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Abstract

This work analyses the shear behavior of magnetorheological elastomers (MRE), a class of smart materials which pre-
sents interesting magneto-mechanical properties. In order to determine the effect of several variables at a time, a design
of experiment approach is adopted. A set of several samples of MRE was manufactured, by varying the weight fraction of
ferromagnetic material inside the viscoelastic matrix and the isotropicity of the material, by adding an external magnetic
field while the elastomeric matrix was still liquid. The mechanical behavior of each sample was analyzed by conducting
cyclic tests at several shear rates, both with and without an external magnetic field. Moreover, in order to estimate the
maximum shear stress, the specimens were loaded monotonically up to failure. Shear stiffness, maximum shear stress
and specific dissipated energy were calculated on the basis of the experimental data. The results were analyzed using an
Analysis of Variance (ANOVA) to assess the statistical influence of each variable. The experimental results highlighted a
strong correlation between the weight fraction of ferromagnetic material in each sample and its mechanical behavior.
Moreover, the dissipated energy of the MRE drops down when the magnetic field stiffens the behavior or the shear rate
increases. The ultimate failure shear stress is strongly affected by the external magnetic field, increasing it by nearly 50%.
The ANOVA on the results provides a simple phenomenological model is built for each output variable and it is com-
pared with the experimental tests. These models produce a fast and fairly accurate prediction of each analyzed response
of the MRE under various shear rates and applied magnetic fields.

Keywords
Magnetorheological elastomers, characterization, ANOVA, shear stress

l. Introduction several applications that involve the use of anisotropic
MREs have been patented, no industrial product is yet
available on the market, probably since their perfor-
mance still does not justify their costs and lack of com-
plete information about durability and strength of
these materials. It is quite peculiar that a commercial
application of a particular sort of MRE is a material
: " : 3 . mainly sold as a toy, the so-called Silly Putty already
dence and the anisotropicity. So far, their use in practi- studied by (Cross, 2012; Marc Hartzman, 2013), espe-

cal app lication is  still hmlt.ed to some rece.nt cially in its magnetic sensitive form, the Thinking
applications such as an automotive MRE mount (Kim

et al., 2018), seismic applications (Eem et al., 2019) or a
collection of potential applications as proposed in (Li
and Zhang, 2012). MREs have also been patented by
Ford Motor Company as a bearing for automotive
applications, where the stiffness of this bearing is Corresponding author:
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The study of magnetorheological elastomers, smart
materials whose properties are currently under-utilized
for vibration suppression, could lead to a better under-
standing of the complex interactions between the sev-
eral concurrent phenomena acting in the material, such
as the viscoelastic behavior, the magnetic field depen-
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Putty, (Golinelli et al., 2015). Silly Putty represents the
“ideal” wviscoelastic material, because it is incredibly
stiff in case of high deformation rates, while it is very
deformable and soft for quasi-static applied stress
(Cross, 2012). However, its semi-fluid behavior makes
Silly Putty unsuitable for engineering applications.
Even though it was created to replace rubber seals its
application is not possible, since it cannot keep a pre-
formed shape and it also collapses under its own
weight. Conversely the magnetorheological elastomers
(MRESs), which consist of ferromagnetic micrometric
particles suspended in a non-magnetic eclastomeric
matrix (Davis, 1999; Guan et al., 2008; Ruddy et al.,
2008) behave quite opposite to Silly Putty, in that they
do exhibit solid-like behavior, even though their
response is affected by the load rate. The magnetic
interactions between the particles in this composite
material depend on the magnetic orientation of each
particle and their spatial relationship, which leads to an
interesting number of magneto-mechanical phenomena
(de Vicente et al., 2011; Ginder et al., 2000; Kallio,
2005). The aim of this work is to expand the applicabil-
ity of MREs in engineering application like the more
widespread magneto-responsive material: the magne-
torheological fluids (MRFs) which exploit the same
principle using a fluid matrix and are already used in
many industrial applications, especially for vibration
damping and shock absorbers (Carlson and Jolly,
2000; Chen et al., 2007; Shen et al., 2004; Spaggiari
et al., 2016; Yang et al., 2015).

