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Stiffness enhancement of
magnetorheological foam by
structural modification using
silica nanoparticles additive
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Department, Universitas Sebelas Maret, Sukarta, Indonesia, “Faculty of Applied Sciences, Universiti
Teknologi MARA (UiTM), Cawangan Pahang, Kampus Jengka, Pahang, Malaysia

Magnetorheological (MR) foam is a newly developed porous smart material that
is able to change its properties continuously, actively, and reversibly in response
to controllable external magnetic stimuli. Unfortunately, the stiffness or also
known as storage modulus of MR foam is still rather low and insufficient, in the
range of below 100 kPa only, due to weak interparticle interaction between CIPs
and the foam matrix, which consequently restricts the potential of MR foam to
be used in future sensor applications or in other semi-active devices. Therefore,
the aim of this research is to enhance the structural and storage modulus of MR
foam by adding silica nanoparticles as an additive. Consequently, MR foam
samples with different compositions of silica nanoparticles in the range of
0-5 wt% were prepared via an in situ method. The rheological properties were
tested under an oscillatory shear mode with the absence and presence of
magnetic fields using a rhreometer, with the input parameters of strains between
0.001% and 10% and range of magnetic flux density between 0 and 0.73 T for a
magnetic field sweep test. The rheological findings show that with the addition
of silica nanoparticles, particularly at 4 wt%, have enhanced the storage
modulus of MR foam by 260%, which attributed to the highest stiffness from
45 to 162 kPa. Meanwhile, the change of storage modulus under the influence
of magnetic fields (0 T-0.73T) somehow showed small increment, about
Al kPa for each concentration of silica nanoparticles in MR foams, due to
non-magnetic behavior of silica. The morphological characteristics of MR
foams were described by an elemental analysis carried out by a using
variable pressure scanning electron microscope (VPSEM) equipped with
energy dispersive x-ray spectroscopy (EDX). The micrographs demonstrated
large open-cell pores for MR foam, while MR foam with silica nanoparticles
exhibited more closed-cell pores, associated with the enhancement of its
storage modulus. It indicates that the silica nanoparticles have encouraged
well dispersion of the particles in the foam matrix, which improved and
strengthened the microstructure of MR foams through formation of silane
coupling bonds of silica in the filler-matrix structure. Overall, incorporation of
silica nanoparticles as an additive in the MR foam could provide advantage in
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enhancing the structure and mechanical properties of MR foam, for various

future smart devices.

KEYWORDS

magnetorheological foams, carbonyl iron particles, silica nanoparticles, storage
modulus, porosity, silane coupling

1 Introduction

Nowadays, the progression of advance technologies such as
soft robotics, soft grippers, soft actuators, and sensor devices have
been developing, which leads to the innovation of advance
materials that can be stimulated rapidly and sensitively under
the
magnetorheological (MR) foam has emerged as a newly

influence of external stimuli. Since the last decade,
developed smart soft solid material that can change its behavior
continuously, actively, and reversibly under the influence of a
magnetic field (Gong et al., 2013). It is attributed to the embedded
magnetic particles in the foam as a matrix phase. In comparison
with other MR solid material, such as MR elastomer (Umehara
et al,, 2018), MR foam has a unique porous and cellular structure
that forms chemically by trapping gases in the liquid phase during
the foaming process (Cain et al., 2013). Its porous structure has not
only entitled the material to be low in density and physically
lightweight (Davino et al,, 2012) but also contributes to a great
cushioning effect to absorb vibrations and shock impact (Linde
etal, 1972). In fact, embedding magnetic particles in the structure
of foam has emphasized the material to be evolved from a rigid
system to a controllable one as MR foam has responded well to the
tunable magnetic field stimuli (Schiimann et al., 2015). In recent
years, one of the challenging problems which arises in this domain
application has been mentioned by Yin et al. (2017), who stated
that soft robotic grippers are always lacking in variable stiffness
and thus limits the function of the gripper to be adjustable into
desired stiffness according to the operational object. Therefore, the
indicated features of MR foam have been intriguing and growing
appeals among researchers as its flexibility and controllable
stiffness corresponding to the applied magnetic fields would
result in its potential for future soft robotic gripper material.
The improvement is also in line with the development of
material’s technology in which researchers attempt to provide
an adjustable material for soft robotic grippers (Zaidi et al., 2021),
since the improvement of finger-like operating mechanism is
crucial to move and handle various objects conveniently during
the operations (Meng et al., 2020).

In order to address more potential applications of MR foam,
researchers have examined the rheological properties of the
material in terms of capability to store more energy upon
applied the
enhancement of the storage modulus of MR foam has become

shear stress before fracture. In addition,
a significant concern in order to broader its stiffness range for
various purposes (Muhazeli et al., 2020). Theoretically, the

storage modulus, G', is a term for the amount of energy
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stored in a viscoelastic material before distorting, which refers
to the stiffness of the material (Boczkowska et al., 2012; Zhang
etal., 2019). There are several methods introduced to enhance the
properties of MR foam, including storage modulus for wider
spectrum of technology advancement such as increasing CIP’s
content (Muhazeli et al., 2019), using particles coating (Scarpa
and Smith, 2004), dual-matrix method (Ge et al., 2015), and
incorporating additives into MR materials (Saiz-Arroyo et al,
2011). Previous studies have stated that by reinforcing higher
composition of magnetic filler (CIPs) into the MR foam, the
magnetic responsiveness of the MR foam could be enhanced as a
result of the increased magnetic saturation of the material. In
addition, under the influence of magnetic field excitations, MR
foam has broaden its range of storage modulus from a low to
higher level, making it suitable to be potential components in soft
robotics sensor technology (Rizuan et al., 2021). Unfortunately,
the reported storage modulus of MR foam thus far is insufficient,
since the application of soft robotic material requires stiffness of
more than 100 kPa (Zaidi et al., 2021). For example, in the
previous study carried out by Gong et al. (2013), a flexible
MR foam with 60 wt% of CIPs exhibited the storage modulus
up to 72 kPa. Meanwhile, Rizuan et al., 2021 incorporated more
CIPs of about 75 wt% in the MR foam, which enhanced the
storage modulus up to 75kPa, by about 3% increment only.
These findings in return have restricted the potential of MR foam
to be used in stated applications or in other semi-active devices. It
is noted that the ability to store energy is a key aspect for the
elastic materials to sustain greater applied stress elastically,
especially under different magnetic field values and dynamic
frequencies (Scarpa and Smith, 2004). Therefore, improvement
in the storage modulus of the MR foam has become a significant
concern in order to enhance the strength of the material upon
deformation for the MR foam to become more advantageous and
widen its potential for various purposes.

