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ABSTRACT 

Smart materials are usually referred to the systems that can alter some of their 

properties when exposed to an external stimulus. Magnetorheological fluids 

(MRFs) and elastomers (MREs) are categorized as good examples of smart 

materials as they are able to change properties such as their mechanical properties 

and conductivity under the influence of a magnetic field. This topic has grown 

significantly both in the fundamental research and applications however, there is 

a big gap in between as in fundamental research only one type of flow is studied 

while in real applications, more types of flow are present. This thesis tries to marry 

the fundamental research of MRFs and MREs with their applications. Different 

types of MRFs were developed based on specific applications. To be specific this 

thesis includes the development of conductive and magnetic composites based on 

polypyrrole (PPy), magnetite nanoparticles, nickel and iron microparticles 

(carbonyl iron) which were used as an MRF. The particles are used as electrical 

devices that are able to control the resistance and capacitance under the influence 

of an external magnetic field. Additionally, due to the ability of the PPy to be 

synthesised in different morphology, dimorphic MRFs were investigated filling 

an important gap of the field. Due to the rise of MRE-based materials, it is 

important to prepare recyclable MREs. Thermoplastic-based MREs were 

prepared based on several types of matrices including a thermoplastic 

polyurethane and a propylene-based elastomer supplemented with ethylene 

groups. Both types of MREs are able to be reprocessed several times. The 

mechanical properties after processing were similar to the initial batches. The 

reprocessing was simulated by studying the time dependency of the MREs and it 

was found that the matrix can interact and bond with the magnetic particles. 

Keywords: magnetorheology, carbonyl iron, nanotubes, polypyrrole, 

magnetorheological elastomers, magnetorheological fluids 
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ABSTRAKT 

Chytré materiály jsou obvykle označovány jako systémy, které mohou změnit 

některé ze svých vlastností, když jsou vystaveny vnějšímu podnětu. 

Magnetoreologické kapaliny (MRF) a elastomery (MRE) jsou příklady takových 

inteligentních materiálů, protože jsou schopny měnit vlastnosti, jako jsou jejich 

mechanické vlastnosti a vodivost, pod vlivem magnetického pole. Tyto materiály 

se těší výrazné pozornosti jak v základním výzkumu, tak v aplikacích, stále však 

existují možnosti jejich dalšího vylepšení. Tato práce se snaží spojit základní 

výzkum MRF a MRE s jejich aplikacemi. Na základě specifických aplikací byly 

vyvinuty různé typy MRF. Konkrétně tato práce zahrnuje vývoj vodivých a 

magnetických kompozitů na bázi polypyrrolu (PPy), nanočástic magnetitu, 

mikročástice niklu a železa (karbonylové železo), které byly použity jako MRF. 

Takový systém lze použít pro elektrická zařízení, která jsou schopna řídit odpor a 

kapacitu pod vlivem vnějšího magnetického pole. Navíc, vzhledem k možnostem 

syntézy PPy v různých morfologiích, byly zkoumány dimorfní MRF, které 

vyplňují důležitou mezeru v oboru. S ohledem na nárůst materiálů a aplikací na 

bázi MRE je důležité připravovat recyklovatelné MRE. V práci byly připraveny 

MRE na bázi termoplastů na základě několika typů matric včetně 

termoplastického polyuretanu a elastomeru na bázi propylenu doplněného 

ethylenovými skupinami. Oba typy MRE lze několikrát přepracovat. Mechanické 

vlastnosti po zpracování byly podobné jako u původních šarží. Přepracování bylo 

simulováno studiem časové závislosti MRE a bylo zjištěno, že matrice se při 

tomto procesu může interagovat a vázat s magnetickými částicemi. 

Klicova slova: magnetoreologie, karbonylové železo, nanotrubice, polypyrol, 

magnetoreologické elastomery, magnetoreologické tekutiny 
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1. INTRODUCTION 

1.1 Origins  

The aim of this introduction part is to provide a reader interested in 

magnetorheology with a short description of the basic concepts of the science 

together with some basic physics from related fields. Magnetorheology is a 

complex word of Greek origin which combines the terms “magneto” i.e. 

“μαγνήτο” [maghni’to] and “rheology” i.e. “ρεολογία” [reologhi’a] with the latter 

being composed of two more words “ρέω” [re’o] which means the verb flow and 

“λόγος” [lo’ghos] which according to the most common translation means 

“reason” but in this case, it means “speech”, which is typical for definitions of 

sciences. Thus, rheology is the science that studies flow. “Μαγνήτο” comes from 

“Μαγνήτης” [Maghni’tis] (Magnet in English) which should be written with 

capital as it literally means the person who is descended from a specific Ionian 

tribe called “Μαγνησία” [Maghnisi’a] (Magnesia in English) which was 

colonized from the Magnesia of Thessaly in Greece. The meaning of the magnet 

nowadays comes from the Magnets of Ionia whose lands were rich of the mineral 

magnetite and are currently in Turkey. The term magnetorheology is the science 

of the flow behaviour of materials with magnetic properties, although the term 

does not have an official definition. Magnetorheological (MR) is thus a material 

whose rheological properties can be altered with a presence of a magnetic field. 

For the second and last word of this thesis’ title “suspension” describes the 

systems used for the thesis as unfortunately typical magnets are solid and will not 

flow in our lifetime for temperatures below their Curie temperature. Thus, the 

systems described here are suspensions of solid magnetic particles suspended in 

a fluid. However, the more appropriate term describing the systems used in this 

thesis would be dispersions. 

1.2 Introduction to Magnetorheology and Magnetorheological 

Materials 

The MR dispersions used in this thesis can be divided into two categories. On one 

hand magnetorheological fluids (MRFs) and on the other, magnetorheological 

elastomers (MREs). The former is a suspension consisted of ferromagnetic 

particles with size (in terms of hydrodynamic radius) higher of that of a 

micrometer [1]. These particles are dispersed in a fluid, thus a viscous medium, 

which depends on the desired applications [2]. A suspension, or more 

appropriately a colloid, of magnetic particles in the nanometer range is given the 

term ferrofluid which may undergo different magnetic phenomena such as Neel’s 

relaxation. The regime between ~100–1000 μm is unexplored due to the large 

remanent magnetization that the particles of that size have [3]. 
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Magnetorheological elastomers on the other hand are also dispersions of magnetic 

particles with the same size criteria, however the dispersed phase is an elastomer 

matrix thus a viscoelastic medium [4, 5]. 

The MR dispersions are categorized as smart materials. Their most common 

applications take advantage of the material’s ability to tune its mechanical 

properties upon exposure to a magnetic field. The altering of the mechanical 

properties happens within a millisecond. Once exposed to a magnetic field, the 

magnetic particles align in a column-like structure to minimize their free energy 

(see section 2.3). These columns add an additional elastic contribution, 

transforming the fluid in a soft solid or a yield stress fluid which is usually orders 

of magnitude higher than the stresses reached at the proportional shear rates when 

no magnetic field is applied [6]. The fraction of the material’s shear stress 

with/without the presence of a magnetic field is commonly referred as the “MR 

effect” and it is the most important quantity of an MR material. Depending on the 

imposed magnetic field, the MR effect varies from the order of unity and can 

exceed four orders of magnitude [7]. This ability to alter the internal structure of 

the material is utilized in several applications with most notable including 

dampers, valves, and robotics [8-10]. Both types of MR dispersions are facing 

severe challenges which will be discussed later in detail [11]. 
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2. THEORETICAL PART 

2.1 Magnetic Particles 

The most commonly used magnetic particles for MR-based research are by far 

the Carbonyl Iron (CI) particles due to their high saturation magnetization (Ms) 

of ~200 emu/g which is a key quantity for the MR performance of the suspension. 

For comparison, magnetite-based particles which are the most commonly used 

in commercial magnetic suspensions may have ~4 times lower Ms as depicted 

in Fig. 2.1. Despite having the highest Ms, magnetite particles saturate faster 

(for lower fields) which is a useful property that is not utilized in literature. For 

that reason, both CI and composite magnetic particles based on magnetite are used 

in this thesis. 

 

Figure 2.1 Vibrating sample magnetometry for CI CN grade (black) and a magnetite-

based composite (red; PPy 6 later in this thesis). 

The size of the particle affects its Ms which is generally reduced with size as 

displayed in Fig. 2.2a. Particles in the range of the nm have a single domain which 

allows them to obtain the superparamagnetic status either through Neel’s or 

thermal magnetic relaxation, or through thermal rotation. Larger particles in the 

range of a 100 nm display higher values of Ms due to surface effects however, the 

presence of just a handful domains creates a large remanence which creates strong 

attractions between the particles during off-state. This results in the irreversible 

agglomeration of the magnetic particles which diminishes the system’s stability. 

Lastly, a further increase of the particles size will result in the shrinkage of the 

permanent magnetization as the domains become too many and cancel each other 

out and in the end a net (practically) zero coercivity is achieved. Thus, the particles 

of this size display an ultra-soft ferromagnetic-like behaviour. The Ms for 

particles of this size is further increased and so the MR performance which 
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establish them as great candidates for engineering applications [12]. The size 

effect in terms of the coercive field is shown in Fig. 2b together with the range 

where a dispersion consisted of such particles would be considered a ferrofluid or 

an MRF/MRE. The value of the coercive field is important for the stability of the 

system because the magnetostatic attractions between the particles may surpass 

the electrostatic repulsions of the double layer, thus the lowest remanence possible 

is preferred [13]. 

 

Figure 2.2 a) Magnetic curves for iron particles of various size. b) The effect of the size 

on the coercivity and the magnetic behaviour of iron particles. Several regions emerge 

namely the Ferrofluids region where below a critical size the particles display 

superparamagnetic behaviour due to Neel’s relaxation and shortly after thermal 

rotation. For a second critical size the anisotropy energy surpasses kbT and the particles 

obtain a remanent magnetization. The region continues until multiple domains are 

formed to lower the total magnetic energy and is called unexplored because the particles 

flocculate. Eventually as the particle’s size is further increased, the magnetic domains 

are too many and have an almost net zero coercivity and at this point the region of the 

MR fluids begins [3].  

Usually, the magnetic component of the particles is either coated or a part of a 

composite material to ensure a good affinity with the dispersed phase [14]. 

Depending on the dispersed phase, polar or non-polar coatings can be applied. A 

good affinity between the two phases ensures a stable and homogeneous material 

and without it, the particles aggregate and form clusters [15]. A second reason for 

the coating is the reduction of the density. The most commonly used magnetic 

particles (made of iron) have a density around ~7.9 g/cm3 while the dispersed 

phase usually has a density near the unity thus, a huge density mismatch exists 

between these components. As a result, the sedimentation stability can be 

improved by reducing the overall density through coating of the particle and 

providing a better affinity with the continuous phase [16]. Lastly, coatings provide 
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functional groups which can be used in certain applications and provide chemical 

stability in aggressive environments [17]. Unfortunately, the magnetic particles 

inherit some of the negative effects from the coatings including high cost, 

complex preparation but more importantly a decline of magnetic properties since 

the coatings are non-magnetic materials. The decline of the magnetic properties 

is proportional to the amount of the coating thus thick coatings reduce the Ms by 

a large amount [18]. 

Lastly, an important parameter affecting both, the MR performance and the 

stability of the system is the particles’ shape [19, 20]. The mostly common shapes 

for the magnetic particles include spheres; however, there is a lot of interest for 

rods as well [21]. Spherical CI particles are produced massively, easily, and 

cheaply [22]. Rod-like particles on the other hand, have more complex 

preparations and usually do not have significantly different magnetic properties 

[23] with the exception of the demagnetization factor. The morphology plays a 

significant role for MRFs which suffer from the high sedimentation rates [24]. 

Rod-like particles with a high length over radius ratio have a large free volume 

which results in thermodynamic repulsions within the suspension, thus reducing 

the sedimentation rate [7]. 

2.2 Dispersed Phase 

As mentioned before, there are two types of dispersed phases depending if the 

material is characterized as an MRF or MRE. The particles are suspended in 

liquids and solid matrices for MRFs and MREs, respectively, thus the prime 

difference between the two is the viscosity. For the former, the most common 

liquid phases include silicone and mineral oils; however, different liquids for 

different applications can be are used. There are two main concerns in regards to 

MRFs. First the interactions between the particles and the liquid carrier. Bad 

affinity between the carrier and the particles will result in irreversible large 

agglomerates which will settle and the suspension will no longer have any uses. 

Secondly, sedimentation is occurring naturally and many studies were dedicated 

to either diminish the effect of study it [25]. The sedimentation in a 

laminar flow was described by Stokes in the following expression: 

𝑢𝑠 =
2 𝑅2𝑔

9 𝜈
 (
𝜌𝑝

𝜌𝑠
− 1) 

 

2.1 

where us is the sedimentation velocity, R the radius of the particle, ν the kinematic 

viscosity, g the gravitational acceleration, ρp the density of the particles, and, ρs 

the density of the solvent. The sedimentation velocity is inversely proportional to 

the viscosity of the liquid carrier and it is impacted by the density mismatch of 

the system. It is obvious that it is easier to fight sedimentation using carriers with 
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higher viscosity. Unfortunately, the viscosity of the carrier also affects the MR 

performance of the material. When a magnetic field is applied the particles within 

the suspension form chain-like structures which transform the suspension in a soft 

yield stress fluid. The viscosity of the carrier acts as a hinderance for the chains 

with its effect already well established [26]. So, a high viscosity hinders both the 

sedimentation and the magnetic response of the material thus the liquid carrier 

should be selected accordingly. 

An obvious advantage of the MREs is the solid polymeric matrix in which the 

particles are embedded. Thus, sedimentation is not an issue however, the MR 

effect is significantly smaller when compared to MRFs which is not a big issue as 

MREs have their own unique applications. Due to the enormous advances in the 

polymer sciences, there are countless potential properties that MREs may inherit, 

thus vastly changing the type of the application from polymer to polymer. The 

most common types of polymeric matrices include the following. Silicon rubber 

is a great candidate as it can be ordered at various molecular weights thus, 

controlling the materials viscosity/elasticity. Additionally, this rubber is usually 

in a liquid state which allows the particles to be well distributed during 

preparation. Lastly, if cured under the presence of a magnetic field, the chain-like 

structures that the magnetic particles form will be permanent, an attribute that 

MRFs do not have [27]. Thermoplastic elastomers allow the reprocessing of the 

MRE allowing them to be recycled without losing their MR properties [28]. 

Lastly, the dispersed phase can be a two-component system thus it is important to 

include MR materials like MR foams and MR gels which have their own unique 

properties and uses [29]. There are several other types of polymeric matrices with 

genius applications however, it is out of the scope of this thesis. Similarly, both 

MREs and MRFs may include different types of additives which improve the 

materials however, these are not part of the investigation for this thesis. 

2.3 Magnetorheological Effect 

The MR effect was described as the alignment of the particles when an external 

magnetic field is applied which is shown in Fig. 2.3. Assuming there are no other 

forces and the medium is non-magnetic, during the off-state, the particles are 

randomly dispersed. When a magnetic field is applied, the particles become 

magnetized. Assuming that the particles act as single dipoles and (a fairly accurate 

approximation), the state with the lowest energy is achieved when the particles 

organize themselves into chains which are as far away as possible given the simple 

dipole potential energy: 

 𝑈 = −𝑚⃗⃗ ∙ 𝛨⃗⃗  2.2 
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with 𝑚⃗⃗  and 𝛨⃗⃗ , being the magnetization of a single dipole and the magnetic field 

imposed from an external magnetic field (which can be considered as a 

neighboring dipole), respectively. 

 

Figure 2.3 Schematic illustration of the MR mechanism for MRFs in chain-like 

structures and for MREs as suggested from Han et al [30] 

This mechanism is very accurate for the liquid carriers whose viscosity values are 

low, thus mainly MRFs. For materials with a higher viscosity the particles cannot 

move (as) freely within the medium and are locked in place. This is the case for 

MREs which still possess an MR effect, however, a different mechanism is 

suggested. In this case the particles are also considered small enough to be 

considered as magnetic moments and all of them are considered to share the same 

magnetization. Then the interaction energy for 2 dipoles can be written as: 

𝑈 = 
𝜇0𝑚

2

4𝜋𝑟3
(1 − 3𝑐𝑜𝑠2𝜃) 

 

2.3 

where 𝜇0, 𝑟 and 𝜃 are the permeability of free space, the distance between the 

moments, and their angle, respectively. Again, the energy takes its lowest value 

when the moments are parallel in chain-like structures. By defining a shear strain, 

it is possible to show that a positive MR effect takes place through the derivatives 

of the interaction energy [31]. However, for a uniaxial deformation the opposite 

is true. Experimentally, MREs experience a positive MR effect during uniaxial 

deformation thus it was proposed that the particles obtain wavy configurations 

which topologically is closer to the reality as can be seen in Fig. 2.3 [30]. 

Lastly, a different kind of MR effect which is not often mentioned is the change 

in electrical properties of the material. For MRFs, during the on-state, the 

formation of chain-like structures allows for conductive pathway to be formed. 

The carriers can move more efficiently thus increasing the conductivity of the 

system. It is suggested that the carrier transport is achieved via both variable-range 



16 
 

hopping mechanism or the correlated barrier hopping [32]. Similar to the 

mechanical properties, the conductivity is less affected in MREs. The particles are 

not aligning thus the barrier is higher for the charges to overcome. For anisotropic 

MREs on the other hand, the particles are aligned during curing and remain with 

the chain-like structure even during the off-state. For these MREs the conductivity 

is increased as well due to the magnetostriction phenomenon which reduces the 

distance between particles thus reducing the barrier for the charge carriers to 

bypass which increases the conductivity [33]. 

2.4 Rheology of MR systems 

Rheology is a powerful tool to describe, characterize, and analyze MR systems. 

Magnetorheological systems usually display a complex behaviour which needs to 

be decoded in order to understand and determine if the given sample is appropriate 

for a specific application.  

2.4.1 Rheology of MRFs 

Magnetorheological fluids can be investigated using both rotation and oscillation 

modes; however,1 this thesis is focusing mainly in rotational rheology as it is the 

most common type of operational mode in applications [34]. In these experiments, 

a rotational deformation is imposed to the sample and the stress is measured by 

rheometer for a given shear rate. The most typical characterization test is the 

measurement of stress for increasing shear rates which is commonly known as a 

flow curve. The dynamic viscosity (henceforth always referred to as viscosity) is 

defined as the ratio of the shear stress over the shear rate. For fluids 4 typical 

behaviours are shown in Fig. 2.4. For the Newtonian behaviour, the viscosity 

remains constant and independent of the shear rate. For shear thinning and shear 

thickening behaviour on the other hand, the viscosity decreases or increases 

respectively with increasing shear rate. Magnetorheological fluids with all of 

these behaviours have been reported [21]. Lastly, materials that require a certain 

load to flow (Bingham plastic in Fig. 2.4, such as toothpaste, are important as this 

type of behaviour resembles well MRFs during the on-state. A typical flow curve 

for an MRF is shown in Fig. 2.5a. During the off-state a given suspension with a 

low concentration of magnetic particles φ displays a Newtonian behaviour. When 

an external magnetic field is applied the particles form chain-like structures and 

as a result the stress is increased and the behaviour changes to that of a yield stress 

fluid. Higher fields result to more robust chains, thus higher yield stresses (𝜏𝑦). 

Once the particles are magnetically saturated, the yield stress does not increase 

anymore. At lower shear rates the magnetostatic interactions dominate. At some 

point, as the shear rate is increased, the hydrodynamic forces will become relevant 

and a short transition region is observed. Before long, the hydrodynamic forces 

will surpass the magnetic and chains will be disrupted leading back to a 
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Newtonian behaviour or an overall Bingham plastic. The yield stress dependence 

on the external magnetic field is divided in three different power laws depending 

on its strength and is displayed in Fig. 2.5b. At small fields, the yield stress is 

proportional to the strength of the magnetic squared. 

 

Figure 2.4 Typical flow profiles for various types of fluids. 

When saturation begins the power law is 𝜏𝑦~𝑀𝑠
0.5𝐻1.5 and eventually for larger 

magnetic fields 𝜏𝑦~𝑀𝑠
2, with Ms being the saturation magnetization of the 

particles [35]. The yield stress depends on the particle concentration and at low φ 

the dependence is linear. At some point the power law becomes greater than unity 

[36]. Then there is an increase in viscosity and that is due to increase of the yield 

strength, this increase can be many orders of magnitude. This behavior is 

commonly known as the Bingham model and it is shown by the following 

equation: 

𝜏 = 𝜏𝑦 + 𝜇𝛾̇ 2.4 

Where μ, and 𝛾̇ are constant with viscosity units, and the shear rate, respectively. 

Note that when the hydrodynamic forces take over, the behaviour can be non-

Newtonian where other models for yield stress materials can be used such as the 

Herschel Bulkley, De Kee and more [37]. Other parameters that influence the flow 

curves include the temperature, the pressure, the polydispersity and the 

morphology which this thesis is more concern about. It is important to note that 

MRFs whose magnetic forces operate over a broad shear rate range are 

appreciated the most. 

In the field of magnetorheology, the ration of the hydrodynamic forces over the 

magnetic ones is both a very important and a known quantity named Mason 

number (Mn) which is given by the following expression [26]: 
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𝑀𝑛 =
9 𝑛𝑚𝛾̇𝜑

2𝜇𝜊𝜇𝑚𝑀𝑚
2

 
2.5 

where nm the dynamic viscosity of the continuous phase, μ0 the permeability of 

the free space, μm the permeability of the continuous phase, and, 𝑀𝑚 the 

magnetization of the suspension. 

 

Figure 2.5 a) Typical flow curves for a hypothetical MRF during the on- and off-state 

together with an illustration of the fluid’s structure. b) The yield stress and 

magnetization dependency on the magnetic field in blue and orange respectively for the 

same hypothetical MRF. The slopes are indicating the yield stress dependency and 

coloured circles the yield stress from part a).  

Basically, a high Mn corresponds to the domination of the hydrodynamic forces. 

As can be seen in Fig. 2.6a the viscosity drops with a constant rate until a critical 

Mn* is reached where the hydrodynamic forces are of the same order as the 

magnetic ones. Shortly after, hydrodynamic forces dominate reaching the high 

shear rate plateau. The Mn allows the data to be plotted in a single mastercurve 

with an example shown in Fig. 2.6b and as can be seen, since Mn is always <<1, 

the magnetic contribution dominates. It must be noted that all of the Eq 2.5 

components are either known or can be estimated precisely from a single magnetic 

curve of the magnetic particles given the viscosity of the carrier is also known 

(usually provided from the supplier). So, using the Mn, it is easy to predict the 

MR behaviour of an MRF for a broad range of concentrations without performing 

any experiments which saves time and resources thus highly appreciated by 

the industry. 

Other important numbers include the λ parameter which is the ration between the 

magnetic and thermal forces: 

𝜆 =
𝜋𝜇𝜊𝜇𝑚𝑏2𝑅3𝐻2

2𝑘𝑏𝑇
 

2.6 



19 
 

where kb, T, and, b are the Boltzmann’s constant, the absolute temperature, and, 

the magnetic coupling parameter respectively. At saturated fields λ scales with 

Μm instead. The systems used in this thesis have relatively large R and H thus it 

is assumed that λ>>1. The λ parameter is connected with the Mn though the Peclet 

number 𝑃𝑒 =  1.5𝑀𝑛𝜆 [35]. 