MREs include a large variety of composite materials,
but their main components are always ferromagnetic
particles immersed in a non-magnetic eclastomeric
matrix. The particles could be either a soft magnetic
material, like Carbonyl Iron (Riesgo et al., 2019) or
hard magnetic materials that retain the magnetization
(Koo et al., 2012) and show a stronger anisotropicity.
The constituents of MREs, the technologies for their
manufacture and the mathematical models that best
describe their mechanical properties present a range of
very interesting scientific problems that are only par-
tially treated in the scientific literature (Chen et al.,
2007; Popp et al.,, 2009), especially regarding their
mechanical properties in shear and up to failure.
Compared to MRFs, magnetorheological elastomers
always show solid behavior, that is, they do not pass
from fluid to quasi-solid state, however their mechani-
cal characteristics in terms of stiffness and damping are
a function not only of the external mechanical loads,
but also of the applied external magnetic field (Norouzi
et al., 2016). Moreover, the change in the macroscopic
properties of MREs is quite limited compared to MRFs
(Kukla et al., 2017; Ruddy et al., 2008), but MREs are
much more manageable than MRFs, which have the
problems of confinement, compatibility with standard
gaskets and can easily be damaged by the friction with
magnetic particles (Giith et al., 2013; Spaggiari and

(b)

Figure |. Microscopic structure of an MRE: (a) isotropic MRE,
(b) anisotropic MRE (Lian et al., 2015).

Dragoni, 2012; Wiehe and Maas, 2012). One of the
most important characteristics which make MREs dif-
ferent form MRFs is the possibility to obtain both iso-
tropic and anisotropic configurations during the
manufacturing of the samples, which is not possible
with MRFs and the availability of hard magnetic mate-
rials to be used as particles. The particles within the
elastomeric matrix can be homogeneously distributed
forming isotropic MREs during the matrix cure, as
shown in Figure 1(a), or they can be forced to form
chain-like column structures, forming anisotropic
MREs as shown in Figure 1(b) due to the application
of an external magnetic field (Lian et al., 2015, 2018).
The external magnetic field applied to the MRE
induces dipolar moments in the ferromagnetic particles
before the complete polymerization of the elastomer, so
that the columnar structures of particles remain locked
in place until the end of the cure, and then this struc-
ture is fixed in the matrix. Even though MREs can be
used in different modes of operation such as tension/
compression (Vatandoost et al., 2017), and shear mode,
they are often used in shear behavior since it is quite
easier to provide mechanical and magnetic loadings in
perpendicular direction (Vatandoost et al., 2020).
Several works in technical literature (Li, 2013; Popp
et al., 2009) are devoted to assess the MREs properties,
especially as a function of the shear rate, focusing
mainly on cyclic tests but scarce information is pro-
vided about their behavior up to failure, therefore the
aim of this paper is to provide further information
about the shear properties of MREs up to failure, since
this important feature helps in the MREs based devices
design. Only few works tackles the fatigue properties
(Calabro, 2011; Zhou, 2016; Zhou et al., 2017) mostly
in biaxial condition while it is difficult to find informa-
tion on the ultimate shear strength of MRE. This paper
therefore investigates a MRE made from a silicone-
elastomeric matrix, a combination already studied in
literature, (Bellelli and Spaggiari, 2019; Choi et al.,
2018), by considering several weight fractions, the
applied magnetic field and the isotropicity of the mate-
rial, by testing it dynamically at several shear rates and
also up to failure, in order to estimate the effect of the
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variables on the material performance. A straightfor-
ward magneto-mechanical phenomenological model is
proposed to estimate the behavior of the material in
different conditions in terms of stiffness, ultimate shear
stress and specific dissipated energy.

