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Abstract
Composite materials containing magnetic particles organised within the polymer matrix by the means of an external magnetic field during the curing process were prepared and their dielectric properties were compared with their isotropic analogues of the same filler concentration but homogeneous spatial distribution. Substantial dielectric response observed for anisotropic systems in a form of relaxation processes was explained as charge transport via mechanism of variable range hopping. The changes of registered relaxations’ critical frequency and shape of dielectric spectra with the filler concentration were discussed in terms of decreasing anisotropy of the system. The knowledge of dielectric response of studied systems is essential for their practical applications such as piezoresistive sensors or radio-absorbing materials.
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1. Introduction
Composites based on an elastic polymer matrix filled with magnetic microparticles represent a class of materials whose mechanical properties (e.g. viscoelastic moduli) can be precisely controlled via an external magnetic field [1-4]. These intelligent systems known as magnetorheological elastomers (MREs) are used mainly in civil engineering as dampers or vibration isolators [5, 6]. Apart from more frequent standard homogenous filler distribution in the matrix recently some attention in this field have been paid to creating highly anisotropic MREs by applying magnetic field during curing process in order to arrange filler particles into chain-like clusters [7, 8]. Such composites exhibit interesting physico-mechanical properties such as higher viscoelastic modulus or MR efficiency [9] but specifically higher electric resistivity when compared to their isotropic analogues. Aforementioned arrangement allows for attaining extremely low percolation thresholds [10] as well as the change of system’s resistivity upon the application stress either through mechanical (piezoresistivity) or magnetic (magnetoresistivity) way [11]. Another perspective employment of anisotropic MREs presents magnetorheological [12, 13] and electromagnetic shielding applications [14-16].
MREs as composites containing conductive particles (i.e. with free charge carriers) embedded in the electrically insulating matrix have significant interfacial polarisation (also called Maxwell-Wagner-Sillars, MWS) [17]. Free charges within the particles migrate to particle boundary where they accumulate creating a significant dipole moment at low frequencies while at higher are forced to move along the cluster. The overall response from the MWS polarisation strongly depends on particles’ spatial distribution in the matrix namely their aggregation into particle clusters [18], in which the particles are in physical contact, or at least at distance small enough to allow for charge transport not only within the single particle but along the cluster.
Although conductivity is often the main focus with these systems in terms of electrical characterisation, the dielectric response is rather omitted or studied as a function of applied magnetic field [19], despite the fact it can provide complementary insight into the extent to which the particles are aggregated into clusters as well as a deeper characterisation of the particle arrangement. In our work, we attempt to cover this niche by studying the relation between (di)electric response of MREs and their filler clusters’ morphology with a view to applying MREs in piezoresistivity.

2. Experimental
Two sets of the MREs each comprising samples with the concentration ranging from 1 to 20 wt. % (for details see Tab. 1) were fabricated by thorough mixing (~5 minutes) polydimethylsiloxane (PDMS) elastomer (Sylgard 184, Dow corning, USA) and the carbonyl iron (SL grade, BASF, Germany) particles (CIPs) with a particle diameter ranging from 1 to 5 µm and a density of ~7.79 g cm–3. This particle grade has similar characteristics as commonly used CC grade as reported elsewhere [20]. Prepared mixtures were cast into a cylindrical mould with a diameter of ≈25 mm and the thickness of ≈4 mm and cured at 80 °C for 4 hrs. One set of concentrations was cured in the static external magnetic field (~350 mT) parallel to the axis of cylindrical moulds, while the isotropic MREs were cured in the absence of the external magnetic field. Distribution of the CIPs within the PDMS was studied by the means of optical microscopy (Leica VZ80C, Russia). Obtained discoid samples were further characterised using dielectric relaxation spectroscopy (U0 = 1 V, Novocontrol Concept 51, Germany) in a broad frequency range (10–1 to 107 Hz). As the relaxation mechanism of the MREs can be affected with a temperature [21], we note that the characterization was performed at laboratory conditions. During the spectroscopy measurement, the applied electric field was oriented in the direction of chain-like structures (a direction of magnetic field d during fabrication of the anisotropic MREs).

