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Abstract  

In this study, the viscoelastic effects of the magnetic field strength imposed for curing process on the stiffness and 
damping properties of magnetorheological elastomers (MREs) are experimentally investigated. In order to observe 
the effect, three different samples of MRE are fabricated by imposing curing current of 0.1 A, 0.3 A and 0.5 A 
which is equivalent to the magnetic field of 70 mT, 309 mT, and 345 mT, respectively. All samples consist of 30% 
silicone rubber and 70% carbonyl iron particles (CIPs) by weight percentages. After observing the morphological 
images via SEM, the dynamic performances of these samples, such as storage modulus and loss factor are 
evaluated and compared as a function of the magnetic field intensity or oscillation frequency. It is shown that the 
sample cured at 0.5A exhibits the highest storage modulus in the frequency domain. In addition, MR effects of 
three samples are identified, and it is found that the sample cured at 0.5A shows the highest absolute and relative 
MR effect. 
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1 Introduction 
Magnetorheological (MR) materials such as MR 
Fluids (MRF), MR gels, and MR elastomers belong to 
a class of intelligent materials whose properties can be 
controlled continuously and reversibly by external 
stimuli of magnetic fields or currents [1]. Due to these 
unique properties, MR materials offer huge advantages 
to be used in various engineering fields, especially in 
automotive components, vibrations controls, and civil 
engineering. In recent years, there has been increasing 
interest in MR Elastomer (MRE) over MRF due to 
some advantages. Firstly, MRE can overcome the 
sedimentation problem found in MRF as the matrix is 
replaced by the solid [2, 3]. Secondly, MRE is well-
known as an analogy in the field-dependent property to 
MRF; MRE generally operates in the pre-yield region 
while MRF operates in the post-yield region [4]. The 
third benefit is that the control range of stiffness 
(storage modulus) and damping property (loss factor) 
is higher than MRE. These salient properties have 
made MRE as a promising smart material applicable to 
various engineering fields such as vibration absorbers 
[5, 6], actuators [7, 8], dampers [9, 10], and sensors 
[11, 12]. Basically, MRE consists of high saturation 
carbonyl iron particle embedded in a solid rubber-like 

matrix [13]. There are two types of MRE; isotropic 
and anisotropic MRE. Isotropic MRE is featured by 
the uniform distribution of the particles inside the 
matrix in all directions, while the anisotropic MRE has 
strictly aligned particles direction which can be 
determined for curing process by applying the external 
magnetic field [14, 15]. Therefore, the anisotropic 
MRE can enhance the storage modulus, loss modulus 
and MR effect in a certain direction [16–19]. Recently, 
several MREs which exhibit excellent MR effect and 
hence practical application areas are widening to the 
field of vibration absorbers, noise reductions, 
suspension systems, bushing mount and engine mounts 
[20, 21].  

In general, the performance of MRE devices depends 
on the matrix materials and the types of magnetic 
particles. Mostly used matrix materials are natural 
rubber, silicone rubber, and polyurethane rubber. 
Martinez et al. [22] asserted that one of the most 
common matrix materials is silicone rubber since it 
allows the particles to disperse homogeneously in the 
matrix due to the low viscosity. Wang et al. [23] 
investigated that the resistance of particles to align is 
reduced when the matrix of MRE is soft, resulting in a 
higher tendency of the particles to form perfect chains. 
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Several studies have been done in order to improve the 
performance of MRE including the study on the 
particle’s orientation [19, 24], curing conditions [25], 
also the size and the concentration of particles. For 
example, Ju et al. [19] fabricated anisotropic 
polyurethane-based MREs with a constant magnetic 
field strength of 700 mT. The result showed that the 
MR effect of the anisotropic MRE was 33.7%. Wu et 
al. [24] discovered that curing the polyurethane MRE 
under magnetic flux density of 900 mT provided the 
relative MR effect of 21%. The effect of several 
parameters, such as the magnetic field strength, time 
and temperature during the curing process of MRE, 
was studied by Li et al. [25].  