On the other hand, introducing additives into MR solid
materials has become a more practical approach in providing
significant enhancement toward the corresponding properties,
with
(Tamaddoni moghaddam and Naimi-Jamal, 2017; Zainudin

simpler procedure and a cost effective approach
et al,, 2020). In fact, incorporating additives into MR elastomers
(MRE) include, but not limited to, graphite (Li et al., 2009; Tian
et al,, 2011; Shabdin et al., 2019), cobalt ferrite (Aziz et al., 2019),
carbon nanotubes (CNTs) (Kumar and Lee, 2019), and silica (Abd
Rashid et al., 2021), and the additives have been proven to result in
the enhancement toward specific properties of the material. These

additives have their own roles and purposes to enhance some
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properties of MRE such as conductivity, MR effect, and magnetic
interaction depending on the amount and type of additives that
were being incorporated (Ahmad Khairi et al., 2019). In 2009, Li
et al. introduced 25 wt% of graphite into the mixture of 55 wt%
CIPs and 20 wt% silicon rubber (MRE), and it was observed that
the graphite has increased the conductivity of MRE as well as
reduced its resistance by more than 85% (Li et al, 2009).
Meanwhile, a study by Tian et al. who stated that the addition
of 23.81% micron-sized graphite particles in the MRE has
increased the storage modulus up to 1 MPa, particularly under
the influence of 400 mT of the applied magnetic field as compared
to the sample without additive (Tian et al.,, 2011). Nevertheless,
Shabdin et al. added 20 g of graphite into the mixture of 12.5 g of
CIPs, 22.5 g of silicon rubber, and 5 g of silicon oil, and the result
showed that the MR effect of the MRE was increased by about 3%
as compared to the non-additive sample (Shabdin et al.,, 2019).
However, the composition of CIPs and addition of graphite as an
additive need to be controlled as adding more would lead to
brittleness of MRE, which would accelerate the deformation of the
material (Zainudin et al,, 2020). On the other hand, Aziz et al.
introduced Ni-Mg-cobalt ferrite nanoparticles, with an average
size of 35-80 nm into an MRE, and the result revealed that the
MRE with Ni-Mg-cobalt ferrite nanoparticles exhibited 43%
higher storage modulus as compared to the MRE without the
additive (Aziz et al.,, 2019). However, cobalt ferrite nanoparticle
have been stated to induce extreme toxicity to human and
biological systems that may cause cell death and DNA damage.
Thus, the used of cobalt ferrite-based additives have been
restricted for wider applications. Meanwhile, CNT, which is
known to possess high elastic and strong bond due to its multi-
layer nature, has been used in MRE generally to enhance the
storage modulus and lower the loss factor of the MRE (Eatemadi
et al,, 2014). Similarly, Kong et al. have proven that a significant
increment in the storage modulus of MRE, particularly from 600 to
1200 kPa, has been achieved by the MRE with the rising percentage
of the CNT from 1 to 6 wt% added into the composite, respectively
(Kong et al., 2018). Unfortunately, CNTs involve a very complex
synthesis process that is highly toxic to human body and
environment (Eatemadi et al., 2014).

Nevertheless, silica nanoparticles are commonly used as an
additive to enhance material’s properties due to its non-toxic
property, significantly low density, simpler fabrication process,
great nucleating agent for crystallinity growth, and high thermal
stability (Anuar et al., 2018; Khaidir et al., 2020). Abd Rashid
et al, 2021 studied the addition of silica nanoparticles in the
range of 0 per hundred rubber (phr) to 20 phr in the ethylene
propylene diene monomer (EPDM)-based MRE, and the MRE
showed good interfacial bonding between the filler and matrix
phases; in addition, it led to the improvement of particle’s
dispersion. As a result, the initial storage modulus of the MRE
was observed to be increased from 0.29 to 0.45 MPa with the
addition of silica nanoparticles from 0 to 11 wt%, respectively, as
the adhesiveness of silica has improved the interactions between
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the CIPs and the EPDM matrix (Abd Rashid et al., 2021). It is
notable as well that the increment in the rheological properties of
MRE was parallel with the enhancement of the tensile strength
and elongation break of the MRE. Specifically, the enhancement
in tensile strength of the MRE was stated by about 20%, from
52 to 62 shore A with the silica content added from 0 to 11 wt%
(Abd Rashid et al., 2021).