 

 

Figure 2.6 a) Apparent viscosity as a function of Mn. The red and blue dotted line 

represent the magnetic and hydrodynamic contributions to the viscosity and the black 

line is the overall behaviour. [38] b) An example of a mastercurve for a standard CI 

based MRF [7]. 

Lastly, the most important ration not discussed yet is the MR effect which 

essentially describes the performance of the MRF at a specific magnetic field 

value and shear rate. To be specific the MR effect is defined as the ration between 

the on-state stress or viscosity over the corresponding off-state value. For 

oscillatory tests instead of complex viscosity, usually the storage modulus G’ is 

used to calculate the MR effect in a similar to the rotational rheology way. More 

precisely the MR effect for the rotational and oscillatory modes 

is defined in the following equations: 

𝑒𝑟 =
𝜏𝑜𝑛

𝜏𝑜𝑓𝑓
=

𝑛𝑜𝑛

𝑛𝑜𝑓𝑓
 , 2.7 

 

 

𝑒𝑠 =
𝐺′𝑜𝑛

𝐺′𝑜𝑓𝑓
 

2.8 

2.4.2 Rheology of MREs 

There are various applications in which MREs are used in oscillatory mode such 

as dampers and shock absorbers [39]. An efficient way to investigate the 

viscoelastic properties of a material is achieved through oscillatory tests. In these 



20 
 

experiments, an oscillatory deformation is applied to the sample at a given 

frequency and the stress is measured by rheometer. The regime where the stress 

and strain have a linear relationship at any frequency is called linear viscoelastic 

regime. The stress response is sinusoidal which usually has a phase lag compared 

to the imposed strain. A completely elastic material is in phase with the strain. On 

the other hand, a completely viscous material has a 90° phase angle difference. A 

viscoelastic material shows a response between elastic and viscous and hence the 

phase angle (δ) is between 0–90° which is usually the case for MREs. The phase 

angle holds the viscoelastic information, from the imposed strain and the 

measured stress.  

The viscoelastic information can be extracted from the complex modulus G* and 

the phase angle which allows the separation of G* into a real and an imaginary 

part. The real part (G’) is the storage modulus or elastic modulus which represents 

the stored deformation energy and it is usually associated with the MR effect. The 

imaginary part (G”) is the loss modulus which represents the tendency to dissipate 

energy thus very important in the damping applications of the MREs. The phase 

angle may take values of 0° and 90° responding to purely elastic and viscous 

behavior, respectively, whereas intermediate values correspond to a viscoelastic 

behavior. Materials with higher G’ than G” are said to display a solid-like 

behaviour. Likewise, if the G” is considerably higher the materials experience a 

liquid-like behaviour. The equations which connect these parameters are: 

𝐺∗ = (𝐺′2 + 𝐺"2)1/2 2.9 

 

𝐺′ = 𝐺∗ cos(𝛿) 2.10 

 

𝐺" = 𝐺∗ sin (𝛿) 2.11 

 

tan(𝛿) =
𝐺"

𝐺′
 

2.12 

Several types of oscillatory tests can be used to investigate the behavior of MREs 

materials with the most common discussed in detail below. 

Dynamic Strain Sweep (DSS) tests describe the deformation behavior of a 

material, these tests are mainly used to investigate the limit of the applied 

deformation in which the inner structure of the material remains unaffected. For 

a given temperature, an oscillatory deformation is applied at a constant frequency 

for varying strain amplitudes and the G’ and G” at each strain are calculated. The 

linear viscoelastic regime (LVE) is defined as the range of strain at which the 

storage modulus G’ becomes strain independent. The critical strain γL (the onset 

of non-linearity) in Fig. 2.7a indicates the limit of the LVE at the point where the 
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plateau of G’ starts to drop. In the LVE, tests can be carried out without destroying 

the material’s internal structure. For MREs specifically these measurements are 

more complex as these are usually highly filled polymers, thus subject to the 

Payne effect [40]. The signature of the effect is a sudden shoulder of the G” 

towards the end of the LVE as can be seen in Fig. 2.7b. Applying a magnetic field 

usually shifts the values of the G’ to higher values without changing the trend of 

the overall behaviour. 

Dynamic Time Sweep (DTS) tests are mainly used in curing studies and are also 

useful to observe solvent evaporation or drying. Additionally, these tests can 

detect the thermal degradation of the sample and crosslinking which is relevant to 

this thesis [41]. 

 

Figure 2.7 a) Typical DSS for a polymeric system. The plateau of G’ indicates the 

linear regime with γL being the limit of linearity [41]. b) DSS for a carbon black based 

elastomer, closed and open symbols correspond to G’ and G”, respectively. 

These tests have been used to study MREs with time-dependent behaviour, for 

instance, systems where the particles and the host matrix interact. Potential 

changes in the viscoelasticity are detected over time while the material undergoes 

an oscillatory deformation at a constant strain and frequency. In this thesis, DTS 

tests are used to secure that the sample has reached steady state when the samples 

were loaded at high temperatures. This is indicated when G’ and G” are not 

changing with time as shown Fig. 2.8 where after ~6 minutes the sample reached 

a steady state however, it can take much longer even several days. 
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Figure 2.8 DTS for a CI/thermoplastic-based MRE right after loading at 170 oC. Closed 

and open symbols correspond to G’ and G”, respectively. 

Dynamic Frequency Sweep (DFS) tests describe the viscoelastic spectra of a 

material. Repeating these tests for different temperatures, characteristics like the 

melting point, glass transition, rubbery plateau, relaxation times, phase transitions 

and more can be studied [42]. The strain amplitude is kept constant and the 

frequency is varied. The shape of G’ and G” over frequency can characterize the 

material’s structure. A common example for linear polybutadiene with 

entanglements is shown in Fig. 2.9. The viscoelastic spectrum is shown in four 

regions corresponding to different characteristic sizes and a characteristic 

relaxation time for each size can be extracted. For the glassy region at high 

frequencies or short times (or low temperatures), the behavior is solid-like with 

modulus being time independent. Such short times correspond to the chemical 

bonds and the molecules are shown seem “frozen” as the frequency is higher that 

their movement. Giving more time for the molecules to start moving, the modulus 

drops as local parts of the chains start to relax. As the time passes, larger parts 

relax further reducing the moduli until the chains are completely relaxed and the 

material is flowing. However, usually the molecular weight of the polymer is large 

enough and there are entanglements in which case a plateau is formed just like in 

Fig. 2.9. The time needed for the chains to completely relax depends on the 

molecular weight and when the terminal regime is reached, the Maxwel behaviour 

with a characteristic drop of the moduli can be observed, indicated with the slopes 

of 1 for G” and 2 for G’ in a log scale as shown in Fig. 2.9. For MREs the two 

regions at low frequencies are important since above the Tg the chains are frozen 

and so are the particles, thus no MR effect can be displayed. 
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Figure 2.9 Viscoelastic moduli G’ and G” (closed and opened symbols, respectively, for 

a linear polybutadiene with Mw = 155 Kg/mol at 250 K. The data were kindly provided 

by Leo Gury. 

Adding the magnetic particles to the pure polymer will shift the rubbery plateau 

to a higher modulus. The value of the rubbery plateau for the pure polymer is 

important to know as the MR effect for a given particle concentration can be 

calculated relevantly accurately [31]. The terminal regime is also very important 

as MREs which just like filled elastomers do not display the Maxwell behaviour. 

Instead, G’ and G” either drop with different slopes or even display a secondary 

plateau. To conclude, DFS graphs and their derivatives may give great insight of 

the material’s structures and are a powerful tool to characterize an MRE. 
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3. MOTIVATION AND AIMS OF THE THESIS 

3.1 Motivation 

Progress in MRFs by the Juan de Vicente, Daniel J. Klingenberg and Jose R. 

Morillas were the inspiration to study the topic of this thesis due to their creativity 

and dedication to the field [11, 26, 35, 43-46]. The field of magnetorheology has 

many advances in both fundamental research and applications. However, in the 

author’s opinion there is a big gap separating these advances. For example, 

fundamental research uses perfect homogeneous fields which are unlikely to be 

achieved in applications. On the contrary, the flow and deformations in real 

applications are not considered in fundamental research. Works that will marry 

fundamental research with the applications for both MRFs and MREs is the main 

motivation of this thesis. 

3.2 Aims 

Aims of this study include: 

• Study of polypyrrole-based MRFs 

• Study the impact of magnetic tubes in conventional MRFs 

• Fabrication and study of electronic devices based on various MRFs 

• Fabrication of recyclable MREs 

• Study the particle-matrix interaction within MREs 
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4. SELECTED RESULTS 

4.1 Polypyrrole nanotubes-based MRFs 

In this thesis 2 types of magnetic particles are used. First, conventional CI 

particles supplied by BASF (Germany) and secondly, polypyrrole (PPy) based 

magnetic nanotubes which were synthesized [7]. The PPy nanotubes were 

synthesised and decorated with magnetite nanoparticles during a two-step 

synthesis. Two samples were synthesized at different molarities of iron (III) 

chloride hexahydrate (FeCl3·6H2O). Table 4.1 presents the amount of each 

component used with the mole ratio of FeCl3·6H2O over pyrrole represented as n. 

For the synthesis, firstly the pyrrole (>97%) was dispersed in water (0.2 M in 

100 mL) with methyl orange (0.004 M in 100 mL) being added later on. The dye 

is the key substance which guides the growth of tube-like morphology instead of 

spheres. Aside, a second solution of FeCl3·6H2O in water (FeCl3·6H2O is 0.5 M 

in 100 mL for n=2.5 and 1.2 M in 100 mL for n=6) was prepared. Right after, both 

solutions were combined and the polymerization of pyrrole to the PPy nanotubes 

was complete at room temperature once the mixture turned dark brown/black and 

thickened with the procedure taking a few minutes. Fig. 4.1 shows the main 

synthesis reactions. The final molar concentrations of the reaction mixture are: 

0.1 M pyrrole; 0.25 M FeCl3·6H2O – for n=2.5 and 0.6 M for n=6 and 0.002 M 

methyl orange. To decorate the PPy nanotubes with magnetite, the resulting PPy 

dispersion was mixed with an excessive amount of ammonium hydroxide (4 M) 

at room temperature until the solution became basic (pH > 10). Lastly, the 

decorated nanotubes were isolated by filtration and washed with ethanol. The 

particles were left to dry overnight at 60 °C. 

Table 4.1. Preparation compositions for PPy/magnetite nanotubes. 

 n Pyrrole (mL) FeCl3·6H2O (g) Water (mL) Methyl orange (mg) 

PPy2.5 2.5 1.4 13.52 200 130 

PPy6 6 1.4 32.45 200 130 
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Figure 4.1 The two-step synthesis of magnetic nanotubes; PPy nanotubes are first 

created using the oxidation of the pyrrole with FeCl3·6H2O. Excess amounts of 

FeCl3·6H2O lead to the creation of magnetite under alkaline conditions converting 

PPy to a base [7]. 

4.2 MRF-based electronic devices 

Electrical devices with tunable parameters that utilize MRFs are on the rise [47]. 

Such a device was fabricated based on the PPy2.5 and PPy6 magnetic tubes which 

were dispersed in silicone oil with a volume concentration of 50 %. In short, 

several MRFs based on these particles and silicone oil were prepared. The device 

basically consists of an MRF that is sandwiched between two copper plates as 

shown and described in Fig. 4.2a, b in detail. The device is the connected with an 

RLC bridge and is placed inside a set-up that may impose static magnetic fields 

as shown and described in Fig. 4.2 c. 

.  

Figure 4.2 a) Top view of the electric device (ED) with 1 being the copper plate, 2 a 

natural rubber ring with diameter and thickness of 20 and 2 mm respectively, 3 is an 

insulating tape and 4 the MRF. b) The ED covered with the copper plates from both 

sides. c) The measuring set-up with 1 being the magnetic core, 2 copper coils connected 

to a DC source (DCS) for the production a magnetic field, 3-5 base for a load, 6 being 

an 800g load. The ED is connected to a power source (Br) [15]. 
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It is possible to use a superimposed AC signal together with any combination of 

a static electric and magnetic fields. The MRF-based device acts as a capacitor 

with an equivalent resistance connected in parallel. The electrical properties of 

the MRF-based device can be measured under various conditions. When a static 

external electric field is applied, the particles can become electrically polarized 

and the whole MRF improves its dielectric properties. The distance of the dipoles 

is basically the distance between particles when the chain-like structure is formed. 

It is possible to alter this distance by varying the electric and magnetic fields, thus 

control the properties of the dielectric as a whole. The mechanism and how the 

external fields affect the interparticle distance is presented in Fig. 4.3 in detail. 

 

Figure 4.3 The MRF-based electric device under various conditions. a) No electric or 

magnetic fields are applied; the particles are considered to be randomly dispersed with 

an average distance between them z0. b) Only an electric field is applied, the particles 

become electrically polarized and form column-like structures with an average distance 

between particles being z1. c) Only an external magnetic field is applied and the 

particles are magnetically polarized with an average distance between them z2. d) 

Simultaneous application of an electric and magnetic field. The average distance is now 

z3 which is the shortest [48]. 

Fig. 4.4 displays the dependance of the equivalent resistance and capacitance for 

the same MRF, based on PPy6 particles at different frequencies and loads (a,b 

1 Hz, 900 g, c,d 10 Hz, 800 g, constant impedance). For all samples the resistance 

has a decreasing tendency both with electric and magnetic fields. The resistance 

drops at a specific rate denoted by the fitted curves in Fig. 4.4a. The slope is 

independent of the magnetic field. In the given experimental window, the 

magnetic field has a higher impact for both samples when compared with the 

influence of the electric field with the resistance being half, at saturated fields. 

The capacitance has different trends. For the sample tested at 1 Hz Fig. 4.4b, the 

capacitance has a strong response both with the electric and magnetic fields. 

Unlike the resistance, the impact of the magnetic field depends on the electric 

field. For the sample measured at 10 Hz, the capacitance shows a completely 

different trend when compared to the 1Hz sample. The electric field is not 

particularly impactful and a good response is only observed when the magnetic 

field is altered. As can be seen by varying certain parameters, it is possible not 
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only to tune the electrical properties of these MRF-based devices but to obtain 

different trends. There are three extensive studies based on these MRF-based 

electrical devices with all the details [15, 48, 49]. 

 

Figure 4.2 Capacitance and its equivalent resistance for an electric device at a,b) 1 Hz 

and 900 g load, and c,d) 10 Hz, 800 g load and constant impedance of 100 kΩ at the 

terminals of the RLC meter [15, 48]. 

4.3 Dimorphic MRFs 

A dimorphic magnetorheological fluid (DMRF) is usually a three-component 

system composed of a conventional MRF and another type of magnetic or non-

magnetic particles with a different morphology. For example, spherical and rod-

like particles dispersed in an oil. There are only a handful of publications that 

include dimorphic MRFs, thus there is a large gap in the field to investigate [50, 

51]. Moreover, to our knowledge, DMRFs based on magnetic nanotubes were not 

studied. Two different DMRFs were prepared with the characteristics presented 

in Table 4.2. 

The MR effect of the samples at low and saturated fields is presented in Fig. 4.5. 

For both graphs the MRF 2.5 has overall inferior performance except at high 

frequencies in Fig. 4.5a. The MRF 6 on the other hand, shows similar 
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performance to the conventional MRF at saturated fields. However, at low fields, 

the MRF 6 outperforms the standard MRF by a considerable amount. The reason 

behind this observation was deemed to be the different types of magnetic particles. 

Despite having a much lower Ms, magnetite saturates at lower fields as was shown 

in Fig. 2.1. 

Table 4.2 Composition of the prepared magnetorheological fluids in vol%. 

 Code name 

 Components  MRF 2.5  MRF 6 Standard MRF 

Carbonyl iron 10 10 10 

PPy2.5 1 0 0 

PPy6 0 1 0 

Silicone oil 89 89 90 

 

Thus, the chain-like structures formed at the lower fields are more robust giving 

rise to a better MR effect. This is very important as less powerful fields are 

required to reach a better MR effect, thus less energy consumption is needed. 

 

Figure 4.5 MR effect of various DMRFs compared to a standard MRF at different shear 

rates and magnetic fields a) 150 kA/m, b) 1050 kA/m [7]. 

The DMRFs were also tested at elevated temperatures through step-wise test with 

the MRF 6 sample shown in Fig. 4.6a. To be precise, the samples were subjected 

to a steady shear and the magnetic field was turn on and off repetitively with the 

field being constantly increasing between steps. At 60 °C the chains remain robust 

and the on-state shear stress is only slightly reduced when compared with the 
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shear stress at room temperature. However, during the off-state the viscosity is 

more temperature dependent which leads to a considerably lower shear stress. The 

average of all shear stress points at a given period is used to calculate the MR 

effect in Fig. 4.6b where all samples are compared. Key findings include that the 

MR performance is affected by the temperature especially at saturated fields. The 

DMRFs have much higher MR effects when compared to the standard MRF 

which is very impressive as only 1 vol% of nanotubes was added. The study 

includes the investigation of the effect of the nanotubes on the sedimentation 

stability, Mn and other key properties for magnetorheology [7]. 

 

Figure 4.6 a) Effect of the step-wise increase of the magnetic field on the shear stress 

under a steady shear of 50 s–1 at different temperatures for the MRF 6. Changes of the 

magnetic field are illustrated with dotted lines with the values noted on top. The sample 

at 25 °C is shifted by 20 seconds for clarity reasons. b) MR effect at different magnetic 

fields for different MRFs at room temperature and 60 °C [7]. 

4.4 Recyclable MREs 

One of the most commonly used matrices in MREs is silicon rubber due to its 

liquid state in which the magnetic particles can be dispersed homogeneously 

before curing. However, such elastomers cannot be recycled. In this section the 

possibility of reprocessing of MREs is showcased. The matrices are prepared 

through compression moulding using a polyurethane-based thermoplastic 

elastomer and CI particles, at different concentration, which are mixed prior inside 

a compounder. The samples were used in various tests, then they were recycled 

and tested again with this process being repeated three times with all the details 

included in the published paper [52]. As can be seen in Fig. 4.7, results show that 

in terms of mechanical properties both of the MREs and the pure elastomer 

managed to keep overall the same properties even after three reprocessing cycles. 

The tensile strength and the elongation at break are slightly reduced for every 

cycle; however, considering that in applications usually only one third of recycled 

material is used, these are very satisfying results. Only the after being recycled 
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three times (R3), the reprocessed MRE sample started to show noticeable changes. 

On the other hand, as shown in Fig 4.7b, the values of the Young’s modulus were 

only sustained for the pure elastomer with the MRE showing a degrading trend 

with each reprocessing cycle. 

The magnetorheological properties of these samples were also examined. For 

samples with a low content of CI particles, no MR effect was observed as the 

elastomer is too stiff for the particle to move. 

 

Figure 4.3 a) Tensile tests for a reprocessed thermoplastic MRE with 80 wt% filling and 

their pure analogs. b) the Young’s modulus of the same samples. R0-R3 indicate the 

preprocessing cycle i.e. R0 the first sample, R1 once reprocessed sample etc. [52]. 

For the 80 wt% MREs, there was also no MR effect with the reasons explained in 

detail in the following section 4.5. Only for samples with a 50 wt% filling an 

MRE effect was observed and only for the non-reprocessed ones. This is 

demonstrated through dynamic strain sweeps in Fig. 4.8a where the G’ increases 

with increasing magnetic fields within the LVE. The MR effect of the 

corresponding samples is shown in Fig. 4.8b and it must be noted that it is defined 

as the ratio of the difference between the G’ of the on- and off-state over the G’ 

of the off-state thus it is expected to be much lower than the one defined from Eq. 

2.8. The reprocessed MRE displays a typical dependence on the magnetic field as 

described in the section 2.4. 
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Figure 4.4 a) Dynamic strain sweeps for an MRE containing 50 wt% CI particles at 

different magnetic fields (filled symbols; circles 0 kA/m; triangles 150 kA/m; stars 

450 kA/m; diamonds 750 kA/m); the neat matrix (unfilled) and (b) MR effect for the 

same 50 wt% matrix [52]. 

4.5 Particle-matrix interaction within MREs 

As mentioned above, highly filled thermoplastic MREs did not display an MR 

effect while MREs with a less amount of filling did. This unexpected result was 

explained through the particle-matrix interactions during reprocessing. Dynamic 

time sweeps were performed to simulate the samples during reprocessing and they 

are shown in Fig. 4.9. For these measurements, the temperature was set to the 

processing one at 180 °C, and the sample was quickly loaded trimmed and 

measured. For the neat elastomer in Fig. 4.9a, a typical curve is extracted with the 

G’ decreasing over time as the sample is heated and softens. The 30 wt% MRE 

shows the same decreasing trend for the first hour however, right after the G’ is 

increased. The same elastomer is shown in Fig. 4.9b at a different scale together 

with the MRE with 80 wt% which shows a G’ that is increasing for more than an 

order of magnitude. This increasement of G’ has to do with the particle-matrix 

interactions. The thermoplastic elastomer is composed of polyurethane groups 

which can easily produce free radicals at the processing temperatures. 

Additionally, the CI particles are covered with a hydroxyl layer which can also 

produce radicals. Thus, a meeting of these radicals will result in a covalent bond 

which is demonstrated by the stiffening of the material. For the 30 wt% MRE, 

there are few particles and the softening due heating has a higher impact on the 

G’. However, after an hour the bonding process becomes dominant. For the 80 

wt% particles on the other hand, the bonding formation is instantaneous and the 

amount of bonds is high enough to overcome the softening by a large amount. 

This explains why only the unprocessed sample displayed an MR effect. During 

the recycling processes the magnetic particles bond with the matrix and thus are 

not able to move and form any kind of structures. 
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Figure 4.5 Dynamic time sweeps for (a) unprocessed pure elastomer (open circles) 

and the 30 wt% MRE (half open circles) and (b) 30 wt% MRE and the 80 wt% (filled 

circles) [52]. 
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5. CONCLUDING REMARKS 

5.1 Evaluation and summary of the Ph.D. goals 

There were five general goals in total set for this Ph.D. study. The goals had to do 

with the marriage between the fundamental research of the MR systems with their 

applications. Each goal is evaluated separably as follows: 

• Studies of various polypyrrole-based MRFs were conducted. In particular, 

the previous PPy nanotube synthesis methods are now optimized. Two 

types of PPy composites were prepared. The former include magnetite 

nanoparticles decorated on the PPy nanotubes in various concentrations. 

The amount of the magnetite nanoparticles can be easily manipulated 

through the solutes of the rection. The latter includes nickel microparticles 

coated with PPy nanoparticles. Both types of composites were extensively 

studied in MRFs. 