In this work, the variety of magnetic field strengths 
ranging from 0 to 350 mT were used, showing 64.7% 
of MR effect can be achieved by using the optimum 
magnetic field of 110 mT during the curing process. It 
concluded that the strength of the magnetic field 
significantly affects the formation of the chain-like 
structures, and consequently results in different MRE 
performances. Thus, the magnetic field strength to be 
imposed for curing process plays an important role in 
determining the formation of the chain-like structure, 
as it consequently affects the overall properties of 
MRE. In addition to MR effect, it is well known that 
damping property of MRE is also one of the main 
parameters to be considered as it has potential 
applications, such as vibration-damping bearing, 
damping, and gasket [26].  

The effectiveness of MRE to act as vibration absorbers 
is greatly depends on the damping property of MRE 
that can be represented by the loss factor [20, 28]. In 
other words, the damping property is a special 
characteristic that influences the vibratory of dynamic 
systems in which vibration control or suppression 
needs to be done by dissipating the energy in heat 
form.  It is generally known that the optimal level of 
damping property is required to maximize vibration 
control efficiency [27, 28]. Therefore, a study on the 
variation of the damping property of MRE should be 
investigated with respect to several parameters. 

In this work, among several parameters affecting both 
the stiffness and damping property, curing current (or 
magnetic field strength) is chosen to investigate the 
field-dependent viscoelastic characteristics 
experimentally. Especially, the change of the damping 
property due to the different curing current is focused 
in this work since the research work on this issue is 
considerably rare. In order to undertake this work, 
three different MRE samples are fabricated with the 
different curing current of 0.1 A, 0.3 A, and 0.5 A, 
which is equivalent to the magnetic field of 70 mT, 

309 mT, and 345 mT, respectively. By imposing 
different magnetic field for the curing process, both 
MR effect and damping property can be varied due to 
the interaction between the particles and the matrix. 
Moreover, to identify the effect due to the curing 
current only, three samples are fabricated with same 
matric and particles; 30% silicone rubber and 70% 
carbonyl iron particles (CIPs) by weight percentages.  

After observing the chain-like structures through the 
microphotograph taken from SEM, dynamic properties 
of MRE samples are tested using the oscillation 
rheometer. Then, the measured results of storage 
modulus, loss factor and MR effect are presented as a 
function of the driving frequency or/and the intensity 
of the magnetic field. It is identified from the results 
that the behavior of the storage modulus is simple, 
showing the higher value with the higher curing 
current. However, the behavior of the loss factor is 
very complex exhibiting the lower value with the 
higher curing current at lower strain, but an opposite 
behavior at high strain over a certain threshold strain. 
In addition, it is evaluated that the MR effect is 
increased as the curing current increases without any 
complex behavior. 

2 Experimental Setup 

2.1 Preparation of MRE samples 
The fabrication process of MRE samples consists of 
two steps; mixing and curing process. The room-
temperature vulcanized RTV-two NS625 (Nippon 
Steel) silicone rubber, SR was used as the matrix. The 
German-made BASF spherical CIP with an average 
diameter of 6 µm was used as a magnetic particle. The 
density for both SR and CIP is 1.08 g/cm3 and 7.874 
g/cm3 respectively.  

The anisotropic MRE was prepared in the presence of 
different magnetic fields while isotropic MRE was 
prepared without an external magnetic field to observe 
the difference between the particle orientations. The 
CIP with SR were mixed thoroughly using a 
mechanical stirrer for approximately 20 minutes. The 
mixture was placed in a vacuum oven to remove the 
air bubbles. The peroxide liquid was added as curing 
agents, and the mixture was stirred for another 2 
minutes until the solution was homogeneously 
distributed. After that, the mixture was poured into a 
customized mold with 1 mm thickness and oriented 
under a magnetic field. Three types of MREs samples 
with 70 wt.% corresponds to 25 vol% of CIPs at a 
different curing current of 0.1, 0.3, and 0.5 A was 
prepared as shown in Table 1. 
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Table 1 The composition of MRE samples 