On the other hand, the used of nanosized particles have also
given advantages for it to be used in polymer composite to improve
hardness, mechanical stiffness, and thermal stability (Anuar et al,
2018; Khaidir R. E. et al,, 2019, Khaidir et al,, 2019 R., 2020). This is
because the nanoparticles have a relatively high surface area
attributed to the nanoscale dimensions; hence, the nanoparticles
can mix well with the polymer chains at the molecular level and
improve mechanical and thermal properties (Saha et al, 2008).
Furthermore, the nanosized particles can fill the voids between
the micron-sized CIPs and thus offer higher MR effect as a result
of enhance stiffness or storage modulus of the MR material (Bastola
and Hossain, 2020). For example, Nikje and Tehrani, 2010 showed a
great improvement in elastic modulus of rigid polyurethane (PU)
foam from 3.7 MPa to 6.3 MPa after 1 wt% of n-(2-aminoethyl)-3-
aminopropyltrimethoxy-silane (AEAP)-silica nanoparticles was
added into the PU foam. Meanwhile, Saiz-Arroyo et al. stated
that the silica nanoparticles has the ability to disperse well in the
polymer matrices (Saiz-Arroyo et al,, 2011). In fact, by adding silica
content from 0 to 3 wt% in the low-density polyethylene (LDPE)
foam, the elastic modulus of the composite foam could be enhanced
by 51% (Saiz-Arroyo et al., 2011). These studies somehow show the
ability of silica nanoparticles that act as additive to enhance the
storage modulus of a polymer-based material. However, there has
been no study related to the used of silica nanoparticles to enhance
properties of the MR foam, particularly at low stiffness of the
material. Therefore, a new fabrication sample of MR foams with
the addition of silica nanoparticles as additive will be introduced with
the range of silica nanoparticles from 1 to 5 wt%, in order to enhance
the storage modulus as well as other rheological properties of the MR
foam. It is expected that the addition of silica nanoparticles could
result in the enhancement of the filler-matrix interactions in the MR
foam which, simultaneously correspond to the improvement in the
foam’s properties physically, mechanically, and rheologically.
Consequently, with enhanced stiffness of the MR foam with the
addition of silica nanoparticles has the ability to store more energy;
thus, it could grasp and move the object more securely as compared
to the low stiffness of the MR foam.

2 Experimental method
2.1 Sample preparation
Figure 1 shows the synthesis process of flexible MR foam

samples that were prepared by the in situ polymerization
method. The two main components needed to produce the
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FIGURE 1

The synthesis process of MR foam with the addition of silica nanoparticles

polyurethane foam are polyol and isocyanates that acted as a
chemical reactant and agent, respectively. In particular, polyether
polyols (PPG)-based triol with a molecular weight of 6000 g/mol
and the density of 1.03 g/ml together with the 4,4'-methylene
bis(phenyl isocyanate) benzene that has the density of 1.00 g/ml
United States.
Meanwhile, the reinforced magnetic particles were carbonyl

were purchased from Smooth-On. Inc,
iron particles (CIPs) that was purchased from CK Materials
Lab Co. Ltd., Seoul, Korea. It was an OM-typed with an average
size of 3-5 pm and exhibited the density of 4.5 g/cm’. As for the
additive silica nanoparticles (SiO,), it was derived from rice husk
via using the solid state method, having the average size of
700 nm and was collaboratively received from UTHM, Johor.
The MR foam was prepared by mixing the fixed concentration
of CIPs, 75wt%, into the total weight of main components of foam,
polyols, and isocyanates (20 g). Upon the in situ fabrication of MR
foam, the CIPs was added into the 50wt% of polyols, which was
about 10 g, and it was stirred at a speed of 550 rpm for about 30 s by
using a Multimix High Speed Dispersed (HSD) mechanical stirrer in
order to ensure well mixing of the mixture. Then another 50 wt% of
isocyanates (10 g) was poured into the mixture of polyols and CIPs,
and it was continuously stirred for another 20s. Then the final
mixture of the materials was immediately poured into a cylindrical
open tube as a mold, and the foaming process of MR foam took
place taking the shape of the mold. The mold was prepared with a
dimension of 20 mm in diameter and 15 cm in thickness. Prior to
the addition of silica nanoparticles to the MR foam, the additive
varied from 0 to 5 wt% respective to the total of MR foam. Thus, the
calculation for each material was carried out, as shown in Table 1.

Frontiers in Materials

L f-

Polyol + CIPs + Silica

Foaming process occurs.
Let dry for 24 hours

04

10.3389/fmats.2022.959489

b

Isocyanates

==

Pour mixture into cylindrical mold

In order to prepare MR foams with silica nanoparticles, the
additive was firstly grounded with CIPs using a mortar and pestle
to ensure the homogeneous mixing of the particles, as illustrated
in Figure 1. Then the solid mixture of the particles was poured
into the polyols (10 g) and was stirred for about 30 s, at a speed of
550 rpm. The isocyanates with the amount of 10 g was then
added to the mixture, stirred for another 20 s, and the final
mixture was immediately poured into the cylindrical mold as the
foaming process would take place shortly. The foaming process
would occur vigorously and the samples would solidify instantly.
All samples were left for 24 h at room temperature of 25 °C to
ensure that the samples were fully hardened before the samples
were being cut for testing and characterization procedures.

2.2 Sample characterization and
rheological testing

The rheological properties of MR foams were analyzed and
evaluated by using a MCR302 modular compact rheometer (MCR)
from Anton Paar, Germany. The rheometer was equipped with a
controllable parallel plate (PP20/MRD/T1/P2) that has a patented
Toolmaster™ technology with a diameter of 20 mm and a constant
1 mm gap setup measured by Trugap™ feature that recognizes the
real measuring gap. In this current work, MR foams underwent an
oscillatory shear mode test to investigate the effect of different
concentrations of silica nanoparticles to the viscoelastic properties
of the MR foam, especially in terms of storage modulus and the MR
effect. The variation of the final properties of MR foams would be
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TABLE 1 Materials composition in flexible MR foam with addition of silica nanoparticles.