 

• An investigation of the impact of the abovementioned magnetic nanotubes 

in conventional MRFs was conducted. Various types of the 

abovementioned PPy nanotubes (with higher or lower amounts of 

magnetite nanoparticles) were mixed in small amounts with a conventional 

CI-based MRF. The resulting MRF showed superior MR properties with a 

greater sedimentation stability. 

 

• Several electrical devices composed of MRFs were prepared. The MRFs 

were composed of both the PPy nanotubes decorated with magnetite and 

nickel particles coated with PPy particles of different morphology. The 

electrical devices took advantage of the dual conductive and magnetic 

nature of these types of particles. The devices could be used both as a mean 

to characterize MRFs and as devices with tunable electrical properties. 

 

• Recyclable MREs were prepared based on a thermoplastic polyurethane 

and CI particles. The mechanical properties were compared to the pure 

analogue elastomer and its recycled pallets. It was concluded that for an 

100% recycled MRE, the material properties are not supressed 

significantly. Additionally, some of the other properties, such as the 

piezoresistivity, were preserved even after three reprocessing cycles 

however, the MR behaviour was only observed for some of the samples 

and only for a single reprocessing cycle due to the development of a 

covalent bonding between the particles and the matrix. 
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• During processing of MREs or when they are exposed to elevated 

temperature, the polymeric matrix may react with the surface of the 

magnetic particles. These interactions were studied for two types of 

elastomers including a polyurethane-based thermoplastic elastomer with 

numerous active groups that promote the particle-matrix interactions. The 

second elastomer was a polypropylene-based thermoplastic elastomer 

which has no active groups and theoretically, should show no signs of 

bonding. The particle-matrix interactions were mainly evaluated through 

rheology and proposed mechanisms were suggested. 

 

• Most of the abovementioned studies are already published in Q1/Q2 impact 

factor journals, thus it can be said that the goals are generally achieved. 

The papers counted for this Ph.D. are the following: 
 

1) Anitas EM, Munteanu A, Sedlacik M, Bica I, Munteanu L, Stejskal J. 

Magnetic and electric effects in magnetorheological suspensions based 

on silicone oil and polypyrrole nanotubes decorated with magnetite 

nanoparticles. Results in Physics. 2024;61:107768.  

2) Munteanu A, Plachý T, Munteanu L, Ngwabebhoh FA, Stejskal J, 

Trchová M, et al. Bidisperse magnetorheological fluids utilizing 

composite polypyrrole nanotubes/magnetite nanoparticles and 

carbonyl iron microspheres. Rheologica Acta. 2023;62(9):461-72. 

3) Munteanu A, Ronzova A, Kutalkova E, Drohsler P, Moucka R, 

Kracalik M, et al. Reprocessed magnetorheological elastomers with 

reduced carbon footprint and their piezoresistive properties. Scientific 

Reports. 2022;12(1):12041. 

4) Jurča M, Vilčáková J, Kazantseva NE, Munteanu A, Munteanu L, 

Sedlačík M, et al. Conducting and magnetic hybrid polypyrrole/nickel 

composites and their application in magnetorheology. Materials. 

2023;17(1):151. 

5.2 Summary of the research work reports 

A summary of the published papers in regards to the abovementioned goals is 

given below: 

➢ Article I titled “Magnetic and electric effects in magnetorheological 

suspensions based on silicone oil and polypyrrole nanotubes decorated with 

magnetite nanoparticles” 

Paper overview: Polypyrrole-magnetite composites-based magnetorheological 

fluids were prepared and used as parts of an electric device with tunable resistivity 

and capacitance. 
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Two MRFs composed of two different types of PPy nanotubes decorated with 

magnetite nanoparticles dispersed in silicone oil were investigated. One type of 

the nanotubes is more conductive while the second more magnetic. The MRFs 

were used as dielectric materials as part of an electrical device which operates in 

external magnetic and electric fields. The resistance and the capacitance of the 

device are then measured under external fields. The trends of the resistance and 

capacitates follow the dipolar approximation model. It was found that it is possible 

to tune the equivalent resistance and the capacitance by changing the values of the 

external electric and magnetic fields. The system responds better to magnetic 

fields allowing the capacitance and the resistance to be tuned much easier for the 

nanotubes with the highest amount of magnetite nanoparticles. 

➢ Article II titled “Bidisperse magnetorheological fluids utilizing composite 

polypyrrole nanotubes/magnetite nanoparticles and carbonyl iron 

microspheres”. 

Paper overview: Evaluation of the MR performance and the stability of a 

dimorphic MRF based on CI microspheres and PPy-magnetite nanotubes. 

In this work two types of magnetic PPy nanotubes which were decorated with 

different amounts of magnetite were synthesized using a new method. The method 

allows for nanotubes with tunable magnetic and electric properties to be 

synthesized. These nanotubes were mixed with a conventional CI-based MRF and 

this is the first study which investigates the combination of spherical and tube-

like magnetic particles. The flow behaviour of the DMRFs was compared with a 

conventional MRF. The two systems showed similar flow-properties however, 

one of the DMRFs showed a higher stress increased during the on-state, especially 

at low magnetic fields. This was attributed to the faster magnetic saturation of the 

nanotubes over the CI-based particles. The experiments were performed also at 

elevated temperatures where it was proven that both DMRFs have a better MR 

response. Lastly, the stability of the systems was investigated with both DMRFs 

showing a greater sedimentation stability over the conventional MRF. 

Author contribution: conceptualization, investigation, writing-original draft. 

➢ Article III titled “Reprocessed magnetorheological elastomers with 

reduced carbon footprint and their piezoresistive properties”. 

Paper overview: A study of the mechanical and piezoresistive properties of 

thermoplastic MREs based on a polyurethane matrix after several reprocessing 

cycles and the interactions between the matrix and the magnetic particles. 

This research presents a unique type of MRE which is able to be reprocessed 

several times while keeping the mechanical properties almost at the same level, 
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with just a ~10% reduction. In total three reprocessing cycles were performed 

with the material being destroyed and then recycled repetitively. The internal 

structure, MR performance and the piezoresistivity of these MREs and their pure 

analogues were evaluated. The MR effect was greatly supressed due to the new 

internal structure of the MRE which contained covalent bonds between the 

polyurethane matrix and the magnetic particles. The elastomers’ molecular weight 

was reduced which seemed to the cause of the reduction in the mechanical 

properties. Surprisingly, the Payne effect was not spotted despite the MREs being 

highly filled. Lastly, the piezoresistivity tests showed a slight drop in the 

conductivity after each recycling process however, the changes did not 

significantly affect the final product. The study is significant as usually only one 

third of the reprocessed material are used however, this study showed a usable 

final product composed of 100% recycled materials. 

Author contribution: conceptualization, investigation, writing-original draft. 

➢ Article IV titled “Conducting and magnetic hybrid polypyrrole/nickel 

composites and their application in magnetorheology” 

Paper overview: Synthesis of hybrid organic/inorganic composites with dual 

electrically conductive and ferromagnetic behaviour and their application in 

magnetorheology. 

Under the presence of ammonium peroxydisulfate, it was possible to coat nickel 

microparticles with PPy in a globular and tube-like morphology. The conductivity 

of composites was in the order of 10-1 S cm-1 while the magnetic properties 

depended heavily on the content of nickel. The morphology of the coating played 

a small role in the conducting and magnetic properties of these particles. The 

globular composites with two different amounts of nickel were dispersed in a 

silicone oil and the magnetorheological properties of the system were then 

evaluated. Depending on the amount of nickel, the MR effect was found between 

7–15 which was higher than other nickel-based MRFs from the literature. 

Author contribution: investigation, writing, reviewing, and editing. 

5.3 Contribution to science 

There were several contributions to science through the papers published in this 

thesis. To be precise: 

➢ An established synthesis method to prepare PPy nanotubes was used. 

However, several modifications were included which led to the diminish of 

the residual particles (not tubes) in the system after the synthesis and greatly 

improved the effective yield of PPy nanotubes. 
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➢ For the first time, a DMRF composed of magnetic particles with tube and 

spherical morphologies were studied. 

 

➢ The effect of particles that start saturating at different fields was evaluated 

for the first time. 

 

➢ For the first time, recyclable MREs with piezoresistive properties were 

prepared and studied. 

 

➢ For the first time, the interactions between the filler and the matrix were 

investigated for MREs under processing conditions. Before these were only 

speculated. These findings can be easily implemented for any polymer 

composites. 

 

➢ The “library of science” was enriched with various MRFs and MREs being 

included in terms of their mechanical, electrical and magnetic properties. 

 

5.4 Future work 

There are several current projects that are being finalized with the manuscripts 

being in their final states. These include: 

 

➢ Future Article I titled “Processing-Induced Particle/Matrix Interactions in 

Magnetorheological Elastomers Based on Thermoplastic Matrix” 

In this study, a detail investigation is performed on the interactions between the 

magnetic particles and a matrix of a thermoplastic MRE. The manuscript is 

finished and in the processed of being submitting before then end of 2024. A first 

authorship is expected. 

➢ Future Article II titled “Tunable Electrical Conductivity of Nickel-

Polypyrrole Microparticles Suspensions under Electric and Magnetic 

Fields” 

 

This is a finished manuscript very similar with the ones explain in section 4.2 with 

a nickel-based MRF instead of the MRF 6 and MRF 2.5. Currently it is reviewed 

from the co-authors from University of Timisoara and it is expected to be 

submitted before the date of the Ph.D. defense. A co-authorship is expected from 

this study. 
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Magnetic and electric effects in magnetorheological suspensions based on 
silicone oil and polypyrrole nanotubes decorated with 
magnetite nanoparticles 
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A R T I C L E  I N F O   

Keywords: 
Magnetorheological suspensions 
Polypyrrole nanotubes 
Magnetite nanoparticles 
Relative dielectric permittivity 
Dielectric loss factor 
Active magnetic composites 

A B S T R A C T   

In this work, two magnetorheological suspensions composed of polypyrrole nanorods decorated with magnetite 
nanoparticles and suspended in silicone oil were studied as electrical devices. The electrical devices (EDs) were 
fabricated in a unique cell using nanotubes with different magnetic and electric properties which can be tailored 
during synthesis. The electrical effects of the suspensions were studied under static electric and magnetic fields 
and were superimposed on a medium-frequency electric field. The electrical resistance Rp and the quality factor 
Qp at the terminals of EDs were extracted and analysed. Additionally, the equivalent electrical capacitances Cp 
were obtained through a well-established theory and then compared for each ED. Through the electrical and 
magnetic dipolar approximation model, it was illustrated that the electrical effect induced in a suspension can be 
three times higher depending on the amount of the magnetite. Thus, by tuning the synthesis parameters, it is 
possible to obtain EDs with well-defined and unique properties.   

Introduction 

Magnetorheological suspensions (MRSs) are colloidal intelligent 
materials consisting of magnetic microparticles which are dispersed in a 
non-magnetic carrier [1–4]. Under the influence of an external magnetic 
field, a magnetic phase is formed containing column-like aggregates 
which are oriented along the magnetic field lines [5,6]. In turn, this 
leads to a fast and reversible change of the material’s mechanical and 
electrical properties, including magnetorheological [7,8], magneto- 
resistive [9] or magneto-dielectric (MDE) behaviour [10,11]. 

Numerous applications in various fields take advantage of the 
mentioned effects. The magnetorheological effect is mainly used in 
shock absorbers and mechanical vibrations [12–16], or in magnetically 
controllable clutches [17,18]. The MDE effect is a phenomenon in which 

the electrical capacitance or the relative dielectric permittivity are 
changed in the presence of a magnetic field. Well-known materials with 
good MDE properties are MRSs based on silicone oil (SO) and carbonyl 
iron (CI) microparticles [9] or MRSs absorbed by cotton fabrics [10], for 
which the relative dielectric permittivity and the dielectric loss factor 
can be tuned by an external magnetic field. 

Several types of magnetic particles are generally used for applica
tions. However, when mixed in a solution such magnetic particles tend 
to sediment due to the high density mismatch [19]. A good solution 
would be to use rod or tube-like particles [20]. Their high free volume 
leads to high entropic repulsions which improves the stability of the 
solution. For tube-like magnetic particles especially, the literature is 
extremely limited [21]. For that reason, tube-like particles were 
selected. However, as mentioned above, good electric properties are also 
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needed. Thus in this work, magnetic and conductive nanotubes are 
investigated as MDEs. 

Another benefit of polypyrrole is its use in medical and environ
mental applications [22]. Environmentally friendly and low-cost MRSs 
have already been investigated. As an example, magnetically active 
membranes, consisting of honey, carbonyl iron, and silver microparti
cles, can be used for various biomedical applications since they allow a 
remote and magnetically induced release of the bioactive components 
[23]. For the case of electrical devices based on MRS with honey, the 
response occurs only upon the application of an external magnetic field. 
However, here by using PPMY particles, we expect that the response of 
the electrical device to occur both for external magnetic and electric 
fields something that other MDEs are lacking. 

The aim of this work is twofold. Firstly, to show that it is possible for 
MRS based on SO and polypyrrole nanotubes decorated with magnetite 
nanoparticles to induce electro-magnetodielectric and electro- 
magnetoconductive effects, by using a medium-frequency electric field 
superimposed on static electric and magnetic fields. Secondly, to 
investigate which type of particles are responsible for these effects. To 
this aim, polypyrrole/magnetite (PPMY) nanoparticles were synthesised 
in two forms; PPMY6 and PPMY2.5 in accordance to the procedure 
described in Ref. [24]. Two MRSs, denoted MRS1 and MRS2 were pre
pared by using the same volume fractions of nanoparticles (PPYM6, and 
PPYM2.5, in the respective order), and SO. By using a measuring cell 
with a diameter of 20 mm and a height of 2 mm, two electrical devices 
(ED1 and ED2) are manufactured. 

The electrical resistance Rp and the quality factor Qp are measured at 
the terminals of the devices. Following, equivalent electrical capacitance 
Cp of each device is extracted from the obtained data. Further, Cp and Rp 
are used to determine the magneto-dielectric, magneto-electro
conductive (MCE), as well as electro-magnetodielectric and electro- 
magnetoconductive effects in the obtained suspensions. It is shown 
that the electro-magnetodielectric effects, and respectively the electro- 
magnetoconductive effects of MRS1 are up to about three times higher 
as compared to MRS2. 

Experiment 

Materials 

The following materials were used for fabrication of MRSs; silicone 
oil (SO, MS 100 type produced by Silicone Commerciale SpA, Italy). The 
density of SO is ρSO = 0.98 g cm− 3 and the kinematic viscosity is ν = 100 
cSt at 25 ◦C. The relative dielectric permittivity at the frequency f = 100 
kHz and the same temperature is εr = 2.8. This type of SO can be used in 
a wide range of temperatures, from − 55 ◦C up to 220 ◦C. 

For the magnetic nanoparticles, a two-step synthesis was performed 
to obtain two kinds of nanotubes. The codenames of PPMY6 and 
PPMY2.5 were selected to emphasize the molar ratio of FeCl3⋅6H2O over 
pyrrole which was used to make each type of nanotubes. A detailed 

description of the synthesis is provided in our previous work Ref. [24]. 
The morphology of the nanoparticles was studied by scanning elec

tron microscope (SEM) NOVA NanoSEM 450 (FEI, The Netherlands) and 
shown in Fig. 1. As can be seen, the tube-like shape was confirmed for 
both types of particles and the higher molar ratio of FeCl3⋅6H2O resulted 
in increased amount of magnetite covering the polypyrrole tubes 
(Fig. 1a) [24]. Regarding the size of both particles, the tubes appear to 
be approximately around 1–3 μm in length and diameter in a nanometer 
range. In magnetorheological fluids based on iron oxide nanorods, the 
larger the size of the nanorods resulted in a higher performance of the 
fluids [25]. 

The PPMY6 and PPMY2.5 nanoparticles, having remanent electrical 
polarization, form millimetric-size agglomerates with different 
morphology and a high degree of polydispersity, as shown in Fig. 2. In 
order to decrease the polydispersity degree, the agglomerates have been 
partially redispersed using a friction bowl with pestle, for about 15 min 
per sample. 

The obtained particles P1 and P2 (Fig. 3a and 3b) have smaller sizes: 
the average diameter of P1 is 12.55 μm and a standard deviation of 4.37 
μm, and the average diameter of P2 is 13.60 μm and a standard deviation 
of 4.14 μm, obtained by a fit with a lognormal distribution, as shown in 
Fig. 3c and 3d. By measuring the volumes and masses of P1 and P2, the 
densities ρ1 = 0.32 g cm− 3, and ρ2 = 0.27 g cm− 3 respectively were 
extracted. The suspensions MRS1 and MRS2 were prepared by manual 
mixing of 1.5 cm3 of SO and 1.5 cm3 of P1, and respectively P2 micro
particles, for about 10 min, in a 25 mL Berzelius glass. 

The magnetization curves of the PPMY6 and PPMY2.5 nanoparticles 
have been obtained by a vibrating-sample magnetometer (VSM, Model 
7407, USA) with the intensity of the magnetic field ranging from –796 
to + 796 kA m− 1 at room temperature. The results are shown in Fig. 4. 
As can be seen in Fig. 4a, PPMY6 show superior magnetization MSP, 
exceeding 61 A m2 kg− 1, in comparison to their counterpart which 

Fig. 1. The morphology of PPMY6 (a) and PPMY2.5 (b) evaluated by SEM.  

Fig. 2. The morphology of PPMY6 microparticles, obtained using a digital 
microscope. PPMY2.5 have a similar morphology. 
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peaked at 31 A m2 kg− 1. This indicates that especially PPMY6 particles 
are promising also for magnetorheological suspensions [24]. 

It is known that between the saturation magnetization MSP of the 
particles and the saturation magnetization MMRS of the suspensions, the 
following relationship holds: μ0MMRS = ΦPμ0MSP, [21], where μ0 is the 
magnetic constant of the vacuum and ΦP is the volume fraction of the 
particles. Since the volume fractions of particles P1 and P2 in their 
respective suspensions are 50 %, then by using the above relation 
together with the magnetization curves of the particles form Fig. 4a, one 
obtains in Fig. 4b the magnetization curves of MRS1 and MRS2. Note that 
when compared to the pure particles, it is apparent that in suspension 
form, the overall magnetization is significantly lower, due to decreased 
concentration of the magnetic nanoparticles, which are responsible for 
the magnetic response. 

Fabrication of electrical devices 

The materials used for the manufacture of the devices are:  

• A copper foil with electroconductive adhesive (FCua) in the form of a 
roll (Fig. 5a), was purchased from Fruugo (UK). The length of the 
copper foil is 20 m, the width is 20 mm and thickness is 0.05 mm. The 
adhesive side is covered with a paper layer with a thickness of 0.5 
mm.  

• A surgical tape (ST), Durapore 3 M type, was obtained from Help Net 
(Fig. 5b, pos. 1) in the form of a roll. The length of the tape is 9.5 m, 
the width is 50 mm and the thickness is 0.2 mm. The outer side of ST 
is non-adhesive (Fig. 5b, pos. 1), while the inner side is adhesive 
(Fig. 5b, pos. 2).  

• A crystal protection film (F), was purchased from Office Direct 
(Romania), in A4 format. The thickness of the foil is 0.12 mm. 

Fig. 3. Microparticles P1 (a), and P2 (b) visualized in transmission mode, by using OPTIKA microscope (made in Italy). The corresponding histograms of the 
equivalent diameters (blue bars) and the fit with a lognormal distribution function (black curve) for P1 (c) and P2 (d). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The relative magnetization σ function of the intensity H of the magnetic field, for: a) particles PPMY6 and PPMY2.5; b) suspensions MRS1 and MRS2.  
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• A self-adhesive pad (Ba), purchased from Carboy with a diameter of 
40 mm and thickness of 2 mm (Fig. 5c). The pad is made from natural 
rubber and can support a weight of up to 700 N. 

The EDs were manufactured according to the following steps:  

1. Two pieces with dimensions 45 mm × 40 mm were cut from the ST 
band and the F coil. The adhesive side of ST was placed on the foil F 
by pressing.  

2. The copper foil was placed on the non-adhesive side of the assembly 
made during step 1 by pressing until the surface area of ST was 
covered. As a result, the components of the measuring cell MC 
(Fig. 6a) were completed.  

3. A hole with a diameter of 20 mm was made with a steel drill in the 
pad from Fig. 5(c). This part was placed with the adhesive side on the 
copper side of the assembly obtained during step 2 (Fig. 6b). As such, 
the second component of the measuring cell MC (Fig. 6b) is made.  

4. The suspensions were then poured on the copper side, as shown in 
Fig. 7a. Following, the electrical device ED1 with MRS1, and the 
device ED2 with MRS2 were completed by electrically insulating the 
copper sides through the ST using heating. Fig. 7b show the final 
configuration of the obtained ED. 

Experimental setup 

The overall configuration of the experimental installation is shown in 
Fig. 8 (pos 6). The setup was used to study the magnetic suspensions in a 
medium-frequency electric field superimposed on a static magnetic field 
and uniform mechanical tension forces. The installation consists of an 
electromagnet, a direct current source (DCS), RXN-3020D type from 
HAOXIN (China), an RLC bridge Br, E720 type (Belarus), a gaussmeter 
Gs, DX-102 type from Dexing Magnets (China), a hall probe h, and a 
force application unit for the deformation of the device. The displace
ment unit is made of non-magnetic elements, and it consists of a shaft 
passing through the magnetic pole of the electromagnet and is 

mechanically coupled with a disk and a plate. The mass marked with a 
value of 800 g (Fig. 8) on the plate, is a lead disk. The ED and the probe h 
of the gaussmeter are fixed between the poles of the electromagnet 
utilizing a non-magnetic disk. 

The working frequency f of the Br bridge is 10 kHz. The static 
magnetic field has magnetic flux density values B with a maximum of 
420 mT, adjustable in steps of 30 mT. At the beginning, and during the 
measurements, the values of B were set within the limits of ± 2 %. The 
intensity E inside the EDs can be tuned in steps of 2 kVdc m− 1 up to a 
maximum value of 20 kVdc m− 1 by adjusting the voltage on the bridge. 

Using the Br bridge, the parallel electrical resistance Rp and the 
quality factor Qp of EDs are measured during the application of the 
magnetic field or the intensity of a static electric field. During the 
measurements, the impedance at the terminals of the RLC meter is fixed 
at 100 kΩ. 

Experimental results, theoretical model and discussions 

The effect of magnetic field B ∕= 0, E = 0 

The EDs are inserted one by one between the magnetic poles of the 
electromagnet. The resistance Rp and the quality factor Qp of EDs are 
measured for magnetic flux density in the range 0 ≤ B (mT) ≤ 420, 
periodically increased by steps of 30 mT in the absence of the static 
electric field. The recorded values are shown in Fig. 9. 

Let us consider that nanoparticles P1 and P2 are monodisperse-like 
and uniformly distributed in the SO matrix (Fig. 10a). In the presence 
of a magnetic field, they become magnetic dipoles oriented along the 
magnetic field lines in the form of parallel and equidistant chains 
(Fig. 10b). Then, two identical and neighbouring magnetic dipoles form 
an electrical microcapacitor electrically connected in parallel with an 
electrical microresistor. 

