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electromagnetic coupling at the atomic, or 
at least molecular, level where the relative 
permittivity of the dielectric may change 
when subjected to a magnetic field. At the 
other end of the mesoscopic scale, where 
micrometer sized particles are distrib-
uted within a polymer dielectric matrix, 
changes in capacitance are due purely to 
rearrangements in the magnetic particle 
structure while the relative permittivity of 
the dielectric matrix always remains unin-
fluenced. This can be seen from capaci-
tance calculation used in the analysis and 
simulation of magnetoactive polymers.[5]

In order to avoid confusion, the term 
“interfacial magnetocapacitance” will be adopted throughout this 
paper. The related effects on electrical resistance experienced by 
boron-organo-silicon oxide magnetoactive materials through the 
application of an external magnetic field will also be discussed.

The often used term “dielectric constant” is incorrect in that 
εr is a function of frequency and temperature (i.e., not a con-
stant in the strict meaning of the term). The correct name for 
εr is relative permittivity and the absolute permittivity ε is the 
product of free space permittivity ε0 and relative permittivity 
εr.[6] For clarity, this (correct) nomenclature will be adopted 
throughout this paper.

2. Magnetoactive Polymers

Magnetoactive polymers (MAP) are elastomeric composites 
comprising a nonmagnetic polymer matrix and a distribution 
of magnetically susceptible micrometer sized ferromagnetic or 
paramagnetic particles.[7] They undergo a distinct increase in 
Young’s modulus with the application of an external magnetic 
field.[8] When subjected to inhomogeneous magnetic fields, mag-
netodeformation may be experienced making them suitable for 
the development of small actuators and even complete devices.[9] 
Though the main contribution to actuation lies in magnetode-
formation in a nonlinear magnetic field, slight magnetostriction 
has also been observed in homogeneous magnetic fields.[10]

The most common matrix materials used for MAP fabrica-
tion are silicones, particularly polydimethylsiloxane (PDMS), 
though occasionally polyurethane has also been used.[11] Car-
bonyl iron powder (CIP) is the most commonly used soft mag-
netic filler material, though hard magnetic materials such as 
NdFeB have also been employed.[12] Due to conventional fab-
rication techniques, the magnetic particle distributions can be 
isotropic or anisotropic though perfect dispersion homogeneity 
is difficult to achieve. In addition to their basic mechanical 

The electrical properties of rheopectic magnetoactive composites comprising 
boron-organo-silicon oxide dielectric matrices containing carbonyl iron 
microparticles are presented for the first time. The increase in interfacial 
magnetocapacitance is seen to greatly exceed that experienced when using 
conventional elastomeric matrices such as polydimethylsiloxane. In addition 
to the increase in capacitance, a simultaneous and sharp decrease in the par-
allel electrical resistance over several orders of magnitude is also observed. 
The effects are time dependent but repeatable. Potential applications include 
magnetically controlled frequency dependent devices, magnetic sensor sys-
tems, weighting elements for neural networks, etc.

1. Introduction

The mechanical and electrical characteristics of silicone elas-
tomer-based magnetoactive polymers have been exhaustively 
studied over the past decade.[1] The more unusual properties of 
organo-silicon oxide polymers are less well known. Following 
research into the mechanical properties of magnetoactive 
boron-organo-silicon oxide polymers,[2] this work concentrates 
on the low frequency electrical properties of such materials and 
in particular interfacial magnetocapacitance and the accompa-
nying dramatic changes in electrical resistance.

Although magnetocapacitance can exist without multifer-
roic coupling, magnetodielectric effects refer specifically to 
single-phase materials having ferroelectric and ferro- or anti-
ferromagnetic order. Alternatives comprise composite mate-
rials combining conventional ferroelectrics and ferromagnetics 
segregated on a nanoscale level.[3] Intrinsic magnetodielectric 
coupling must be separated from interfacial magnetocapaci-
tance.[4] Consequently, the magnetodielectric effect implies 
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properties, magnetoactive polymers exhibit interesting electrical 
properties. Interfacial magnetocapacitance often quoted as 
“magnetodielectric effect” (sic), complex impedance, etc. have 
all been evaluated for different magnetic content under various 
ranges of applied magnetic field.[13–15] However, a magnetoac-
tive elastomer with a CIP concentration of 73%, subject to an 
applied magnetic field strength of 700 000 A m−1, exhibits little 
more than a 60% increase in capacitance.[16]

Where the particles are not constrained by an elastic matrix 
but allowed to migrate in a viscoelastic medium, dramatic 
effects on the electrical capacitance and resistance become 
clearly observable. The remainder of this work deals exclu-
sively with such interfacial magnetocapacitive effects in boron-
organo-silicon oxide polymers.