No of Isocyanates (g) Polyols (g)
Samples

A 10 10

B 10 10

C 10 10

D 10 10

E 10 10

F 10 10

further analyzed by varying input parameters of 0.001%-10% sweep
strains, with different constant current input from 0 A to 4 A and
constant 1 Hz frequency to evaluate the elasticity and deformation
value of the MR foam through the determination of the linear
viscoelastic (LVE) range. The current input of 0 A, 1 A,2 A, 3 A, and
4 A are approximately equivalent to 0 T, 0.17 T, 0.35 T, 0.53 T, and
0.73 T, respectively. The magnetic flux density, B (T) were
manipulated during current sweep test or also known as the
magnetic fleld-dependent test to analyze the absolute MR effect
of the MR foam with different composition of silica nanoparticles.
Upon the rheological test, each sample was cut into 1-mm-thick and
20-mm-diameter sections. All samples were tested under room
temperature and each of the samples was tested with 30 interval
points for every measurement.

Nevertheless, the morphological characteristics of MR foams
were observed through variable pressure scanning electron
microscopy (VPSEM), by using the JSM-IT300LV model from
JEOL Ltd, Tokyo, Japan. VPSEM provided a high resolution of
3.0 nm at 30 kV and unsurpassed low kV performance; thus, it has
the ability to identify fine pore images of the MR foam. In this
work, the MR foam samples were cut into 1-mm thickness with a
diameter of 20 mm each and primarily coated with platinum using
the sputter coating method before being analyzed under VPSEM.
The SEM micrograph were characterized on the cross-sectional
part to observe the pores and strut structures of the MR foam.
Notably, the taken
2000 magnifications, and all testing were carried out at room

images were under x50 to X

temperature of 25 “C. Equipped with the energy dispersive X-ray
spectroscopy (EDX) in the VPSEM, the EDX would provide
mapping information on the element compositions in MR foams.
3 Results and discussion

3.1 Storage modulus of MR foams

3.1.1 Strain dependent test

A strain sweep test was conducted under the oscillatory shear
mode with a controlled range of shear strains from 0.001% to

Frontiers in Materials

CIPs (g) Silica Total weight
(8
(Wt%) (®
15 0 0.00 35.00
15 1 0.35 3535
15 2 0.70 35.70
15 3 1.05 36.05
15 4 1.40 36.40
15 5 1.75 36.75

10% and a fixed frequency of 1 Hz. In this research, the effect of
silica as an additive toward the improvement of storage modulus
of MR foams was mainly observed, and the change in the linear
viscoelastic (LVE) region of MR foams were determined. The
LVE region gives rigidity information of the MR material by
indicating the range which the material could withstand, given
shear strain before the structure begin to deform permanently
(Kang et al., 2020). Moreover, it is crucial to determine the limit
value of the LVE region in order to ensure that further testing
including frequency sweep and magnetic field sweep can be
performed within specified strain without destroying the
sample. As for solid-based materials, it does not flow; thus,
the stiffness or storage modulus, G', would be considered to
describe the elasticity of the material rather than its viscosity.
Therefore, as shown in Figure 2, the storage modulus, G, of MR
foams with the addition of silica in different concentrations were
plotted, corresponding to the applied shear strains and with
respective to the off-state and on-state conditions.

In particular, Figure 2 presents the changed in the storage
modulus of MR foams that have been embedded with silica
nanoparticles as an additive, in the range of 0-5wt%
concentrations. The samples were tested under different
applied magnetic flux density of 0T (off-state) and 0.73 T
(on-state). It can be seen that all samples showed constant
storage modulus, G/, along with the increasing applied strains,
especially from 0.001% to 0.1%. This shows that the elastic region
of the overall samples was in the stated range, where the structure
would be returned to its original position even after the removal
of applied strains. Thus, the graphs show no change in the value
of the storage modulus (linear). However, it was observed that the
graphs started to show its downturn after the strains were
increased more than 0.6%. This phenomenon corresponded to
the deformation phase of MR foams caused by the applied strain
beyond its elastic limit of the samples. In the deformation phase,
the samples would continue being stretched but was unable to
return to its original position, indicating the transition of the
samples from elastic to plastic deformation. Hence, it explained
the drop values of storage modulus, G/, as lesser energy can be
stored by the samples upon further deformation of the samples.
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Change of storage modulus of MR foams with different concentrations of silica nanoparticles during (A) off-state (0 T) and (B) on-state (0.73 T)

conditions.

Overall, the LVE region of MR foam samples would be
determined by using the Agire-Olabide’s method where the
point deviates by at least 10% after the downturn slope
(Yunus et al, 2019). The slanting lines (dash lines) were
drawn on the graphs indicating the drop point of the LVE
each MR foam,
concentration of silica nanoparticles from 1 to 5 wt%. Based

limit  for especially with different
on the graphs, it was observed that the LVE regions have started
to reduce when silica nanoparticles were added to the MR foam
samples. In fact, during the off-state condition, the pure MR
foam exhibited the lowest storage modulus but a slightly longer
LVE region, between 0.001% and 3.03% of applied strains. Then
when silica nanoparticles were added to MR foams up to 5 wt%,
the storage modulus increased regularly but a shorter range of
LVE regions were noted correspondingly. For instance, the MR
foam with 4 wt% of silica nanoparticles presented the highest
storage modulus, but in return, the LVE region become shorter,
in between 0.001% and 0.62% particularly at the off-state
condition. In addition, all MR foams at the on-state condition
exhibited further shorter LVE regions as compared to the ones at
the off-state conditions, as shown in Figure 2B. The shorter LVE
regions indicated that the samples have become stiffer with the
addition of silica nanoparticles and even stiffer under the
influence of a magnetic field (on-state condition). A similar
trend has been reported by Abdul Rashid et al, who stated
that MRE samples with the addition of silica nanoparticles as an
additive possessed shorter LVE region as compared to the MRE
without silica (Abd Rashid et al., 2021). These results implied that
the LVE limit of MR foams are dependent on the concentration
of silica nanoparticles in the matrix phase. In fact, it is a common
phenomenon in a polymer composite as the addition of filler
particles or additives in the polymer matrix would lead to the
deterioration of the material’s structure as the shorter elastic
region would be acquired, known as the Payne effect (Mohd
Nasir et al., 2021). Thus, it explained the shorter LVE region of

Frontiers in Materials

06

TABLE 2 | Initial storage modulus, G;,, value of MR foam with different
composition of silica nanoparticle at the off-state and on-state
conditions.