3. Results
While standard curing yielded MREs with homogeneous spatial distribution of CIPs in the matrix (further in text referred to as isotropic MREs), curing in magnetic field resulted in material with strongly inhomogeneous structure as the magnetic CIPs were aligned into chains (further in text referred to as anisotropic MREs) parallel to applied magnetic field direction (Fig. 1). Although for the latter all concentrations resulted in highly anisotropic structure, most illustrative of chain-like structure is the lowest concentration (1 wt. %).
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[bookmark: _Ref485130803]Fig. 1. Optical microscopy images showing the cross-section structure of isotropic (a) and anisotropic (b) MREs containing 1 wt.% of the CIPs.
Both sets of the MREs with different microstructure were tested with respect to their dielectric properties. Isotropic MREs did not exhibit any relaxation due to conduction, which would manifest itself by plateaus (Fig. 2a), as expected due to filler concentrations (max ≈3 vol. %) well below percolation threshold for spherical particles. Moreover, any other relaxation processes were not registered for them (Fig. 3a), thus they are not discussed in more details further.
On the contrary, all of their anisotropic analogues of corresponding particle loading showed clear presence of DC conductivity contribution in the frequency dependence of AC conductivity, which was reflected in the form of characteristic plateaus (Fig. 2b). This is achieved exclusively owing to extremely anisotropic nature of the filler clusters of unprecedented aspect ratio spanning across the sample thickness. Even though majority of clusters may not actually extend from top to bottom of the sample only a few suffice for securing DC conduction. This feature of anisotropic MREs can be very conveniently employed in industrial applications where extremely light (low density) but electrically conductive materials are required.
Moreover, elasticity of the used matrix together with transport properties strongly sensitive to filler clusters topology (i.e. connectivity across samples thickness) allow for application of such material in piezoresistive sensors, where application of deformation (pressure or pulling) would lead to alternation of some percolating clusters and consequently a substantial change in transport property (e.g. conductivity) [19-21].
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[bookmark: _Ref499812053]Fig. 2. AC conductivity of isotropic (a) and anisotropic (b) MREs; legend – filler concentration (wt. %).
To reveal other present relaxations masked by aforementioned DC conductivity contribution data was transformed using electric modulus formalism:
		(1)
where M * and ε * is complex electric modulus and complex permittivity, respectively.
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[bookmark: _Ref499298428]Fig. 3. Electric modulus losses for isotropic (a) and anisotropic (b) MREs; legend – filler concentration (wt. %). Relaxations in anisotropic MREs approximated by the Havriliak-Negami model.
Resulting peaks (Fig. 3b) of loss part of complex electric modulus (M ’’) clearly denote relaxation process linked directly to the filler organisation into clusters and consequent charge (electron/polaron) transport along these. Due to the fact that anisotropic MREs can be classified as a disordered solid [22] the most probable mechanism of charge transport is variable range hopping (VRH) with charge carriers jumping between adjacent conductive sites [23]. The average frequency of hopping increases with the CIP loading due to decreasing inter-cluster distance. However, not only frequency, but also the shape of relaxation peak, expressing distribution of hopping frequencies, varies with the CIP concentration. Notable widening of the relaxation peak with composite’s loading stems from decreasing anisotropy of MRE’s structure as the number of the particles in the system increases, which is characterized by a wider spectrum of inter-particle distances. In order to determine the distribution of hopping frequencies more precisely, the registered relaxations were approximated by the Havriliak-Negami (HN) model:
		(2)
where M∞ is unrelaxed (high frequency) electric modulus value, ΔM electric modulus strength, i complex unit, τ relaxation time, ω angular frequency (= 2πf ), exponents α and β express relaxation’s width and symmetricity, respectively.
Parameters obtained from the HN model approximation (Tab. 1) numerically confirmed the trends illustrated in Fig. 3b. Firstly, there is a clear decrease in ΔM, which, due electric modulus definition, denotes the increase in relaxation intensity with the concentration as the number of charge carriers increases. Secondly, α parameter shows that relaxation width increases slightly with the CIPs concentration up to about 10 wt. % and then levels off. Symmetricity of relaxation time distribution, signified by β, gradually decreases with the CIPs loading from relatively high value of 0.86 (β = 1 for perfectly symmetrical peak) to 0.71. Finally, the concentration evolution of τ provides information about shortening of the average time between the electron hops, which decreased more than 10 times in the investigated concentration range.
The concentration dependences of all parameters put together provide an insight into changing character of electron transport via VRH determined by cluster shape and spatial distribution in the elastomer matrix. Thus, these parameters for 1 wt. % MRE capture more anisotropic spatial distribution of the CIPs into few and far between elongated chain-like clusters with contrast to much weaker anisotropy found in 20 wt. % composite denoted by 10 times shorter mean relaxation time of considerably smaller symmetricity but substantially wider distribution.
[bookmark: _Ref500416992]Tab. 1. Fitting parameters of the HN model for anisotropic MREs.
	Φ (vol. %)
	0.13
	0.39
	0.66
	1.39
	2.19
	3.08

	w (wt. %)
	1
	3
	5
	10
	15
	20

	ΔM
	0.23
	0.22
	0.20
	0.18
	0.16
	0.14

	α
	0.67
	0.61
	0.57
	0.53
	0.53
	0.55

	β
	0.86
	0.85
	0.77
	0.79
	0.74
	0.71

	τ (μs)
	32.4
	20.8
	16.3
	14.6
	7.1
	2.4



Above described decline of anisotropy in the MREs with the CIPs concentration can be explained on the grounds of gradually growing viscosity of the MREs mixtures before the curing process. Low concentrated mixtures, before they are cured, have much lower viscosity enabling much stronger alignment of the CIPs into clusters when compared with the case containing high CIPs concentrations. Eventually the viscosity of the uncured mixture results in a state at which magnetic forces are insufficient in order to overcome viscous forces and align the particles at all. However, this is a limit case and only approached with our choice of filler concentrations. Nevertheless a clear trend of this nature is observed.

4. Conclusions
Dielectric spectroscopy was employed to describe the extent of magnetic filler organisation into chain-like clusters formed within polymer matrix by the means of static magnetic field during the curing process. Observed dielectric relaxations linked to specific cluster morphology of MRE, as there was no such response registered in isotropic analogues, was identified as the manifestation of charge transport via VRH mechanism along these chain-like structures.
Approximation of extracted relaxation peaks by the HN dielectric model showed that increasing filler concentration considerably shortens mean relaxation time but widens its distribution. This is owing to gradual decrease of MREs’ anisotropy and corresponding changes in composites’ morphology with loading due to higher intrinsic viscosity of mixture, which needs to be overcome by magnetic forces during curing.
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