2. Materials and methods

The experimental tests were carried out following a
Design of Experiment procedure (Montgomery, 2004).
Three design variables are considered: weight fractions
of ferromagnetic particles, specimen isotropicity and
application of an external magnetic field during the
test. For each configuration we manufactured two sam-
ples for a total of 14 specimens. Subsequently, we car-
ried out shear tests, cyclic and up to failure both with
and without an external magnetic field. [AQ: 2]

2.1. Experimental apparatus

The elastomeric matrix was obtained from a commer-
cial PDMS (Polydimethylsiloxane) base, Sylgard 184,
by Dow Corning, which is a two-component material
which is widely used in electronic applications, espe-
cially for encapsulation of microelectronics circuits.
This material shows very interesting properties as an
electret and it was already described and studied in
(Kachroudi et al., 2015), where its viscoelastic, thermal
and dielectric properties can be found. The aim of this
paper is to study and discuss its magnetorheological
properties when enriched by various weight fractions of
ferromagnetic particles. The elastomeric base was
mixed with Carbonyl Iron Particles (CIP) with an aver-
age size of 45 pm, Ferchim RI 63/3.2 by Pometon
(Italy). The three ingredients (curing agent, silicone
base and CIP), after being weighted to obtain the
desired weight fraction, were deposited and mixed.
Since manual mixing of the components always intro-
duces air inside the material, which is detrimental for
the magneto-mechanical properties, first, a degassing
procedure is carried out using a vacuum chamber at —
0.8 Bar. Subsequently, the specimens were cast by
pouring the material in a polymeric mold. The cylindri-
cal specimens have a diameter of 15 mm and a height
of 32 mm. We decided the specimens’ dimensions based
on the constraints given by the manufacturing method
(mold and vacuum chamber volume) and the testing
machine with magnetic yoke mounted on it. The mold,
containing the reagents still in the liquid phase, was left
for 15 min in the vacuum chamber for a second time to
ensure a proper elimination of remaining air bubbles
and then the curing step was started. Even though a
long degassing is detrimental for the void formation in
case of resin transfer molding technique (Woods et al.,
2007) when the matrix is poured at room pressure and
temperature, the void formation always happens due to
mixing and only vacuum application is able to prevent

this phenomenon, as verified in the post mortem analy-
sis carried out after the failure tests.

The mold was placed in slow rotation through a
stepper motor in order to avoid the settling of the iron
particles due to the gravity and it was kept for 6 h in a
climatic chamber at 45°C to ensure the complete poly-
merization of the elastomeric matrix. First, we manu-
factured the isotropic specimens with different weight
fraction of ferromagnetic material (60%, 70%, 80%),
creating two samples for each weight fraction consid-
ered. In order to produce the other six anisotropic spe-
cimens, two permanent magnets were placed around
each specimen in the mold when the matrix was still
uncured.

2.1.1. Magnetic system design. The effect of the magnetic
field led to the formation of an aligned arrangement of
particles inside the specimens. We estimated the mag-
netic field inside the mold and the yoke using a finite
element model with FEMM software (Meeker, 2015).
The magnetic field during the manufacturing was
around 150 mT, Figure 2 shows the distribution inside
the magnetic yoke used during the experimental tests.
Figure 2(a) shows a regular distribution of the flux lines
and, in the central part of the yoke used during the
experimental tests, the induction field is around 300 mT
on average (Figure 2(b)). Note that the central part of
the yoke was considered as air, in order to allow for a
comparison with the experimental measure. The mag-
netic induction field provided by the magnets, measured
experimentally through a Gaussmeter GMO05 by Hirst
(in air), was around 260 mT, close enough to the
numerical prediction and strong enough to produce a
relevant effect on the MRE. Figure 3(a) shows the
rotating system used to prevent CIP settling and the
permanent magnets used on top and bottoms of the
specimens to create the anisotropic specimens. Figure
3(b) shows the complete set of specimen used, including
the last two control specimens of pure PDMS, with no
ferromagnetic particles, which were manufactured to
estimate the base material properties under the same
test conditions of the magnetorheological samples.

The specimens were tested in shear tests both under
cyclic and monotonic loading, as showed in Figure 4.
The gap between the fork and the eye end is calibrated
at 0.1 mm in order to be able to compute the shear
stress in the MR elastomeric pin. While the cyclic tests
at different shear rates were non-destructive and were
carried out with the main aim to estimate stiffness and
dissipated energy, the monotonic tests were performed
up to failure, in order to assess the maximum shear
stress. In the first case we limited the maximum applied
displacement to 2 mm, which in any case guarantees a
quite severe shear stress inside the pin without any per-
manent damage to the MRE. This limit value was cho-
sen after a set of preliminary tests, not reported here
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Figure 2. FEMM simulation: (a) flux lines and overall induction field, and (b) distribution in centre along the red line.