3. Boron-Organo-Silicon Oxide Polymers

Certain organo-silicon oxide polymers demonstrate viscoelastic-
plastic characteristics such as rheopexy. The combination of 
dimethylsiloxane and boric acid dates back to two patents filed 
during the 1940s.[17,18] The original compound comprised 65% 
dimethylsiloxane (hydroxy-terminated polymers with boric 
acid), 17% silica (crystalline quartz), 9% Thixotrol ST (castor 
oil derivative), 4% polydimethylsiloxane, 1% decamethyl cyclo-
pentasiloxane, 1% glycerine, and 1% titanium dioxide,[19] and 
the majority of modern compounds deviate little from this. The 
material is even marketed as a toy under the name “Silly Putty.” 
Industrial uses include deburring and polishing.

Silicones consist of polymeric chains with an alternating sil-
icon–oxygen backbone having various organic groups bonded 
to each silicon atom, as shown in Figure  1. In the case of 
PDMS, the organic section comprises methyl groups.

Fluids, emulsions, lubricants, resins, elastomers, or rubbers 
are different classes of commercially important silicone prod-
ucts. The elastic behavior of polymers is based on the wide-
meshed cross-linking of the molecular chains. Cross-linking 
prevents the polymer chains from sliding apart, as is the case 
with liquids. The re-deformation after elongation of an elas-
tomer is based on changes in entropy.

Silicone rubbers without filler materials demonstrate low 
viscoelasticity. The cross-linking of the polymer chains inhibits 
viscous yielding. Usually, the rubbery-elastic properties of sili-
cone elastomers without reinforcement dominate. The addi-
tion of even small amount of nanoparticle fillers such as silica 
powder is able to change the viscoelastic properties of silicone 
rubbers significantly.[20] The substitution of between 1% and 
30% silicon atoms (Si) of the polymer chain by boron atoms 
results in a boron-silicone material with definite viscoelastic 
properties. This viscoelastic effect is based on the temporary 
bonding between an oxygen electron pair and the boron atom.

Many solid silicone compounds demonstrate little change 
in elastic modulus between −150 °C and the glass transition at 
around 200  °C after which they become much softer.[21] With 
organo-silicon oxide polymers, reduced viscosity commences 
abruptly at around 60 °C.[22] In this work, all investigations have 
been carried out at temperatures well under 60 °C.

4. Magnetoactive Boron-Organo-Silicon Oxide 
Polymers

The combination of carbonyl iron particles with boron-organo-
silicon oxide polymers does not result in an elastomer as with 
traditional PDMS materials because boron-organo-silicon oxide 
polymers are viscoelastic. Low strain rate deformation is inher-
ently plastic rather than elastic. In the case of a PDMS-based 
MAP, the magnetic field induced displacement of a magnetic 
particle is always limited by the elasticity of the polymer matrix 
in which the particles are held.

k nσ γ= � (1)

The tangential stress σ  of a dilatant (shear thickening) 
fluid is given by  (1) where k is a constant and the shear rate 
γ is raised to some power n in accordance with the Ostwald-de 
Waele model. For a rheopectic material such as boron-organo-
silicon, n > 1.[23]

5. Experimental Section

Commercially available boron-organo-silicon oxide polymers 
(www.knete.de) were combined by mechanically kneading 
carbonyl iron powder (CIP) particles with diameter range 
3.9–5 µm (BASF SQ) at a temperature of 37 °C. Samples con-
taining between 5% and 60% CIP were fabricated. Higher con-
centrations were difficult to achieve as particulate absorption 
approached saturation resulting in increasing inhomogeneity.

The distance between the electrodes was maintained by a 
1 mm wide electrically insulating ring as shown in the exploded 
sample illustration in Figure 2. The capacitive effects of the plastic 
ring were found to be insignificant and so could be neglected.