Magnetic flux Composition of nanoparticle silica (wt%)

density, B
(T) o 1 2 3 4 5
Storage modulus, Gé), value (kPa)

0.00 45 76 95 116 162 145
0.17 46 81 97 119 165 159
0.35 47 82 98 127 169 160
0.53 51 87 99 128 170 167
073 52 88 102 129 173 172

MR foams with higher concentrations of silica nanoparticles.
Nevertheless, based on the finding of the LVE region for all MR
foams, the selected constant strain value for other testing
procedure is about 0.6% to ensure that all testing samples
were in the LVE region; hence, the testing samples were still
in the elastic region.

Generally, the viscoelastic materials that are subjected to
shear stress would be undergo shear deformation. When the
shear stress has exerted onto the material, some amount of
energy would be stored and can be retrieved after each cycle.
Meanwhile, the rest of the energy would be dissipated as heat and
could not be retrieved. Hence, the stored energy in the material is
referred as stiffness and also known as storage modulus, G/, the
amount of energy could be stored by the material upon
deformation. Based on the graphs in Figure 2A, it shows that
the addition of silica nanoparticles has caused increment in the
storage modulus of MR foams, particularly at the off-state
condition from 1 to 4 wt%. The values were then increased
slightly at the on-state condition when 0.73 T was applied to
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all the samples, indicating the stiffer MR foams and more energy
could be stored by the samples elastically. In fact, Table 2
summarizes the values of storage modulus of MR foams with
different concentrations of silica nanoparticles, and at both
conditions of off-state and on-states, respectively. It can be
observed that at Owt% of silica nanoparticles, the storage
modulus of MR foam was noted around 45 kPa, particularly
at zero magnetic field. This value has been very slightly increased
when the magnetic flux density was applied to the MR foam from
0.17 T to 0.73 T. The increment values were noted to be around
1-4 kPa only and this finding is in a good agreement with the
study stated by Rizuan et al., 2021 in which the storage modulus,
G’ of MR foam increased slightly, around 1 kPa-5 kPa when the
magnetic field was between 0.0 T and 0.73 T. In comparing with
the off-state condition, the CIPs are distributed randomly in the
polymer matrix of PU foam in the absence of the magnetic field
causing the low initial storage modulus values (Li et al., 2020b).
Meanwhile, with the presence of the magnetic field, the result
showed the increment in the storage modulus of MR foam during
the on-state condition which was attributed to the enhancement
in the interparticle magnetic forces between the CIPs, as toward
the applied magnetic field simultaneously. Nevertheless, by
comparing MRE to MR foam, the slight increment in the
storage modulus of MR foams is due to the porous structure
of foam itself, where the CIPs were embedded in the struts of
foam and were separated by the pores, causing the CIPs are quite
farther between the pores. When the magnetic field was induced
to the MR foam, CIPs would tend to attract to one another in the
strut walls thus slightly increased the storage modulus of MR
foams. Meanwhile in an MRE, the CIPs are distributed in a
smaller area of the rubber matrix and no foaming process
occurred in an MRE during curing thus, interparticle of CIPs
are much closer resulted in stronger magnetic forces between the
particles when the magnetic field was applied, thus explaining the
greater storage modulus increment as compared to MR foams.
The similar trend was observed for other MR foams that were
incorporated  with  different concentrations of silica
nanoparticles.

In contrast, when 1 wt% of silica nanoparticles were added to
the MR foam, the corresponding storage modulus has been
significantly increased from 45 to 76 kPa, at the off-state
condition. Despite at zero magnetic field influence, the
increment in the storage modulus of MR foams have
continued to enhance to 95kPa, 116 kPa and 162 kPa for
silica nanoparticles of 2, 3 and 4 wt%, respectively. In MR
foam, silica nano-particles would act as a cross-linker and not
as a chain extender, in which silica nano-particles
would strengthen the matrix-fillers interaction by cross-linking
interactions. This would increase the interfacial bonding between
the filler and polymer matrix that subsequently enhanced the
modulus of MR foams. There has been a study conducted by
Burgaz and Kendirlioglu (2019) regarding the interactions

between the PU foam and silica nanoparticles. The study
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stated that the silica possessed the hydrophilic behavior in
which it encourages the silanol functional groups of silica to
have a bond via H-bonding interactions with ether oxygens of
polyol, or also known as the silane coupling agent (Burgaz and
Kendirlioglu, 2019). Since silica used was in nanosized particles,
it has a larger surface area, which provides a better dispersion in
the polymer matrix thus creating more silane coupling agents in
the matrix phase (Nikje et al., 2009). The silane coupling agents
that are presented in the MR foam would hinder the relaxation of
mobility of particles in the polymer segment thus, making the
particles difficult to move (Nikje et al., 2009). This has explained
the stiffer progression of MR foams with the addition of silica
nanoparticles as one without silica.
Nevertheless, at the on-state conditions 0.17-0.73 T that were

applied to the MR foam, the storage modulus somehow showed a

compared to the

slight increment, particularly in the range 1-5 kPa indicating the
non-magnetic behavior of silica nanoparticles to respond to the
applied magnetic fields. Therefore, the increment in the storage
modulus of MR foams is due to the CIP’s responsiveness toward
the increasing values of magnetic field strength. As magnetic
polarization of CIPs in MR foams become stronger with
magnetic fields, the respective chain-like structures of MR
foam enhanced thus explaining the increased value of storage
modulus (Chuah et al., 2015).