(b)

Figure 3. (a) Rotation system to prevent settlement of the particles, and (b) specimens manufactured.

Table |. Specimens considered in the design plan.

Variable Levels Specimens

CIP weight fraction 4 0 60 70 80

Isotropicity 2 N/A YES NO YES NO YES NO
Replicates 2 2 2 2 2

Total specimens 14 2 4 4 4

for the sake of brevity. Three shear rates were consid-
ered in the cyclic test: 0.16, 0.83, 1.67 s'. The experi-
mental plan included the execution of the cyclic and
monotonic tests on 14 specimens. Table 1 reports a syn-
thetic representation of the variables considered.

2.1.2. Shear test rig. The shear test equipment exploited a
fork-pin-eye rig mounted between the clamps of the
base and on the head of the test machine, a Galdabini
Sun 500, equipped with a 5000 N load cell, as shown in
Figure 4. Figure 4(a) shows the schematic of the loading
in presence of the applied magnetic field, Figure 4(b)
the specimen under test with no applied magnetic field
and Figure 4(c) the application of the magnetic yoke.

The specimen is held in position by precise coupling
with the fork and the eye-rod, no adhesive is used to
avoid any interference with the experimental results.
The number of tests performed was 98: each of the 14
specimens was tested both in the absence and in the
presence of an external magnetic field cycling the speci-
mens at three shear rates and also in monotonic condi-
tions. The external magnetic field was again obtained
with two permanent magnets providing a quite uniform
distribution larger than 200 mT, as showed in Figure
2(b). The load-displacement curves given by the univer-
sal testing system (UTS) machine were first transformed
in shear strain vs shear stress and then used to compute
the following quantities:
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(a) (b) (c)
Figure 4. (a) Schematic of the test rig, (b) shear test set-up, and (c) test with permanent magnets on. The red dashed rectangle
represents the MRE sample position.
® Shear modulus, computed as the slope of the first G = 2(0036 + isind) = T G =G +iG" (6)
elastic part of the stress-strain curves (MPa) Yo Yo

Failure shear stress for monotonic curves
Specific dissipated energy (mJ/mm?®), for cyclic
curves

The responses can be simply computed as follows. The
shear stress is:

T= "= (1)

Where F is the experimental force and d is the MRE
pin diameter. The shear strain can be computed both
considering the engineering shear strain yen, Or the true
shear strain 7,, defined as follows:

A
= — 2
Yeng s ( )
v, = arctané (3)
s

Where A is the experimental applied displacement and
s is the gap between the fork and the eye-rod.
According to the two definitions of shear strain, which
has to be considered according to (Pardis et al., 2017)
two possible formulations for the stiffness of the MRE
are considered. The true shear strain is considered for
the cyclic curves and used to compute the stiffness and
the dissipated energy, according to the following
expressions:

v, = Yosin(wt), T = 1osin(wt + §) (4)
7 = Y0, G'sin(wt) + v,G"cos(wt) (5)

From which it is possible to separate the true storage
modulus (G’, real part) and the true loss modulus (G”,
imaginary part). The engineering strain is used to
describe the monotonic curves up to failure.

3. Experimental results

Figure 5(a) and (b) shows the shear stress versus engi-
neering shear strain curves for isotropic specimens
without the applied field (a) and with the field applied
during the cyclic test (b). Figure 5(c) and (d) shows the
curves for the anisotropic specimens without the
applied field (¢) and with the field applied during the
cyclic test (c). ¢, for the three shear strain rates selected
(0.167s",0.833 s, 1.67 7).