Sample Silicone rubber 
[wt.%] 

CIPs 
[wt.%] 

Curing current 
[A] 

Iso  30 70 0.0 
Aniso-1 30 70 0.1 
Aniso-2 30 70 0.3 
Aniso-3 30 70 0.5 

2.2 Electromagnetic device for the curing 
process 

The electromagnetic device was developed to be used 
during the curing process to fabricate the anisotropic 
MRE. The schematic diagram of the equipment used 
for aligning the particles is illustrated in Figure 1. The 
magnetic distribution of the magnetic device was first 
determined through the magnetic circuit analysis. The 
magnetic flux distribution within the magnetic device 
was then obtained from the Finite Element Method 
Magnetics (FEMM) software and shown in Figure 2. 
The result from the FEMM simulation was verified by 
comparing the simulation results with the actual 
measurements at the test chamber of the curing device. 
The strength of the magnetic field can be adjusted by 
controlling the current of the power supply. The 
simulation result in Figure 2 proves that the magnetic 
flux densities throughout the MRE samples are 
uniformly distributed. Table 2 provides the validation 
result obtained from the simulation compared to the 
actual measurement near the electromagnetic device. 

 
Figure 1 Magnetization equipment used for particles 
alignment 

 
Figure 2 Magnetic field distribution of MRE inside the 
mold 

Table 2 The simulation results of magnetic flux density in 
the MRE region 

Curing current [A] Magnetic flux density [mT] 
0.0 0.0 
0.1 70 
0.3 209 
0.5 345 

2.3 Dynamic oscillatory test setup 
The rheological properties which involve the variation 
of strain amplitude, excitation frequency, and magnetic 
field intensity testing condition were performed to 
measure the dynamic performance of MRE. The 
rheological properties were measured by using an 
oscillation Rheometer (Physica MCR 302, Anton Paar, 
Germany) utilizing a magnetorheological device 
(MRD170) as the electromagnetic unit. The MRE 
samples have the sizes of 1 mm and 20 mm in 
thickness and diameter, respectively. Fundamentally, 
the shear storage modulus (G’) and loss factor (tan δ) 
are the parameters to describe the rheological 
properties of viscoelastic materials such as MRE. The 
shear storage modulus can be described as the ability 
of the material to store the energy during shearing 
process, while the loss factor is the ratio between 
storage modulus and loss modulus and serve as the 
damping properties of the materials. In this work, the 
rheological properties of MRE as a function of the 
magnetic field, amplitude strain and oscillation 
frequency were investigated. In the strain sweep test, 
the strain ranges from 0.001% to 10% with a constant 
frequency of 1 Hz while the swept frequency ranges 
from 0.1 Hz to 100 Hz at a constant strain of 0.1%. 
The storage modulus, G’, and the loss factor, tan δ 
were measured for all MRE samples in order to obtain 
the effect of magnetic field on the MRE, the amplitude 
strain and frequency were experimentally investigated 
at a constant rate of shear strain of 0.1% and 
frequency, 1 Hz. The external magnetic field intensity 
used varies linearly from 0 mT to 800 mT. All the 
rheological testing was done at room temperature, 25 
°C. 

3 Results and Discussion 

3.1 Morphological images 
Figure 3 illustrates the SEM micrographs of SR-based 
MRE for both isotropic and anisotropic MRE. It is 
found that from Figure 3 (a), in the isotropic MRE 
samples, the CIPs are randomly dispersed in the SR 
matrix as the sample was cured without the magnetic 
field. However, in the anisotropic MRE samples 
(Figure 3 (b)), the CIPs form chain-like structures 
aligned in the direction of the magnetic field (arrow) 
which is applied during the curing process. The 
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formation of chain-like structures results from the 
interaction force between the magnetized particles. As 
the strength of the magnetic field is increased, the 
formation of chain-like structures is expected to be 
denser as reported by several researchers thus 
improved the mechanical performance of MREs [29]. 