Nevertheless, it was observed that when the concentration of
silica nanoparticles was added up to 5 wt%, the storage modulus was
noted lower than the 4 wt% of silica nanoparticles in the MR foam. In
fact, the value of storage modulus has dropped from 162 kPa (4 wt%)
to 145kPa (5wt%), particularly at the off-state condition. This
finding might be due to the agglomeration of silica nanoparticles
in the polymer matrix when silica was added excessively. Generally,
silica is known as an inorganic material that act as a nucleating agent
for the polymer-matrix materials that at every addition or increasing
its composition, it increases the crystallinity of the polymer composite
via the interparticle connection that build between the silica particles
and matrix polymer by silane coupling agent (Saiz-Arroyo et al,
2011). Hence, when excessive silica nanoparticles were added, the
crystallinity of the material increased which might lead to the
formation of particle’s aggregation in the foam matrix phase. This
resulted in the imbalance distribution of silica nanoparticles that
affected the dimensional stability of foam’s cellular structure and
finally caused reverse effect of stiffness enhancement in the MR foam.
Therefore, the storage modulus of MR foam with 5wt% silica
nanoparticles has decreased indicating the excessiveness of the
additive added more than 4 wt%. Somehow, at presence of
magnetic fields (on-state condition), the storage modulus with
5wt% silica nanoparticles still increased slightly attributed to the
CIPs that responded to the applied magnetic field, as discussed in
previous paragraph.

3.1.2 Magnetic field—dependent test

The magnetic field-dependent test of MR foams
with different composition of silica nanoparticles was
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FIGURE 3

Change of storage modulus, G’, of MR foams with different composition of silica nanoparticles under the influence of different magnetic flux

density, B.

the fixed strain of 0.6% and

constant frequency of 1 Hz. The chosen strain of 0.6% lies

conducted under a
under the LVE region in which the amount of given strain
is within the range of elastic limit. Correspondingly, the
absolute MR effect were extracted and presented, as shown
in Figure 3.

Figure 3 shows the relationship between the storage modulus,
G' of MR foams with different compositions of silica
nanoparticles under the influence of different magnetic flux
density, B. Overall, it could be observed that as the magnetic
flux density increased, the storage modulus of MR foams
increased, up to 0.8 T. The increment of the storage modulus
of all MR foams are due to the responsiveness of the CIPs in the
foam’s structure toward the applied magnetic fields that
subsequently caused changes in the stiffness of the material,
reversibly and continuously, and it is also known as MR effect
(Plachy et al., 2018; Li et al., 2021). The MR effect analysis is one
of the important resultant parameters to measure the
responsiveness of MR foams in terms of the changeable
storage modulus under the influence of applied magnetic
fields, and the output would be advantageous for the material
to be applied in controllable actuator and soft robotic sensors
(Kang et al., 2020). The change in the behaviors of MR foam
under the influence of magnetic stimuli can be expressed by the
absolute MR effect. The absolute MR effect, AG, can be calculated
by using Eq. 1 below:

AG=(G -G,) 1)
where AG is the difference between the maximum storage
modulus, G, and initial modulus, Gé) at the maximum and
zero applied magnetic field, respectively. The absolute MR
effect of MR materials may vary depend on several factors
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such as frequency rates, magnetic field strength, composition
of magnetic fillers, type of magnetic materials, and particle sizes.
In this characterization, the magnetic flux densities varied in the
range of 0 T-0.8 T.

In particular, the initial storage modulus of MR foam without
the silica nanoparticles is about 40 kPa and the value was
increased slightly to 46 kPa when the magnetic flux density
was applied at 0.8 T. Hence, the difference or absolute MR
effect of the MR foam was about 6 kPa. This finding is in
consistent with a study done by Rizuan et al, 2021, who
stated that the pure MR foam with 75 wt% of CIPs has the
increment of 6 kPa in modulus when the magnetic field was from
0 to 0.8T. Figure 4A shows the illustration of MR foam
indicating the distribution of CIPs and silica nanoparticles
over the composite area, particularly at the off-state condition.
The large surface area of nanosized silica particles in the MR
foam has created more silane coupling agents formed between
the O-H functional group of silica with ether-oxygen of polyol
via H-bonding interactions. These bonds have enhanced the
the CIPs
nanoparticles to the matrix structure of MR foam. Thus, the

interparticle interactions between and silica
silica nanoparticles should be observed over the CIPs surfaces
and in the matrix phase of MR foam. However, there are gaps
between the particles as no magnetic field was induced to the MR
foam, and the stiffness of the material is completely dependent on
the composite foam that embeds both CIPs and silica
nanoparticles. At the on-state condition or when there was
induction of the magnetic field, the storage modulus of the
MR foam increased, indicating the magnetic interactions
between the CIPs and its responsiveness toward the magnetic
field stimuli. This phenomenon somehow caused shrink of the

MR foam slightly due to reducing gap between the attraction of
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FIGURE 4

Schematic illustration of particles—matrix interactions in MR foam, at off- and on-state conditions. (A) Weak interactions of particles—matrix
phases due to existence of interparticle gaps during the off-state condition. (B) Strong interactions of particles—matrix phases due to the behavioral
of CIPs attracting toward each other during the on-state condition, thus reducing the interparticle gaps, (C) Agglomeration occurred due to
excessive silica nanoparticles in the struts of foam, causing decrease of ClIPs to attract toward each other.

