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Abstract: Magnetorheological elastomers (MREs) are a group of smart composite materials which 

are composed of magnetic particles dispersed in an elastomeric matrix. The controllable dynamic 

properties of these materials rely on many factors, in which temperature is a significant influencing 

factor requiring further investigations. In this paper, the dynamic mechanical analysis (DMA) tests 

have been performed to determine the viscoelastic properties of MREs with different test 

conditions. Based on the experiment results, the dynamic properties of MREs is modelled 

respectively by fractional Maxwell model (FMM) and generalized Maxwell model (GMM), and then 

the master curve of complex modulus is constructed using the time-temperature superposition (TTS) 

principle. The results show that the transition behavior of the silicon rubber based MRE samples 

under uniaxial compression occurs at about 50℃. The storage modulus exhibits two different trends 

with the temperature variation: It first decreases rapidly and then increases slightly or maintains a 

stable value with increasing temperature. 

Key words: Magnetorheological elastomer, temperature effect, dynamic mechanical analysis test, 

viscoelasic modeling, master curve. 

 

1 Introduction 

Magnetorheological elastomers (MREs) are a group of smart composite materials which are 

composed of micron-sized ferromagnetic particles dispersed in an elastomeric matrix. The spatial 

distribution of the ferromagnetic powders in the elastomer can be either homogenous (isotropic) in 

the absence of external magnetic field or chain-like columnar (anisotropic)in the presence of external 

magnetic field during curing process. The viscoelastic properties of MREs normally varied instantly 

and reversibly because of the dipole interaction in the presence of magnetic field. In most cases, 

anisotropic MREs appear to be more sensitive to the applied magnetic field with slightly larger 

magnetorheological (MR) effect than isotropic MREs [1, 2]. The material modulus rises with the 

increasing magnetic flux intensity until the magnetic saturation. The higher volume fraction of 

magnetic particles produces a higher MR effect, with an optimal volume fraction around 30% leading 

to the maximum of both MR effect and the long-term stability of MREs [3-5].  

mailto:ayw8g12@soton.ac.uk
mailto:bY.Xiong@soton.ac.uk
mailto:cShengming.Zhang@lr.org


2 
 

The controllable dynamic properties of MREs have attracted more and more attentions, gaining 

wide application prospects in dynamic vibration control, such as MRE based active-adaptive tuned 

vibration absorber and semi-active/passive variable stiffness and damping isolator [6-8]. MRE based 

devices are often operated in the wide range of load frequency and amplitude, magnetic field, and 

temperature. With respect to design and practical application, it is essential to investigate and model 

the dependent dynamic properties of MREs under various loading conditions. Among these influence 

factors, the temperature is one of most important factors and needs to be studied. The temperature 

changes in MREs and MRE based devices may be caused by the environmental temperature 

variations or/and internal temperature rise due to energy dissipation. The shear storage modulus of 

cis-polybutadiene (BR) rubber based MRE samples decreased linearly with the increasing test 

temperature, while the shear storage modulus of natural rubber (NR) based MRE samples first 

increased with the increment of temperature and then decreased when the testing temperature is 

elevated [9]. The internal temperature of the MRE isolator was generated by the electromagnetic coil  

and had a remarkable effect on the stiffness and damping of the MRE isolator [10].  

In small amplitude excitation, the linear viscoelastic model may applied to describe the elastic and 

rheological properties of MREs under harmonic loads. Li et al. [11] proposed a four-parameter linear 

viscoelastic model by connecting the classical three-parameter standard viscoelastic solid model in 

parallel with a nonlinear spring representing the magnetic field induced stiffness. Zhu et al. [12] 

presented another type of four-parameter linear viscoelastic model which is composed of the 

fractional Kelvin-Voigt model, a dashpot, and a magnetic field dependent spring in parallel. Norouzi 

et al. [13] developed a modified Kelvin-Voigt model to describe the nonlinear relationships between 

shear stress and shear strain of MREs under external magnetic field. The magnetic field dependent 

parameters in the proposed model were expressed by polynomial functions.  

  In order to investigate the effect of temperature on dynamic mechanical properties of MREs, the 

DMA tests have been performed for anisotropic MRE samples expose to vary temperatures and 

magnetic fields. Based on the achieved experiment results, the FMM and GMM are presented to 

describe the linear viscoelastic properties of MREs under uniaxial compression, after which the 

master curve of complex modulus is constructed using the time-temperature superposition principle. 

The model parameters are identified by minimizing the difference between the experimental data and 

predicted results of both storage modulus and loss modulus. The quality of the curve fit is discussed 

in detail by statistical analysis. 