Through the values of Rp and Qp, the equivalent electrical capaci
tance Cp is calculated using the following well-known formula: 

Fig. 5. (a) Copper foil (pos. 1). Paper band on the side with electroconductive adhesive. (b) Surgical tape roll (pos. 1). The adhesive side of the tape (pos. 2). (c) 
Natural rubber pad. 

Fig. 6. The components of the measuring cell MC. (a) Copper foil. (b) Natural rubber ring on top of the copper foil.  
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Cp =
Qp

2πfRp
, (1)  

Using the parameters mentioned in the experimental setup the above
mentioned formula can be rewritten: 

Cp(pF) ≃
16Qp

Rp(MΩ)
, (2)  

By using the variations Rp = Rp (B)ED from Fig. 9a, and Qp = Qp (B)ED 
from Fig. 9b, the variation of the capacitance can be deducted with the 
magnetic flux density, i.e. Cp = Cp (B)ED, as shown in Fig. 11a. The re
sults in Figs. 9a and 11a suggest that EDs are real capacitors, whose 
equivalent electrical scheme consists of a resistor and a capacitor con
nected in parallel. In addition, Rp and Qp decreases, and respectively 
increases with B, leading to an increase of the electrical conductivity. 

Using the volume fractions of the magnetizable nanoparticles (rep
resenting the percentage of magnetizable particles in the MRS), from 
Ref. [26] it can be shown that the expressions for Cp and Rp can be 
written as: 

Cp = ∊0∊ʹMRS
S
h0

(

1 −
2.25ΦSB2

μ0kd

)

, (3)  

and 

Rp =
h0

Sσ0

(

1 −
2.25ΦSB2

μ0kd

)

, (4)  

respectively. Here, ∊0 is the vacuum dielectric constant, ∊ḾRS the relative 

Fig. 7. (a) Subassembly with MRSs. (b) The end configuration of ED. 1 – copper foil, 2 – natural rubber ring with a diameter of 20 mm and thickness of 2 mm, 3 – ST 
band with non-adhesive surface, 4 – MRSs. 

Fig. 8. Experimental setup (overall configuration): 1 – magnetic core, 2 – coil, 
3 – non-magnetic spindle, 4 – non-magnetic plate, 5 – non-magnetic disk, 6 – 
non-magnetic marked mass, N and S – magnetic poles, ED – electrical device, Br 
– RLC bridge, Gs – gaussmeter, h – hall probe, DCS – continuous current source, 
Oz – coordinate axis, B – magnetic flux density vector, F – force vector, I – 
intensity of electric current. 

Fig. 9. Variation of the electrical resistance Rp (a) and of the quality factor Qp (b) with the magnetic flux density B for ED1 (black colour) and ED2 (red colour). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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dielectric permittivity of the suspensions, S represents the common 
surface area between the copper foil and MRS, h0 refers to the thickness 
of MRS, Φ the volume fraction of nanoparticles inside MRS, μ0 stands for 
the vacuum magnetic constant, k the deformability constant of the 
magnetic dipoles chain, d refers to the equivalent diameter of the 
magnetic dipoles, and equal to that of particles, and σ0 is the electrical 
conductivity of MRS in the absence of the magnetic field. 

Equations (3) and (4) show that the values of Cp and Rp are highly 
dependent on the magnetic flux density, in agreement with the experi
mental data from Fig. 9a and 11a. However, for the same values of the 
nanoparticles volume fractions, and for the same values of B, the values 
of Rp (Fig. 9a), and respectively of Cp (Fig. 11a) are different. According 
to the model given by Eqs. (3) and (4), the observed effect is due to the 
values of average diameters of the particles from MRS, and due to the 
values of the deformability constants of the magnetic dipole chains. In 
particular, an increase of either the average diameter or of the 
deformability constant leads to a less pronounced decrease of Cp and Rp 
with B. 

To quantify the contribution induced by the diameters of magnetic 
dipoles and by the deformability constant of the chains they form, we 
introduce the magneto-deformation effect: 

αB ≡
2.25ΦSB2

μ0kd
, (5)  

which describes the ratio between the deformation magnetic force of the 
magnetic dipole chains and the resistance force opposed by these chains. 

Therefore, by using Eqs. (4) and (5), αB can be rewritten as: 

αB = 1 −
Rp

Rp0
, (6)  

where Rp0 ≡ h0
Sσ0 

is the resistance in the absence of the magnetic field. 
By introducing in Eq. (6) the variation of resistance with magnetic 

flux density from Fig. 9a, variation of αB with magnetic flux density is 
obtained, i.e. αB = αB(B), as shown in Fig. 11b. The results show that αB 
for P1 particles is significantly higher when compared to P2 particles. In 
particular, for B ≥ 300 mT, αB is about two times larger for P1 micro
particles, in agreement with the model of the magnetic dipole approxi
mation and confirmed by the results obtained in [23,26,27]. 

The quantification of the type of nanoparticles on the behaviour of 
the capacitance and resistance is addressed by using the MDE and MCE 
effects, defined by: 

MDE(%) ≡

(
Cp

Cp0
− 1

)

× 100, (7)  

and respectively by: 

MCE(%) ≡

(
Rp0

Rp
− 1

)

× 100. (8)  

Thus, using the data from the capacitance and resistance from Fig. 9a, 
and 11a respectively, from the Eqs. (7) and (8), the variation of MDE and 
MCE are obtained, as shown in Fig. 12a, and respectively 12b. The 

Fig. 10. Distribution of particles Pi (i = 1,2) in silicone oil (model) in the absence of a magnetic field (a), and respectively in the presence of a magnetic field (b). 
Here, B is the magnetic field density vector, mi is the magnetic moment vector of particle Pi (i = 1, 2), Oz is the coordinate axis, h0 and hB are the distances between 
the copper plates (Cu) in the presence, and respectively in the absence of the magnetic field. 

Fig. 11. Variation of the electrical capacitance Cp (a) and of the dimensionless quantity αB (b) with the magnetic flux density B for ED1 (black colour) and ED2 (red 
colour). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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results indicate that the type of particles used can significantly influence 
the MRSs MDE and MCE. In particular, for B > 0, the contribution of the 
P1 nanoparticles is higher if compared to P2 nanoparticles, for both MDE 
and MCE. This is due to the different structure and stoichiometric 
composition of P1 and P2. 

The observed effects resulted from the magnetization of the two 
types of particles (see Fig. 4b), as they are responsible for the occurrence 
of different magnetic forces, and thus for different magneto- 
deformations of the magnetic dipole chains in MRSs [24,27]. As a 
result of the interaction between the magnetic dipole chains, for P1 
particles, the resistance (Fig. 9a) and capacitance (Fig. 11a) induce the 
maximum at B ≃ 340 mT in MDE (Fig. 12a) and MCE (Fig. 12b). 
Through their proximity and the agglomeration process, the number of 
columns with electric microcapacitors and microresistors decreases. 
This leads to a decrease of resistance Rp and capacitance Cp, therefore 
changing the behaviour of MDE and MCE for MRS1 sample. 

The effect of electric fieldB = 0,E ∕= 0 

The quantities Rp and Qp are measured as a function of the intensity E 
of a static electric field, and in the absence of magnetic field. Using the 
electric field, the samples were scanned from 0 to 20 kV m− 1, in intervals 
of 2 kV m− 1. The results are presented in Fig. 13a, and 13b respectively 
showing that EDs are equivalent, from an electrical point of view, to a 
resistor connected in parallel to a capacitor. 

The electric field between the copper foils of EDs is uniformly 
distributed. As a result, the Pi, (i = 1, 2) particles obtain electrical 
charges q, thus becoming electrical dipoles. Within the volumes of 

MRSs, the quantity of charge can be expressed by [26]: 

Q =
6ΦSq
πd2 . (9) 

Similarly to the magnetic dipoles, the electrical dipoles are oriented 
along the electric field lines, in the form of columns. This formation 
behaviour is illustrated in Fig. 14. We assume that these columns have 
equal lengths and are uniformly distributed in the MRS. In an electric 
field, the length h0 of the columns becomes hE < h0 (as illustrated in 
Fig. 14). 

By using the variations Rp = Rp(B) and Qp = Qp (B) from Fig. 9 in Eq. 
(2), the variation of capacitance Cp = Cp(B) can be calculated as 
demonstrated in Fig. 15a. From the above assumptions and according to 
the model developed in Ref. [26], the length hE can be calculated as: 

hE = h0

(

1 −
QE

h0kE

)

, (10)  

where kE is the deformability constant of the electric dipole chains. 
Thus, by knowing hE, we obtain the equivalent electrical capacitance of 
EDs in static magnetic field, as: 

Cp =
Cp0

1 − QE
hEkE

, (11)  

where: 

Cp0 ≡
∊0∊ʹMRSS

h0
(12) 

Fig. 12. Variation of the MDE (a) and of the MCE (b) with the magnetic flux density B for ED1 (black colour) and ED2 (red colour). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. Variation of the electrical resistance Rp (a) and of the quality factor Qp (b) with the intensity E of a static electric field for ED1 (black colour) and ED2 (red 
colour). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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is the equivalent electrical capacitance of EDs in the absence of the 
electric field. 

Similarly, the electrical resistance can be written as: 

Rp = Rp0

(

1 −
QE

hEkE

)

, (13)  

where: 

Rp0 ≡
h0

σMRSS
(14)  

is the equivalent electrical resistance of EDs in the absence of electric 
field. 

Equations (13) and (14) show that the values of the capacitance and 
resistance are greatly influenced by the values E of the intensity of the 
electric field, in agreement with experimental data from Figs. 9a and 
11a. However, for the same volume fractions values of the particles, and 
for the same values of the intensity of the electric field, the values of Cp, 
and Rp are varied. According to the model given by Eqs. (13) and (14) 
the observed effects arise due to the values of the average diameters of 

the particles, as well as due to the deformability constants of the elec
trical dipole chains. 

In order to quantify the contributions of these two factors, we 
introduce the electro-deformation effect: 

αE ≡
QE

hEkE
, (15)  

which describes the ratio between the electrical force of deformations of 
electrical dipole chains, and the resistance force opposed by the chains. 

By combining Eqs. (13) and (15), one obtains αE in the form: 

αE ≡ 1 −
Rp

Rp0
. (16)  

Then, by using the variation of resistance from Fig. 11a in Eq. (16), the 
variation αE = αE(E) can be obtained, as shown in Fig. 15b. 

The results show that for E > 0, αE(E)ED1 > αE(E)ED2. This effect 
arises due to the difference in the electrical polarization of particles P1 
and P2, at a fixed value of intensity E > 0. 

For the quantification of the contribution of the particles type to the 
capacitance and resistance, we introduce the relative contribution of the 
electric field, in the absence of the magnetic field, to the electrical 
capacitance (ΛC) and to resistance (ΛR), as: 

ΛC(%) =

(
Cp

Cp0
− 1

)

× 100, (17)  

and respectively: 

ΛR(%) =

(
Rp0

Rp
− 1

)

× 100. (18)  

Then, by using the variation of the capacitance (Fig. 11a) and of the 
resistance (Fig. 9a), the variations ΛC = ΛC(E), and ΛR = ΛR(E) are 
obtained as shown in Fig. 16a and 16b respectively. The results show 
that ΛC and ΛR have a quasi-linear increase with E, while ΛCMRS1 > ΛCMRS2 

and ΛRMRS1 > ΛRMRS2 for E > 0. These effects can be correlated to the 
different values of the modulus of the electrical polarization vector, and 
the electrical conductivities of particles P1 and P2 [26] due to the 
accumulation of electrical charges in the volume of MRS and due to the 
electro and magneto-deformations of the column dipoles. In turn, this 
leads to an increase of the electrical conductivity and capacitance. 

The combined effect of the electric and magnetic fieldsB ∕= 0,E ∕= 0 

The EDs are introduced in a static electric field superimposed over a 
static magnetic field and an electric field of frequency f = 10 kHz with 
an effective value of u = 1Vef . The intensity of the static electric field is 

Fig. 14. Distribution of particles Pi (i = 1, 2) in silicone oil (model) in the 
presence of a static electric field. Here, E is the electric field intensity vector, μI 
(i = 1, 2) is the electric moment, Oz is the coordinate axis, and hE is the dis
tances between the copper plates (Cu) in the presence, of the electric field. For 
the configuration without electric field, see Fig. 10a. 

Fig. 15. Variation of the electrical capacitance Cp (a) and the quantity αE (b) with the intensity E of a static electric field for ED1 (black colour) and ED2 (red colour). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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steadily increased from 0 to 20kV m− 1 in steps of 2 kV m− 1. The static 
magnetic field is also altered within the range of 0 and 0.4 T in steps of 
100 mT. Rp and Qp are measured during the application of the electric 
and magnetic fields. The obtained values for ED1 and ED2 are presented 
in Figs. 17 and 18, respectively. The results show that for both devices Rp 
(and Qp) decrease with increasing values of the electric field in agree
ment with Eq. (13). When the electric field is fixed, Rp and Qp decrease 
with increasing values of the magnetic field. Thus, Rp and Qp are greatly 
influenced by the static electric and magnetic fields superimposed on a 
medium-frequency electric field. 

Using the data from Figs. 17 and 18 in Eq. (2) the capacitances of ED1 
and ED2 can be obtained, as shown in Fig. 19a, and b. 

The results show that for fixed values of magnetic field, the capaci
tance has a quasi-linear increase with the electric field, in agreement 
with Eq. (11). Similarly, considering the fixed values of electric field, the 
capacitance increases significantly with increasing magnetic field, in 
agreement with Eq. (3). However, for fixed values of magnetic field the 
contribution of P1 particles to the capacitance is two times larger when 
compared to P2 particles. The effect is due to the high magnetic and 
electric polarization of P1 particles compared to P2 particles. 

The quantification of the contribution of these fields, to the values of 
the relative dielectric permittivity of MRSs is examined by introducing 
the electro-magnetodielectric effect βC, defined as: 

βC(%) =

(
Cp(E)B

Cp(E)B=0
− 1

)

× 100, (19)  

where Cp(E)B is the capacitance when E ∕= 0 and B ∕= 0, and Cp(E)B=0 is 

the capacitance when E ∕= 0 and B = 0 T. By using the variation of the 
capacitance from Fig. 19, the variation of the electro-magnetodielectric 
effect can be evaluated, as shown in Fig. 20. The results show that for 
fixed values of field, the βC increases for higher values of the magnetic 
field. Increasing both fields, leads to the agglomeration of dipole col
umns [26], which in turn results to a change of the shape of functions 
βC = βC(E). 

The quantification of the contribution of the static electric and 
magnetic fields superimposed on the medium-frequency electric field, to 
the electrical conductivities of MRSs is performed by introducing the 
electro-magnetoconductive quantity βR, defined as: 

βR(%) =

(
Rp(E)B=0

Rp(E)B
− 1

)

× 100, (20)  

where Rp(E)B=0 is the resistance when E ∕= 0 and B = 0 mT, and Rp(E)B is 
the resistance when E ∕= 0 and B ∕= 0. Thus, by using the variation of 
resistances form Figs. 17 and 18, it is possible to obtain the variation of 
the electro-magnetoconductive effects, as depicted in Fig. 21. The 
dependence of the electrical conductivity on the electric field super
imposed on the magnetic is also clearly observed. Due to the interactions 
between column dipoles, the effect of dipole columns agglomeration is 
much more pronounced for MRS1 as compared to MRS2, for high values 
of B. 

Conclusions 

In this work, two suspensions with considerable magnetorheological 
properties are manufactured. Silicone oil was utilised as a liquid carrier 

Fig. 16. Variation of ΛC (a) and ΛR (b) with the intensity E of a static electric field for MRS1 (black colour) and MRS2 (red colour). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 17. Variation of the electrical resistance Rp (a) and of the quality factor Qp (b) with the intensity E of a static electric field for ED1, at fixed values of magnetic 
flux density B. 

E.M. Anitas et al.                                                                                                                                                                                                                               



Results in Physics 61 (2024) 107768

10

and two types of fillers (P1 and P2) as dispersed phase were compared. 
The fillers consist of polypyrrole nanotubes decorated with magnetite 
nanoparticles (PPYM6 and PPYM2.5). Each magnetorheological sus
pension contains the same volume fraction of PPYM6 and PPYM2.5 
nanoparticles, and the same volume of silicone oil. Furthermore, the 
suspensions are used as dielectric materials for fabrication of electrical 
devices. An experimental setup is built to measure the electrical resis
tance and the quality factor at the terminals of the devices in the pres
ence of static electric and magnetic fields superimposed on a medium- 
frequency electric field. 

Based on the experimental results, the electrical capacitance of the 
capacitor is obtained. It is shown that the behaviour of both resistance 
and capacitance can be well described qualitatively by the models of 
electrical and magnetic dipolar approximations, and respectively by 
using the principle of effects superposition. An important feature is that 
in spite of the equal amounts of matrix and fillers, the induced electro- 
magnetodielectric effect (e.g. at B = 0.4 T and 0 ≤ E

(
kV m− 1) ≤ 20; 

Fig. 20), and the electro-magnetoconductive effect (e.g. at B = 0.4 T and 
12 ≤ E

(
kV m− 1) ≤ 20; Fig. 21) is higher up to about three times for 

Fig. 18. Variation of the electrical resistance Rp (a) and of the quality factor Qp (b) with the intensity E of a static electric field for ED2, at fixed values of magnetic 
flux density B. 

Fig. 19. Variation of the electrical capacitance Cp with the intensity E of a static electric field and at fixed values of magnetic flux density B, for ED1 (a) and ED2 (b).  

Fig. 20. Variation of the electro-magnetodielectric effect βC with the intensity E of a static electric field and at fixed values of magnetic flux density B, for MRS1 (a) 
and MRS2 (b). 
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suspensions with P1 particles. 
These properties are important for the device manufacturing for 

monitoring electric and magnetic fields and respectively electromag
netic fields, as it is well-known that they contribute to pollution affecting 
life. 
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Abstract
Conductive polypyrrole nanotubes were synthesized with a two-step one-pot synthesis. During synthesis, the nanotubes were 
decorated with magnetite nanoparticles at different concentrations granting them magnetic properties. The characterization 
of the tubes revealed differences from the theoretical reactions. A bidisperse magnetorheological fluid (MRF) was prepared 
by mixing the composite polypyrrole nanotubes/magnetite nanoparticles with commercial carbonyl iron spherical micro-
particles in silicone oil. The rheological properties of the bidisperse system were studied under the presence of magnetic 
field at room and elevated temperature. An enhancement of the MR effect with the presence of the nanotubes was observed 
when compared with a standard MRF consisted only of magnetic microparticles. Due to the faster magnetic saturation of 
the nanotubes, this enhancement is exceptionally high at low magnetic fields. The stability of the system is studied under 
dynamic conditions where it is revealed that the nanotubes keep the standard particles well dispersed with the sedimentation 
improving by more than 50%.

Keywords  Magnetic composite · Polypyrrole nanotubes · Magnetorheology · Bidisperse system · Sedimentation Stability

Introduction

A magnetorheological fluid (MRF) is a unique type of smart 
material which may alter its viscosity by several orders of 
magnitude within milliseconds upon exposure to an exter-
nal magnetic field (de Vicente et al. 2011). A typical MRF 
is composed of micrometre-sized magnetic particles sus-
pended in a non-magnetic carrier liquid. Due to its ability 
to change from liquid to solid-like state, several applications 
are involved. Brakes, clutches, and shock absorbers are the 

most common examples (Bai et al. 2019; Zainordin et al. 
2021; Park et al. 2021; Deng et al. 2021).

Despite the plethora of studies and applications, these 
MRFs still face prominent problems such as corrosion at 
high temperatures and aggressive environments, coagulation 
due to the unfavourable interactions between the particles 
and liquid carrier, and lastly sedimentation caused by the 
density mismatch of the components. Several solutions have 
been proposed to overcome these problems, most notably 
using various additives, different morphologies, and coating 
the magnetic particles (Stejskal et al. 2021a; Thiagarajan 
and Koh 2021). Another approach would be the addition 
of rod-like particles in the suspension (Sedlacik and Pav-
linek 2017), thus creating a bidisperse system (or also called 
dimorphic, a system in which the dispersed phase particles 
are of two different morphologies or size). Such dimorphic 
magnetorheological fluids (DMRFs) decrease the sedimenta-
tion effect to acceptable levels and prevent the coagulation 
due to the steric repulsions provided by the rod-like particles 
(Sedlacik et al. 2013). The majority of bidisperse studies 
however are focused on the interactions between spheres 
with heavily mismatched size. These studies have shown that 
sedimentation stability is significantly increased (Wang et al. 
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2021b). Nonetheless, inconsistencies are observed in regard 
to the volume fraction of smaller particles. At lower frac-
tions, the small particles fill the gaps in the chain-like struc-
tures formed by the bigger ones when an external magnetic 
field is applied; however; higher concentrations could cause 
an inferior performance (Wereley et al. 2006; Chand et al. 
2014). Other types of bidisperse systems include the addi-
tion of rod-like particle into a conventional MRF composed 
of micron spheres. Current studies include different types 
of rods, mainly divided to magnetic and non-magnetic ones. 
Apart from improving the viability of such MRFs, these rod-
like particles may also improve the mechanical properties, 
such as higher yield stress when an external magnetic field 
is applied (on-state). Jiang et al. (2011) successfully synthe-
sized a DMRF using magnetic Fe nanowires, showing both 
a major reduction in sedimentation and better rheological 
properties which were observed even at low magnetic fields. 
Unfortunately, these nanowires are prone to oxidation and 
have relatively high values of coercivity and remanent mag-
netization. This could lead to a short life span of the system. 
Ngatu et al. (2008) also used similar nanowires with a higher 
length resulting in improved stability, but the rheological 
properties remained roughly the same. Eventually, oxidation 
was resolved using coated particles; however, the magnetic 
properties of these samples were severely hindered (Sedlacik 
et al. 2013). Non-magnetic rods also may show improve-
ments in mechanical properties, leading to the conclusion 
that these improvements are caused mainly by the shape of 
the particles. This was further validated by Bombard et al. 
(2014), who investigated the stoichiometric ratio of the two 
components, illustrating that these systems are more efficient 
at low rod concentrations.

With the basic concepts already investigated, the way 
is paved for more complex DMRFs. A novel DMRF using 
polypyrrole (PPy) nanotubes decorated with magnetite, 
Fe2O3, which may alter their magnetic properties based 
on their preparation, is presented. It is important to note 
that this is one of the first reports of a DMRF composed of 
magnetic spheres and nanotubes. In a preliminary work, the 
effect of the tube morphology and the magnetic and conduct-
ing properties of these nanotubes was studied (Stejskal et al. 
2021b). Polypyrrole nanotubes were chosen for several rea-
sons. First, the synthesis of such tubes is proven to be quick 
and facile. As mentioned above, some MRFs are prone to 
oxidation; however, PPy nanotubes have shown antioxidant 
activity (Upadhyay and Kumar 2013). Moreover, non-mag-
netic PPy nanotubes are very versatile being able to find a 
utilization in several applications including actuation, bat-
teries, conductive inks, electromagnetic interference shield-
ing, sensors, and electrorheological fluids (Stejskal and 
Trchová 2018). In addition, non-magnetic PPy nanotubes 
have been used in medical applications including adsorb-
ing influenza viruses, antimicrobial activity, necrolysis, and 

tissue engineering (Liao et al. 2014; Ivanova et al. 2017). 
Magnetic nanorods have been already used in biomedical 
applications (Nikolaou et al. 2021), thus further increasing 
the interest of magnetic PPy nanotubes. For the majority of 
literature, the rod/tube-like particles are notable smaller than 
the spherical one. Wang et al. (2021a) studied a DMRF with 
both tubes and spherical particles being in the range of ~10 
nm with great results. Lastly, several DMRFs were prepared 
using creative materials and morphologies with the major-
ity focusing on the sedimentation stability; however, their 
MR performance was inferior (Wang et al. 2018; Cvek et al. 
2018; Marins et al. 2019).