The Payne effect (Clément et al., 2005) and the
Mullin effect (Wang et al., 2015), which are quite typi-
cal for PDMS matrix with fillers, could affect the shear
strain and the shear stress curves. The Payne effect can
be a possible explanation for the shape of the curves
reported in Figure 5, which shows non-linear behavior.
In the low strain deformation region, the slope of the
curves (identified as GI) is quite steep, while at suffi-
ciently larger deformation, the slope (identified as G2)
decreases, indicating a softening behavior. A simple
bilinear regression of the stress-strain curves was used
to identify parameters G/ and G2, this simple method
is used to allow the cyclic curves to be compared with
the monotonic ones. Since these curves are mainly used
to estimate the dissipated energy and the shear modulus
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Figure 5. (a) Shear stress versus engineering shear strain curves on isotropic specimens, without, (b) and with the field applied,
(c) and on anisotropic specimens, without, (d) and with the field applied.

the control mode was in speed, leading to a slightly dif-
ferent maximum shear strain.

Figure 6 shows the curves of the failure test of the
specimens, for various weight fraction of ferromagnetic
particles and for no applied magnetic field (Figure 6(a))
and applied magnetic field (Figure 6(b)). The behavior
of the material is quite similar for isotropic and aniso-
tropic specimen, therefore both isotropic and anisotro-
pic are reported. The ANOVA analysis reported in the
Discussion section confirms that the isotropicity does
not affect the failure shear stress. All the experimental
test of the specimens loaded up to failure are carried
out controlling the displacement in quasi-static mode
(Imm/min crosshead displacement). The difference
between the pure PDMS specimen in case of magnetic
field off and on it is imputable to a specimen difference,
since with no CIP the intrinsic behaviour of the speci-
men should have been the same.

4. Discussion

The experimental cyclic tests were analyzed by evaluat-
ing the response of the material in terms of shear modu-
lus and specific dissipated energy, while the destructive
monotonic experimental tests were used to retrieve the
maximum failure stress for the MRE specimens. A sta-
tistical software, Stat-Ease Design-Expert, (Anderson
and Whitcomb, 2007) was used to verify the influence
and interactions of the variables considered. The results
were analyzed according to the variable plan shown in
Table 1. Figures 7 and 8 show the half-normal diagrams
of the four responses considered (Mead, 1990; Mead
et al., 2012), useful for estimating the variables that have
an influence on the response at a glance. The stronger
the influence, the larger the distance from the error line,
extrapolated from the green triangles, which represent
the normal stochastic variation of an experimental test.
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Figure 6. (a) Shear stress versus engineering strain curve of the specimens (both isotropic and anistropic) loaded up to failure with

no magnetic field, and (b) with applied magnetic field.
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Figure 7. (a) Half-normal diagrams concerning the analysis of the shear modulus for small deformation, and (b) for large

deformation.

Figure 7(a) reports the influence of the variable on
the shear modulus at small strains, G/, Figure 7(b), on
the shear modulus at large strains, G2, Figure 8(a) the
influence on the specific dissipated energy, E, computed
as the area below the cyclic curve and Figure 8(b)
reports the influence of the variable on the failure shear
stress, T,,.x. This influence on the input variables is
greater as they deviate from the error bar and the X-
axis represents the influence on the response while the
Y-axis expresses the confidence that the effect is not
due to experimental noise.

Figure 7(a) and (b) reports the ANOVA for the
shear modulus computed based on the cyclic tests.
Since the deformations are quite large two different
slopes can be computed. The first slope, G/ is visible in

Figure 5 for shear strain below 1, which corresponds to
a vertical displacement of 0.1 mm, while the second
slope, G2, which covers the vast majority of the plots in
Figure 5, spans from 1 to 20 shear strain, which corre-
sponds to a vertical displacement from 0.1 to 2 mm.
Figure 7(a) shows that the initial slope G/ is strongly
affected by the shear rate, while the volume fraction
and their interaction plays a minor role. This first part
can be associated to the response of the viscoelastic
matrix itself, which is known to be quite sensitive to the
deformation rate. The ANOVA in Figure 7(a) shows
that the most prominent variables are the shear rate
and the weight fraction and also that there is a positive
interaction between the two variables. Figure 7(b)
shows that the most important variable for the slope in
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Figure 9. (a) Effect of the variables on the shear modulus at small deformation, and (b) at large deformations, under cyclic test.

large deformation is the weight fraction, with a slight
influence of the applied magnetic field, which stiffens
the system response.