 
(a) 

 
(b) 

Figure 3 SEM micrograph images of (a) isotropic and (b) 
anisotropic (347 mT) MRE with 70 wt.% of carbonyl iron 
particles  

3.2 Strain amplitude 
The strain amplitude sweep test was carried out to 
obtain the dynamic behavior of MRE samples in 
response to the external magnetic field. Parameters to 
describe the performance of MRE are known as 
storage modulus and loss factor which represents the 
stiffness and damping factor of MREs [30]. Figure 4 
depicts the storage modulus as a function of strain 
amplitude test in the off-state (open symbol) and on-
state (closed symbol) conditions. As shown in Figure 
4, the storage modulus of all the samples, isotropic and 
anisotropic samples decreased with the increasing 
strain. This phenomenon indicates a strong behavior of 
the Payne effect [23]. The Payne effect happens due to 
the destruction and reformation of the particle filler 
network when subjected to the magnetic field. 
Particularly, the storage modulus decreased slightly at 
small strain before approximately 1% and started to 
decline drastically after approximately 1% (critical 
strain). At a low strain region (0.001% to 1%), the 
storage modulus is independent on the strain which 
means that the structures are still in linear viscoelastic 
(LVE) region and not affected by the external 

magnetic field [31]. On the other hand, the initial 
storage modulus, G0 of anisotropic samples is higher 
than the isotropic sample. The value of G0 is more 
pronounced in on-state conditions. As shown, the G0 
value increased as the strength of the magnetic field 
strengthened. It is mainly caused by the application of 
the external magnetic field, which causes all the chain-
like particles to induce the magnetic dipole interactions 
and hinder any deformation during shear loading. As a 
result, the dynamic stiffness of the MRE increases 
[32]. By curing the MRE with the stronger magnetic 
field, the chain-like structures enhance and strengthen 
the particle-particle interactions as the structures 
become denser and thicker [33]. Moreover, the 
stiffness of anisotropic MRE depends on the distances 
and the particle-particle interaction inside the matrix 
[30]. As the structures become denser and thicker, the 
distance between the particles is decreased. Figure 5 
presents the strain dependence of the loss factor as a 
function of strain. Loss factor can be used to determine 
the damping property of MRE.  

 
Figure 4 Storage modulus versus strains under magnetic 
fields of 0 mT and 600 mT 

 
Figure 5 Loss factor versus strains under magnetic fields 
of 0 mT and 600 mT 

As illustrated in Figure 5, the trend shows that the loss 
factor increases parallel with the shear strain 
amplitude. However, the damping ratio decreases 

0.05

0.5

0.001 0.01 0.1 1 10

Lo
ss
	fa
ct
or

Strain,	%

Aniso-3	(600	mT)
Aniso-2	(600	mT)
Aniso-1	(600	mT)
Aniso-3	(0	mT)
Aniso-2	(0	mT)
Aniso-1	(0	mT)



Effect of Curing Current on Stiffness and Damping Properties of Magnetorheological Elastomers 55 
 
when the magnetic strength is increased during the 
curing process. When higher magnetic field strength is 
used, the magnetic coupling gets stronger, which 
reduces the distances between particles and make them 
closely packed together resulting in less heat 
dissipated. In addition, Sample 3 has a lower loss 
factor compared to sample 1 and 2. Stronger network 
particles require high energy to destruct the network 
structure. This fact indicates that the higher magnetic 
flux density applied during the curing process will 
cause the strong magnetic interactions between 
particles, to resist the breakage of the network at small 
strain, thus reducing the energy dissipation under an 
oscillatory force. In addition, a higher value of loss 
factor is achieved when the greater degree of 
molecular mobility is used. All the samples exhibit low 
damping characteristics when a low percentage of 
strain is used. The loss factor is at its lowest value 
when the sample cured by using the strong current of 
0.5 A respective to 345 mT. The decrease of the loss 
factor may be caused by a better interaction between 
the matrix and particles, causing less sliding and slip 
friction [33]. With the increment of the magnetic flux 
density, the interaction between two particles becomes 
stronger, thus resulting in the decrement of the 
movement of molecular chains and energy dissipation. 