In order to rule out any equipment idiosyncrasies, two forms 
of magnetic field generation were employed. The first, as shown 
in Figure 2, employed permanent magnets where the distance 
between the poles is adjustable. The adjustable iron yoke also 
serves to complete the magnetic circuit between the perma-
nent magnets. The second method utilized two coils of 1440 
turns on a closed common soft iron former driven from two 
stabilized high-current power supplies (Sorensen DCR 60-45B). 
Samples were inserted mechanically using a Stäubli RX60 [24] 
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Figure 1.  Polyorganosiloxane polymers, commonly called silicones.
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robot within 50 ms. Measurements of magnetic flux density 
within the yoke gap were made using a gaussmeter (LakeShore 
455 DSP) placed in the center of the sample by means of a 
small aperture in the insulating ring. In the interests of clarity, 
the wiring and sensor devices are not shown in Figures 2 and 3.

As the distance between the solenoid poles remained con-
stant, no significant changes to the magnetic field homogeneity 
were observed. However, with the permanent magnet appa-
ratus, the magnetic field could only be varied according to the 

distance between the poles. This was found to agree well with 
the magnetic field generated by the solenoids for flux densities 
between 200 and 350 mT.

Initially, samples without CIP were placed between, and in 
contact with, the two 38  mm diameter aluminum electrodes. 
Electrical measurements were made on samples of thickness 
(d in  (2)) 1.0, 1.6, 2.2, and 3.0  mm. The capacitance of the 
boron-organo-silicon oxide polymer alone was measured using 
the apparatus described above. Rearranging the usual planar 

Macromol. Chem.  Phys. 2020, 221, 1900342

Figure 2.  Permanent magnet field generation (with exploded view of sample and electrodes).

Figure 3.  Inductive field generation (with collapsed view of sample and electrodes).
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capacitance expression (2) for εr revealed a relative permittivity 
of 3.7 for all three sample thicknesses.

C
A

d
rε ε

= 0 � (2)

Although as mentioned previously, relative permittivity is 
not a constant but has a degree of frequency dependence, the 
εr of boron-organo-silicon oxide polymers remains relatively 
stable from 100 Hz to 50 kHz before slowly rising to around 4 
as the frequency is increased to 100 kHz. Above this frequency, 
the influence of stray capacitance was found to introduce inac-
curacies. Regardless of frequency, the raw material measure-
ments were uninfluenced by the applied magnetic field. The 
remainder of the measurements using magnetoactive boron-
organo-silicon oxide compounds were carried out at a fre-
quency of 1 kHz.

Samples containing 5%, 10%, 20%, 25%, 40%, and 60% CIP 
by mass were produced and tested using the apparatus men-
tioned above in the same way as those without magnetic content.

The electrical properties, namely capacitance and resistance 
were measured simultaneously using a programmable LCR 
bridge (Hameg HM8118) connected to a computer by means of 
the instruments RS232 interface. The software interface (ZOC) 
was programmed using REXX script and data collected at var-
ious acquisition rates. As the initial resistance was in excess of 
what the LCR bridge could measure, the initial 20 mS of data 
have not been included. Due to the dramatic, and unexpected, 
changes in capacitance and resistance, the experiments were 
verified using a Philips PM6303 RCL Meter.

6. Measurement Results

As seen in Figure 4, the capacitance and resistance change sig-
nificantly with CIP content. At 60% CIP, a threefold increase 
in capacitance is observable whereas with only 5% CIP con-
tent the effect is considerably weaker. The initial capacitance 
without CIP can be calculated from formula  (2) as ≈23  pF. 

The addition of CIP increases this quiescent capacitance to 
around 40 pF. On the application of a magnetic field with flux 
density 350  mT, the capacitance rises exponentially as shown 
in Figure 4a. At the same time the resistance sinks even more 
dramatically as shown in Figure 4b). The initial values of resist-
ance prior to the application of a magnetic field were often 
beyond the scale of the instrument (in the GΩ range) and for 
clarity and graphical scaling purposes, the first few measure-
ments have been omitted. The resulting effects correlate well 
with the CIP content.

On the other hand, the relaxation curves shown in Figure 5 
demonstrate a more rapid return to the original conditions on 
removal of the magnetic field.

Discernible between Figures  4 and  5 is also a very large 
degree of hysteresis. This is due to the fact that the final phys-
ical relaxation of the compound occurs over several hours. This 
long relaxation time may appear as a disadvantage at first sight. 
However, where shape memory effects are concerned, this phe-
nomenon is of major interest.[25]

Figures 6 and 7 show the relationships between capacitance 
and resistance after 180 s for different percentages of CIP 
content.