 

2 Experimental setup 

The anisotropic MRE samples consisted of the silicone rubber (Wacker Chemie AG, Germany) 
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and micron-sized iron particles (Sigma-Aldrich, US). The diameter of iron particles is 5 to 9 μm 

≥99.5%. The synthesis of the MRE samples consist of three steps: Firstly, Elastosil A and Elastosil 

B were dispensed in a volume fraction of 10:1 and then the iron powders in a volume fraction of 30% 

were added. Secondly, the mixture was well blended and placed in a vacuum chamber for 20 min to 

reduce the air bubbles trapped inside the material during mixing progress. Finally, the mixture was 

put into the aluminum moulds and cured for 20 hours under room temperature with an external 

magnetic field of about 300 mT produced by a pair of the cylindrical grade N42 neodymium 

permanent magnets (E-magnets, UK). 

  
Figure 1: Experiment setup for DMA test of MRE sample under uniaxial compression 

The DMA tests of the MRE samples were performed according to the BS ISO 4664-1:2011 by 

using Instron test machine (E1000 Electro plus) in the Transport Systems Research Laboratory. The 

influence of external magnetic field and test temperature on the dynamic properties of the MRE 

samples was achieved by a self-manufactured oven and a pair of permanent magnets as shown in 

Figure 1. The oven consists of a thermo-detector, the aluminum shell with thermal insulation material, 

and the heating wire and its control panel. During DMA test, the MRE specimen temperature was 

monitored and controlled within the desired temperature range. The magnetic field was produced by 

pairs of the cylindrical grade N42 neodymium permanent magnets (E-magnets, UK) and the uniaxial 

harmonic compression strain was applied and controlled by Instron test machine (E1000 Electro 

plus). 

The material properties of the samples were measured through DMA tests in a frequency range 

from 0 to 60 Hz, strain amplitudes from 0 to 1.5%, the temperatures from room temperature (about 

25℃) till 60℃, and magnetic field intensities from 0 to 500 mT. Each set of tests was carried out 

with three pairs of MRE samples independently and every test was repeated twice for each pair of 

MRE samples.  

 

3 Viscoelastic models 
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The linear viscoelastic relationships between stress and strain can be described by the fractional 

Maxwell element which consists of a spring and a springpot in series. The constitutive equation of 

the fractional Maxwell element can be expressed in the following form [14]. 

d dE
dt dt

α α
α α

α α

σ εσ τ τ+ =                           0 < α < 1 (1) 

in which E is the spring stiffness, η is the springpot viscosity, τ=η/E  denotes relaxation time of  

fractional Maxwell element, and α is a fractional derivative. The springpot  changes to a linear spring 

for the extreme case of α = 0, and leads to the dashpot in the extreme case of α = 1. 

  
(a) (b) 

Figure 2: Linear viscoelastic models: (a) FMM and (b) GMM 

The  complex modulus of the fractional Maxwell element can be expressed as follow by turning 

Equation (1) into the frequency domain. 
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In order to obtain a good description of the linear viscoelastic behavior in a wide range of 

frequencies and time scales, the fractional Maxwell model (FMM) is often adopted which comprised 

of a spring and several fractional Maxwell elements in parallel as shown in Figure 2(a). The complex 

modulus of the FMM can be obtained by summing the complex modulus of a spring and each 

fractional Maxwell element defined in Equation (2). 
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where m is the number of fractional Maxwell elements, the model parameters: E0, Ej, τj, and αj are 

dependent on magnetic field and temperature, which can be identified according to the DMA test 

results.  

For the extreme case of αj = 1, the fractional Maxwell elements in FMM in Figure 2(a) are replaced 

by the Maxwell elements in the generalized Maxwell model (GMM) as shown in Figure 2(b). The 

storage modulus and loss modulus of the GMM in Figure 2(b) can be obtained by recalling Equation 

(4) and (5) in the extreme case of αj = 1. 
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4 Results and discussion 

4.1 Hysteresis loops 

Figure 3 shows the influence of magnetic field and temperature on the shape of the stress-strain 

hysteresis loop of MRE samples under uniaxial compression. The area enclosed by the stress-strain 

hysteresis loop indicates the dissipated energy in each cycle and the slope of the hysteresis loop 

characterizes the magnitude of the complex modulus. Each of the stress-strain hysteresis loops as 

shown in Figure 3 approaches an elliptical shape. The little deviation in the vicinity of strain peaks 

which may be caused by the interfacial friction due to a change in applied strain direction. 
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(a) 

