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ABSTRACT: This work concerns an area of magnetoactive polymer (MAP) research seldom considered. Traditionally only MAP with high con-
centrations of magnetic filler (typically between 10 and 90 wt%) have been investigated. This article deals with a hitherto neglected aspect of
research, namely MAP containing lower magnetic filler concentrations (1 to 3 wt%). This article utilizes a range of spectroscopic analysis methods
(Raman and FTIR) and their applicability to MAP characterization at wavelengths ranging from 2.5 to 25 pm. Particular attention is paid to low
carbonyl iron particle (CIP) concentrations in MAP for which the emergence of capillary doublets at a critical 2 wt% concentration is revealed.
This results in measurable magnetic field-dependent changes in IR absorption at a wavelength of 4.255 um together with a detectable CO, sus-

ceptibility. © 2019 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals Inc. J. Appl. Polym. Sci. 2020, 137, 48366.
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INTRODUCTION

Hitherto MAP research has concentrated on compounds containing
high CIP concentrations. Applications vary from magneto-mechanical
control " to the immobilization of cells and enzymes.>*

Consideration of the high-frequency dielectric properties of MAP
is important in the design of modern sensory elements associated
with applications such as soft robotics. The majority of current
research concentrates on lower frequency ranges’ with a few inves-
tigations at microwave levels.®

A number of optical properties on the surface of MAP have previ-
ously been investigated,”® and X-Ray scattering has also been
intensively researched elsewhere.” Consequently, spectroscopy at
wavelengths shorter than 1 pm are not considered here. However,
X-ray tomography is included within this study as an investigative
tool in explaining many of the resulting IR spectroscopic findings.

MAP has occasionally been the subject of spectroscopic analysis,
usually on a secondary basis in order to verify other findings.'®""
The more usual MAP compounds containing higher ferromagnetic
or paramagnetic content (40-80 wt%) have previously been sub-
jected to FTIR spectral investigation but without decisive results
with regard to the influence of an applied magnetic field.'?

MAP with high CIP concentration can be obtained from the
Russian State Scientific Research Institute of Chemistry and
Technology of Organoelement Compounds (GNIIChTEOS), but
there is nothing commercially available in low concentration
MAP. It must also be pointed out, that high CIP concentrations

in MAP tend to form local aggregates with different properties to
the rest of the bulk. Little, if anything has been carried out with
lower weight percentages of CIP. This work concentrates on com-
pounds containing less than 3 wt% ferrous particulate content.

This research deals with the behavior of low CIP concentration
MAPs within the infrared spectrum (wavelengths ranging from
2.5 to 25 pm). Various MAP samples, with and without the
influence of an externally applied magnetic field, are the subject
of both transmission and reflection spectral analysis. Using
Fourier transform infrared (FTIR) methods, the transmission
of infrared radiation through MAP samples was analyzed
whereas Raman techniques were used for MAP surface analysis
through reflection of radiation. All measurements have been
carried out at ambient temperature and pressure.

Infrared spectroscopy is generally a structure/material analysis tool
whose function is based on the interaction between electromagnetic
radiation in the IR wavelength range and the molecular structure of
a sample. The atoms within the molecules absorb vibrational and
rotational energy. A transmission spectrum is thus obtained by pass-
ing radiation through a sample and then detecting the amount of
incoming radiation transmitted at a given wavelength. The energy
absorbed or transmitted corresponds to the characteristic vibration
of a particular chemical bond in a molecule.

Similar to infrared spectroscopy, Raman spectroscopy is a vibra-
tional spectroscopic analysis technique and is often applied as a sup-
plementary method. Since Raman spectroscopy is based on the
reflection of radiation, only the surface of a sample is analyzed.

© 2019 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals Inc.
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SAMPLE FABRICATION AND PREPARATION

The polymer used in this work is an addition-curing RTV-2
silicone (SF00, Silikonfabrik). The mechanical and electrical
properties of silicones, and particularly poly(dimethylsiloxane)'?
and their behavior in the infrared range/spectrum'* are well
known. Curing is achieved by mixing two components A (base)
and B (catalyst with platinum complex), proportionately 1:1, as
illustrated in Figure 1. A different ratio of A or B generally leads
to an incomplete curing.

The crosslinking process takes place at temperatures above 10 °C,
in this case at room temperature (22 °C) and may be accelerated
using higher temperatures up to 200 °C, see Table I. The pH value
is almost 7 and contrary to condensation-curing silicones plays
a subordinate role in the crosslinking process of addition-
curing MAPs.

The carbonyl iron particles used (CIP SQ from BASF) are both
mechanically and magnetically soft with diameters between 3.9
and 5 pm. CIP SQ has a pure iron (Fe) content of up to 99,8%.
This differs considerably from MAP containing nano-particles or
micro-particles in solution where ionic strength must be consid-
ered.'® In traditional MAPs, the CIP are embedded in a PDMS
matrix and make up between 10 and 90 wt% of the mass of the
entire mixture." In this work, a much lower CIP concentration is
employed, and the PDMS matrix is relatively soft (Shore A00
hardness).

Initially the silicone base and silicone catalyst were merged before
being combined with the CIP particles. Samples were produced by
chaotic mixing of proportioned material components in a mixer at
room temperature (22 °C). Degassing of the samples under ade-
quate process vacuum followed. During decavitation, the shedding
of iron particles results in the formation of ring structures as the
cavities ascend and eventually dissipate.'” Should the concentration
be high enough to ensure contiguation of rings then capillary dou-
blets occur.

For FTIR spectroscopy, it is essential that the samples be very
thin to allow a high level of wave transmission, measurable using
FTIR techniques. Using a simple press loaded with deadweights
as shown in Figure 2, a constant compression force was applied
to the uncured mixture for 1 h during crosslinking. Crosslinking

CH, CH, CH;  CH,

~0-Si-0-Si -CH=CH, + + CH,=CH-Si-O-Si-0~
CH,  CH, CH,  CH,

End of polymer chain End of polymer chain

1 Pt-Catalyst

CH;  CH,
~0-Si-0-Si-CH-CH,
CH,  CH, CH,  CH,
CH,-CH-Si - O-Si -0~
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Figure 1. Crosslinking of silicone base and silicone catalyst."® [Color figure
can be viewed at wileyonlinelibrary.com]
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Table I. Crosslinking Time as a Function of Temperature SF00 (Silikonfabrik)

RTV-2 silicone SFOO

Temperature  Crosslinking time

<10°C The crosslinking process is almost nonexistent
~23°C 1.5 h?

~50°C Approximately 15 min®

~150°C Approximately 30 s®

2 Depending on the thickness of the sample.

of the samples for Raman spectroscopy was completed after 4 h
in a petri dish.

Aging tests on MAP have shown only degradation at high tem-
perature over long periods and with high CIP concentrations as
shown in Figure 3.'®

Low CIP concentration MAP appears to be relatively free from
aging, particularly at room temperature and therefore stability
and reusability are rarely a problem.

EXPERIMENTAL APPARATUS

Samples with thicknesses of 0.1, 0.15, 0.2, and 0.25 mm and
having CIP content of between 0 and 35 wt% were tested using a
sample holder with a 23 mm diameter window, to which both
axial and transverse magnetic fields were applied. Magnetic fields
were generated using Nickel-plated sintered N42 NdFeB perma-
nent magnets.19

For the axial polarized field, a simple 40 mm diameter (with
23 mm aperture) ring magnet as illustrated in Figure 4(a) was
secured to the sample holder. The magnetic flux density varied
from 30 mT at the center of the ring magnet to 80 mT at the
inner edge of the ring magnet (outer sample window).

For the transverse field, two symmetrical 5 mm cube magnets
were placed on the same fixture with the pole surfaces 25 mm
apart (23 mm aperture diameter plus fixture wall thickness). The
magnetic circuit was closed with a 2 mm thick iron ring as
depicted in Figure 4(b). The magnetic flux density varied from
5 mT at the center between the magnets to 140 mT at the surface
of the magnets (outer sample window).

FOURIER TRANSFORM INFRA-RED (FTIR) SPECTROSCOPY

In transmission spectroscopy methods such as FTIR, the infrared
beam passes through the sample and the effective path length is
determined by both the thickness of the sample and its orienta-
tion to the directional plane of the IR beam.?

Figure 5 shows the FTIR spectrum of PDMS ' without CIP from
which no appreciable difference between samples containing
35 wt% CIP (Figure 6) and those sans CIP can be observed. The
same is true for samples containing 7, 12, 17, and 23 wt%. This is
in line with other findings concerning FTIR spectra of
polyurethane-based magnetorheological polymers with consider-
ably higher CIP content, which reveal a mere shift in transmis-
sion amplitude through the material.>
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Figure 2. Simple press (10 X 10 cm) loaded with deadweights. [Color figure can be viewed at wileyonlinelibrary.com]

250 4 | o after 6 weeks aging
7 | © after 8 weeks aging

4 after 12 weeks aging

relative change of Young's modulus [%)]

o 5 10 15 20 25 30 35 40 45 50 55 60 65 70
CIP content [% wt]
Figure 3. Effects of aging on MAP at elevated temperatures. [Color figure
can be viewed at wileyonlinelibrary.com]

The only difference between Figure 5 and the following FTIR
spectra are the average transmission values. While the average
transmission values of PDMS samples without CIP are consider-
ably higher, these correspondingly decrease with increasing CIP
content.

For higher CIP concentrations, there is little difference except for
changes in the average transmission level. Figure 6 shows an exam-
ple for 35% CIP by weight. For the other samples containing 7, 12,
17, and 23 wt%, respectively, the curves follow an identical pattern.

Figure 7 reveals a slight, but noticeable, difference at a wavelength of
4255 pm (wavenumber 2350 cm™") when the sample is subjected
to a axial magnetic field. The black curve is the initial condition
without magnetic field (oM1). The red curve denotes the condition
following the application of a magnetic field (mM2) and blue repre-
sents the relaxation of the MAP immediately following removal of
the magnetic field (oM3). However, this difference occurs exclusively
for samples containing 2 wt% CIP.

The experiments were repeated for the same samples but under
the influence of a transverse magnetic field. As shown in Figure 8,
a similar effect can be seen at the same wavelength. In this case,
the effect commences with samples containing more than 1.5 wt%
CIP and reaches a maximum at 2 wt% CIP.

Again, the black curve is the initial condition without magnetic
field (oMl1). The red curve represents the situation following
the application of a magnetic field (mM2) and blue depicts
the relaxation of the MAP immediately following removal of the
magnetic field (oM3). The relaxation continued over several
hours before the MAP finally recovered its original condition as
demonstrated by the black curves in Figures 7 and 8.

Figure 4. NdFeB magnets. (a) axial field; (b) transverse field. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. FTIR spectrum, PDMS alone. [Color figure can be viewed at
wileyonlinelibrary.com]

The difference between IR transmission in the 2 wt% CIP samples,
with and without magnetic field, is shown more clearly in the expanded
graph of Figure 9 for PDMS with 2 wt% carbonyl iron powder.

The changes shown in Figures 7 and 8 (expanded in Figure 9)
are not considerable but certainly observable and repeatable
throughout a range of similar samples. Why this effect is only so
clearly visible with 2 wt% CIP, will be explained later.

These experiments were repeated several times using the same
and other, samples containing 2 wt% CIP. As illustrated in Fig-
ures 7 and 8, clear differences in the characteristic curves are
observable only at a wavelength of 4.255 um. Everywhere else in
the spectrum there are only changes in average transmission level
due to general opacity. It is interesting to observe that the effects
start to become apparent with 1.5 wt% only under the influence
of the transverse magnetic field, as shown in Figure 10, whereas
for the axial magnetic field the effect remains absent until the
2 wt% level is reached.

Intesity [%]
(o]
1

—— without magnet
with magnet
relaxation

0 ——
2800 2700 2600 2500 2400 2300 2200 2100 2000
Wavenumber [cm]
Figure 6. FTIR spectrum, MAP with 35 wt% of CIP. [Color figure can be
viewed at wileyonlinelibrary.com]
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Figure 7. FTIR spectrum, MAP with 2 wt% of CIP in axial magnetic field.

[Color figure can be viewed at wileyonlinelibrary.com]

However, samples containing 1 and 3 wt% CIP are largely unaf-
fected by the influence of either a radial or a transverse magnetic
field and merely resemble those for higher CIP concentrations, as
can be seen from Figure 11.

Clearly, the IR absorption in MAP samples having 2 wt% CIP
content shows the greatest magnetic field dependency, while
those with 1.5 wt% exhibit changes only in a transverse magnetic
field. Samples containing 1, 2.5, and 3 wt% reveal no measurable
influence.

Raman Spectroscopy

Raman spectroscopy is used to observe vibrational, rotational and
other low frequency modes in a system. It is often utilized as a
supplement to infrared spectroscopy in chemistry to provide a
fingerprint by which molecules can be identified. It relies on
inelastic (Raman) scattering of monochromatic light. Coherent
light usually results from a laser in the visible, near infrared, or

Intensity [%]

104 —— without magnet
] —— with magnet
— relaxation
0 T

T T T T T T

T T T T — T T 1
2800 2700 2600 2500 2400 2300 2200 2100 2000

Wavenumber [cm’']

Figure 8. FTIR spectrum, MAP with 2 wt% of CIP, in transverse magnetic
field. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 9. Transmission difference following application and removal of
magnetic field. [Color figure can be viewed at wileyonlinelibrary.com]

near ultraviolet range. In this work, a laser with a wavelength of
798 nm (near infrared) was used. The laser light interacts with
molecular vibrations, photons or other excitation in the system. Pho-
ton energy is shifted up or down according to the energy of the laser
which in turn provides information concerning the vibrational
modes in a system. Elastic scattered radiation at the wavelength
corresponding to the laser line (Rayleigh scattering) is filtered out,
while the remaining radiation is dispersed onto a detector.””

All the samples were tested using Raman spectroscopy. In princi-
ple, infrared spectroscopy and Raman spectroscopy complement
each other in their information content>® Figure 12 illustrates
the characteristic peaks of PDMS. These do not change with an
increased proportion of CIP.

In contrast to FTIR, it is not possible to measure transmission spec-
tra or detect relaxation processes with the help of Raman spectros-
copy at all. These results indicate that relaxation phenomena are
determined exclusively by internal conditions within the MAP. No
phenomena could be detected on the surface.

50
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@
c
[}
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10 - —— without magnet
with magnet
— relaxation
0 T T T T T T T T T T T T T T T 1

2800 2700 2600 2500 2400 2300 2200 2100 2000
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Figure 10. FTIR spectrum, MAP with 1.5 wt% of CIP in transverse mag-
netic field. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 11. FTIR spectrum, MAP with 1.0 wt% CIP in axial magnetic field.
[Color figure can be viewed at wileyonlinelibrary.com]

Observations

Conventional MAPs, containing higher CIP concentrations,
exhibit little or no magnetically induced change over the entire
IR electromagnetic spectrum. Only with very low CIP concentra-
tion, and particularly around 2 wt%, a magnetic influence can be
observed and then only at a wavelength of 4.255 pm.