Most interesting are the effects of increasing magnetic flux 
density. Figure  6 shows the increase in capacitance for the: a) 
20% CIP, b) 40% CIP, and c) 60% CIP samples with magnetic 
flux densities of 250, 300, and 350 mT, respectively. Here, it can 
be observed that the increase in capacitance is predominantly 
a function of the CIP concentration. In fact, the magnetic flux 
density influences only the time constants, which are at least 15, 
18, and 35 s, respectively. As pointed out earlier, the final steady 
state will only be reached after several hours and so these values 
serve only as a guide for the measurement duration of 180 s.

Conventional MAP demonstrate a similar, though far 
less dramatic reduction in electrical resistance for an applied 
magnetic field.[26] Although the magnetic reaction for magne-
torheological fluids takes place within 20  ms, the mechanical 
reaction can be twice this.[27] Magnetoactive polymers are mag-
netoelastic so the change can take up to several seconds.[15] 
Furthermore, organo-silicon oxide materials are rheopectic so 

Macromol. Chem.  Phys. 2020, 221, 1900342

Figure 4.  For various CIP concentrations, a) capacitance versus time, b) resistance versus time.
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the matrix resists rapid CIP displacement but allows slow creep 
and relaxation.

This latter is almost certainly due to the rheopectic properties 
of boron-organo-silicon oxide resulting in a slower response at 
high magnetic flux densities. Although the steady-state capaci-
tance values shown in Figure  6 follow an exponential rise 
time curve, the resistance graphs of Figure  7 show an abrupt 
decrease from the quiescent state of an effective insulator to a 
resistance of only a few MΩ.

7. Analysis

Without magnetic content, the relationship between capacitance 
and gap width d follows exactly that of expression (2). However, 
when CIP is present, less dielectric volume is available and the 
increase in capacitance as a result of gap width reduction is con-
sequently limited. This can be seen in Figure 8 where the capaci-
tance merely doubles whereas according to (2) it would normally 
be three times higher for a reduction of d from 3 to 1 mm.

Macromol. Chem.  Phys. 2020, 221, 1900342

Figure 5.  For various CIP concentrations, a) capacitance versus decay time, b) resistance versus rise time.

Figure 6.  Capacitance rise time for a) 20% CIP, b) 40% CIP, and c) 60% CIP.

Figure 7.  Resistance decay time for a) 20% CIP, b) 40% CIP, and c) 60% CIP.
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This cannot be attributed alone to the fact that the 
volume fraction of dielectric reduces with increasing CIP 
mass fraction. The volume fraction of dielectric reduces 
with increasing CIP mass fraction. The density of iron ρFe 
is 7860  kg m−3 whereas that of boron-organo-silicon oxide 
polymer ρp is just over 1000  kg m−3. Consequently, a 60% 
CIP mass fraction equates to a mere 16% CIP volume 
fraction.

Given that both A and εr in  (2) remain the same, for a 
given CIP content only d changes. Consequently, any change 
in C must be directly proportional to a change in d. However, 
the change in d is not simply the distance between two elec-
trodes. The intrinsic electrodes, in this case are the CIP parti-
cles themselves. Assuming spherical particles, in the absence 
of a magnetic field, the particles are arranged randomly as in 
Figure 9a,c. On the application of a magnetic field, they become 
aligned as in Figure 9b,d.

A volume fraction is simply the mass fraction M divided 
by the ratio of the two material densities. For a symmetrical 
cube, the square of the cube root of a given volume provides 
the effective area of CIP content visible on one face of a sym-
metrical cube (3).

A
M p

Fe

ρ
ρ

=






2/3

� (3)

Calculating the areas according to  (3) allows the simple 
model of Figure 9 to be drawn to scale in order to show a more 
realistic picture. The sum of the areas of the particles shown 
corresponds to respective areas as a function of the frame 
around them, that is, A = 5.4% for 10 wt% CIP and A = 18% 
for a 60 wt% CIP.

With such a high CIP concentration, a more complex 
agglomeration is very likely with particle pairing or clustering 
making the simplified model of Figure 9 less accurate.