 
(b) 

Figure 3: Dependence of hysteresis loops on: (a) magnetic field, and (b) temperature 

Figure 3(a) illustrates the magnetic field dependent stress-strain hysteresis loops of the MRE 

samples which were measured under room temperature (about 25℃ ) and uniaxial harmonic 

compression strain with a amplitude of 1.5% and a frequency of 10 Hz. It can noticed from Figure 

3(a) that the slope of the stress-strain hysteresis loop increases as the magnetic flux intensity increases, 

which means the material become stiffer when increasing of magnetic field strength. The temperature 

dependent stress-strain hysteresis loops of the MRE samples as shown in Figure 3(b) were measured 

under an external magnetic field of 300 mT and uniaxial harmonic compression with a strain 

amplitude of 1% and a frequency of 60 Hz.  It is found from Figure 3(b) that there is a transition 

behavior of the MRE samples under uniaxial compression for the slope of stress-strain hysteresis loop 

indicating a change in the stiffness of the MRE samples. It first decreases with increasing temperature 

until the transition temperature and then increases or maintains constant with the increase of 

temperature up to 60℃. The transition behavior occurs at about 50℃ is mainly related to the alpha 

phase transition of the silicon rubber matrix and the variation of dipole interaction of magnetic particle 

due to temperature changes. 
 

4.2 Dependent dynamic moduli 

Figure 4 shows the influence of temperature on the dynamic moduli of the MRE under magnetic 

field of 300 mT and 500 mT respectively. The experimental data reveals that the vatiation of the 

storage modulus with temperature can be mainly divided into two stages within a environment 

temperature ranging from room temperature to 60℃. The storage modulus first decreases rapidly 

with the increment of temperature and then starts to increase slightly or maintains a stable value with 

further increasing temperature. 



7 
 

 
 

(a) 

  

(b) 
Figure 4: Dependence of storage and loss moduli on frequency and temperature under strain amplitude of 

1%, and magnetic field of: (a) 300 mT, and (b) 500 mT 

According to Figure 4, the tendency of the storage modulus with the temperature under different 

magnetic fields is similar below the transition temperature but differentiate the transition temperature. 

Figure 4(a) shows that the storage modulus of the MRE samples under magnetic field of 300 mT 

decreases rapidly with the increasing of temperature and reaches the minimum value at the 

temperature of 50℃, which is 21% lower than the room temperature (about 25℃) condition. Then 

the storage modulus starts to increase again as the temperature increases until 60℃. Figure 4(b) 

reveals that the storage modulus of the MRE samples under magnetic field of 500 mT decreases 

rapidly with the increasing temperature and has the minimum value at the temperature of 50℃, it is 

about 25% lower than the room temperature condition. When the temperature keeps rising, the storage 

modulus begins to increase slightly with ascending temperature but the increment is small and almost 

constant until 60℃ . However the relationship between loss modulus changes and temperature 

variation is different. The loss modulus decreases linearly from the maximum value below the 

transition temperature and then approximately maintains constant with increasing temperature until 

60℃. 
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The dynamic modulus of MREs can be divided into mechanical and magnetic parts. The 

mechanical part represents the dynamic modulus of particle reinforced elastomer and depends on the 

excitation frequency and temperature in a linear viscoelastic range. The magnetic part represents 

magnetic field-induced dynamic modulus of iron particle reinforced elastomer and depends on the 

mechanical modulus and MR effect. Therefore the transition temperature appears at about 50℃ may 

be regarded as a result of the superposition of two factors: the alpha phase transition of the particle 

reinforced silicone rubber [9], as well as the interaction between iron particles under the magnetic 

field when the silicon rubber matrix become soft due to the temperature elevation. According to 

differential scanning calorimetry (DSC) thermal analysis result, the transition behavior begin at about 

50°C and reaches the exothermic peaks at 58.66°C. This indicates that the silicon rubber matrix starts 

the alpha phase transition at about 50°C. The difference between Figure 4(a) and Figure 4(b) reveals 

that the MR effect is more sensitive to temperature in a higher magnetic field. 