Figure 8(a) reports the behavior of the system under
cyclic load in terms of specific energy dissipated, E
while the failure shear stress retrieved by the monotonic
tests up to failure is reported in Figure 8(b). Figure 8(a)
shows that the specific dissipated energy is sensitive to
the shear rate mostly, but also to the weight fraction
and to the applied magnetic field. The square AD in
Figure 7(a), as well as in Figure 8(a), stands for the
interaction between the weight fraction and the shear
rate, indicating a non-linear effect of these two variable

on the system response. Figure 8(b) reports the input
variables which affect the tangential failure stress of the
MRE and in this case, in addition to the weight frac-
tion, there is a strong influence of the applied magnetic
field, which is visible also in the plots of Figure 6. The
shear stress increases with the magnetic field by roughly
50%, which opens the possibility of using MRE as a
programmable material. The ANOVA not only high-
lights the important variables which affects the system
response, but also provides qualitative information
about their interactions and a quantitative phenomeno-
logical model. The interactions between the variables
are reported in Figure 9(a) for the shear modulus at
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Table 2. ANOVA summary table.

Increase in % weight

Increasing shear rate

Magnetic field presence Anisotropicity

Stiffness, G/ (MPa) T 11l
Stiffness, G2 (MPa) T T
Dissipated energy (m}J/mm3) l Ll
Failure shear stress (MPa) I X

————

X X X X

small deformations and in Figure 9(b) for the shear
modulus at large deformations. Figure 9 confirms the
fact that it is important to separate the behavior, since
for GI (Figure 9(a)) the most important effect is given
by the shear rate, with a smaller contribution given by
the weight fraction. Figure 9(b) shows that G2 is depen-
dent mostly on the particle concentration, with a slight
effect of the magnetic field, which stiffens the MRE
behavior regardless the shear rate.

Figure 10 show the interaction diagrams for the spe-
cific dissipated energy during the cyclic test (Figure
10(a)) and for the failure shear stress during the mono-
tonic tests (Figure 10(b)). The situation depicted in
Figure 10(a) is quite complex and shows that the shear
rate affects strongly the dissipated energy, when the
shear rate is low the dissipated energy increases, while
the specimen stiffens and dissipates less energy at high
shear rates. This behavior is confirmed also by consid-
ering the area under the curves in Figure 5, which
becomes smaller with the increasing shear rates. A typi-
cal viscoelastic material shows an increase of the dissi-
pative figures, such as the loss modulus, with a
frequency increase, but this behavior is visible only in
the high frequency range. Other researchers (Li and
Nakano, 2013) found, in case of a PDMS based MRE,
that the loss modulus, and therefore the dissipated

energy, shows a decrease at low frequencies, which con-
firms our experimental findings.

The effect of the applied magnetic field is quite
straightforward and acts as expected. The magnetic
particles are affected by the magnetic field and the pres-
ence of the field (dashed lines in Figure 10) increases
the dissipated energy for a given shear rate or weight
fraction.

Figure 10(b) reports clearly the strong influence of
both of the weight fraction and the magnetic field on
the maximum shear stress, which could increase up to
50% in case of the higher weight fractions. This aspect
could be exploited in several applications, which could
be generalized under the broad category of programma-
ble “mechanical fuse.” The system could be as simple as
the shear pin and fork used in the test, but designed to
fail under excessive shear loads and protect components
downstream one side of the system from excess of force
(or even torque) in the event of a system jam. The possi-
bility to control the shear stress could be exploited to
adapt the system in real time to the external conditions
in a fast and straightforward way.