Figure  10 shows X-ray tomography images taken using a 
micro-CT system (GE Phönix v|tome|xs 240/180) at 65  kV, 
195 µA, voxel size 3 µm. The boron-organo-silicon oxide sample 
containing 5  wt% CIP is constrained within a glass vial. This 
lower percentage of filler was necessary as higher percentages 
became opaque to the X-ray radiation.

The color bars to the left indicate the concentration in mm3. 
Figure  10a shows the sample in its initial state directly after 
mixing without magnetic field. Although movement of the 
CIP commences immediately on applying a magnetic field, full 
alignment of the particles takes some time. Figure 10b shows 
the situation after several days subjected to a magnetic field 
applied immediately below the sample (providing a magnetic 
flux density of 390 mT at the sample base, reducing to 120 mT 
at the top).

As can be seen from Figure 10a, the dispersion after mixing 
still contains a few clusters (orange color) but is otherwise 
without any clear structure. Following the application of a mag-
netic field, very clear orientation and alignment of the particles 
can be seen. At higher CIP percentages, the samples were too 
dense to produce reliable X-ray images.

8. Discussion

The drastic reduction in electrical resistance can be attributed 
to alignment of the CIP within the polymer matrix. Due to the 
inherent elasticity of conventional PDMS-based MAP, only par-
tial particle alignment is possible and particle contiguation is 
very limited. In a boron-organo-silicon compound, as the parti-
cles move to align themselves with the magnetic field, a degree 
of interparticle contact becomes more likely. This has a limited 
effect on the capacitance but inevitably serves to increase the 
electrical conductivity. There are various theories to these ends 
including the jamming[28] and percolation theories relevant to 
both magnetorheological fluids[29] and polymer composites.[30] 
The jamming theory has also been investigated specifically for 

Figure 8.  Capacitance without magnetic field for different gap widths.

Figure 9.  a) 10 wt% CIP random, b) 10 wt% CIP aligned, c) 60% CIP random, d) 60% CIP aligned.
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shear thickening organo-silicon oxide polymers.[31] However, 
before the reader embarks upon an analysis of exotic theories, a 
closer look at the situation may reveal more.

Figure  4b illustrates the situation well. At high CIP mass 
fractions (>20%), the effect reaches a saturation level regard-
less of the magnetic flux density as shown in Figure 7. At lower 
CIP mass fractions, the drop in electrical resistance follows a 
more traditional decay curve proportional to the reciprocal of 
the interparticle distance. However, due to the magnetic field, 
this distance is constantly reducing which further expedites the 
drop in electrical resistance.

As seen in all the curves, there are clearly two different time 
constants involved. The first is extremely short and represents 
the immediate reaction to the magnetic field as the particles 
separate from one another thus destroying cluster formations. 
The second time constant is much longer and results from the 
slow orientation of the particles into chains which is consid-
erably slower due to the viscoelastic properties of the matrix 
material as illustrated in Figure 9.

9. Applications

The ability to magnetically control electrical capacitance and 
resistance has many potential applications in the electronics 
industry. This is particularly relevant to magnetic switching 
in high voltage applications where initially a high breakdown 
resistance is important.[32] The use of magnetoactive polymers 
against piezoresistive membranes in order to control high volt-
ages intended for the driving of dielectric actuators has been 
proposed.[33] The use of boron-organo-silicon-based devices 
would simplify this considerably.

Related to applications concerning the measurement of mag-
netic fields, memristors and memcapacitors for use in neural 
networks are an emerging technology which demands the 
ability to weight individual node inputs by means of externally 

controllable resistance, capacitance, or inductance.[34] Boron-
organo-silicon fulfills the first two criteria. The third, induct-
ance, remains to be investigated.

10. Conclusions

This work has demonstrated how interfacial magneto-capac-
itance in magnetoactive boron-organo-silicon oxide polymers 
may be significantly influenced by applied magnetic fields 
having flux densities under 350 mT. A considerable increase in 
electrical capacitance compared to that found with conventional 
PDMS-based magnetoactive polymers has been observed. 
Simultaneously, an abrupt reduction in parallel electrical resist-
ance of several orders of magnitude is experienced. Both these 
properties are attributed to particle contiguation during the 
magnetic field induced alignment process. This latter has been 
confirmed by a series of X-ray tomography measurements.
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Figure 10.  X-ray tomography image of 5 wt% CIP boron-organo-silicon oxide polymer.
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