  

4.3 Comparison between experimental results and modeling predictions 

The model parameters of the FMM and GMM are dependent on temperature and magnetic field 

and can be identified respectively by using the genetic algorithm (GA) in Matlab global optimization 

toolbox to minimizing the sum of square of error (SSE) between the experiment data and prediction 

results of both storage and loss moduli. Figure 5 presents the comparison between the dynamic moduli 

obtained by DMA tests and predicted by using the FMM and GMM. It can be found that the FMM 

fit better for both storage and loss moduli than the GMM. The fitting results can be evaluated in detail 

by using the criteria of the goodness-of-fit The standard error ratio (Se/Sy) and the coefficient of 

determination (R2) are expressed respectively in the statistical analysis as follows [15], 
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where, n and k are the number of the samples and the independent model parameters respectively, 

yexp and ypred are the experimental data and predicted results of the sample respectively, and yexp  bar 

denotes the mean value of the experimental data, e.g. experimental data of storage modulus or loss 

modulus.  
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The comparison of the standard error ratio and the coefficient of determination between FMM and 

GMM are listed in Table 1. As the model parameters increasing from four to seven, the excellent 

(marked with red color in Table 1) or good (marked with blue color in Table 1) fitting results were 

obtained by using FMM according to the criteria of the fitting performance statistical analysis [15]. 

While the fitting result of the GMM is not good and the improvement is not obvious when simply 

adding k. 

  
(a) 

  
(b) 

  
(c) 

Figure 5: Comparison between measured data and predicted results of storage and loss moduli 

under: (a) 0 mT and 30℃, (b) 300 mT and 40℃, and (c) 500 mT and 50℃ 

Table 1: Comparison of the goodness-of-fit between FMM and GMM 

Case 0 mT and 30℃ 300 mT and 40℃ 500 mT and 50℃ 
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Dynamic moduli E’(MPa) E” (MPa) E’(MPa) E” (MPa) E’(MPa) E” (MPa) 

FMM, 
k=4 

Se/Sy 0.70 0.34 0.78 0.30 0.74 0.27 

R2 0.54 0.89 0.42 0.92 0.49 0.93 

FMM, 
k=7 

Se/Sy 0.31 0.14 0.36 0.25 0.30 0.11 

R2 0.92 0.98 0.88 0.95 0.92 0.99 

FMM, 
k=10 

Se/Sy / / 0.26 0.25 / / 

R2 / / 0.94 0.94 / / 

GMM, 
k=5 

Se/Sy 0.42 0.71 0.65 0.58 0.29 0.65 

R2 0.83 0.53 0.60 0.68 0.93 0.61 

GMM, 
k=7 

Se/Sy 0.56 0.30 0.70 0.30 0.31 0.26 
R2 0.72 0.92 0.55 0.92 0.91 0.94 

GMM, 
k=9 

Se/Sy 0.55 0.43 0.58 0.30 / / 
R2 0.74 0.84 0.70 0.92 / / 

The temperature and frequency dependent dynamic modulus of thermorheologically simple 

materials at different temperatures can be shifted into a master curve according to the time-

temperature superposition (TTS) principle [15-17]. Recently, the application of master curve based 

on TTS has been extended to describe MR fluid [18] and the multi-phase materials where both 

components have the similar temperature dependence [19]. The complex modulus function can be 

described in terms of a single master curve and shift factors as follow: 

( ) ( )* *, ,T T r efE T b E a Tω ω=  (11) 

where aT and bT are the horizontal and vertical shift factors respectively, and Tref is a reference 

temperature. 

Once the complex modulus of the MRE samples is obtained as shown in Figure 6(a), the reference 

temperature is selected as 25℃ in this study. The measured data at all the other temperatures are 

merged into a single master curve as shown in Figure 6(b) by using the unrestricted shift factors. 

Little discrepancy is observed in Figure 6(b) and the goodness-of-fit parameters, Se/Sy=0.134 and 

R2=0.983, indicating an excellent correlation between measured data and predicted results of the 

constructed master curve. 
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(a) (b) 

Figure 6: Temperature dependent magnitude of complex modulus (a) and the constructed master 

curve at a reference temperature of 25℃ (b) 
 
5 Conclusion 

The experimental and modeling studies have benn performed on the dynamic properties  of the 

anisotropic MRE samples under different magnetic fields and test temperatures.  The experimental 

results show that the transition temperature of the MRE samples appears at about 50℃. The storage 

modulus exhibits two different trends below and above the transition temperature:It first decreases 

rapidly with temperature increased, and then and then increases slightly or maintains a stable value 

with increasing temperature until 60℃. 

The FMM and GMM were presented respectively to model the temperature and frequency 

dependent dynamic modulus of the anisotropic MRE samples in uniaxial compression. TTS was 

employed to shift the isotherms of dynamic modulus into the master curve at a reference temperature 

of 25℃. The excellent correlation between the experimental data and modeling results was confirmed 

by the goodness-of-fit statistical analysis.  
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