding 10%. Moreover, the strain amplitude dependence of the elastic and loss shear moduli is notably higher 

under higher magnetic flux density.  
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(a) (b) 

  

(c) (d) 

Figure 11: Effect of strain amplitude on the elastic shear modulus of the MRE at different excitation frequencies and 
levels of magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 
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(a) (b) 

  

(c) (d) 

Figure 12: Effect of strain amplitude on the loss shear modulus of the MRE at different excitation frequencies and 
levels of magnetic flux density: (a) 0mT; (b) 150mT; (c) 300mT; and (d) 450mT. 

 

4.2.3 Effect of magnetic flux density 

Figure 13 illustrates the effect of magnetic flux density on the measured stress-strain characteristics of the MRE 

subject to different amplitudes of shear deformation at a frequency of 10 Hz. The results show substantial increase in 

the slope and area bounded by the stress-strain hysteresis loops with increase in the applied magnetic flux density. 

These suggest substantial variations in the dynamic characteristics (stiffness and damping) of the MRE with varying 

magnetic field, as reported in many studies [6, 7]. These have invariably emphasized the potential performance 

benefits of the MREs, owing to the strong dependence of their dynamic behavior on the controllable magnetic flux, 

which is perhaps better characterized in terms of the shear moduli. The effects of varying the magnetic flux density 

on the resulting elastic and loss shear moduli of the MRE (type 6) are shown in Figs 14 and 15, respectively, for the 

ranges of strain amplitude and excitation frequency considered. 
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(a) (b) 

  

(c) (d) 

Figure 13: Effect of magnetic flux density on the measured stress-strain hysteresis loops of the MRE as a function of 
different strain amplitude at 10 Hz: (a) 2.5%; (b) 5%; (c) 10%; and (d) 20%. 

The results show that both the elastic and loss shear moduli of the MRE increase substantially with increase in the 

magnetic flux, irrespective of the excitation frequency and the strain amplitude. The saturation in the elastic 

modulus is observed under higher flux density and 20% strain, as seen in Fig. 13(d).  The saturation tendency in the 

loss modulus is notable under higher flux density for all strain amplitudes considered. The magnitudes of absolute 

and relative increases in the elastic and loss shear moduli of the MRE are substantially higher under lower strain 

amplitudes as well as lower excitation frequencies. For instance, increasing the magnetic flux density from 0 mT to 

450 mT at the excitation frequency of 1 Hz causes the elastic shear modulus to increase from about 60kPa to nearly 

893kPa (1383% relative increase) under 2.5 % shear strain. The corresponding relative increase in the elastic shear 

modulus under 20 % shear strain is only 422% (from nearly 51 kPa to 265 kPa) (422.72% relative increase). Table 5 

summarizes the relative MR effect achieved under the application of 450 mT magnetic flux density under different 

loading conditions (strain amplitude and frequency). Up to 1672% increase in the MRE storage modulus is observed 

under 2.5% strain amplitude at the low frequency of 0.1, which decreases to about 252% under 20% strain amplitude 
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at 50 Hz. Such a substantial change in the relative MR effect of the MRE with relatively higher CIP fraction 

suggests its greater potential for applications in controllable vibration absorbers and isolators. 

 

  

(a) (b) 

  

(c) (d) 

Figure 14: Effects of magnetic flux density on the elastic shear modulus of the MRE subject to different strain 
amplitudes at different excitation frequencies: (a) 2.5%; (b) 5%; (c) 10%; and (d) 20%.  
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(a) (b) 

  

(c) (d) 

Figure 15: Effects of magnetic flux density on the loss shear modulus of the MRE subject to different strain 
amplitudes at different excitation frequencies: (a) 2.5%; (b) 5%; (c) 10%; and (d) 20%. 

 

Table 5. Relative MR effect of the MRE (type 6) corresponding to 450 mT magnetic flux density and different 

loading conditions.  

Strain 
amplitude (%) 

Frequency 
(Hz) 

Relative MR effect  
(0 mT to 450 mT) 

Strain 
amplitude (%) 

Frequency 
(Hz) 

Relative MR effect  
(0 mT to 450 mT) 

2.5 0.1 1672.1% 10 0.1 796.48% 
2.5 1 1383.66% 10 1 666.21% 
2.5 10 1002.28% 10 10 464.01% 
2.5 50 815.44% 10 50 371.32% 
5 0.1 1193.77% 20 0.1 510.21% 
5 1 924.46% 20 1 422.72% 
5 10 691.64% 20 10 323.83% 
5 50 574.73% 20 50 252.66% 
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5. Conclusions 

This study presents static and dynamic characteristics of MREs, fabricated in the laboratory, using the methods 

defined in ISO-1827 and ISO-4664 under broader ranges of excitation frequency and strain amplitude. Apart from 

the significant effect of the ferromagnetic particle content, the MRE with a softening agent revealed substantial gain 

in the relative MR effect. Increasing the iron particle content beyond the critical value can yield substantially higher 

MR effect provided that an adequate level of a softening agent is used. The dynamic properties of the MRE with 

40% iron particle volume fraction revealed significant hysteresis in stress-strain data, which was symmetric in the 

simple shear mode. Both the slope and area bounded by the stress-strain hysteresis loop, which relate to elastic and 

loss shear moduli, showed strong and coupled dependence on the loading condition (strain amplitude and rate) and 

the applied magnetic flux density. The hysteresis loops showed nearly visco-elastic behavior of the MRE in the 

absence of the magnetic field but non-linear properties with increasing magnetic flux, strain amplitude and 

frequency. The nonlinear behavior was attributed to strain softening, strain-rate stiffening, and magnetic field 

stiffening or saturation phenomena. With the application of a 450 mT magnetic flux, the MRE revealed up to 1672% 

increase in the storage shear modulus under 2.5% strain amplitude at a frequency of 0.1, which decreased to nearly 

252% under 20% strain amplitude at a frequency of 50 Hz. The potential for realizing such a substantial gain in the 

MR effect suggests highly promising features of the MRE with higher iron particle fraction for applications in 

adaptive noise and vibration control. 
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