the particles, especially among the CIPs (Wang et al., 2020). The
phenomenon can be illustrated in Figure 4B showing stronger
interaction between particles-matrix phases with applied
magnetic fields. Indeed, as shown in Figure 3, the storage
modulus of MR foam with 1 wt% of silica nanoparticles has
increased by 7 kPa, from 89 kPa at the off-state condition to
96 kPa at the on-state condition. Similar small increasing trend of
8,9 and 11 kPa in the absolute MR effect, AG were observed for
other MR foams with silica nanoparticles of 2, 3 and 4 wt%
respectively, and it showed the stiffer MR foams with the strength
of magnetic fields. Even though the changes are found to be small
for each MR foam, the increasing value of storage modulus
somehow showed the structural transformation of MR foam
with induction of the magnetic field (Alekhina et al., 2019). In
fact, MR foam that under the influence of the magnetic field
would cause the magnetic domain of the CIPs were aligned
according to the direction of magnetic fields (Rizuan et al., 2020).
Thus, the stiffness of MR foams increased in line with the
increasing value of storage modulus, particularly with greater
strength of magnetic fields as stronger magnetic interactions
would be taken place between the CIPs (Li et al., 2020a).
However, in terms of silica nanoparticles that were added
into MR foams in different concentrations, the value of storage
modulus at zero magnetic field showed a significant increment.
As observed in Figure 3, the initial storage modulus, G, of each
MR foam increased with the increased of silica nanoparticles,
particularly from 1wt% to 4 wt% samples. These findings
indicated the stiffer MR foams at the initial state or with
absence of the magnetic field as more silica nanoparticles were
embedded in the foam structure. Then as magnetic fields were
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induced to MR foams, for instance at 0.8 T, the increased in
storage modulus from one MR foam sample to another were
noted very slightly, about 1 kPa increment showing the non-
magnetic behaviour possessed by the silica nanoparticles toward
the applied magnetic field. In fact, these findings were in
agreement with the work done by Abd Rashid et al. (2021)
who stated that a small increment were observed for the initial
storage modulus of MRE samples, between 0.03 and 0.06 MPa for
different concentrations of silica nanoparticles, about 3 to 6wt%.
Indeed, the small increment in the storage modulus of MR foams
indicated the improvement of particles-matrix interaction when
silica nanoparticles were added in the structure of MR foam.
Hence, the changed in the storage modulus of MR foams
increased simultaneously with the increasing composition of
silica nanoparticles. This positive trend also has been
discussed in previous section of strain sweep test as adding
the

enhancement of storage modulus of MR foams, particularly at

more silica nanoparticles resulted in significant
the initial state and not under the influence of applied magnetic
fields.

On the other hand, the absolute MR effect, AG of MR foam
with 5 wt% of silica nanoparticles showed a decrement from 11 to
10 kPa. The graph in Figure 3 also showed the position of storage
modulus with 5wt% of silica nanoparticles was quite lower
compared to the MR foam with 4 wt% silica, at both off- and
on-state conditions. A similar pattern was reported by Saiz-
Arroyo et al. (Saiz-Arroyo et al, 2011) where the rigid
polyurethane foam has showed a decreasing pattern of elastic
modulus with 5 wt% of silica nanoparticle. It was reported that

the aggregation of the silica nanoparticle could occur when it was
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FIGURE 5

o

Micrograph of (A) MR foam and (B) MR foam with 4 wt% silica nanoparticles

added excessively in the foam structure (Saiz-Arroyo et al., 2011).
Similar phenomenon might occur to the MR foam when silica
nanoparticles was added excessively with 5wt%. As regards,
when the magnetic field was induced to the MR foam, the
CIPs were still attracted to one another, but the gap between
the CIPs might become distanced hindered by the aggregation of
silica nanoparticles that might be taken place in the strut
structure of MR foam. Figure 4, particularly (C) illustrates the
mechanism of fillers-matrix interactions in the MR foam,
the CIPs the
agglomeration of the silica in the struts of foam causing the

including and silica particles showing
decrement of attraction between the CIPs during the on-state

condition.

3.2 Morphological characterizations of MR
foams

Figure 5 shows the micrograph of MR foams with (A) the MR
foam without silica additive and (B) the MR foam with 4 wt% of
silica nanoparticles. Generally, the structure of MR foam includes
cell pores that are enclosed by struts as shown in both Figures
5A,B. It was observed that the MR foam (Figure 5A exhibited
more open cell pores correspond to the typical structure of
flexible foam while MR foam with silica nanoparticles are
observed to have more closed cell pores (Figure 5B) (Scarpa
et al., 2004). The resultant structure of MR foam is mainly due to
the particle’s dispersion including the silica nanoparticles that
play a significant role in controlling the cell size of the pores
during the polymerization process. The process includes gas
formation, cell nucleation growth and cells distribution that
would lead to the stabilization of the foam structure
(Tamaddoni Moghaddam et al., 2019).

In general, the magnetic particles are embedded in the struts
and cell walls of MR foam during foaming process. The
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distribution of the particles is separated by the pores of the
foam matrix, in which would affect the rheological properties of
the MR foam. As shown in Figure 5A, significant numbers of
non-uniform sized of open-cell pores with large cavities like
tunnel have been observed. The formation of pores began with
the bubbles of carbon dioxide, CO, that were formed via reaction
of isocyanate groups with water, thus releasing CO, during the
gas formation process. Then the bubbles started to grow from the
expansion of the blowing gas and merged into coalescent pores
structure during the 2" stage, cell nucleation growth process. In
this case, the nucleation growth of pores in MR foam occurred
where gas bubbles from the neighboring phase diffused and
created randomly large bubbles, resulted in more open-cell
pores structure. This resultant open-cell pores structure of MR
foam also similar and has been discussed by Rizuan et al., 2021
where the porosity and deep cavities MR foam with 75 wt% of
CIPs were characterized. The presence of deeper cavities was
influenced by the coalescent of more bubbles, subsequently
forming connecting not only deeper but large cavities in the
structure of MR foam. Hence, the distribution of the particles is
more scattered and significant distance between CIPs were
observed due to the existence of large pores. Referring to the
result of strain dependent test that has been discussed in previous
sub-section, MR foam basically exhibited low storage modulus,
about 45 kPa correlated to the nature porosity of MR foam which
would affect its ability to withstand higher applied load. The
addition of silica nanoparticles is expected to alter the resultant
structure of MR foam and simultaneously enhanced the storage
modulus of MR foam, accordingly.