In this work, composite magnetic PPy nanotubes were 
synthesized using a novel method, and subsequently, their 
magnetic properties were studied together with other physi-
cal properties. Following, several bidisperse systems were 
prepared, and their (magneto)rheological properties were 
studied and compared with a standard MRF. Lastly, the 
thermal stability of the DMRF is evaluated together with 
the sedimentation stability in a dynamic environment as a 
closer comparison to the actual applications.

Materials and methods

Synthesis of the magnetic nanotubes

Polypyrrole nanotubes were synthesised and decorated 
with magnetite nanoparticles during a two-step synthesis. 
Two samples were synthesised at different molarities of 
iron(III) chloride hexahydrate (FeCl3·6H2O) (>99%) which 
was provided by Sigma-Aldrich together with the rest of the 
chemicals that are mentioned in this part. Table 1 presents 
the amount of each component used with the mole ratio of 
FeCl3·6H2O over pyrrole represented as n. For the synthesis, 
firstly, the pyrrole (>97%) was dispersed in water (0.2 M in 
100 mL), with methyl orange (0.004 M in 100 mL) being 
added later on. The dye is the key substance which guides 
the growth of tube-like morphology instead of spheres (Mori 
et al. 2017). Aside, the second solution of FeCl3·6H2O in 
water (FeCl3·6H2O is 0.5 M in 100 mL for n=2.5 and 1.2 
M in 100 mL for n=6) was prepared. Right after, both solu-
tions were combined, and the polymerization of pyrrole to 
the PPy nanotubes was completed at room temperature once 

Table 1   Preparation compositions for PPy/magnetite nanotubes

N Pyrrole (mL) FeCl3·6H2O 
(g)

Water (mL) Methyl 
orange 
(mg)

Sample 1 2.5 1.4 13.52 200 130
Sample 2 6 1.4 32.45 200 130
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the mixture turned dark brown/black and thickened with the 
procedure taking a few minutes.

Figure 1 shows the main synthesis reactions. The final 
molar concentrations of the reaction mixture are 0.1-M pyr-
role and 0.25-M FeCl3·6H2O for n=2.5 and 0.6 M for n=6 
and 0.002-M methyl orange. To decorate the PPy nanotubes 
with magnetite, the resulting PPy dispersion was mixed with 
an excessive amount of ammonium hydroxide (4 M) at room 
temperature until the solution became basic (pH > 10). The 
pH was periodically confirmed using a pH meter. Lastly, the 
decorated nanotubes were isolated by filtration and washed 
with ethanol. The particles were left to dry overnight at 60 
°C.

The final yields were 5.4 g for n=2.5 and 10.6 g for n=6. 
The abovementioned reactions are described in detail in a 
previous work, focusing only on the synthesis of the rods 
and perfecting the molar ratios, during which it was pos-
sible to tune the conductivity and the magnetic properties 
of the nanotubes by changing the molar ratio n (Stejskal 
et al. 2021b). However, to obtain magnetic nanoparticles 
with higher magnetization saturation, the deprotonation 
with ammonium hydroxide was modified using ammonium 
hydroxide with a much higher concentration in this work. 
For n=2.5, all FeCl3·6H2O should be consumed by the reac-
tion (Fig. 1) to produce the PPy nanotubes in the base form. 
For n=6, the excess amount converts the mixture of FeCl3 
and FeCl2 to magnetite and decorate the nanotubes.

Characterization of particles

The ATR FTIR spectra of the powdered samples were 
obtained using the Nicolet 6700 spectrometer (Thermo-
Nicolet, USA) equipped with a reflective ATR extension 
GladiATR (PIKE Technologies, USA) and a diamond crys-
tal. The spectra were recorded in the 4000–400-cm−1 range 
with a DLaTGS (deuterated L-alanine doped triglycine 
sulphate) detector at resolution of 4 cm−1, 64 scans, and a 
Happ-Genzel apodization. The morphology of PPy particles 
decorated with magnetite was studied by scanning electron 
microscope NOVA NanoSEM 450 (FEI, the Netherlands), 
while their magnetic saturation was investigated using a 
vibrating sample magnetometer (VSM, Model 7407, USA) 
with the intensity of magnetic field in a range from −10 to 
+10 kOe.

The specific surface area of the samples was estimated 
using nitrogen adsorption/desorption measurement using a 
surface area analyser (BELSORP-mini II, BEL Japan, Inc., 
Japan). The data was treated with a Brunauer, Emmett, and 
Teller (BET) multipoint method. Thermogravimetric analy-
sis (TGA; TGA Q500, TA Instruments, New Castle, USA) 
was performed in air in temperature range 25–700 °C using 
a heating rate 10 °C min−1.

Preparation of the dimorphic magnetorheological 
fluids

For the dimorphic system, carbonyl iron (CI) spherical par-
ticles (CN grade, iron content >99.5%, d50=6.5–8.0 μm; 
BASF, Germany) were mixed with the magnetic compos-
ite PPy nanotubes/magnetite nanoparticles in silicone oil 
(Lukosiol M200, Chemical Works Kolín, Czech Repub-
lic; viscosity 194 mPa s, density 0.965 g cm−3) at various 
concentrations. Before preparation, the particles (both PPy 
nanotubes and iron microspheres) were dried overnight at 
high vacuum at 80 °C along with the oil to remove possible 
moisture. Several DMRFs were prepared with the code-
names and compositions shown in Table 2.

The newly prepared DMRFs were always measured with 
the following techniques immediately after their prepara-
tion. Meanwhile, a sonication process was applied using an 
ultrasonic bath to ensure that no aggregates were formed.

Characterization of the dimorphic 
magnetorheological fluids

The rotational rheometer Physica MCR 502 (Anton Paar, 
Graz, Austria) was employed to investigate the flow 

Fig. 1   The two-step synthesis of magnetic nanotubes; PPy nanotubes are first created using the oxidation of the pyrrole with FeCl3·6H2O. Excess 
amounts of FeCl3·6H2O led to the creation of magnetite under alkaline conditions converting PPy to a base form

Table 2   Composition of the prepared magnetorheological fluids in 
vol%

Components Code name

MRF 2.5 MRF 6 Standard MRF

Carbonyl iron 10 10 10
PPy/Fe3O4 nanotubes (n=2.5) 1 0 0
PPy/Fe3O4 nanotubes (n=6) 0 1 0
Silicone oil 89 89 90
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properties of the MRFs. To determine the effect of the mag-
netic field, a magneto-cell (Physica MRD 180/1T) was 
employed. The samples were exposed to various external 
magnetic fields up to 1050 kA m−1. A temperature control 
was achieved using an additional external bath. All samples 
were measured using a parallel-plate geometry of 20 mm 
with rough surface. The gap was set at 1 mm for all measure-
ments since this parameter is proved to affect the rheological 
properties (Jonkkari et al. 2012). Before each test, the sam-
ples were stirred at shear rate ( ̇𝛾

)

 of 50 s−1 for a minute to 
redisperse them. The measurements were performed in the 
shear rate range of 0.01 to 200 s−1 to ensure no overflow 
happens during the measurements. Flow curves were per-
formed in the abovementioned range steadily increasing the 
magnetic field starting with 150 kA m−1 and increasing it by 
intervals of 300 kA m−1. After the final flow curve at 1050 
kA m−1, the sample was redispersed and a second flow curve 
was performed with the magnetic field off to evaluate the 
impact of previews on-state measurements. Step-wise 
increases of magnetic field were performed under steady 
shear of 50 s−1 during which the magnetic field was turned 
on and off every 20 s, each time increasing by 150 kA m−1. 
The same tests were repeated at 60 °C. The dynamic sedi-
mentation tests were performed in the following way. The 
samples were pre-sheared at 50 s−1 for a minute to redisperse 
the particles. Then, the shear rate was removed with a low 
magnetic field of 300 A m−1 applied. The field was then 
removed and shear of 10 s−1 was reapplied. The sedimenta-
tion was calculated as the ratio of the current shear stress 
over the shear stress captured right after the field was 
removed thus at the start of the off-state.

Results and discussion

Characterization of the polypyrrole/magnetite 
particles

FTIR spectroscopy

To confirm the successful synthesis of the targeted tubes, 
their ATR FTIR spectra are compared with the spectra 
of related and well-established particles, as presented in 
Fig. 2. The infrared spectrum of the “standard” PPy nano-
tubes (PPyNT) exhibits the main bands with maxima at 
1514 cm−1 (C–C-stretching vibrations in the pyrrole ring), 
at 1435 cm−1 (C–N-stretching vibrations in the ring), at 
1283 cm−1 (C–H or C–N in-plane deformation modes), at 
1128 and 1088 cm−1 (breathing vibrations of the pyrrole 
rings), and at 998 cm−1 (C–H and N–H in-plane deforma-
tion vibrations). In addition, the peaks located at 955 and 
832 cm−1 correspond to the C–H out-of-plane deformation 

vibrations of the ring (Stejskal and Trchová 2018; Stejskal 
et al. 2021a). The infrared spectra of the PPy nanotubes are 
recorded in Fig. 2. The PPy/magnetite n=6 and 2.5 exhibit 
a peak at 1618 cm–1, a maximum at 1546 cm–1, and further 
notable peaks at 1435, 1283, and 1171 cm–1, and also at 
1088, 1045, and 912 cm–1. The shifts of the main bands 
can be observed when compared to the spectrum of the 
“standard” PPy base, this corresponds to a slight depro-
tonation of the samples which was discussed in detail in 
a previous work (Stejskal et al. 2016, 2021b). The depro-
tonation is also reflected in the intensity decrease of the 
broad band observed above 1800 cm−1. The presence of 
magnetite is detected in the spectra by the peaks observed 
in its spectrum and by the enhancement of the intensity of 
the broad absorption band below 900 cm−1.

Morphology

The particles’ morphology of both composites based on 
differing molarities was studied by SEM, as presented in 
Fig. 3.

As can be seen, the nanotubular morphology of PPy 
was confirmed with a nano-scaled diameter and a length in 
micrometre range. Furthermore, the PPy/magnetite (n=6) 
particles (Fig. 3b) exhibit obvious magnetite coating (the 
presence of magnetite was also confirmed via FTIR and 
VSM). However, the n=2.5 counterpart also shows the mag-
netite presence (Fig. 3a), albeit in a lower amount. This hints 
that a residual amount of FeCl3·6H2O was indeed present 
after the reaction, even though for n=2.5, theoretically, all 
FeCl3 oxidant should have been consumed and no magnetite 
thus produced, as mentioned in the synthesis section.

Fig. 2   The ATR FTIR spectra of the magnetic composite PPy nano-
tubes/magnetite nanoparticles compared with the spectra of “stand-
ard” PPy nanotubes, PPy base, and magnetite (Stejskal et  al. 2016, 
2021b, a; Stejskal and Trchová 2018)



465Rheologica Acta (2023) 62:461–472	

1 3

Surface properties

The different mole ratio of the precursors used during the 
synthesis also affected the surface area of the prepared com-
posite particles (Fig. 4). While PPy/magnetite (n=2.5) par-
ticles exhibited specific surface area 126 m2 g−1, the sample 
PPy/magnetite (n=6) possessed higher surface area 183 m2 
g−1 due to the presence of nanosized magnetite particles. 
Furthermore, the shape of adsorption and desorption curves 
indicated solid surface of the particles with the presence of 
micropores.

Thermogravimetric analysis

Thermogravimetric analysis of the composite PPy/magnetite 
particles in air (Fig. 5) showed that the sample PPy/mag-
netite (n=6) exhibited significantly lower drop in weight 

(~15%) than the second sample (~30%). While iron oxide 
particles during TGA treatment commonly exhibit only 
insignificant drop in weight (Jafari-Soghieh et al. 2019), 
PPy in air can be fully decomposed (Plachy et al. 2013). 
The mass loss should be then ascribed to PPy decomposition 
and is more prominent for the sample prepared at n=2.5. 
The residues represent the magnetite particles, and as can be 
clearly seen, their higher content can be found in the sample 
PPy/magnetite (n=6) as expected.

Magnetic properties

The composite PPy/magnetite particles exhibited magnetic 
properties, as illustrated in Fig. 6. The composites prepared 
at n=2.5 and n=6 were analysed. The synthesised particles 

Fig. 3   Scanning electron microscopy of PPy/magnetite particles based on different molarities of FeCl3·6H2O: n=2.5 (a) and n=6 (b)

Fig. 4   Nitrogen adsorption and desorption isotherms of the prepared 
composite particles: PPy/magnetite (n=2.5) and PPy/magnetite (n=6) Fig. 5   Thermogravimetric analysis of prepared composite particles 

PPy/Fe3O4. Experiments were performed in an air atmosphere using 
heating rate 10 °C min−1
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were further compared with their analogue from a previously 
published report (Stejskal et al. 2021b) for a reference.

As can be seen, the newly synthesised PPy/magnetite 
peaked at 55.2 emu g−1 exceeding the maximum peak of 
its previous alternative, peaking at 51 emu g−1; thus, this 
modified synthesis proved to be better. As for the reference 
comparison, synthesised pure magnetite nanoparticles were 
reported in the literature with saturation magnetization 65 
emu g−1 and 62 emu g−1 (Qiu et al. 2006; Fekry et al. 2022).

Magnetorheology

The rheological properties of the bidisperse system com-
posed of the magnetic composite PPy nanotubes/mag-
netite nanoparticles and standard CI microspheres were 

investigated. The flow curves at various magnetic fields for 
the MRF 6 are shown in Fig. 7.

The impact of the magnetic field is apparent on the 
flow curves with the shear stress increasing several orders 
of magnitude especially at the lower shear rates. With the 
presence of the magnetic field, the particles are arranged 
into chain-like structures which significantly increase the 
shear stress. As the magnetic field is further increased, the 
rate of stress increase is lower as the magnetization of the 
particles reaches their saturation values, a typical behav-
iour of a magnetorheological fluid. For the majority of the 
experimental window, the shear stress values show a plateau. 
Apart from the plateau values, the magnetic field also affects 
its length. To be specific, as can be seen in Fig. 7b, 150 kA 
m−1 is apparent that the hydrodynamic forces are starting to 
take over the magnetic ones at ~1 s−1 with the termination 
of the plateau and the increase of stress. The critical shear 
rate can be observed closer to 20 s−1. At saturated fields, i.e. 
1050 kA m−1, the data indicates that the chain-like struc-
tures become more robust and harder for the hydrodynamic 
forces to break. Consequently, the magnetic forces domi-
nate over the hydrodynamic ones throughout the majority of 
the experimental window of the applied shear rate starting 
from the very low shear rates with such long plateaus being 
observed before for bidispersed MRFs (Cvek et al. 2022). 
The dimorphic sample in particular has their plateau length 
increased when compared with the standard MRF which can 
be found in supplementary information. Such plateaus can 
be associated with flow instabilities such as the shear band-
ing phenomenon. Indeed, throughout the entire experimental 
window and for all measurements where a magnetic field 
was used, there is shear banding as a result of the chain-
like structures that the magnetic particles form essentially 
phase separating from the liquid carrier. Other shear banding 
phenomena in colloids and specifically for rod-like particles 
should not be present as the magnetic interactions between 

Fig. 6   Magnetic properties PPy/magnetite nanotubes composite pre-
pared at different molarities and compared with their previous alter-
native as reported in Stejskal et al. (2021b)

Fig. 7   Flow curves for sample MRF 6 a for different magnetic fields and b for 150 kA m−1. The red line represents a fit based on the Bingham 
plastic model
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the particles are too strong (Ovarlez et al. 2009; Parisi et al. 
2022). This is the case even at high shear rates where the 
hydrodynamic forces dominate (Martínez-Cano et al. 2023).

The critical shear rate, where the hydrodynamic forces 
overcome the magnetic ones, is represented by an inclina-
tion of the flow curve to the Newtonian behaviour (Stejskal 
and Trchová 2018). For applications, it is important to keep 
the magnetic forces dominating for as high shear rates as 
possible (Wang and Gordaninejad 2006); thus, the present 
suspension can be characterized as excellent. The rest of the 
samples share a similar behaviour as shown in the support-
ing information.

From Fig. 7b, a simple Bingham plastic model was used 
to extract the yield stress which is shown in Table 3 together 
with the rest of the samples.

The dimorphic samples show more than two times higher 
yield stress and lower magnetic fields with the difference 
being reduced towards the saturated fields. The MRF 6 
shows a slightly higher yield stresses although the differ-
ence with MRF 2.5 is minor. The increase of the yield stress 
is explained through the nanotubes which fill the gaps in the 
chain-like structures formed by the spheres, thus assembling 
a more robust arrangement (Ashtiani et al. 2015).

Previously, it was mentioned that the magnetic forces 
dominate over the hydrodynamic ones at lower shear 

rates. As the shear rate increases, eventually the hydrody-
namic forces become relevant. A relevantly good quantity 
to compare the two types of forces is the Mason number 
(Mn) which is defined as the ratio between the hydrody-
namic forces over the magnetic ones. The well-established 
behaviour in the study of Klingenberg et al. (2007) was used 
to calculate the Mn which essentially scales linearly with 
shear rate and inverse square to the magnetic field Mn~𝛾̇
H−2. The viscosity then was plotted against Mn as can be 
seen in Fig. 8. For all samples, the Mn is way below unity 
indicating that the magnetic forces dominate for the entire 
experimental window. The standard MRF is following the 
predicted behaviour with the data from different magnetic 
fields collapsing together. For the dimorphic samples (n=6) 
however, that is not the case. The curves are not collapsing 
and tend to move towards lower Mn as the magnetic field 
is increased indicating stronger magnetic interactions. It is 
important to note that the Mn calculation includes many 
assumptions, such as perfect spheres of the same size and 
simplified magnetic interactions between both types of 
particles and the particles with the carrier. Regardless, the 
curves are relevantly close to each other. The same behav-
iour is observed for MRF 2.5 which can be found in supple-
mentary information (Figure S3). Such discrepancies have 
been observed before. Literature suggests that at saturated 
fields, the non-linear magnetization has a significant effect 
(Klingenberg et al. 2007); however, in our case, the standard 
MRF is not impacted. Such a discrepancy was also observed 
in a bidisperse MRF, yet the standard equivalent follows 
the expected dependency (Cvek et al. 2022). The explana-
tion suggested that the interparticle friction which was not 
accounted in the theory plays a notable role. Note that we 
used the same equations to extract the Mn examples men-
tioned above. Another potential explanation with the Mn not 
scaling as Mn~𝛾̇H−2 for DMRFs could be associated with the 
structure of the chains. The nanotubes are expected to fill the 

Table 3   Yield stress in Pa at various magnetic fields for the standard 
and dimorphic MRFs

Magnetic field (kA 
m−1)

MRF 2.5 MRF 6 Standard MRF

150 895 884 313
450 3974 4216 1801
750 6174 6352 3252
1050 6976 7213 4309

Fig. 8   Viscosity as a function of the Mason number at different magnetic fields and samples: a standard MRF and b MRF 6
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gaps formed during the chain formation of the spheres rather 
than forming chain-like structures themselves, something 
that the current theory does not account for (López-López 
et al. 2005). This phenomenon makes the structures more 
robust which is reflected in Fig. 8b, as a decrease of Mn 
or increase of magnetic forces. To conclude, it is obvious 
that the Mn only describes well spherical systems of rel-
evantly low polydispersity. Magnetorheological fluid studies 
with unique morphologies and components avoid to present 
measurements with Mn which should be presented to better 
understand the overall interactions.

As mentioned above, when a magnetic field is applied, 
magnetic particles form chain-like structures which cause 
a vast increase in the shear stress. To evaluate this increase, 
the stress ratio between the on- and the off-states is studied 
for different shear rates. The ratio (MR efficiency) is evalu-
ated for all samples at two different magnetic fields, and the 
results are presented in Fig. 9.

The sample prepared using the PPy nanotubes/magnetite 
with higher content of magnetite (n=6) shows the highest 
shear stress increase, higher than the standard MRF with CI 
only, especially at lower shear rates. The MRF 2.5, on the 
other hand, displays the lowest stress increase especially in 
Fig. 9b. It is important to note that MRF 2.5 shows higher 
shear stress values in comparison with the standard MRF 
during the on-state as shown in Figure S1. However, the 
shear stress values during the off-state are also significantly 
higher due to the presence of rods in the system which keeps 
the spheres well dispersed and has a reflection in the shear 
stress values. Notably, at higher shear rates, the differences 
are less impactful for all samples. At lower magnetic fields, 
the addition of magnetic composite PPy/magnetite to the 
standard MRF plays a more pronounced role on the MR 
performance of the system.

The MR efficiency for the MRF 6 is 3.35 times higher 
than the standard MRF at 150 kA m−1 while only 1.95 times 
higher at 1050 kA m−1. For the MRF 2.5 on the other hand, 
the ratio is 1.43 times lower than the standard MRF at 150 
kA m−1; however, at 1050 kA m−1, the standard MRF is 
3.65 times higher. This behaviour is attributed to the satura-
tion magnetization of the magnetic composite PPy/magnet-
ite which is achieved at lower fields when compared to the 
CI microspheres (Esmaeilzare et al. 2018), thus saturating 
“faster”. A similar behaviour can be extracted from the yield 
stress values of Table 3. Thus, the nanotubes share stronger 
interactions at lower fields forming more robust chain-like 
structures. The same behaviour was observed for a different 
dimorphic study where rod-like particles similarly magneti-
cally saturate at lower magnetic fields (Plachy et al. 2017). 
It can be concluded that the addition of magnetic composite 
PPy nanotubes/magnetite nanoparticles prepared using the 
mole ratio oxidant/pyrrole n=6 improved the MR efficiency 
especially at lower magnetic fields. In real applications, the 
MRFs are operating at elevated temperatures (McKee et al. 
2018; Kumar Kariganaur et al. 2022a). Elevated tempera-
tures may negatively affect the automobile’s performance 
(Ramos et al. 2005; Pavlov 2017). Thus, it is important to 
evaluate the effect of the temperature on the MR properties 
of MRFs.

Temperature effect

Figure 10 shows a step-wise increase of magnetic field under 
steady shear for two different temperatures. During this pro-
cess, the magnetic field is turned on and off while steadily 
increasing every 20 s. The sample was then redispersed and 
the test was repeated at an elevated temperature. For Fig. 10, 
the values for the 60 °C are shifted by 20 s for clarity.

Fig. 9   Magneto-induced shear stress ratio as a function of shear rate for different samples and various magnetic fields: a 150 kA m−1 and b 1050 
kA m−1
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As can be seen, upon activating the magnetic field, the 
stress increased instantaneously. In addition, at 60 °C, 
despite the off-state stress being lower due to the shrink-
age of the viscosity of the silicone oil, when the magnetic 
field is on, the stress values remain nearly the same. It 
can be concluded that in this case, the chain’s strength 
has little dependence on the viscosity of the carrier as 
both chain-like structures are almost equally robust. An 
average shear stress value for the different magnetic fields 
was extracted, and the MR efficiency between the on- and 
off-state was then calculated. The results are plotted as 
a function of the magnetic field together with the rest 
of the samples (see supporting information) as shown in 
Fig. 10b.

Both bidisperse systems show a significant increase 
of their ratio for both temperatures in comparison with 
the standard MRF especially at higher magnetic fields. 
This can be explained by the interactions between the 
PPy nanotubes and CI microspheres. It is known that 
such bidisperse systems are arranged differently during 
the off-state (Adams et al. 1998). When a magnetic field 
is applied, it seems like the particles form the chain-like 
structures differently due to these interactions leading to 
a greater MR efficiency. Generally, the MR performances 
was improved for all samples at 60 °C. This is attributed 
to the lower shear stress values (thus viscosity) during 
the off-state while during the on-state, the viscosity val-
ues are preserved. Furthermore, several standard MRFs 
have been investigated at elevated temperatures of the 
same range with the MR performance showing a similar 
behaviour (Rabbani et al. 2015; McKee et al. 2018; Li 
et al. 2021).

Sedimentation assessment

Sedimentation stability is the biggest obstacle to overcome 
for MRFs as the magnetic particles form permanent aggre-
gates reducing the MR properties of the MRFs. The sedi-
mentation stability of the DMRFs and the standard MRF was 
studied under constant shear rate of 10 s−1 at 60 °C to simu-
late potential applications. The sedimentation was calcu-
lated as the stress of a given time over initial off-state stress. 
Figure 11 demonstrates the sedimentation stability over 
time. The sedimentation stability for the bidisperse samples 
is noticeably enhanced. Despite the elevated temperature 
which is proven to escalate sedimentation (Kumar Karigan-
aur et al. 2022b, a), the dimorphic samples can be compared 
with other MRFs with increased stability (Sedlacik et al. 

Fig. 10   a The effect of step-wise increase of the magnetic field on 
shear stress under a steady shear of 50 s−1 at different temperatures 
for the sample MRF 6. The changes of the magnetic field are illus-
trated with dotted lines with the values noted on top. The sample at 

25 °C is shifted by 20 s for clarity reasons. b Shear stress ratio during 
the on- and off-state at different magnetic fields for different MRFs at 
two different temperatures

Fig. 11   Dynamic sedimentation tests for various MRFs at shear rate 
of 10 s−1 and 60 °C
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2013). Additionally, the standard MRF reached steady state 
long after the DMRF. In the beginning, it seems like the 
spheres rapidly sediment; however, this increases the effec-
tive particle concentration, and as a result, the sedimentation 
process is slowed by the interactions of the spheres. The 
MRF 2.5 shows the best stability, which is attributed to the 
shape of the rods. As discussed in the particle morphology, 
the lower amount of magnetite resulted in a higher aspect 
ratio for the MRF 2.5. Thus, the rods in that specific sample 
should have stronger entropic repulsions which increases 
the overall stability. However, it can be assumed that there is 
sedimentation under shear which may affect the flow curves, 
especially for the lower shear rates (Russel 1980). The sedi-
mentation of colloidal suspensions has been previously stud-
ied rheologically using different techniques showing similar 
results (Bazilevskii et al. 2010; Ovarlez et al. 2012). The 
same group showed that when fibres are added, there is a 
reduction of the sedimentation process similar to our case 
(Bazilevsky et al. 2017). From the latter, it can be concluded 
that the sedimentation obstacle must be addressed even dur-
ing dynamic conditions for certain MRFs.

Conclusions

Two types of magnetic PPy nanotubes decorated with dif-
ferent amount of magnetite were synthesized using a novel 
method. The magnetic properties of these nanotubes are the 
highest among their kind and saturate faster than the stand-
ard CI spherical particles. A dimorphic magnetorheological 
suspension using microspheres and nanotubes was prepared. 
The overall flow behaviour of the dimorphic systems is simi-
lar to a standard MRF; however, the DMRFs showed higher 
magneto-induced shear stress increase. Through this study, 
it is revealed that faster saturating particles may significantly 
enhance the MRF’s behaviour at lower fields. The samples 
were also tested at elevated temperatures closer to real appli-
cations. The nanotubular morphology helped the system to 
increase its MR effect. In addition, the stability of the fluids 
was studied dynamically. Despite the constant rotation of the 
geometry, the particles continued to settle. The addition of 
the nanotubes severely increased the viability of the MRFs 
by more than 50%. To conclude, the magnetic composite 
PPy nanotubes/magnetite nanoparticles improved both the 
rheological properties of the corresponding standard MRFs 
at room and elevated temperatures and their sedimentation 
stability.
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Reprocessed magnetorheological 
elastomers with reduced carbon 
footprint and their piezoresistive 
properties
A. Munteanu1, A. Ronzova1,2, E. Kutalkova1, P. Drohsler1, R. Moucka1,3, M. Kracalik4, 
O. Bilek2, S. A. Mazlan5 & M. Sedlacik1,2*

Despite the vast amount of studies based on magnetorheological elastomers (MREs), a very limited 
number of investigations have been initiated on their reprocessing. This paper presents a new type of 
recyclable MRE which is composed of thermoplastic polyurethane (TPU) and carbonyl iron particles 
(CI). The chosen TPU can be processed using injection moulding (IM), followed by several reprocessing 
cycles while preserving its properties. Numerous types of injection moulded and reprocessed MREs 
have been prepared for various particle concentrations. The effect of thermo-mechanical degradation 
on the recycled MREs has been investigated while simulating the reprocessing procedure. An apparent 
decrease in molecular weight was observed for all the examined matrices during the reprocessing 
cycles. These changes are attributed to the intermolecular bonding between the hydroxyl groups on 
the surface of the CI particles and the matrix which is studied in depth. The effect of reprocessing and 
the presence of magnetic particles is evaluated via tensile test, magnetorheology and piezoresistivity. 
These characterization techniques prove that the properties of our MREs are preserved at an 
acceptable level despite using 100% of recyclates while in real applications only up to 30% of recycled 
material is generally used.

Smart or intelligent materials are able to substantially change their material properties under an external stimulus, 
such as stress, electromagnetic radiation, pH, electrical or magnetic field1,2. A unique type of such smart materials 
are the magnetorheological elastomers (MREs) which are consisted of magnetic microparticles embedded in an 
elastomeric matrix. These composites are mostly known for their controllable viscoelastic character which can 
be tuned with an external magnetic field3. As a result, these elastomers can be used in a huge variety of applica-
tions. The most common field for applications is engineering which involves vibration absorbers, actuators and 
dampers4,5. Other notable applications include electromagnetic shielding, sensors and flexible electronics6–8. 
Lately medical applications use the MREs as fluid transportation, artificial muscles and cell substrates9–14. It is 
clear that the usage of the MREs constantly increases which arises the need of reusability of these elastomers. 
Recycling is an important aspect of product design from both environmental and economical point of view. How-
ever, not many MREs are investigated in this regard, as most of them are not able to undergo such procedures.

A good solution for these elastomers is the selection of an appropriate filler and matrix with the ability to 
undergo several recycling processes. Carbonyl iron (CI) is the most common filler used in MREs due to its supe-
rior magnetic properties and stability15. In terms of reprocessing, exposure to high temperatures can lead to infe-
rior magnetic particles, however polymers are usually reprocessed at much lower temperatures16. A sufficiently 
flexible elastomer including synthetic silicone matrices17, nitrile rubbers18, and polyurethanes19,20 represent the 
second important component of the most common MREs. The complexity of reusing these MREs is related to 
the crosslinked structure of the composite’s matrix. In contrast to crosslinked matrices, thermoplastic elastomers 
(TPEs) can be melted and reused21,22. Thermoplastic elastomers can compete with vulcanized rubbers at room 
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temperature in terms of their mechanical properties and difficulty of processing. The main difference between 
TPE and vulcanized rubbers can be found in the structure of the polymer network. Vulcanized rubbers share 
stronger networks, a property obtained from the disulfide bonds, however they are not fit for reprocessing. The 
balanced properties of the TPEs originate from their microstructure, which is generated by alternating mutually 
immiscible soft and hard elastomeric segments with a distinctly different glass transition temperature23.

Considering the broad utilization of MREs, they have to be highly functional and tide over some difficulties. 
The properties of the MREs are greatly affected by the magnetic properties of the particles, their concentration 
and microstructure which is either a well-dispersed isotropic state or directed in an anisotropic arrangement24. 
In addition, the flexibility of the matrix is crucial for maintaining specific properties for example the MR effect7. 
The MR effect describes the difference of the matrix’s stiffness before and after the application of a magnetic 
field25. Most studies use the shear storage (G’) and the loss modulus (G″) to evaluate the MR effect26,27. An excess 
amount of particles in the matrix enhances the MR effect however, highly filled MREs usually suffer from the 
Payne effect which could significantly limit their applications. The Payne effect is observed as a simultaneous 
rapid decrease of the G’ and a local maximum of G″ above certain values of deformation. It is a common behav-
iour for elastomers embedded with a filler at high concentrations and it is based on changes in the microstructure 
of the material28. Nevertheless, this phenomenon is rather ignored in the literature dealing with MREs and thus 
needs to be further investigated.

In this study, we use a thermoplastic polyurethane (TPU) as a MRE which can be processed and recycled 
while competing with its analogous in terms of MR performance. These properties of the TPU originate from its 
structure which is composed of a two-phase chemically bonded soft and hard segments29. TPU-based composites 
are used in a wide range of applications30–32 however, their presence in MREs is rather limited20,33,34. We simulate 
the processing conditions and evaluate their effects on the structure and molecular properties of the matrices. 
In addition, we characterize the samples in terms of mechanical and MR performance using industrial-friendly 
equipment. Lastly, we prove that these MREs are suitable for piezoresistive applications. Piezoresistive sen-
sors have been investigated for decades35,36 leading to a significant improvement in a variety of state-of-the-art 
robotics37. Our MREs are able to detect external forces under deformation converting them into a change of 
resistivity thus allowing them to be used as sensors.

Experimental
Materials and fabrication of the MREs.  The CI particles (CN grade, iron content > 99.5%, d50 = 6.5–
8.0 μm; BASF, Germany) were used as the magnetic filler for the preparation of MREs. Elastolan® 35A12P (BASF, 
Germany; 37 Shore A hardness) was chosen as an appropriate TPU matrix. The MREs were prepared by mixing 
the CI particles with the TPU matrix in various concentrations from 30 to 80 wt%. The samples with the most 
diverse and representative results are presented here including 30, 50 and 80 wt%. The mixing was performed 
using a twin-screw counter-rotating mixer supplied by Brabender (Duisburg, Germany). Each matrix was pre-
pared at 170 °C, following 1-min dosing of the mixture and its compounding for 4 min at 50 rpm. In addition to 
composite samples, a neat matrix was also subjected to the mixing process in order to investigate the effect of its 
degradation and to compare its mechanical properties with the MREs. After cooling, the homogeneous matri-
ces were cut into small pieces so they can be processed with IM. The IM was executed using HAAKE MiniJet 
Pro—Piston IM System (Thermo Scientific, Germany) and disk-shaped samples of 25 and 1.23 mm in diameter 
and height, respectively, and standard dog-bone tensile specimens (type 5 according to ISO 527) with the same 
thickness were produced. During the IM of filled samples, the optimal parameters, such as the temperature of 
the cylinder, temperature of the mould, the injection pressure/time and post-pressure/time, were set up 190 °C, 
30 °C, 450 bar/7 s, and 350 bar/3 s, respectively. The same parameters were set up for neat samples (TPU) with 
the exception of the temperature of cylinder which was set at 180 °C. The prepared samples were labelled as raw 
material (R0) and characterized by the methods below. Consequently, the samples were further cut into small 
pieces, compounded, injected under the same conditions as stated above, and labelled as recycled material (R1). 
The whole process of mixing and IM was repeated 3 times thus fabricating recycled samples labelled R1–R3.

Degradation process analysis.  The effect of recycling on the pure TPU matrix was studied by Fourier-
transform infra-red spectroscopy (FTIR). The measurements were performed on FTIR instrument Nicolet 6700 
(Nicolet, USA) supplied with an ATR-accessory with a diamond crystal under laboratory temperature with the 
spectra resolution of 2 cm–1 from 64 scans, in the range of 4000–700 cm–1, however the region between 2000 and 
2800 cm–1 is not presented due to the intrinsic absorption of the diamond crystal. The weight average molecu-
lar weight (Mw), the number average molecular weight (Mn), and the polydispersity index (Ð = Mw/Mn) of the 
tested samples were determined from the peaks corresponding to the polymer fraction according to the abso-
lute calibration method by the gel permeation chromatography (GPC) method using a Waters HPLC system, 
equipped with a Waters model e2695 and a Waters model 2414 differential refractometer (Waters Corporation, 
Milford, USA).  The samples were dissolved in tetrahydrofurane (THF) (2–3  mg  mL−1), then stabilized with 
butylated hydroxytoluen (BHT) (240 mg L–1) and lastly, filtered using a syringe filter (0.45 μm). The separation 
was carried out using a series of gel-mixed bed columns (Polymer Laboratories Ltd, Shropshire, UK) as follows: 
1 × PLgel-Mixed-A bed column (300 × 7.5 mm, 20 μm), 1 × PLgel-Mixed-B bed column (300 × 7.5 mm, 10 μm), 
and 1 × PLgel-Mixed-D bed column (300 × 7.5 mm, 5 μm); the mobile phase containing the THF was stabilized 
with BHT (240 mg L–1) at 40 °C. The flow rate of the mobile phase was set to 1.0 mL min−1 and the injection 
volume equal to 100 μL. All data were analysed using the Empower 3 software.

The reflection spectra of the TPU samples with the same dimensions as used in rheological analysis (see 
below) were analysed using a Lovibond RT850i (Tintometer Ltd) equipped with xenon pulse light. For the 
colorimetric evaluation the matrices were taken from the original pellet and then processed through IM. The 
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measurement of reflection spectra in the range of 360–750 nm was performed with a 10‐mm aperture size and 
d/8° observation geometry. The average whiteness index (WI) was evaluated from the obtained spectrum by 
averaging 10 measurements at various positions on the sample according to ASTM E313-20. The glass transition 
temperature (Tg) of the soft segments of the matrices was investigated via a differential scanning calorimetry 
(DSC) method using the Gas Controller GC100 (Mettler Toledo, Switzerland). The samples were prepared with 
similar weights (≈ 6 mg) and measured for a temperature range of – 40 to 250 °C using heating and cooling 
rates of 20 °C min–1 under nitrogen atmosphere. The Tg of the soft segments was evaluated using the half-height 
technique in the transition regime. The error for each Tg was taken as the average temperature step for each 
measuring point.

Rheology.  The rheological properties of the TPU elastomers were characterized using the rotational rheom-
eter Physica MCR 502 (Anton Paar, Graz, Austria). The magnetorheological measurements were performed 
using a magneto-cell (Physica MRD 180/1 T). The samples were exposed to various external magnetic fields 
up to 750 kA m–1. To perform the degradation study, a water-cooled Peltier system (Physica H-PTD 200) was 
equipped, which enables one to reach temperatures up to 180 °C to simulate the processing conditions. For both 
accessories, a parallel-plate geometry was used. The diameters of plates were 20 and 25 mm for the magneto-cell 
and the Peltier, respectively. In addition, the geometry used for magnetorheological measurement was sand-
blasted and 0.5 N normal force was applied during the measurement for the elastic samples to eliminate any 
possible wall-slip at low shear rates. All measurements were performed in the linear viscoelastic regime (LVE) 
where the modulus is independent of strain. The LVE was identified using dynamic strain sweeps for strains 
between 0.001 and 10% at the frequency of 1 rad s–1. At elevated temperatures, the samples were tested under 
inert atmosphere using nitrogen. Finally, dynamic time sweeps were performed at 1 rad s–1 until the elastomers 
reached a steady state for samples unaffected by thermal degradation. For the neat samples, further frequency 
sweeps were performed in the 0.1–100 rads s–1 regime.

Mechanical testing.  The samples for tensile tests were produced directly in the shape of the test specimen 
according to the requirements of the standard test method using the IM process. The tensile properties of the 
TPU matrix as well as the MREs were investigated using the tensile testing machine M350-5 CT (Testomet-
ric Company, Lancashire, UK) with a cross-head speed of 500 mm min–1. The measurements were performed 
according to the ASTM D638 standard test method at the room temperature and subsequently the results of 
the tensile strength were evaluated as an arithmetic mean using 5 samples of type 5. The standard deviation 
was obtained using five test specimens from the stress–strain dependencies. The coefficient of variation among 
all the tested variants of samples was lower than 10% and 12% for tensile strength and for Young’s modulus, 
respectively.

Piezoresistivity testing.  To determine the piezoresistive properties, an electrometer (Keithley 6517A, 
USA) coupled with a tensile machine (M3750-5CT, Testometric, UK) and supplied with a load cell with a maxi-
mum capacity of 5 kN was used. Cylindrical samples with 4 mm high and 10 mm in diameter were sandwiched 
between two gilded brass electrodes and were gradually compressed narrowing their mutual distance by up to 
25% of their initial spacing (sample height) at the rate of 5 mm min–1. The deformations were set to 5, 10, 15, 
25% of the height of the sample and were kept for the period of 1 min during which conductivity (later converted 
to resistivity as a reciprocal value) was measured. The measurements were performed at room temperature. The 
conductivity (σ) was calculated from the measured current–voltage dependencies according to the following 
formula:

where t is the sample thickness (distance of electrodes) for given deformation, A is the nominal area of the sample 
(electrode), I is the electric current, and U is the voltage.

Results and discussion
Degradation process analysis.  The degradation of TPU was examined by FTIR spectra for each repro-
cess cycle. In Fig. 1, the reprocessing cycles spectra of neat TPU matrix can be observed. The graph displays 
a peak at 3300  cm–1 which represents an N–H stretching. It is clear, that the N–H group is reduced during 
reprocessing. Moreover, the figure shows characteristic peaks at 2900 and 2800 cm–1 of asymmetric and sym-
metric C–H stretching, respectively. These peaks drop with each reprocess cycle which can be attributed to the 
mechanical and thermal degradation.

In addition, Fig. 1 displays a peak at 1700 cm–1, which corresponds to an ester linkage, which is typical during 
the reprocessing of such matrices38. Finally, aromatic amine C–N groups were identified from the peaks between 
1300 and 1250 cm–1 which are more pronounced with each recycling. The reason behind the C–N stretching is 
explained in detail later on. It can be concluded that FTIR spectra prove certain chemical changes in the matrix 
during reprocessing.

Gel permeation chromatography.  Gel permeation chromatography analysis is an important method for the 
determination of the polymer’s molecular weight and molecular weight distribution, which can be used to track 
the degradation process during processing. Table  1 shows the changes in the chain length, expressed as Mw 
for different recycling cycles. The effect of magnetic filler on chemical changes during IM process, followed by 

(1)σ =

I

U

t

A
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three processes of recycling is observed using the GPC method. In general, heat treatment of neat TPU induced 
a reduction in Mw caused by thermal degradation of the polymer chains. However, during the 2nd and 3rd 
recycling process, these values became almost unchanged, probably reaching equilibrium originating from the 
simultaneous degradation and accumulation of processes in the TPU23,39.

An apparent decrease in Mw and Ð, was observed for the 80 wt% composite in contrast to the TPU sample, 
indicating a chain shortening due to the presence of CI particles. In the first recycling cycle, higher values of Mw 
and Mn were observed. This phenomenon indicates the probable bonding of the chains with the particles during 
the thermal stress in the composite processing. As the number of melt agitations increases, the chains shorten 
and the Mw and Mn values decrease, indicating that the degradation processes prevail over the recombination40. 
The abovementioned results revealed that excessive mixing of the melt with CI particles resulted in a more 
significant reduction of the molecular weight for the 80 wt% polymer by up to ~ 18%, rather than the neat TPU 
where the reduction was only ~ 13%.

Colorimetry evaluation.  An additional degradation study, relevant to the industry, was conducted through 
whiteness index (WI) measurements. In Fig. 2, the values of the WI are demonstrated for the same matrix dur-
ing different processing states. Initially, the WI dropped by half after the matrix underwent the first IM process. 
This could be attributed to the degradation of the elastomer and the by-products of processing as mentioned 
above. Thereafter, the recycled samples share very similar values of WI indicating the same overall product. The 
filled matrices could not be measured due to the high concentrations of the particles. To conclude, despite this 
method being mainly complementary, the colour assignment for recycled products is a quick and a practical test.

Mechanical testing.  Tensile strength tests were conducted to study in depth the mechanical behaviour of 
the neat and filled TPUs. The tensile properties were measured five times for each processing cycle. The most 
representative stress–strain curves for each sample for both neat and filled matrices are displayed in Fig. 3. The 
trend of the curves for neat matrix demonstrates that the samples break at high elongations. This indicates that 
the matrix is consisted mostly of elastomeric segments as these curves are typical for a rubber-like materials. The 

Figure 1.   FTIR analysis of neat TPU matrix for each reprocessing cycle.

Table 1.   Molecular weights and polydispersity index obtained from GPC measurements.

Treatment Mn (g mol–1) Mw (g mol–1) Ð (–)

R0 NEAT IM 63,600 ± 2100 131,600 ± 2100 2.07 ± 0.06

R1 NEAT IM/one times recycling process 58,600 ± 900 119,900 ± 700 2.05 ± 0.05

R2 NEAT IM/two times recycling process 57,300 ± 700 115,600 ± 600 2.02 ± 0.01

R3 NEAT IM/three times recycling process 57,700 ± 1200 115,200 ± 1300 2.00 ± 0.02

R0 80 wt% IM 53,100 ± 4200 98,800 ± 2200 1.87 ± 0.11

R1 80 wt% IM/one times recycling process 80 wt% filled 55,600 ± 900 100,600 ± 200 1.81 ± 0.03

R2 80 wt% IM/two times recycling process 80 wt% filled 50,800 ± 300 88,600 ± 100 1.74 ± 0.01

R3 80 wt% IM/three times recycling process 80 wt% filled 46,400 ± 900 81,500 ± 1100 1.76 ± 0.01
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MREs on the other hand, break at shorter elongations as the magnetic particles cannot deform above a certain 
point forcing the matrix to be extended, thus the deformation that the polymeric part feels is greater than the 
one that the machine imposes. All the MREs samples certainly show a very similar strain hardening and necking 
which ends up in a break at similar values of stress.

The maximum elongation at break differs for every recycling process of the neat TPUs, however the differences 
between the samples is negligible, only R3 possesses a little bit lower elongation. It can be clearly concluded from 
the Fig. 3 that the selected matrix is suitable for reprocessing as the matrices retain their mechanical properties 
during each reprocessing cycle. As shown in the graph, the filled matrix has a very similar trend to the R0 after 
the first two reprocessing cycles with virtually the same maximum elongation and slightly lower tensile stress.

On the other hand, the third recycling cycle shows significantly lower both elongation at break and tensile 
stress, which can be attributed to the degradation process caused by recycling and potential bonding between 
the matrix and the CI particles during the reprocessing.

Additionally, the comparison of the neat and filled TPUs reveals qualitatively different behaviour. The first 
difference can be seen at post-yield behaviour where the unfilled matrices have no visible strain softening whereas 
the filled material has distinctive stress drop beyond yield point. Furthermore, as can be observed from the Fig. 3, 
the unfilled materials are capable of sustaining enormous elongation with partial reversible deformation, unlike 
the filled analogues, in which the presence of the CI particles resulted in three times lower elongation at break. 
This disparity is caused by the high filling of the matrix, and the presence of the CI particles which also causes 
the higher fragility of the filled system. The tensile strength was also greatly reduced as shown in Fig. 4, however, 

Figure 2.   Whiteness Index values for the original pellet (R*), matrices obtained through IM process (R0) and 
further reprocessing (R1–R3).

Figure 3.   Tensile strength properties for unfilled neat TPU matrix (full line) and 80 wt% filled TPU matrix (dot 
line).
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the ultimate strength was less affected. Furthermore, Fig. 5 confirms that the filled matrices need higher stress to 
achieve the same deformation resulting in a higher Young’s modulus for the filled elastomers.

Analysing the Young’s modulus of the filled and unfilled samples, it can be concluded that the neat matrices 
have almost the same Young’s modulus for all recycling cycles despite the small degradation. On the contrary, 
for the filled samples, a light drop of Young’s modulus is observed with each recycling. It is generally known, 
that rigid particles increase Young’s moduli of elastomers41, in this case it can be also assumed that with an 
application of external magnetic field the moduli would increase even higher42 which contributes to their future 
applications and will be shown later on.

Rheology and glass transition temperature.  To compare the structure of the recycled neat TPU matri-
ces, dynamic frequency sweeps were performed at 150 °C, as shown in Fig. 6. At high frequencies, the recycled 
matrices show no difference from each other. It seems that the values of G’ for these samples will converge at even 
higher frequencies. On the other hand, the recycled samples show a reduced G’ at lower frequencies, however 
the difference is not very significant. This decrease is not proportional to the reprocessing cycles and the elastic 
modulus differs approximately by 10% with each cycle. Generally, the G’ is reduced except for the case of R2. This 
behaviour is known to generally follow the tensile stress trend40. The abovementioned trend is the same as the 
tensile stress in Fig. 6. A possible explanation of the drop could be associated with the degradation of the TPU 
matrix as mentioned above29. The shorter chains would disentangle faster for matrices with lower molar mass. 
Another possible explanation would be the oxidation of the outer layer of the matrices which could decrease the 
material’s strength during processing43. Nevertheless, the outcome of the changes caused by the third recycling 
process in terms of G’ seems to be minor from a practical point of view.

Figure 4.   Tensile strength of the neat and 80 wt% filled TPU samples.

Figure 5.   Young’s modulus of the neat and 80 wt% filled TPU matrices.
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In order to simulate the sample during the recycling process, dynamic time sweep tests (angular frequency 
1 rad s–1 and strain within LVE) were performed at 170 °C for specific samples. In Fig. 7, the neat TPU matrix is 
compared with their filled analogue. The neat matrix shows a typical polymeric behaviour with the G’ decreasing 
with time until the chains are relaxed and G’ becomes independent of time. The abovementioned behaviour could 
hinder a degradation process; however, it cannot be evaluated for this matrix with this method. Moreover, based 
on the last observation, it can be confirmed that a potential curing or crosslinking process (if any) is insignificant 
due to the decreasing trend of G’. The 30 wt% filled matrix, on the other hand, shows a similar drop of G’ for 
the first 50 min before a noteworthy increase of G’ is observed. This can be attributed to the covalent bonding 
which occurs between the bare CI particles and the matrix44. These particles are covered with hydroxyl groups 
at their surface which can react with the end-groups of the TPU chains45,46. The abovementioned statement is 
further supported by Fig. 7 b) in which two MREs with different concentrations are compared. It can be clearly 
seen that for the 80 wt% filled matrix, the increase of the G’ starts immediately and is orders of magnitude higher 
than the 30 wt% MRE. In addition, the behaviour for the 80 wt% is very important in the present study as this 
increase takes place during the same time-window as the fabrications and recycling process. On the other hand, 
for 30 wt% this increase can be considered insignificant as it can only be noticed after 50 min, which corresponds 
to more than ten reprocessing cycles.

It is worth mentioning that a similar test was performed with the sample exposed to O2 by removing the hood 
which provided a N2 based environment. A sharp increment of G’ was observed for all samples due to reactions 
with oxygen. The latter behaviour can lead to inferior magnetic particles formation (iron oxidation), but such by-
products are formed at much higher temperatures16. In Fig. 7 though, all matrices are under dormant conditions.

Figure 6.   Dynamic frequency sweeps for the neat TPU samples at 150 °C.

Figure 7.   Dynamic time sweeps for (a) R0 PURE open circles and R0 30 wt% half open circles and (b) R0 
30 wt.% half open circles and R0 80 wt.% filled circles.
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The Tg of the soft segments was evaluated using the DSC method as it is a critical parameter for 
magnetorheology34. The Tg values for the TPU 80 wt% MREs are shown in Table 2. An apparent increase of Tg 
is observed after the first reprocessing. There are two main reasons for the Tg to increase. The first indicates an 
incensement in Mw, however, considering the GPC measurements that is not the case. The second and most 
probable reason is the limited mobility of the chains or their stiffening. It has been reported that TPU matrices 
are prone to intermolecular bonding during processing47. It has been observed for particles other than CI to bond 
with this matrix48. As a result, the mobility of the chains is reduced leading to higher values of Tg. As shown in 
Fig. 8b, the possible bonding seems to be intense only during the first minutes of processing. This is attributed 
to the rate that G’ increases which is constantly dropping and is indicated by the concave curvature. This is in 
agreement with the Tg values reaching an equilibrium after the second reprocessing which corresponds to at least 
10 min of processing not counting the time to cool down. Lastly, the values of the Tg have a significant influence 
on the MR effect. For a different TPU with a similar Tg but filled with the same concentration of CI particles, a 
9 °C increase of the Tg corresponded to a ~ 70% decrease of the MR effect34. For the recycled samples, the bond-
ing between the particles and the matrix suppresses the MR performance, thus only injection moulded matrices 
were studied. To conclude, the abovementioned bonding reduces the effects of degradation on the mechanical 
properties, and the MR effect is suppressed for the recycled matrices. However, in the real applications, only 
one third of the matrix will be recycled thus the MR performance of the injection moulded samples will not be 
changed dramatically.

The magnetic properties of the TPU matrices filled with CI particles were evaluated at room temperature 
using dynamic strain sweeps under various homogeneous magnetic fields through the MR effect which is defined 
in the following formula:

where the on- and off-states are referred to as the presence and absence of the magnetic field, respectively. 
Generally, samples with particle concentrations below 50 wt% do not show any significant MR effect which 
was observed in the past for a very similar system33. On the other hand, the 80 wt% matrices are too immobile 
due to the bonds with the matrix and therefore an insignificant MR effect was observed. For that reason, a new 
matrix filled with 50 wt% was prepared and the MR performance was studied through dynamic strain sweeps. 
Figure 8a shows an increase in G’ when the samples are exposed to external magnetic fields. The increase of G’ is 
attributed to the magnetic particles attempting to align themselves and form chain-like structures parallel to the 
magnetic field. In addition, this trend is present mainly during the LVE where G’ is independent of strain, which 
can be distinguished by the green solid line in Fig. 8a. Above the critical strain, the current structure collapses 
indicated by the sudden drop of the G’. The data in the LVE seems scattered especially at lower strains which is 
attributed to the high filling and stiffness of the matrix. Another difficulty is connected with the values of torque 
at lower strains which are only a few times higher than the resolution of the instrument. The latter is commonly 
encountered for highly filled matrices49. As a result of the slightly scattered data, the average of these points was 
considered for the evaluation of the MR effect. Unlike the responsive LVE, the magnetic field does not affect the 
modulus soon after the critical strain is reached. Thus, the MR effect for various fields was obtained only from 

(2)MReffect =

G
′

on − G
′

off

G′
off

Table 2.   The Tg values of the soft segments at different reprocessing cycles for the 80 wt% MRE.

R0 R1 R2 R3

Tg (± 0.3 °C) – 17.4 – 13.1 – 14.5 – 14.4

Figure 8.   (a) Dynamic strain sweeps for samples containing 50 wt% CI particles at different magnetic fields 
(filled symbols; circles 0 kA m–1; triangles 150 kA m–1; stars 450 kA m–1; diamonds 750 kA m–1); neat TPU 
matrix (unfilled) and (b) MR effect for the same 50 wt% matrix.
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the LVE. A linear incensement of the MR effect is demonstrated in Fig. 8b. These results can be compared with 
similar elastomers, thus these processed TPU are able to compete and surpass other TPU-based MREs on the 
MR effect point of view33,34.

Lastly, it is very important to address the Payne effect as it could become a potential problem for future appli-
cations. Despite being observed in MREs and highly filled matrices as a sudden decrease in G’, similar to the one 
in Fig. 8a, this effect is completely ignored in most of the studies regarding MREs. For the MREs specifically, it 
experiences more effects such as a steady increment of G’ with each consequential measurement making it worth 
investigating28. However, the focus of this study is to only evaluate the presence of the Payne effect. In Fig. 8a, the 
neat TPU matrix is also illustrated with a similar overall behaviour as the filled samples. The two main differences 
include the values of G’ in the LVE which are higher for the filled particles and the extended LVE regime of the 
neat matrix. Both observations are common for highly filled matrices50. Since the pure matrix also shows a drop 
in the neighbourhood of the filled particles it is safe to conclude that any potential Payne effect could exist only 
in the limited strain regime around 0.02 and 0.2% where the LVE is terminated for the filled and neat matrices, 
respectively. However, as mentioned before, matrices with high filler concentrations have their LVE shorten50. 
As a result, the drop in G’ is mainly caused by the collapse of the polymeric structure, rather than the collapse 
of the filler’s network which should be more robust regardless due to the particle–matrix bonding of the matrix 
as mentioned above.

Piezoresistivity testing.  In general, when a conductive composite is exposed to compression, its con-
ductivity is increased (resistivity is decreased) as a result of the piezoresistive effect which is widely exploited51. 
As can be observed in Fig.  9, the dependence of the resistivity, used frequently as a quantity describing the 
performance of piezoresistive sensors, at various compression rates for both neat and filled matrices at different 
concentration and reprocessing cycles is presented. The resistivity is decreased at higher compression strains. 
For the neat TPU matrix, once a compression of 5% is achieved, a steep decrease of resistivity is apparent which 
is followed by a saturation as the samples underwent further deformation. Moreover, the matrices filled with the 
CI particles showed a notable increase in conductivity. The latter remark has been observed before in anisotropic 
MREs 13. In the same study it was suggested that the decrease of resistivity was achieved with a different mecha-
nism known as the variable-range hopping mechanism.

Overall, piezoresistivity increases with concentration and compression, nevertheless it slightly decreases with 
recycling. A possible cause could be the created bonds between iron and matrix during reprocessing. Finally, 

Figure 9.   Resistivity dependences on the relative compression deformation of the neat TPUs (open symbols), 
30 wt% filled TPUs (half up open symbols) and 80 wt% filled TPUs (solid symbols) for (a) IM/samples (red), (b) 
IM/one time recycling process (blue), (c) IM/two times recycling process (green), (d) IM/three times recycling 
process (purple).
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the resistivity increases after each recycling process, however, the difference is not as significant resulting in an 
acceptable for an application.

Conclusion
We present a new type of MREs, which are able to be reprocessed several times while keeping their mechanical 
properties in the same level. Together with their pure analogues these MREs were studied in terms of mechanical 
properties, internal structure, magnetorheological performance and piezoresistivity. As in any other polymer 
filled with stiff particles, the material becomes stiffer and stronger however, more ductile. Reprocessing the 
samples results in a very minor drop (less than 10%) of mechanical properties. In addition, the magnetic per-
formance of the sample can be compared with similar TPU based MREs, however after recycling the MR effect 
is severely reduced. The structural changes of the material during reprocessing is the key to answer the drops 
in the magnetomechanical performance. On one hand, a supressed degradation still resulted in a minor chain 
shortening which was detected via GPC and resulted in the drop of stiffness. On the other hand, for the first 
time, the bonding between the particles and the matrix was shown with a convincing analysis during which 
the reprocessing procedure was simulated. Moreover, these specific MREs did not suffer from the Payne effect 
unlike a typical highly filled matrix. Finally, piezoresistivity tests confirmed that after each reprocessing cycle, 
the conductivity slightly fell, however that change does not significantly affect the final product. In practice, the 
amount of the recycled matrix does not exceed one third of the final product. On the contrary, in this work, the 
samples containing 100% of recycled TPUs were examined with no significant decrease in observed properties. It 
can be concluded that MREs based on TPU are suitable for reuse with the exception of their magnetorheological 
properties which can be boosted regardless using established procedures such as adding plasticizers or an oil.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to their use as a 
part of an ongoing study but are available from the corresponding author on reasonable request.
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Abstract: Hybrid organic/inorganic conducting and magnetic composites of core–shell type have 

been prepared by in-situ coating of nickel microparticles with polypyrrole. Three series of synthe-

ses have been made. In the first, pyrrole was oxidised with ammonium peroxydisulfate in water in 

the presence of various amounts of nickel and the composites contained up to 83 wt% of this metal. 

The second series used 0.1 M sulfuric acid as a reaction medium. Finally, the composites with 

polypyrrole nanotubes were prepared in water in the presence of structure-guiding methyl orange 

dye. The nanotubes have always been accompanied by the globular morphology. FTIR and Raman 

spectroscopies confirmed the formation of polypyrrole. The resistivity of composite powders of the 

order of tens to hundreds Ω cm was monitored as a function of pressure up to 10 MPa. The resis-

tivity of composites slightly increased with increasing content of nickel. This apparent paradox is 

explained by the coating of nickel particles with polypyrrole, which prevents their contact and 

subsequent generation of metallic conducting pathways. Electrical properties were practically 

independent of the way of composite preparation or nickel content and were controlled by the 

polypyrrole phase. On the contrary, magnetic properties were determined exclusively by nickel 

content. The composites were used as a solid phase to prepare a magnetorheological fluid. The test 

showed better performance when compared with a different nickel system reported earlier. 

Keywords: nickel microparticles; polypyrrole; hybrid composites; resistivity; conductivity;  

magnetization; magnetorheology 

 

1. Introduction 

Hybrid organic/inorganic composites constitute the core of many functional mate-

rials. This applies especially to the cases when both matrix/filler components have a 

functional character, i.e., they display complementary chemical or physical properties 

alone or in accord. The combination of metals with conducting polymers in composites is 

one of the possibilities frequently discussed in the literature in the design of energy 

conversion and storage devices and in a variety of other applications. Even though the 

composites applied in practice often include additional inorganic components, typically 

mixed metal oxides and sulfides or carbons [1,2], the understanding of binary systems is 

essential. One of the open research tasks includes the preparation of polypyrrole/nickel 

composites. 

Nickel is a key element used in electrodes for its conductivity and electrocatalytic 

activity, suitable morphology and material properties. Furthermore, its magnetic prop-

erties make the element even more attractive. Conducting polymers, such as polypyrrole, 
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have often been used as additives that improve conductivity and electrochemical activity 

and facilitate electron–ion transfers [2]. The system, which is composed of metallic nickel 

and a conducting polymer, polypyrrole, is discussed below. 

Nickel metal may be present in two forms: nickel foam and microparticles, the for-

mer being dominant. Nickel foam has been used as a support for the deposition of 

polypyrrole by the in-situ chemical oxidation of pyrrole with ammonium peroxydisulfate 

[3–6]. An original approach was represented by the chemical oxidation using silver ni-

trate at nickel foam that catalysed the pyrrole polymerisation and introduced metallic 

silver at the same time [7]. The polypyrrole coating was obtained in an acidic solution 

even without an added oxidant [8]. In another case, the separately prepared polypyrrole 

suspension was simply deposited in nickel foam [9]. As an alternative, the nickel foam 

has been coated with polypyrrole potentiostatically [10,11], at a constant current density 

[12] or by using cyclic voltammetry [13,14]. Systems based on nickel foam are applicable, 

especially as current collectors in supercapacitors where the nickel provides the conduc-

tivity as well as the mechanical support for the deposition of polypyrrole [4–9,15–17]. 

Other diverse applications are represented by electrodes for electrocatalytic oxidation of 

methanol [11], improved water-splitting [14,17], solar steam-generation [3,10], so-

lar-thermal desalination [18], or allowed for controlled electrosorption of organic pollu-

tant dye [12]. 

There are two types of composites based on polypyrrole and nickel microparticles. 

The first is represented by the deposition of nickel on conducting polymer. Polypyrrole 

was electrochemically prepared on a graphite electrode, followed by the electrochemical 

electrodeposition of nickel microparticles [19–21]. This type of polypyrrole/nickel partic-

ulate composite has been used as an electrocatalyst of hydrogen-evolution reaction 

[17,19] or ethanol oxidation [20], and in the design of glucose biosensors [21] or in insulin 

sensors [22]. The reverse strategy relies on the coating of nickel particles with polypyr-

role. Polypyrrole was electrodeposited on nickel particles at silicon nanowire arrays [16]. 

The chemical oxidation of pyrrole with sodium peroxydisulfate in the presence of nickel 

flakes is another example [23]. 

The defined preparation of polypyrrole-coated nickel microparticles is still a chal-

lenge. Virtually any interface immersed in the aqueous reaction mixture used for the 

preparation of conducting polymers by the chemical oxidation of respective monomers 

becomes coated with a thin submicrometre polymer film. This applies both to polyaniline 

and polypyrrole. The oligomers produced in the early stages of oxidation are hydropho-

bic, and they adsorb at available surfaces. The growth of polymer chains follows, result-

ing in the brush-like coating of substrates with conducting polymers. Such an approach 

has also been used for the coating of inorganic particles, e.g., ferrites [24]. When applied 

to particles of non-noble metals, such as nickel, some problems have been met. The oxi-

dation of pyrrole to polypyrrole proceeds invariably under acidic conditions. The com-

bination of an acidic medium and the presence of an oxidant is expected to cause the 

corrosion of non-noble metals followed by their dissolution, instead of being coated with 

a conducting polymer. For this reason, studies in this direction have been rare [23,25]. For 

example, when aniline hydrochloride was oxidised with ammonium peroxydisulfate in 

the presence of nickel microparticles, polyaniline/nickel was produced at reduced yield 

and conductivity of the order 10−2–10−3 S cm−1, i.e., values below the conductivity of 

components [25]. This phenomenon was explained by the nickel dissolution assisted by 

sulfuric acid generated during polymerisation. It was accompanied by the evolution of 

hydrogen gas catalysed by nickel and followed by a simultaneous reduction of the em-

eraldine form of polyaniline to leucoemeraldine. The present study reports similar trends 

in the preparation of polypyrrole/nickel composites but offers an alternative explanation 

of their properties. 

Polypyrrole/nickel composites, where nickel core is coated with polypyrrole shell, 

may find use in various electrodes, suspensions in magnetorheology, magnetically sep-

arable adsorbents, electrocatalysts, fillers in functional flexible composites, and electro-
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magnetic interference shielding, thus exploiting also magnetic and catalytic properties of 

nickel [26]. The preparation of such composites and their electrical characterisation is the 

goal of the present study, which introduces a novel way to include the deposition of 

polypyrrole nanotubes. 

2. Experimental 

2.1. Preparation 

Nickel microparticles with a hedgehog-like morphology were employed as a con-

ducting and magnetic filler to prepare polypyrrole-coated nickel microparticles (Table 1). 

Nickel particles (99.8%; Goodfellow, London, UK) exhibited a normal size distribution 

with a mean diameter of 5.5 ± 1.8 μm. Various amounts of nickel were dispersed in an 

aqueous solution of pyrrole, and then the solution of ammonium peroxydisulfate, also in 

water, was added under stirring to initiate the in-situ polymerisation of pyrrole. The 

concentrations of reactants were 0.1 M pyrrole (1.34 g, 20 mmol per 200 mL) and 0.125 M 

ammonium peroxydisulfate (5.71 g, 25 mmol per 200 mL). The polymerisation was left to 

proceed for 30 min at room temperature. In the second series, water was replaced with 

0.1 M sulfuric acid (Table 1). The resulting composite microparticles of globular 

polypyrrole deposited on nickel were separated by filtration, rinsed several times with 

distilled water or 0.1 M sulfuric acid, followed by ethanol, to remove any unreacted rea-

gents or by-products. The solids were left to dry at ambient temperature in open air for 48 

h. The preparation of similar composites, including polypyrrole nanotubes and nickel, 

followed the same protocol in water that contained, in addition, 0.004 M methyl orange 

(262 mg, 0.8 mmol per 200 mL). All chemicals were supplied by the Sigma-Aldrich branch 

(Prague, Czech Republic) and used as delivered. 

Table 1. The protocol for the oxidation of 0.1 M pyrrole with 0.125 M ammonium peroxydisulfate 

to polypyrrole in the presence of nickel microparticles at 20 °C. 

Series Medium Additive Morphology 

1 water – globules 

2 0.1 M H2SO4 – globules 

3 water 0.004 M MO nanotubes/globules 

2.2. Composition 

The composition of prepared materials involved the combustion of the organic 

component in an oxygen atmosphere at 800 °C in a muffle furnace (Nabertherm L9/S27, 

Lilienthal, Germany). The residual mass represented by nickel(II) oxide was recalculated 

to nickel metal. Additionally, a subset of randomly selected samples was subjected to 

thermogravimetric analysis (TA Q500; TA Instruments, Eden Prairie, MN, USA) with a 

heating rate of 10 °C min−1 in an oxygen atmosphere. The results were consistent with 

those obtained by the bulk combustion method. 

2.3. Morphology 

A scanning electron microscope (Nova NanoSEM FEI, Brno, Czech Republic) was 

used to assess the morphology of polypyrrole and its composites with nickel. Prior to 

analysis, the samples were gold sputter-coated using a JEOL JFC 1300 Auto Fine Coater 

(JEOL, Tokyo, Japan). 

2.4. Spectroscopy 

ATR FTIR spectra were analysed with a Nicolet 6700 spectrometer (Thermo-Nicolet, 

Waltham, MA, USA) equipped with a reflective ATR extension GladiATR (PIKE Tech-

nologies, Fitchburg, WI, USA) and a diamond crystal. Spectra were recorded in the range 

of 4000–400 cm–1 with a resolution of 4 cm–1, 64 scans, and Happ–Genzel appodization. 
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The OMNIC 8 package was used for both the spectrometer control and spectral data 

processing. 

Dispersive Raman spectra were recorded in a back-scattering geometry using a 

Scientific DXR Raman microscope (Thermo Fisher Scientific, Waltham, MA, USA) using a 

780 nm excitation laser line. The scattered light was analysed by a spectrograph with 

holographic grating 1200 lines mm−1 and a 50 μm pinhole width. The acquisition time 

was 10 s with 10 repetitions. 

2.5. Resistivity 

A four-point van der Pauw method using a lab-made press based on a cylindrical 

glass cell with an inner diameter of 10 mm was used to assess electrical properties [27]. 

The powdered composites were placed between a support and a glass piston with four 

wire electrodes fixed at its perimeter. The experimental setup included a current source, a 

Keithley 220, a Keithley 2010 multimeter and a Keithley 705 scanner with a Keithley 7052 

matrix card (Keithley Instruments Inc., Cleveland, OH, USA). The pressure up to 10 MPa 

(=102 kp cm−2) was registered with a L6E3 strain gauge cell (Zemic Europe BV, 

Etten-Leur, The Netherlands). The pressure was applied with an E87H4-B05 stepper 

motor (Haydon Switch & Instrument Inc., Waterbury, CT, USA). The sample thickness 

was recorded during the compression with a dial indicator Mitutoyo ID-S112X (Mitutoyo 

Corp., Sakado, Japan). The resistivity was also separately determined on composite pel-

lets prepared after compression at 527 MPa by a manual hydraulic press (Specac, Or-

pington, UK). 

2.6. Magnetic Properties 

The magnetic characteristics were determined by measurement of a magnetic hys-

teresis curve in the range ±10 kOe by a vibrating sample magnetometer (VSM, Model 

7407, Westerville, OH, USA). 

2.7. Magnetorheology 

The fluids were prepared by mixing the polypyrrole/nickel composites with mineral 

oil (Sigma-Aldrich, Czech Republic; viscosity 19.6 mPa s at 25 °C) at 9 wt% composite 

content. After preparation and before each measurement, the suspensions were sonicated 

in an ultrasonic bath for 10 min to remove any agglomerates. For the rheological meas-

urements, the rotational rheometer Physica MCR 502 (Anton Paar, Graz, Austria) was 

used. To determine the flow properties of the samples under an external magnetic field, 

the device was equipped with an MRD 170/1T magneto cell and H-PTD hood. Magnetic 

fields varied from 0 to 1050 kA m–1. For the tests, a 20 mm plate–plate geometry with a 

sandblasted surface was used to reduce the potential wall slip. The measurements were 

performed at a 300 μm gap and 25 °C, which was controlled using an external bath. Two 

types of flow tests were performed. At first, the flow curves were obtained for various 

magnetic fields. The shear rate window used was determined to be between 0.01 and 150 

s–1 to avoid overflow. The second type of measurement included a stepwise increase of 

the magnetic field under steady shear. The magnetic field was turned on and off period-

ically every 20 s while the magnetic field linearly increased by 150 kA m–1 with the shear 

rate kept constant at 50 s–1. Before each measurement, the samples were redispersed un-

der the shear rate of 50 s–1 for 1 min, and after each test, the magnetic field was set to 150 

kA m−1 to avoid potential sedimentation. Each measurement was repeated at least twice. 

3. Results and Discussion 

3.1. Preparation 

It should be noted that polymer chemists prefer the use of iron(III) chloride as an 

oxidant of pyrrole due to the superior conductivity of polypyrrole, especially in the 

preparation of polypyrrole nanotubes. When pyrrole was oxidised with iron(III) chloride 
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in the presence of nickel microparticles, however, nickel dissolved and no composite was 

obtained. In an attempt to reduce the acidity of the reaction medium, the oxidant was 

replaced by ammonium peroxydisulfate. There was a single report in the literature when 

polypyrrole coating of nickel flakes was achieved by admicellar polymerisation of pyr-

role, i.e., by the oxidation of pyrrole with sodium peroxydisulfate in the presence of an-

ionic surfactant micelles [23]. The conductivity of coated nickel has not changed, and 

nickel has not dissolved either. When used in a polyethylene matrix, improved particle 

contacts afforded by polypyrrole coating were found. Following this approach, pyrrole 

was oxidised with ammonium peroxydisulfate in aqueous medium along with various 

portions of nickel microparticles and conducting polypyrrole/nickel composites have 

been obtained in stoichiometric yield (Figure 1). In contrast to the case of polyaniline [25], 

no hydrogen evolution associated with a partial metal dissolution of nickel has been ob-

served. 

The oxidation of pyrrole produces polypyrrole salt (Figure 1). The constitutional 

repeating unit is represented by four pyrroles with two protonated nitrogen atoms. The 

redistribution of electrons yields cation radicals (polarons) within the chain structure. 

They act as charge carriers that are responsible for the electrical conduction. When am-

monium peroxydisulfate is an oxidant, sulfuric acid and ammonium sulfate are 

by-products. A part of sulfuric acid participates in the protonation of polypyrrole and 

provides sulfate counter-ions. 

 

Figure 1. The oxidation of pyrrole with ammonium peroxydisulfate yields polypyrrole (sulfate 

salt). The electron redistribution generates the polaronic structure. Ammonium sulfate and sulfuric 

acid are by-products. 

In the present synthesis, 20 mmol (1.34 g) of pyrrole was oxidised with 25 mmol 

(5.71 g) of ammonium peroxydisulfate in 200 mL of aqueous medium. The idealised 

stoichiometry (Figure 1) thus expects the 1.78 g yield of polypyrrole sulfate. Various 

amounts of nickel, 0.5–8 g, were introduced prior to the oxidant addition. The composite 

yields were close to each other in all three series (Table 1) carried out (1) in water, (2) in 

0.1 M sulfuric acid, and (3) in water in the presence of methyl orange (MO). The compo-

sitions were practically independent of the reaction medium and well corresponded to 

the stoichiometric expectation (Table 2). Both components of the composite differ in den-

sity, 1.5 g cm−3 for polypyrrole [28] and 8.91 g cm−3 for nickel at 20 °C. One should keep in 

mind that electrical properties are controlled by volume fractions of components, and 

volume fractions of nickel are considerably lower than those based on weight (Table 2).  
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Table 2. Composite composition expected from the reaction stoichiometry (Figure 1) in dependence 

on nickel mass entering 200 mL of the reaction mixture and the nickel content found in the com-

posites prepared in water or 0.1 M sulfuric acid (globular polypyrroles), and in water in the pres-

ence of methyl orange (polypyrrole nanotubes/globules). 

Nickel, 

g/200 mL 

Expected Nickel Content Nickel Content Found, wt% 

wt% Ni vol% Ni Water 0.1 M H2SO4 Water + MO 

0.5 21.9 4.5 18.3 – 22.9 

1 36.0 8.7 35.0 – 33.6 

2 52.9 15.9 56.4 52.8 53.1 

4 69.2 27.4 70.9 70.2 70.7 

6 77.1 36.2 78.5 77.7 78.3 

8 81.2 42.1 83.2 84.7 83.4 

3.2. Morphology 

Nickel microparticles have a typical hedgehog morphology (Figure 2a) with the size 

of several micrometres and medium polydispersity. Polypyrrole was prepared in water 

without and with methyl orange, respectively. The former reveals the typical globular 

morphology with a particle size of 50–200 nm (Figure 2b); the latter resulted in the for-

mation of polypyrrole nanotubes accompanied by a significant fraction of globular 

morphology (Figure 2c). It has to be stressed that uniform and highly conducting 

polypyrrole nanotubes are prepared with iron(III) chloride oxidant, and its replacement 

with ammonium peroxydisulfate in a present study led to definitely inferior morphology 

with only a limited occurrence of nanotubes. 

 
(a) Nickel microparticles 
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(b) Globular polypyrrole 

 
(c) Polypyrrole nanotubes/globules 

Figure 2. Scanning electron micrographs of composite components: (a) nickel and (b) globular 

polypyrrole, and (c) polypyrrole nanotubes/globules. 

The images of polypyrrole/nickel composites show only the presence of polypyrrole 

in globular form (Figure 3a) or its mixture with polypyrrole nanotubes with a diameter of 

about 100–500 nm and a length of 5–10 μm (Figure 3b). No nickel microparticles have 

been observed. During the polypyrrole synthesis, this polymer grows at the nickel sur-

face, resulting in a complete coating of metal microparticles. As a result, nickel particles 

are dispersed in the polypyrrole matrix, and they stay apart from each other within the 

polymer phase. Such composite structure determines the electrical properties discussed 

below. 
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(a) Globular polypyrrole/nickel 

 
(b) Polypyrrole nanotubes/nickel 

Figure 3. Scanning electron micrographs of composites composed of nickel (ca 50 wt%) and (a) 

polypyrrole globules or (b) polypyrrole nanotubes/globules. 

3.3. Spectroscopy 

ATR FTIR spectrum of powdered polypyrrole prepared in the absence of nickel (PPy 

in Figure 4) corresponds to the protonated form of polypyrrole (Figure 1), which exhibits, 

in addition to a broad absorption band at wavenumbers above 2000 cm−1 (Figure 4), the 

main bands with local maxima situated at 1542 cm–1 (C–C stretching vibrations in the 

pyrrole ring), 1467 cm–1 (C–N stretching vibrations in the ring), 1290 cm–1 (C–H and C–N 

in-plane deformation modes), 1164 cm–1 (breathing vibrations of the pyrrole ring), 1094 

cm–1 (breathing vibrations of pyrrole ring), 1036 cm–1 (C–H and C–N in-plane defor-

mation vibrations), 991 cm–1 (C–H out-of-plane deformation vibrations of the ring), and at 

897 cm–1 (C–C out-of-plane deformation vibrations of the ring). The maximum of the 

broadband detected at 1686 cm–1 was assigned to the presence of the carbonyl group 

previously attributed to the nucleophilic attack of water on the pyrrole ring during the 

preparation. The shape of polypyrrole spectra did not change with increasing amounts of 

nickel in the reaction mixture, i.e., nickel did not interfere with the formation of 
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polypyrrole. A small shift of the maxima of the main bands to higher wavenumbers may 

indicate a slight deprotonation of the polypyrrole with an increasing amount of nickel. 

There is no observable difference between polypyrrole prepared in water and 0.1 M sul-

furic acid (Figure 4). This is not surprising because sulfuric acid is generated as a 

by-product during the synthesis (Figure 1). 
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Figure 4. ATR FTIR spectra of polypyrrole and polypyrrole/nickel composites (2–8 g nickel) pre-

pared in 0.1 M sulfuric acid or in water. 

Raman spectroscopy is the surface-dedicated method. In Raman spectra of 

polypyrrole prepared in the absence of nickel (PPy in Figure 5), we detect the bands of 

polypyrrole with local maxima at 1590 cm−1 (C=C stretching vibrations of polypyrrole 

backbone) and 1479 cm−1 (C–C and C=N stretching skeletal vibrations), two bands of 

ring-stretching vibrations at 1382 and 1315 cm−1, a band at 1245 cm−1 (antisymmetric C–H 

deformation vibrations), and a double-peak with local maxima at 1085 and 1045 cm−1 (C–

H out-of-plane deformation vibrations, the second became sharper during deprotonation 

[29]). This is in agreement with the infrared spectra that suggest a slight deprotonation of 

the samples with an increasing amount of nickel. 
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Figure 5. Raman spectra of polypyrrole (PPy) and polypyrrole/nickel composites (Ni, g = 2–8) 

prepared in water and in 0.1 M sulfuric acid. 

3.4. Resistivity 

The resistivity of various conducting powders is usually determined by the 

four-point method on compressed pellets. Free-standing pellets cannot be prepared for 

many materials, e.g., carbon black or carbon nanotubes, nickel or ferrite microparticles, 

and the characterisation has to be performed with powders under applied pressure. This 

is not the case of present composites, but the measurement of pressure dependences of 

resistivity provides additional information about the electrical properties of powders. 

Double-logarithmic dependences of resistivity on pressure are linear in the investi-

gated range of 0.1–10 MPa for composites of both types of polypyrrole with nickel (Figure 

6a,b). The resistivity of neat nickel particles recorded in the same manner is two orders of 

magnitude lower (Figure 6c). When compressed at 10 MPa, it was 1.43 × 10−3 Ω cm, which 

corresponds to 700 S cm−1 conductivity, in accordance with the earlier data [25]. The re-

sults then constitute an apparent paradox illustrating that the introduction of highly 

conducting nickel results in the increase of resistivity, and this becomes even more pro-

nounced as the nickel content grows. 
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Figure 6. The pressure dependence of resistivity for (a) globular polypyrrole (0) and its polypyr-

role/nickel composites (2–8 g nickel) and (b) for analogous polypyrrole nanotubes/globules com-

posites with nickel. (c) The similar dependence for neat nickel microparticles. 

The explanation follows: Let us consider the classical case when the conducting 

metal particles are gradually introduced into a non-conducting polymer matrix. When 

their fraction is low, they are randomly distributed without any mutual contacts. In such 

a composite, no conducting pathways are present, and the composite would remain 

non-conducting despite the presence of dispersed conducting objects. When the content 

of metal particles becomes higher, their contacts start to occur, and finally, they generate 

the first conducting pathway at the so-called percolation threshold. The conductivity 

then starts to grow rapidly with increasing metal content. 

The microstructure of the system under study, however, is different. Instead of neat 

metal particles distributed in the polymer matrix, the composite is constituted by metal 

particles coated with polypyrrole. This coating and any accompanying polypyrrole form 

the conducing matrix. This means that the coating prevents contact between metal parti-

cles; they will always be separated regardless of their fraction, and they cannot, therefore, 

create any conducting pathways and thus contribute to the overall composite conductiv-

ity. The conductivity of the composite is then determined by the conductivity of the 

polypyrrole matrix. 

In addition, as the content of metal particles in the composite increases, the volume 

fraction of the matrix decreases accordingly, and consequently, the resistivity of the 

composite increases (Figure 6a,b). Such results produce an apparent paradox when the 

increasing fraction of conducting metal particles (but coated with polymer!) leads to an 

increase in the composite resistivity. A similar behaviour was observed earlier with 

nickel microparticles coated with polyaniline [25]. 

In the present case, the standard compact pellets could also be prepared by com-

pression at 527 MPa. The resistivity determined with them is several times lower than 

that found at 10 MPa pressure (Figure 7a). The resistivity of true polypyrrole nanotubes 

is lower compared with globular polypyrrole, but in the present study, the nanotubular 

morphology has not been fully developed. As far as the composites are concerned, the 

conductivity is, therefore, about the same within one order of magnitude regardless of 

the way of preparation and polypyrrole morphology. 
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Some readers may prefer plotting the conductivity against the volume fraction of 

nickel (Table 2, Figure 7b). The apparent paradox demonstrated then by the decrease in 

composite conductivity with increasing content of highly conducting nickel microparti-

cles is obvious. 
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Figure 7. (a) Resistivity of polypyrrole/nickel composites determined in pellets in de-

pendence on nickel content (in g) and (b) its reciprocal value, conductivity, on nickel 

content (in vol%). Preparation of globular polypyrrole in water (circles), nano-

tubes/globules in the presence of methyl orange (triangles), or globules in an acidic me-

dium (squares). 
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3.5. Mechanical Properties 

The experimental setup used for the determination of resistivity also allows for the 

monitoring of sample thickness during compression (Figure 8). The pressure dependence 

of composites is close to linear in double-logarithmic presentation. The slope provides 

information about the fluffiness, i.e., the steeper it is, the easier the material is com-

pressed. The decrease in the slope with increasing nickel content reflects the composite 

reinforcement with metallic microparticles. 
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Figure 8. Pressure dependence of sample thickness relative to the thickness at 1 MPa for various 

contents of nickel. 

3.6. Magnetic Properties 

The magnetisation curves reflect the properties of nickel (Figure 9). The saturation 

magnetisation increased with nickel content (Table 3). As expected, polypyrrole does not 

contribute to magnetic properties, and consequently, its morphology has no effect. 
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Figure 9. Magnetisation curves of (a) globular polypyrrole and (b) polypyrrole nanotubes/globules 

deposited on various amounts of nickel microparticles (in g). 

Table 3. Coercivity, HC, remanent magnetisation, MR, and saturation magnetisation, MS, of 

polypyrrole composites prepared with various amounts of nickel, Ni, in water. 

Ni, g HC, Oe MR, emu g−1 MS, emu g−1 

Globular polypyrrole 

0.5 38.0 1.78 10.2 

1 39.0 5.47 22.7 

2 39.4 1.14 29.7 

4 39.6 1.85 36.7 

6 39.7 0.02 44.2 

8 40.1 2.04 44.8 
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Polypyrrole nanotubes/globules 

0.5 38.9 2.26 11.7 

1 38.5 4.87 15.3 

2 38.8 7.19 17.6 

4 39.9 1.48 28.7 

6 40.3 2.00 39.3 

8 40.2 3.82 44.3 

Nickel 

Ni 41.7 0.2 53.3 

3.7. Magnetorheology 

Magnetorheology deals with the liquid suspensions of magnetic particles and the 

changes in their rheology produced by applied magnetic fields. The prospective applica-

tions include magnetorheological dampers and mechanical shock absorbers in the au-

tomotive industry that become important with the expanding electromobility and avail-

ability of magnetic fields generated by electromagnets. Magnetorheological dampers are 

developed for military vehicles or aerospace. The composites are of promise in stimu-

li-responsive polymer systems in biomedical sciences [30], e.g., in human prostheses. 

Due to the magnetic properties afforded by nickel, the composites with polypyrrole 

can be tested in the design of magnetorheological fluids composed of magnetic micro-

metre-sized particles and a non-magnetic liquid phase [31]. The viscosity of these sus-

pensions increases by several orders of magnitude in less than a second when an external 

magnetic field is applied. Due to the density mismatch of the particles and the carrier 

medium, these systems suffer from sedimentation instability. The coating of metal parti-

cles with organics is one of the most common solutions [32]. It reduces the average den-

sity of composite particles and thus prevents the sedimentation of the solid phase [33,34]. 

The systems incorporating nickel have been reported seldom [35]. It has been observed 

that the magnetorheological effect depended on the morphology [36] and particle size 

[37] of the dispersed phase. The coating of nickel particles with polypyrrole reported in 

the present study may also be regarded as a way to alter the properties of the dispersed 

phase. 

The flow curves of the composite prepared with 8 g of nickel (=83.2 wt% Ni, Table 2) 

are shown in Figure 10. The shear stress increased with the intensity of the magnetic field 

up to 450 kA m–1. Then, the particles were magnetically saturated (as shown in the mag-

netisation curves), and the shear stress remained at approximately the same level. For the 

majority of the experimental window, the stress increased more than 10 times. A Bing-

ham plastic behaviour was observed during the on-state. The particles form chain-like 

structures, granting the fluid a yield stress. However, above the shear rate of 1 s–1, the 

hydrodynamic forces started to compete with magnetostatic ones, eventually overtaking 

them. During the off-state below the shear rate of 10 s–1, flow instability was observed as a 

result of shear banding. This is a common behaviour for certain colloids especially when 

a plate–plate geometry is used. The selection of this geometry, however, is key for a 

uniform magnetic field. A dotted line has been drawn following the behaviour at high 

shear rates for comparison in case there was no shear banding. 
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Figure 10. Flow curves at various magnetic fields for the composite prepared with 8 g of nickel. The 

dashed line represents the potential flow curve during the off-state if the shear band is not present. 

The flow curves for the sample using the lowest 2 g content of nickel in the reaction 

mixture (=56.4 wt% Ni, Table 2) can be seen in Figure 11a. When a magnetic field was 

applied, the shear stress significantly increased, with the trend being similar to the sam-

ple shown in Figure 10. However, the shear stress increase is lower for the sample with 

low nickel content due to the lower content of the magnetic component. The same insta-

bilities were observed (Figure 11b). However, for repetitions of the flow curves, a be-

haviour closer to reality is found, with the data not forming an unstable plateau. The data 

at lower shear rates are scattered due to the low torque measured by the instrument. 

Nevertheless, the trend is clear. 

Furthermore, both tested samples were exposed to a steady shear rate of 50 s–1 with 

the magnetic field turned on and off every 20 s and gradually increasing level (Figure 

12a). The stress increased immediately after the magnetic field was applied. When the 

magnetic field was turned off, the stress reached its original values, showing great con-

trol. The sample with a high 8 g nickel content showed both lower off-state and higher 

on-state stress, promoting it as a better candidate for applications regarding magne-

torheology. The average stress of the on- and off-states was calculated for both samples, 

and the magnetorheological performance was obtained by dividing the on-state stress by 

the off-state one (Figure 12b). The sample with 8 g nickel had approximately three times 

higher performance while, for both samples above 450 kA m–1, the performance remained 

the same as the nickel particles were magnetically saturated. It is important to note that 

there was a nickel ferrite-based magnetorheological fluid with a similar carrier [35]. Pre-

sent composite particles have nearly two times higher performance with only 9 wt% 

loading, while the compared system [35] used 60 wt% particles. 
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Figure 11. (a) Flow curves at various magnetic fields for the lowest 2 g nickel content. The dashed 

line represents a potential flow curve during the off-state if the shear band was not present. (b) 

Flow curves during the off-state. The full squares depict data with shear banding present, while 

open squares are those without shear banding. 
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Figure 12. (a) Stepwise increase in the magnetic field under the shear rate of 50 s–1 for samples 

prepared with 8 g (full squares) and 2 g nickel (open squares). (b) The magnetorheological per-

formance as a function of the magnetic field for composites prepared with 8 g (squares) or 2 g 

nickel (circles) and the comparison with data reported in the literature [35] (triangles). 

4. Conclusions 

The hybrid organic/inorganic composites displaying electrical conductivity and 

magnetic properties, polypyrrole-coated nickel microparticles, have been prepared and 

characterised. While the oxidation of pyrrole with iron(III) chloride in the presence of 

nickel does not provide desired composites due to the metal dissolution, the use of am-
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monium peroxydisulfate does. The resistivity of composite powders has been newly de-

termined as a function of applied pressure. The conductivity measured on pellets was of 

the order of 10−1 S cm−1, i.e., slightly lower than that of neat polypyrrole. Electrical prop-

erties did not depend on the polypyrrole morphology, globules or nanotubes, or acidity 

of the reaction medium. The conductivity of nickel did not contribute to the overall 

conductivity of composites, which was determined only by the polypyrrole matrix. In 

fact, the conductivity moderately decreased with increasing content of well-conducting 

nickel. This apparent paradox is explained by the inability of nickel cores to produce 

conducting pathways, as they are always separated by polypyrrole coating. Magnetic 

properties were independent of polypyrrole content and morphology, and the magneti-

sation was proportional to the nickel content. The hybrid composites of this type may 

find application as competitive functional materials, e.g., in magnetorheology, as illus-

trated by present results. 
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