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Summary Magnetorheological elastomers (MRES) are ferromagnetitigle impregnated elastomers whose mechanical pregexte
altered by the application of external magnetic fields. Dutheir magnetoelastic coupling response, MREs are findingaeasing
number of engineering applications. The objective of thislknis (a) the experimental study of transversely isotrddREs (i.e.,
particles form chains along a certain direction) that afgestied to prestressing and arbitrary magnetic fields apthébcontinuum
modeling of these materials using transversely isotropargy functions. In addition, full-field FEM calculationseacarried out in
order to reveal the underlying deformation micro-mechasishat lead to the observed macroscopic magnetostrictidre MRE.

INTRODUCTION

Devices made of magneto-rheological elastomers (MREs) haen proposed for a number of engineering applications
due to the potentially controllable nature of their mechahproperties [1]. Although there has been a substanfialtef

in theoretical descriptions of these types of solids (43j,,[5]), there have not been many studies—to the best knowl
edge of the authors—dealing with the constitutive modeding characterization of MREs. Material models for other
magnetoelastic solids, however, have been presented iliteregure. For example, [7] gave the first characterizatio
of Terfenol-D. In this regard, due to the absence of adeqemtstitutive description for MREs, it has been difficult to
guantify the extent of benefits that a MRE device could offére objective of this work is twofold; first, we present ex-
periments of iron-particle-filled elastomers subjecteprstressing and arbitrary magnetic fields and second, opope

an energy density function that is able to reproduce theraxpatal measurements. In order to explain the deformation
micro-mechanisms leading to the overall magnetostriotibthe composite, we also carry out full-field coupled FEM
microstructural calculations.

EXPERIMENTS AND MODELING

Experiments are carried out [2] for MREs comprisitigt of iron particles of sizes ranging from Q. to 5um cured

in a 0.8T magnetic field. The application of a magnetic fieldirtythe curing process leads to formation of particle
chains aligned with the curing field direction. The experitsanvolve three different setups; (a) uniaxial streststas
the direction of a magnetic field which is aligned with thetjmde chains, (b) uniaxial stress tests in the direction of a
magnetic field which is perpendicular to the particle chaimg (c) simple shear tests where the particle chains ar&liyit
aligned with the applied magnetic field, as shown in Fig. 1.
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Figurel. Anillustration of the stiffening effect of a magnetic field the shear stress-strain behavior of a MRE (left) with petthain
microstructure, initially aligned with the applied magduodteld (center). The stiffening in the mechanical respowben a magnetic
field ho is applied is due to inter-particle magnetic forces (right)

The second part of this work pertains in finding an energyidpflmction@that best fits the experiments reported above
[2]. The material under investigation is a transverselyriguc composite since the iron particles form chains alang
certain direction. This implies that the free energy dgnsishould also depend on the unit vechtr(see Fig. 1), which
defines the initial orientation of the particle chains. Thus

¥ =1%C,NM), C=F eF, NeN=1, (1)
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Figure 2. MagnetostrictionAe versus the applied nondimensional magnetic fieldo M. for various prestresses,/G, aligned with

the applied magnetic field. Part (a) and (b) correspondgarthains paralleln( || N) and perpendiculath(_L N), respectively, to the
applied magnetic field.

whereF is the material’s deformation gradie( denotes its transposé),denotes the right “Cauchy-Green” tensor and
M the specific magnetization. Fig. 2 shows experimentallysuesd magnetostriction straixe versus the applied nondi-
mensional magnetic fieldd/ po M for uniaxial stress tests (withy denoting the initial material density). In Fig. 2a, the
magnetostriction is plotted for different preload&’, which are aligned with the applied magnetic field and théigar
chain f || N). The magnitude of magnetostriction increases in absohltee with the magnitude of the nondimensional
preloads. Interestingly, the magnetostriction resposis@i symmetric with respect to the sign of the prestressgnZd.
Notice that the sample expand&d > 0) for zero or negative prestresses and contracts for adelguatge tensile pre-
stresses. This asymmetry implies a strong nonlinear effiettte applied prestress on the resulting magnetostriction
turn, Fig. 2b, shows the strong influence of the particleirthéentation upon the overall magnetization and magnetes
tion of the MRE specimens. In order to unfold the correspogdinderlying microstructural deformation mechanisms
leading to the pronounced prestress and particle-chaentation effects, FEM full-field calculations are also gzdrout
(not shown here for brevity). Theoretical predictions,dzhen the energy density of equation (1) are compared to exper
imental results in the case of simple shear loading and xiahistress test in the direction of a magnetic field which is
(i) aligned with the particle chains and (ii) perpendicutathe particle chains (not shown here for brevity). In afktn
cases, the model predicts well the experimental resportse dfiRE.

CONCLUSIONS

The present combined experimental and theoretical imyegstin of MRES subjected to coupled mechanical and magnetic
loading reveals the many challenging features of theseriatte This study shows the adequacy of the anisotropic,
finite strain continuum formulation for the description bese materials, while at the same time it demonstrates the
importance of microgeometry in the macroscopic magnestielaoupling response of the composite. Given the need in
applications to produce MRESs with strong magnetoelastipbog, it is desirable to build a) microscopic models tadstu
these coupling mechanisms in detail and b) mean-field fi@mogenization) models to investigate more efficiently the
influence of matrix properties, particle distribution artése on the macroscopic magnetomechanical response ef thes
composites. On the practical side, mean field theories asduable tool to optimize coupling properties (e.qg., [4,i6])
these materials. Studies in these directions are curranthgr way by the authors.

References

[1] Ginder, J., Nichols, M., