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ARTICLE INFO ABSTRACT

Nowadays, the magnetorheological elastomers (MREs) represent an important composite group with a wide
range of applications. They are however predominantly typified by chemically cross-linked polymer matrices
which makes them difficult to be reprocessed or recycled. Here, we demonstrate the concept of the MREs’ repro-
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cessing for the first time. The thermoplastic elastomer (TPE) was adopted as a suitable matrix allowing the MRE
production via injection-molding, while making them also reusable. Each processing iteration was accompanied
by thermo-mechanical degradation causing the gradual TPE oxidation, decrease in the TPE molecular weight and
a viscosity reduction of their melts. In the MREs, the unexpected processing-induced particle/matrix bonding was
revealed, which promoted their stiffening. As a result, the magnetic field-induced particle mobility was limited
decreasing the magnetorheological activity of the MREs by tens of percent per the processing cycle. We expect
that the injection-molded TPE-based MREs could offer a new pathway for producing the smart engineering com-

posites owing to the ability to be easily reprocessed.

1. Introduction

Smart composite materials containing magnetically-permeable mi-
cro-particles dispersed in an elastomeric matrix are well-known as mag-
netorheological (MR) elastomers (MREs). These systems are character-
ized by their precise control of viscoelastic moduli once they are ex-
posed to defined external magnetic fields. In recent years, the MREs
have been a subject of numerous studies showing the enormous poten-
tial in civil engineering [1], automotive [2], medical [3,4] or military
fields [5]. In this sense, they must meet certain criteria in order to re-
liably work under specific operating conditions. To design high-perfor-
mance MREs, the aspects related to magnetic particles such as their
inherent magnetic properties, the average size, or spatial distribution
should be considered [6]. Besides that, the matrix elasticity plays an es-
sential role in achieving high MR performance as shown by Chertovich
et al. [7].

To this date, the vast majority of MREs are fabricated based on
chemically cross-linked matrices including natural rubber [8,9] as well
as their synthetic alternatives, e.g. silicone [5,10], cis-polybutadiene
[11,12], or nitrile [13] rubbers. Also polyurethanes (PURs) either in
their raw form [14] or with plasticizers added [15] have been used as
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the MRE matrix material. Being thermosetting polymers, the reprocess-
ing of MREs based on rubbers or PURs is practically infeasible.

Currently, traditional materials are being replaced by their modern
analogues which also applies to MREs. Due to an increasing number of
MR devices, the recycling of these systems may become a critical aspect
in the next decades in view of preventing contamination of the envi-
ronment with polymer wastes. Recently, the first attempts to economize
MREs’ fabrication appeared when Ubaidillah et al [16]. used a waste
tire material as a matrix for MREs. In their study, crumb rubber was
mixed with magnetic particles, but also a vulcanizing system containing
sulfur, zinc oxide, and stearic acid was added. The final product thus
exhibited high zero-field modulus, most probably due to high cross-link
density, and the possibilities of its reprocessing were not further stud-
ied. It can be assumed that the fabrication of MREs based on matrices
that can be easily reprocessed is the most reasonable choice from an en-
vironmental point of view.

Thermoplastic elastomers (TPEs) are special polymeric materials
that can be considered as a desirable alternative to conventional vul-
canized rubbers. Besides their high elasticity, they can be processed at
elevated temperatures as conventional thermoplastics [17]. Thus, TPEs
have the ability to be melt-processed, reused, and recycled unlike their
chemically cross-linked analogues, i.e. rubbers, which makes them suit-
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able candidates for the development of “green” MREs. These features
stem from their microstructure that contains physical cross-links be-
tween hard segments with either a high melting temperature or high
glass transition temperature (T,), and soft segments with a low T,. The
soft segments elongate upon strain-induced deformation, while the hard
ones represent anchoring points needed for elastic recovery [17,18]. To
this date, the research background devoted to the development of MREs
based on the TPE matrix is rather limited [19-22].

In the previous studies, the effects of silica coating [19,23], pro-
cessing conditions [24] or particle concentration [13,20,24,25] on the
MREs’ properties were investigated, however the aspects of their repro-
cessing remained omitted. Further, the production of MREs was previ-
ously ensured mainly via facile techniques such as casting ([5,10,26]
among others), or compression molding [6,19].

At this point it should be emphasized that an immense advantage of
TPEs is their capability to be manufactured via injection-molding (IM).
This technique allows higher production rates and gives the possibil-
ity to fabricate elements with detailed features and complex geometries,
which is difficult to achieve with the conventional production meth-
ods. Using this production technique, Volpe et al. [27] recently fabri-
cated the anisotropic magneto-sensitive composites based on ethylene
vinyl acetate. They used a custom-built aluminum mold with the accom-
modated electromagnet to produce the magnetic field during the fill-
ing process resulting in the particle alignment and consequently higher
tensile modulus of as-prepared composites. Moreover, they were able to
change the orientation of the field with respect to the sample axis tilt-
ing the particle chains in the composites [28]. The same research group
further succeeded with the preparation of magnetic foams via foam in-
jection-molding, which gives access to low-density magnetic composites
[29].

In a view of cited papers, it becomes clear that some aspects, espe-
cially related to the MRE reprocessing, have not been covered in the
existing literature so far. In this work, two main domains can be distin-
guished. In order to prevent environmental contamination with polymer
wastes and to economize both, raw material consumption and energy re-
sources, the fabrication and also reprocessing of TPE-based MREs were
studied in detail. The composites were fabricated via the IM technique
using a homogeneous mixture of carbonyl iron (CI) particles and TPE
matrix, and they were further subjected to three reprocessing cycles.
The effects of multi-processing on the molecular, optical, structural, vis-
coelastic and the MR properties of TPE-based MREs was complexly in-
vestigated and discussed.

2. Experimental
2.1. Materials

Propylene-based thermoplastic elastomer (trade name Vistamaxx™
6202, ExxonMobil, USA) is primarily composed of isotactic propylene
(85wt%) repeat units with random ethylene (15wt%) distribution pro-
duced using metallocene catalyst technology. Vistamaxx (melt flow
index of 7.4g/10min, with a density of 0.861gcm=3) was selected
as a suitable matrix material for the MREs’ preparation due to its
good elasticity, easy processability, excellent chemical resistance and
long-term aging. The carbonyl iron (CI) particles (CN grade, iron con-
tent minimum of 99.5%, ds, = 6.5-8.0 um) supplied by BASF (Germany)
were used as a magnetic micro-filler. Tetrahydrofuran (THF, purity of
>99.9%, inhibitor-free) sourced from Sigma-Aldrich (USA) was used as
a dissolving medium in the chromatography investigations.

2.2. MREs’ fabrication and reprocessing

The homogeneous polymer blends of the CI particles and the TPE
were prepared by mixing both components on a twin-screw counter-ro-
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tating mixer provided by Brabender (Duisburg, Germany) with a volume
capacity of ~50cm?. The instrument was heated at an operating tem-
perature of 185°C (all heating zones), while the feeding time was set to
1 min followed by 4min of compounding with a rotor speed at 50 rpm.
The mixing process was performed for the CI-filled TPE (MREs) as well
as for the neat TPEs in order to investigate the effects of processing on
neat matrix degradation. In the case of the MREs, the TPE pellets were
dosed firstly with the subsequent addition of the calculated amount of
the CI particles creating a mixture of 80 wt% (~31vol%) particle con-
centration. The mixtures were left to cool down to the laboratory tem-
perature and cut into small pieces, and further used in the IM process-
ing. This process was performed using a HAAKE MiniJet Pro — Piston IM
System (Thermo Scientific, Germany) to prepare the disc-shaped spec-
imens of 25mm diameter, and 1.25mm height. The optimal parame-
ters for the IM included the temperature of the cylinder (185 °C), tem-
perature of the mold (35°C), the injection pressure/time (260 bar, 25s),
and post-pressure/time (70bar, 3s). As-prepared product was consid-
ered as a virgin material (R0). After its testing and characterization,
the sample was then cut into small pieces, and the whole batch was
reprocessed (mixing and injection-molding) under the same conditions
as the virgin material (Fig. 1). The reprocessing cycle was repeated 3
times (R1-R3), and its influence on the complex characterization of the
TPE-based MREs was thoroughly investigated.

2.3. Spectral analysis of degradation processes

The degree of the TPE degradation was monitored after each re-
processing cycle by means of Fourier-transform infra-red (FTIR) spec-
troscopy. An FTIR instrument Nicolet 6700 (Nicolet, USA) equipped
with an ATR-accessory with a diamond crystal was used in order to col-
lect the spectra in a typical wavenumber range of 4000-700 cm~'. The
region from 2300 to 1800cm™ is not further presented due to the in-
trinsic absorption of the diamond crystal. The data collection was per-
formed in laboratory conditions, while the spectra resulted from 64
scans with a spectral resolution of 2cm~!. The TPE degradation was
studied also quantitatively via matrix coloration expressed as the yel-
lowness index (YI). This test is standardized according to DIN 6167,
which describes the yellowing of near-white or near-colorless materials.
For this purpose, a calibrated Color i5 spectrophotometer (X-Rite, Michi-
gan, USA) with the middle area of view aperture was used in the trans-
mission mode at laboratory conditions. The discoid TPE samples with a
thickness of 1.25mm were characterized from both sides, while 5 read-
ings were taken from each side.
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Fig. 1. Scheme illustrating reprocessing cycle of the TPEs, and their MREs.
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2.4. Molecular weight analysis

A gel permeation chromatography (GPC) analysis was conducted
with a HT-GPC 220 chromatographic system (Agilent, Japan) equipped
with a refractive index detector. The samples were dissolved in THF
(~3mgml~! of polymer equivalent) at 50 °C for 4 h. The separation
and detection took place on PL gel-mixed bed columns (1x Mixed-A,
300 X 7.8 mm, 15 pm particles + 1x Mixed-B, 300 X 7.8 mm, 10 pm
particles + 1x Mixed-D, 300 X 7.8 mm, 5 pm particles) at 40 °C in
THF; while its flow rate and the injection volume were set to
1.0 ml min~! and 100 pL, respectively. The GPC system was calibrated
through relative calibration with narrow polystyrene standards rang-
ing from 580 to 271000 gmol~! (Polymer Laboratories Ltd., UK). The
weight-average molar mass (M), number-average molar mass (M),
and the dispersity index (P = #,,/M,) of the tested samples were deter-
mined from peaks corresponding to the relevant polymer fractions. All
of the data was processed in Cirrus software.

2.5. Melt rheology

Melt rheological experiments were performed on an advanced mod-
ular rheometer Physica MCR502 (Anton Paar, Austria) interconnected
with a TC 30 temperature control unit with a CTD600 heating cham-
ber. A parallel-plate measuring system with a diameter of 25 mm (PP25)
was used, while the plate gap was set to 1.25mm. All of the measure-
ments were performed at the processing temperature during the TPEs'
and their MREs’ fabrication, i.e., 185 °C. The gentle flow of nitrogen was
used to limit the thermal oxidation of the TPEs during the data acqui-
sition (heating of 200 Ly/h, and cooling of 1.0 mf\,/h). The frequency
sweeps were performed using angular frequency ranging from 107! to
3 x 10%rads~. In all cases the linearity of the sample response was ver-
ified.

2.6. Microstructure analysis

A scanning electron microscope (SEM) Nova NanoSEM 450 (FEI,
Japan) was used to study the microstructural characteristics of the
MREs. A particular emphasis was paid to the effect of reprocessing on
particle distribution within TPE matrix. The analysis was performed on
cryogenically-fractured (77 K) samples using the low vacuum detector.

2.7. Mechanical testing

The tensile properties of the TPEs, and their MREs were examined
using a tensile testing machine M350-5 CT (Testometric Company, Lan-
cashire, UK) at a cross-head speed of 500 mmmin~! on the IM samples
(specified above). The testing was performed according to the ASTM
D638 standard using ten samples in the form of tensile bars (Type V).
To process the data, the statistical analysis which included the elimina-
tion of outliers (Dean-Dixon test, Q-test; confidence level « = 0.95) was
performed. The results were further presented as the arithmetic mean,
and the standard deviation.

2.8. Magnetorheology

The MR properties of the TPE-based MREs were investigated using a
rotational rheometer Physica (MCR502, Anton Paar, Austria) equipped
with a magneto-device (MRD 180/1T), and parallel-plate geometry
(PP20/MRD/TL/S). The IM discoid sample with a height of 1.25mm was
placed between the plates, and subjected to oscillatory shear. The pos-
sible sample slippage was efficiently reduced by using the sand-blasted
upper-plate geometry and applying the constant clamping force of 0.3N
(perpendicular to the sample). The linear vis-

Composites Part B xxx (XxxX) XXX-XXX

coelasticity region (LVR) was revealed via amplitude-sweeps with the
amplitude strain ranging from 1073-10°% at a frequency of 5Hz. Fur-
ther, frequency-sweeps in a range from 10'-102Hz were performed
(ensured LVR). The data from both sweep characterizations were col-
lected in the absence of a magnetic field (off-state) as well as under ex-
ternal magnetic field strengths up to 288kAm™! (on-state). Three inde-
pendent measurements were performed, and the calculated average val-
ues are presented below. The temperature of 25°C was kept constant
with the help of a heating/cooling device Julabo (FS 18, Germany) dur-
ing the examinations.

3. Results and discussion

The principal advantage of TPEs over conventional vulcanizated
elastomers is the possibility to reprocess them. This procedure is accom-
panied by the recurrent transformation of the TPEs from an elastic into
a molten state by conductive and shear heating. As a result, the imposed
thermal as well as mechanical stress may lead to the degradation of the
TPE matrix [30]. Being aware of these undesirable processes, the degra-
dation of neat TPE matrix was studied as it may further affect the prop-
erties of its composites, i.e. the MREs.

3.1. Degradation of TPE matrix

The degradation of the TPE matrix was evaluated from the FTIR
spectra after each reprocessing cycle. As indicated above, the ther-
mal and mechanical stress increases the vibrations of atoms, and hin-
ders the molecular rotations, which consequently leads to the polymer
chain-scission and formation of free radicals. Under common processing
conditions the radicals recombine with the present oxygen [31], thus it
is reasonable to expect an increased amount of hydroxyl and carbonyl
groups in the oxidized TPE. As shown in Fig. 2, a broad peak occurring
around 3300 cm™ clearly indicates the presence of former groups [32],
while changes in absorption levels around 1650 cm™! were assigned to
the latter ones [33]. The presence of oxygen-containing groups was gen-
erally minimal in the case of the original material, however the indi-
cated absorption peaks gradually increased as the TPEs were introduced
to reprocessing.

The processing-induced changes of the TPEs were also studied via
YI measurements. Fig. 3 shows the relation between the YI values and
the aging time expressed by the reprocessing number (RO-R3). As ap-
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Fig. 2. The FTIR absorption spectra of the original TPE pellets and neat TPE matrices af-
ter each processing cycle. The insets magnify the regions of (a) hydroxyl and (b) carbonyl
group absorptions, respectively. The arrows indicate the processing cycle (RO-R3).
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Fig. 3. The YI values of the original TPE pellets and neat TPE matrices after each process-
ing cycle (RO-R3).

parent, the YI values gradually increased reaching almost two times
higher in value for the neat TPE matrix after the last processing cycle. It
should be mentioned, that the optical properties of the MREs were omit-
ted due to a high particle content. In the case of the TPE matrix, this
technique nevertheless served as a complementary tool to delineate the
processing-induced matrix degradation.

The changes in molecular weight of the TPE matrices, and their
MREs were investigated via GPC, while the original TPE pellets served
as a reference. The detailed results are outlined in Table 1. As clearly
shown, the M, exhibited a decreasing tendency with a number of pro-
cessing cycles in both material systems, the TPE matrices as well as in
their MREs. In more details, an insignificant increase of the M, can be
noticed on the transition to R1, however it subsequently drops on the
transition to the following processing cycles (R2, R3), which may indi-
cate the presence of two competing processes. The first process is the
linking of the individual polymer chains, while the second one is the
polymer chain-scission into the lower molecular mass fragments. As for
the degradation of the other polymers [34], the former process slows
down over time, i.e. with the processing number due to a larger mass
of recombined chains. As a result, the cleaving of lower-molecular mass
fragments prevails over the recombination, which explains the overall
M, decrease.

Although the trend in theM, decrease of the neat TPE matrices and
their MREs is similar, in absolute values, a slight difference can be
distinguished. While the neat TPE matrix exhibited the M, decrease
of ~14% after the last processing cycle, when the MRE variant was
calculated, the #, decreased by only ~9%. Thus, it can be suggested
that the incorporation of the CI particles remarkably reduced the TPE
degradation rate. This phenomenon can be explained on the basis of
a depth degradation profile, which is typical for polymers [35]. Obvi-
ously, a higher oxidation rate is near the material surface, while oxy-
gen starvation takes place in the sample interior. The diffusion of oxy-

Table 1
The GPC data for the original TPE pellets, neat TPE matrices and their MREs after each
processing cycle (RO-R3).

M, (gmol1) M., (gmol)
Material Reprocessing cycle (-) x 1000 % 1000 b(-)
TPE pellets N/D 93 194 2.09
Matrix RO 87 191 2.20
R1 90 192 213
R2 79 179 2.27
R3 80 165 2.06
MRE RO 90 192 2.13
R1 91 191 2.10
R2 86 184 2.14

R3 85 183 2.15
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gen is therefore the key process defining the extent of the degradation
[35]. In the MRE melts, the CI particles represented the barriers across
the diffusion paths of oxygen molecules, which is most probably the rea-
son for their less pronounced degradation.

As it is known, the exposure of CI particles to higher temperatures
in the presence of air may lead to the formation of less magnetic prod-
ucts such as FeO, Fe;0, and Fe,O5;. However, according to the literature
[36], the onset of this process usually occurs at temperatures higher
than which were used during the MRE fabrication. The degradation of
the CI particles was therefore considered as negligible and all of the
changes induced by the reprocessing were attributed solely to the TPE
matrix.

3.2. Melt rheology

The processing of polymer materials can induce their structural
changes on a molecular level, including variations in molecular weight
distribution, cross-linking, and/or the formation of low molecular
weight fractions [37]. To further analyze whether these changes oc-
curred during the TPE reprocessing, their melt behavior was investi-
gated, by subjecting the TPE melts to oscillatory shear stress. Due to the
viscoelastic character of polymer melts, the stress and strain are not in
phase [38]. Such a response is usually represented as a complex quan-
tity, widely-known as a complex viscosity, ;". The mathematical formu-
lation of 5" is following (Eq. (1)):

(@) =n"—in" ¢h)
where 7’ is the in-phase real part, while 5"’ is the imaginary out-of-phase
viscosity, and i is the imaginary number (i = —1). To process the com-
plex data, the empirical Cole-Cole model was applied. Although this
model was originally introduced in the context of describing the dielec-
tric relaxation spectra of low molecular weight liquids [39], its use was
later extended to describe the ;" data of polymer melts [40] yielding to
following equation (Eq. (2)):

Mo
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where 7, denotes the zero-shear viscosity, o is the angular frequency, A,
is the average relaxation time, and h denotes the parameter of the relax-
ation-time distribution, while i is defined as above. In the complex plane
this model typically describes the dependence of '’ on 5’ as the arc of a
circle. From this data representation 7, can be determined through the
extrapolation of the arc of the circle on the real axis, while the h pa-
rameter is represented by the angle between the 5" axis and the radius
going from the origin of the axis to the center of the arc of the circle
[41].

As can be seen in Fig. 4, the application of the Cole-Cole model
generally yielded a good agreement with the experimental data. Based
on the results, it can be noticed that the processing time represented
by a reprocessing cycle number had a remarkable effect on the prop-
erties of the TPE. The numerical results calculated using the Cole-Cole
model are summarized in Table 2, where the evolution of 7, 1), and h
fitting values are monitored. Following the reprocessing, the first-men-
tioned parameter gradually decreased due to the chain-scission of the
TPE chains into lower-molecular weight fragments, which corresponds
with the GPC results (Table 1). According to Fox and Flory [42], a cer-
tain relation between the 5, and the My exists for linear polymers,
which applies, as later shown, also for melts and concentrated solutions
of variety of flexible polymers [43]. These quantities are directly pro-
portional for low-My polymers, in which the entanglements between
the polymer chains are unlikely or even impossible. However, beyond a
certain threshold, termed as the critical molecular weight, M, the en-
tanglement coupling between the polymers becomes possible and the
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Fig. 4. The Cole-Cole plots for the original TPE pellets (R*) and neat TPE matrices after
each processing cycle (RO-R3). The solid lines represent the best model fits. The symbol
R* denotes the material processed directly via IM technique (compounding omitted).

Table 2
The Cole-Cole model parameters for the original TPE pellets and neat TPE matrices after
each processing cycle (RO-R3).

Material Reprocessing cycle (-) 1o (Pass) 2o (8) h(=)
TPE pellets N/D 1134 0.0226 0.42
Matrix RO 987.2 0.0188 0.39
R1 806.5 0.0158 0.39
R2 650.1 0.0123 0.38
R3 552.0 0.0095 0.35

1o follows the My, via the power-law relation (« #£,,>**%%). Considering

high #), of the commercial TPE (Table 1), the entry into the regime
where 7, « A_/[W3'4i0‘2 can be expected [44]. By validating our data, we
have found that the power-law relation applies also for the degradation
of neat TPE upon reprocessing. According to the theory, the fitting ex-
ponent yielded 3.27 despite relatively small out-of-trend #j increase
observed during the first processing cycle (R1).

The degradation phenomenon was also manifested in decreasing the
Ao values with the reprocessing number. However, at a low frequency
region, the increase of Newtonian viscosity which is typical for polymer
gels was not observed, indicating that the recombination processes were
most likely minimal, and any obvious three-dimensional network forma-
tion was not obtained [37]. As known from the literature [41], the h pa-
rameter generally exhibits values of 0.19-0.20 for polymers with a nar-
row molecular-weight distribution (P equaled to ~1.50) such as PMMA.
On the contrary, polymers with broad molecular-weight distribution as
PP or HDPE were reported to be characterized by h parameter values of
0.40-0.50. As obvious from Table 2, the results correlate well with the
latter group of materials, however their trend does not exactly match
with the GPC results. This might be explained as a typical limitation of
the Cole-Cole distribution, which is known to fail at the limit of low fre-
quencies [41].

The same analysis was performed on the MREs, and the viscosity
data was depicted in Fig. 5 using the ;" formalism. As clearly seen, the
data exhibited dramatically different characteristics, when compared to
those of neat TPEs, thus the presence of the CI particles strongly af-
fected the degradation processes. Approaching the Newtonian low-fre-
quency region it was possible to observe a typical “shoulder” indicating
the recombination processes and the formation of a 3D network struc-
ture. In a view of further experiments, we assume that the physical net-
work between the TPE chains and the CI particles was developed. Fol-
lowing the processing cycles, the slope of the dependences was gener-
ally increasing, and finally (sample R3) almost linear variation was ob-
tained typically describing the densification of the network [37]. The
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Fig. 5. The Cole-Cole plots for the TPE-based MREs after each processing cycle (RO-R3).
The solid lines represent the guide for the eye.

1o could not be properly extracted, thus even the Fox and Flory relation
[42] was not applied. To conclude, the melt rheological experiments
proved the thermo-mechanical degradation of neat TPEs via chain-scis-
sion mechanism, while the recombination processes were typical for
their MREs. The level of degradation correlated well with the processing
number.

3.3. Microstructure analysis

The SEM analysis was performed in order to evaluate the effect of
reprocessing on the microstructural characteristics of the MREs. Fig. 6
depicts the cross-sectional views of the just-fabricated MRE (R0), and its
analogue after the third reprocessing cycle (R3). As can be seen, the CI
particles in both systems were well-dispersed without any tendency to
agglomerate. Moreover, no air bubbles were observed in the TPE ma-
trix, which is a possible problem of other MREs [45]. These findings
suggest a good functional behavior, as the magnetic flux going through
the samples is expected to be uniform. Based on the SEM analysis, it
appears that the mixing parameters of the TPE-based MREs were suit-

Fig. 6. The SEM images of the isotropic TPE-based MREs, which were just fabricated (a,
b), and after three reprocessing cycles (c, d).
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ably selected, and the reprocessing had an insignificant effect on the
particle distribution.

3.4. Tensile properties

The tensile properties of neat TPEs and their MREs were investi-
gated after each processing cycle. Fig. 7 displays the representative engi-
neering stress—strain curves. In general, the neat TPEs exhibited slightly
higher elongation at the break as well as higher tensile strength values
when compared to the MREs’ analogues regardless of their processing
cycle. This finding indicates that the energy required to break the sam-
ple, which is represented by the integral of the individual curves in the
stress—strain experiment, was slightly lower after the incorporation of
the CI particles. As the CI particles were not surface-treated, their com-
patibility with the hydrophobic matrices is questionable [10]. The oppo-
site behavior was observed by Rabindranath et al. [46], who function-
alized the CI particles with long chains of hydride-terminated polydi-
methylsiloxane (PDMS). Their particles thus exhibited certain reinforc-
ing properties of the PDMS matrix.

According to the literature [47], the addition of fillers into the TPEs
is very different when compared to the situation with the conventional
elastomers, such as PDMS. In the TPEs, the reinforcing fillers generally
represent the “second” hard phase besides the hard and soft phase al-
ready present in the segmented copolymer. Such composites usually ex-
hibit decreased elongation at break, but simultaneously their stiffness is
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increased [47]. As indicated above, the addition of the CI particles gen-
erally followed the trends observed in the literature, and more details
will be given further in text. However, at this point let us focus on the
evaluation of the systems in the context of reprocessing.

The effect of the number of processing iterations on mechanical
quantities, including the tensile modulus at 100%, and 300% elonga-
tion, was evaluated. Based on the results (Figs. 7 and 8), reprocessing
influenced the mechanical properties of both the neat TPE matrices and
their MREs, however different trends were observed. For neat TPE ma-
trix, the tensile strength decreased by ~10%, and the elongation at the
break increased by ~11% after the last processing cycle. The former
change can be explained as a consequence of decreased M, (Table 1),
while the latter was attributed to the development of scarce transversal
cross-links [48]. A similar phenomenon connected to the cross-linking
was reported by Li et al. [49], however in their TPEs, the cross-linking
was induced by the addition of dicumyl peroxide. It is worth mentioning
that in the MREs, the tensile strength remained virtually unchanged, but
the elongation at the break decreased by ~20% after the last process-
ing cycle. We assume that this unusual behavior was caused due to the
interfacial particle/matrix bonding [48]. The CI particles are under nor-
mal conditions covered by a thin layer of oxides which could potentially
react with the free radicals generated during the thermo-mechanical in-
duced TPE chain scission. For the complexity, it should be mentioned
that this result is in accordance with the melt rheology experiments (Fig.
5).

As a specifying remark we note, that although the materials exhib-
ited high elongations at break, they recovered upon breaking nearly
to the original state exhibiting relatively small permanent deformations
(Fig. 7, inset).

Finally, the modulus of the material can be enhanced by the incor-
poration of the micro- or nanoparticles because solid particles have a
much higher stiffness when compared to that of the matrix [50]. This
aspect corresponds to our results. As seen in Fig. 8, the MREs exhibited a
slightly enhanced modulus when compared to neat TPEs [47], but more
importantly their modulus increased by ~11-19% after the last process-
ing number, which again supports the theory of processing-induced par-
ticle/matrix bonding.
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Fig. 8. The mechanical parameters of the neat TPE matrices (dark) and their MREs (stripped) after each processing cycle (RO-R3).
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3.5. Magnetorheological activity

To reveal the proper conditions for the MR testing, the MREs were
firstly subjected to the amplitude-sweeps. As seen from Fig. 9, the sam-
ples exhibited a typical viscoelastic response; at low strains the stor-
age modulus of the TPE-based MREs was strain-independent, defining
the LVR, while at higher strains their storage modulus gradually de-
creased, suggesting permanent sample deformations [25]. As will be ex-
plained further in this text, the storage modulus of the MREs increased
after each reprocessing cycle indicating remarkable changes in their
shear-mechanical properties. However, neither the reprocessing number
nor the applied H had any significant effect on the LVR position (Fig. 9).
Thus, the strain value of 10~2% was chosen for all the experiments.