3.3 Oscillation frequency 
The effect of frequency on the storage modulus was 
tested by using oscillatory shearing at a constant strain 
of 0.02%. The frequency dependent modulus for all 
the samples with different curing magnetic strength 
measured in off-state and on-state condition (600 mT) 
is shown in Figure 6.  

Figure 6 illustrates the storage modulus for all 
samples, which indicates the stiffness of the material, 
increases linearly with frequency and magnetic field 
strength. For sample 1, the storage modulus increases 
from 0.58 to 0.99 MPa while in sample 2 and 3, the 
storage modulus increased from 0.93 to 1.43 MPa and 
from 0.98 to 1.48 MPa, respectively. Additionally, the 
G0 of the MREs increased gradually with the increase 
of magnetic field strength during the curing process. It 
is because the magnetic forces between particles are 
strongly influenced by the strength of the magnetic 
field. The higher the magnetic field, the better the 
interactions that occur between the particles. 
Therefore, when the stronger magnetic field is used, 
the distance of the particles reduced, and the zero-field 
modulus is enhanced. Furthermore, the G0 for all 
samples, isotropic and anisotropic is higher when 
tested at on-state (closed symbol) than off-state (open 
symbol) due to the existence of chain-like structures 
that increased the stiffness of the MRE samples.  

Figure 7 shows the variety of loss factor as a function 
of the testing frequency. The loss factor can be 
explained by the increment of energy loss due to the 
destruction and deformation of the carbonyl iron 
particles in the silicon matrix. 

 
Figure 6 Storage modulus as a function of frequency 
under magnetic fields of 0 mT and 600 mT 

 
Figure 7 Loss factor as a function of frequency under 
magnetic fields of 0 mT and 600 mT 

In Figure 7 the result indicates that, at off-state 
conditions, the loss factor firstly increased with the 
increment of frequency before approximately 20 Hz 
and then start to decrease gradually with a further 
increment of frequency approximately after 20 Hz. 
Whilst, at on-state conditions, the loss factor sharply 
decreased with the increment of frequency and then 
started to decrease with a further increment of 
frequency slightly. This phenomenon is caused by the 
reaction of the MRE samples toward the external 
magnetic field. Furthermore, it is noticed that the loss 
factor if MRE samples decreased as the strength of the 
magnetic field during curing is increased. This can be 
explained by the formation of the chain-like structures 
during the curing process. As the magnetic field 
strength is stronger, the chain-like structure becomes 
thicker and stronger which means that the interaction 
between the particles become stronger thus reducing 
the friction between the particles [33, 34]. Therefore, 
as the friction energy between the particles decreases, 
the energy dissipations is lowered, which results in the 
decrement of loss factor. 
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3.4 Magnetic field swept 
The key parameter to determine the MRE performance 
is obtained by measuring the absolute and the relative 
MR effect of the sample. The absolute MR effect is 
described by (1), and the relative MR effect is 
described by (2). 

∆"	 = 	"′&'( − "* (1) 

+,-..-/0 	= 	 ∆" "* ×100% (2) 

Where, "′&'( is the storage modulus at magnetic 
saturation, and G0 is the zero-field modulus. The field-
dependent shear modulus and the relative MR effect of 
all the samples are shown in Figure 8 During the 
testing, the frequency was fixed constant at 1 Hz, and 
the strain amplitude was 0.02%. Figure 8 shows the 
dependence of the shear storage modulus of MRE 
samples on the magnetic field sweep. As can be seen, 
all the samples exhibit a similar trend where the shear 
storage modulus increases with the increasing of 
testing magnetic field up to 800 mT. This behavior is 
very common as once the magnetic field was applied 
to the MREs, the magnetic dipole moment of the CIPs 
inside the matrix is induced and formed chain-like 
structures that restricted the formation of silicone 
rubber matrix which results in a change of shear 
modulus. The absolute and relative MR effect of the 
MREs are calculated and summarized in Table 3. 