A general recap of the experimental findings could
be found in Table 2 where an ANOVA summary is
reported, showing the influence of each individual fac-
tor on the analysed responses of the system. The results
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are consistent with the findings of other researchers
(Kukla et al., 2017; Schrittesser et al., 2009), but both
confirm the stiffening effect of the ferromagnetic parti-
cles especially at high weight fractions and large strains
and the controllability of the material is confirmed even
for the failure shear stress. The ANOVA performed on
the data could be also exploited to build a simple phe-
nomenological model, based on the four-input variable
considered, the weight fraction (A), the isotropicity (B),
the applied magnetic field (C) and the shear rate (D).
The predictive models were obtained for each response
of the system. The proposed models are expressed in
equation (7) for the stiffness G/, in equation (8) for G2,
(both expressed in MPa), in equation (9) for the specific
dissipated energy, E, expressed in J/dm® and in equa-
tion (10) for the failure shear stress, 7,,,.. The software
linearizes the responses and to do so it applies a so-
called transformation whenever useful as for the
G1 (square root), G2 (inverse square root) and for the

dm3

Tmax(MPa) =

< J ) B <71.73 —4.64 - A[1] —9.68 - A[2] + 5.87 - C + 21.24 - D[1] + 6.87 - D[2]

possible levels of ferromagnetic particles (A[i]) and
shear rates (D[i]), from the lower level to the higher
one. The magnetic field applied is simpler (field ON
> C=-1, field OFF > C =1). Once the desired
configuration is chosen, the prediction can be done.
The comparison of the prediction and the model is
reported in Figure 11(b), with the model (Y-Axis) and
the experimental results (X-Axis) for the failure shear
stress as example. The predicted failure shear stress (Y-
axis), obtained through equation (10), is compared with
the experimental values in Figure 11(b). The closer the
points are to the 45° line, the better the model predic-
tion. The agreement seems quite good, considering the
simple phenomenological model adopted.

G1(MPa) = (0.31 — 0.041 - A[1] + 0.018 - A[3]
+0.083 - D[1] + 0.03 - 4[1]D[1] — 0.033 - A[uz)[z])2

(7)

G2(MPa) = 0.1 - 0.068 - A[1] - 0.022 - AP]

! +0.009856 - A[3] —0.00541 - C ®)

—14.6 - A[1]D[1] — 1.62 - A2]D[1] + 2.75 — 14.67 - A[3]D[1] — 2.65 - A[l]D[1]> 9423
9)

3.308 (10)

failure shear stress (inverse). The expressions below are
reported using coded factors, a compact form used to
express the levels of the variables considered. Figure
11(a) shows the graphical meaning of the coded factors
X[i] considered, which are used to represent all the

(0.55 + 0.38 - A[1] — 0.065 - A[2] —0.13 - A[3] + 0.7 - C)

An example on how to exploit the provided models is
reported for the sake of clarity. The hypothesis is that
one would like to predict the failure shear stress of a
75% specimen with no magnetic field applied. The
equations provided would give the result reported in
equation (11), which is in good agreement with experi-
mental tests shown in Figure 10(b).
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3.308
(0.55 + 0.38 - (—0.5) —0.065 - (—0.5)—0.13 -0+ 0.7 - 1)
= 3.0279MPa

Tmax =

(11)

5. Conclusion

This work analyzes the shear behavior of an MR elas-
tomer up to failure, for a wide range of particles weight
fractions and test conditions. The experimental tests
show that the not only the composition of the MRE
strongly affects the MRE behavior in term of stiffness,
but also that the magnetic field is strongly interacting
in enhancing the MRE failure shear stress. The positive
effect of the weight fraction on the shear modulus is
more evident when large deformations are considered.
The specific energy dissipated by the material is mainly
controlled by the applied shear rate, as expected, but
also the applied magnetic field is quite relevant in
changing the dissipated energy. In general, the influ-
ence of the anisotropy in the specimen is not predomi-
nant, due to the fact that the particle alignment and
loading direction are perpendicular. A quite interesting
outcome of this research is the strong dependence of
the failure shear stress on the external magnetic field,
which open new possibilities in terms of exploiting the
material as a “programmable mechanical fuse” which
changes its threshold failure stress value based on the
applied magnetic field. Simple phenomenological mod-
els are also provided for all the outputs considered,
based on the input variables. The proposed models,
despite their simplicity, are able to provide a reasonable
estimate of the material behavior, and thus they could
be directly applicable for design purposes.
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