In fact, MR foam with 4 wt% of silica nanoparticles possessed
improved storage modulus, around 162 kPa and the respective
micrograph as shown in Figure 5B, the MR foam looks more
closed-cell pores structure with smaller size cavities. At first, the
gas bubbles (CO,) were released through the reaction between
isocyanate groups of PU foam that in contact with water. Then
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FIGURE 6

Micrograph of (A) non-agglomerated particles in MR foam with 4 wt% of silica nanoparticles and (B) agglomerated particles in MR foam with

5 wt% of silica nanoparticles.

PU matrix + Nanoparticle silica

25um

FIGURE 7

Mapping analysis of (A) MR foam with addition of silica nanoparticles and respective elements of (B) iron, Fe; (C) carbon, C; (D) silicon, Si; and (E)

oxide, O.

on the second stage of cell nucleation growth process, silica
nanoparticles in the MR foam began to act as nucleation sites for
the silane coupling bond to form via H-bonding, that improved
the bonding between particles and matrix phase (polyol). In
addition, the advantage of nano-sized silica particles is its large
surface area where nucleation growth of bubbles becomes more
intense, and a greater number of silica nanoparticles could create

Frontiers in Materials
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more silane coupling bonds in the matrix phase. Thus, the
mixture turned out to be more viscous and aided bubbles
nucleation process resulted in closed-cell pores formation and
less porous structure in the MR foam. The growth of bubbles then
stopped upon foaming process end, creating porous structure of
MR foam. Hence, the distribution of particles including CIPs and
silica are more compact due to reduced gaps between smaller
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The
morphological structure also become more compact and

pores and adjacent struts would become nearer.
denser causing the MR foam became stiffer and as a result the
storage modulus of the material has been enhanced. This
phenomenon corresponds to the significant increment in the
storage modulus of MR foam with more silica nanoparticles. In
fact, when the magnetic field was induced to the MR foam,
stronger magnetic forces between the CIPs are acquired due to
closer gap between the particles in the struts of MR foam,
stiffer the

increment storage modulus of MR foam with magnetic fields

resulting composite material. Nevertheless,
are smaller indicating non-magnetic behavior owned by the silica
nanoparticles which are unable to respond to the magnetic field
stimuli.

However, the excessive silica nanoparticles in the MR foam,
particularly with 5 wt% somehow resulted in negative impact
toward the structural and properties of MR foam. Figure 6A
showed the micrograph of non-agglomerated particles in the
foam matrix when 4 wt% of silica nanoparticles were added to the
MR foam. The CIPs and silica nanoparticles were well distributed
and embedded in the structure of polymer foam matrix.
However, the agglomeration of particles was observed in the
MR foam with 5wt% of silica nanoparticles as shown in
Figure 6B. It is attributed to the excessive silica nanoparticles
where the amount of polymer that is available to build up bonds
with the silica is limited during the polymerization process
(Davino et al, 2012), causing agglomeration of silica in the
matrix phase. The aggregation of silica nanoparticles also
would affect the dimensional stability of the cellular structure
of MR foam, thus explaining a decrement in the storage modulus
of the material, as has been highlighted in previous section.

Figure 7 depicts the EDX mapping analysis of MR foam with
the addition of silica nanoparticles and the analysis showed
presence of iron (Fe), carbon (C), silicon (Si) and oxygen (O)
correspond to the CIPs (Fe), silica nanoparticles (SiO,) and
carbon for matrix phase. In addition, it was observed that the
silica nanoparticles have been well distributed entire the
composite area as presented in Figure 7D, including the silica
on the surface of the CIPs and in matrix phase of MR foam. This
finding also corresponded to the schematic illustrated in
Figure 4A.

4 Conclusion

In this work, MR foams with fixed 75 wt% of CIPs have been
fabricated with different composition of silica nanoparticles in the
range of 0-5 wt%., with the increment of 1 wt% The samples were
run to investigate the effects of silica nanoparticles toward the
enhancement of the viscoelastic properties, particularly storage
modulus and morphological of MR foams. It was identified that
under the influence of applied strains, MR foam with 4 wt% of silica
nanoparticles demonstrated significant increment in storage
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modulus, about 260% increase as compared to the MR foam
without the addition of silica nanoparticles. In fact, under the
influence of magnetic fields from 0 T to 0.73 T, the absolute MR
effect of the MR foam was enhanced by about 11kPa, attributed to
the responsiveness of the CIPs toward the induced magnetic stimuli
showing stiffer MR foam at the on-state condition. Similar findings
for other MR foams were observed as the corresponding storage
modulus increased with the increased of silica nanoparticles,
simultaneously with applied magnetic fields. The findings
somehow showed the stiffer MR foams with more embedded
particles in the matrix structure, including CIPs and silica
(1-5wt%), at the off-state The
enhancement is attributed to the presence of silica nanoparticles
that has strengthened the filler-matrix bonding by the formation of
silane coupling bond between silica to the PU matrix and CIPs. The
stiffness of each MR foam was further increased at the on-state

nanoparticles condition.

condition due to stronger magnetic interaction of the CIPs and
toward the applied magnetic fields. However, the MR foam with
5 wt% of silica nanoparticles showed drop in storage modulus due to
the agglomeration of particles in the cellular matrices. Meanwhile,
the change in modulus, AG, from one to another MR foam with
increment of 1 wt% of silica nanoparticles showed small increment
as well, about 1 kPa particularly at the on-state condition showing
the non-magnetic properties of silica additive toward the applied
field. Furthermore, the micrograph images have shown the open-cell
pores structure with large cavities in the structure of the MR foam
while less porous and closed-cell pores structure were observed for
MR foam with silica nanoparticles. The silica nanoparticles also were
well distributed entire the MR foam indicating the homogeneity
properties of the material.
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