Fig. 10 shows the storage modulus dependences of the recycled
TPE-based MREs on the excitation frequency. As seen, the storage mod-
ulus increased notably after each reprocessing cycle, thus exhibiting a
similar trend as the tensile modulus (Fig. 8). This behavior suggested
differences in the MR activity of the recycled MREs. According to the
literature [7], the matrix elasticity significantly effects the particle re-
structuration and consequently the MR effect, which is given according
to the equation (Eq. (3)):
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Fig. 9. The off-state (open symbols) and the on-state (solid symbols) storage modulus de-
pendences as the functions of strain for the TPE-based MREs after each reprocessing cycle
(R1-R3).
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where G};, and G| are the field-on, and the field-off storage moduli, re-
spectively. The relative MR effects were quantified under a model sit-
uation (frequency of 1Hz, magnetic field strength of 288kAm™1) giv-
ing the values of 68%, 46%, and 29% for the recycled samples. This
trend can be explained as a consequence of lower relative particle mo-
tions within the body of the reprocessed MREs [10]. On a molecular
level, the already-mentioned covalent particle/matrix bonding mecha-
nism most probably participated between the free radicals formed dur-
ing the TPE chain-scission and the hydroxyl groups occurring on the sur-
face of the CI particles. A similar phenomenon was recently observed in
the PDMS-based MREs [46,51].

Although the achieving of high MR effects was not a primary goal
of this study, it is important to mention that the presented MREs ex-
hibited rather moderate MR activity after reprocessing when compared
to the MREs which were based on soft matrices [7,52]. The softening
of the matrix can be executed by the incorporation of the plasticizers
[52] or by varying the cross-linker amount [11]. Another strategy in
enhancing the MR effects is particle grafting with polymers, modifying
the particle/matrix interactions [51]. Moreover, in some papers [25,53]
high magnetic fields (H > 850kAm™!) were applied, which are difficult
to achieve in a uniform state using the MRD180/1T magneto-cell [54].

To conclude, we have shown that recyclable TPE-based MREs can
be readily fabricated via the IM process, but the reprocessing-induced
decrease of their MR effect has to be considered. In order to achieve a
lower manufacturing cost and increase the competitiveness of these ma-
terials, a different reprocessing method could be adopted similarly as
with powder injection molding technology. Instead of reprocessing the
whole batch in the following cycles, the reprocessed feedstock can be
used only as an addition (30-50%) to the original materials [55]. This
approach could be an effective way to preserve sufficient mechanical
properties and the MR effect after several reprocessing cycles.

4. Conclusions

In order to overcome the limitations of the conventional MREs based
on chemically cross-linked matrices, we adopted the TPE as an alter-
native matrix material. The TPE-based MREs were fabricated via the
IM technique and subjected to three reprocessing cycles. Following the
cycles, the content of oxygen-containing groups increased, the #, de-
creased by one tenth, while the YI almost doubled. Melt rheology ex-
periments revealed the thermo-mechanically induced chain-scission in
neat TPEs (5, « MW3'27), while the presence of the CI particles rather

provoked the recombination processes manifesting as the particle/ma-
trix bonding. The incorporation of the CI particles slightly enhanced the
tensile modulus of the MREs without a significant loss in elasticity when
compared to neat TPEs. The unexpected trends in the mechanical be-
havior of the MREs indicated a side process, which further supported
the ongoing particle/matrix bonding phenomenon. As a result, G, of
the MREs gradually increased after each processing iteration. Due to de-
creased particle mobility, the relative MR effect was decreasing by tens
of percent per cycle. We expect that the injection-molded TPE-based
MREs could offer a new pathway for producing the smart engineering
composites with more complicated shapes owing to the ability to be eas-
ily reprocessed.
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