 
(a) 

 
(b) 

Figure 8 Magnetic field swept results; (a) shear storage 
modulus, and (b) relative MR effect the samples 

Table 3 The simulation results of magnetic flux density in 
the MRE region 

Sample G0 (MPa) ΔG (MPa) ΔG/G0 (%) 
Iso-0 0.39 0.28 73 

Aniso-1 0.40 0.39 97 
Aniso-2 0.43 0.55 125 
Aniso-3 0.45 0.64 137 

As presented in Table 3, the G0 of MRE samples 
increased steadily with the increasing of curing 
magnetic field. It is apparent that sample 1 exhibits the 
lowest zero-field modulus of 0.40 MPa as compared to 
other MRE samples. Additionally, the MR effect of the 
samples is proportionally increased to the magnetic 
field during the curing process. The lowest MR effect 
achieved by an isotropic sample, Iso-0 which is 73%. 
The relative MR effect for anisotropic samples, Aniso-
2, Aniso-3, and Aniso-4, is 97, 125, and 137 % 
respectively. This increment of the MR effect can be 
explained by the formation of a thicker and stronger 
chain when the samples are subjected to the high 
curing field during the sample preparation. When a 
higher magnetic field strength is applied during curing, 
the particles inside the elastomer matrix formed more 
complex structures and consequently enhanced the MR 
effect [35]. According to Li et al., the fabrication of 
anisotropic MRE with the strong magnetic field during 
the curing process will form more restrained rubber 
that is trapped between the particles, which increase 
the modulus and strengthen the chain-like structure in 
MRE [25]. The magneto-induced modulus (∆") is also 
higher for the samples cured at higher curing field due 
to the strong attraction between the magnetic particles, 
which cause the particles to be attracted more easily to 
each other and form a strong, complex structure. 

4 Conclusion 

In this study, the effect of the curing current (or 
magnetic field) on the field-dependent rheological 
characteristics of MREs were experimentally 
investigated, especially focusing on the damping 
property. As a first step, three different MRE samples 
were fabricated at three different curing current, while 
keeping the same matrix and particle percentage. In 
addition, to observe the different effect, two different 
types of MRE; isotropic and anisotropic MRE were 
fabricated with 70wt. % of CIP. Firstly, it has shown 
that the anisotropic MRE has a higher MR effect than 
the isotropic MRE at the same conditions. Secondly, 
from the dynamic test sweep, it has identified that the 
higher magnetic field during the curing process results 
in higher initial shear storage of the MREs. The 
stiffness and MR effect of the matrix also has been 
increased when the curing current is increased. The 
maximum increase of MR effect up to 137% is 



Effect of Curing Current on Stiffness and Damping Properties of Magnetorheological Elastomers 57 
 
achieved from the MRE sample fabricated with the 
highest curing current. Unlike both the storage 
modulus and MR effect, the behavior of the damping 
property (or loss factor) exhibits a complex behavior 
with respect to the curing current. It has been shown 
that the loss factor of MRE samples is decreased as the 
curing current increases, but there is a threshold value 
which indicates different damping behavior. In other 
words, the behavior of the loss factor is decreased with 
the higher curing current at lower strain, but an 
opposite behavior at high strain has occurred. The 
results presented in this work are very useful to 
fabricate right MRE for the right application. An 
optimal MRE possessing desired rheological properties 
with respect to the magnetic field can be fabricated by 
choosing an appropriate curing current (magnetic 
field). It is finally remarked that the detailed analysis 
of the chain-like mechanism depending on the curing 
current needs to be undertaken through more 
sophisticated morphological imaging process in the 
future. 
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