The band 2300 to 2400 cm™" is indicative of carbon dioxide
absorption and this effect disappears when the same measure-
ments are made in a pure dry nitrogen atmosphere. However, the
amount of CO, in air is merely 0.04% volume. CO, is diamag-
netic with a molar magnetic susceptibility of —20.88-107° cm’/
mol** the modulus of which is greater than that of copper
—6.4-10"° cm’/mol.*> Nitrogen is also diamagnetic but has a
magnetic susceptibility of only —12-107® ¢cm’/mol*® and oxygen
is paramagnetic with a magnetic susceptibility of 3335-107° cm?/
mol.** Consequently, it is highly likely that the diamagnetic
effects of CO, are responsible for the change in spectral absorp-
tion at this wavelength. Further experiments with 2 wt% MAP

1500

1200

CCD cts

600

0 900 1800 2700 3600 4500 5400 6300
rel. 1/cm

Figure 12. Raman spectrum, PDMS with and without CIP. [Color figure
can be viewed at wileyonlinelibrary.com]
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Figure 13. X-Ray CT of MAP with 2 wt% CIP. [Color figure can be viewed at wileyonlinelibrary.com]

containing other diamagnetic materials such as copper instead of
CIP revealed no such magnetic field induced change in the IR
spectra. Consequently, it can be concluded that the effect results
from the interaction between 2 wt% CIP magnetoactive elastomer
and diamagnetic CO.,.

The question arises as to why only samples containing 2 wt% CIP
reveal any such effects. To ascertain the difference between 2 wt%
and other CIP content MAP X-Ray tomography was employed.
This reveals some very interesting internal structural formations,
which appear only to exist at very low CIP concentrations.

X-Ray Analysis

MAP have previously been the subject of investigation using
X-Ray diffraction techniques on magnetite-filled MAP.*® In this
work, the use of X-Ray radiation is restricted to 2D and 3D
tomography for internal structure analysis purposes rather than
spectroscopy. In this study, numerous samples with CIP content
from 0 to 7 wt% were investigated using a GE Phénix v|tome|xs
240/180 X-Ray tomograph at 55 keV. Subsequent image analysis
revealed some interesting structures with the MAP.

e

Figure 14. Single capillary doublet with slightly concave ends. [Color figure
can be viewed at wileyonlinelibrary.com]
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Prior to complete curing of the polymer, CIP collection around
the periphery of ascending cavities results in ring formation as
the 1 wt% CIP level is approached. At 1.5 wt% CIP content, the
ring formation becomes complete and at 2 wt% bubble con-
tiguation forces CIP into voids between the cavities resulting in
the formation of capillary doublets. At higher CIP concentrations
such ring formations tend to diminish and a more random aniso-
tropic condition prevails.'”

The 2 wt% CIP MAP samples are the only ones, which show
appreciable change at any IR wavelength and particularly at
4.255 pm (wavenumber 2350 cm™Y). For these samples alone, an
extremely clear structure becomes visible under X-ray computer
tomography as can be seen in Figure 13.

Recourse to Figure 14 reveals the topology of the capillary bridges
as often being only slightly concave.?” This leads to a slight
increase in the volume of the capillary doublet tending toward
the critical 2 wt% level. At higher CIP concentrations, the CIP
density exceeds the level at which such structures can form
resulting in an almost amorphous topology as found in MAP
with higher CIP concentration."”

CONCLUSIONS

For the first time, extensive spectral investigations concerning
MAP with low CIP concentrations have been carried out. X-Ray
tomography has revealed how, with relatively low concentrations
of CIP, the formation of cavities in MAP cause the development of
ring structures during gas evacuation. With increasing CIP concen-
tration inter cavity capillary doublets are formed, which result in
clearly measurable magnetic field dependent changes in IR absorp-
tion at a wavelength of 4.255 pm. This is almost certainly due to
interactions between diamagnetic atmospheric CO, and the capil-
lary doublet structures formed exclusively in MAP with CIP mass
fraction between 1.5 and 3 wt%. Although the full effects (also on
other diamagnetic gases) remain to be investigated, this inevitably
has potential implications for future sensor devices.
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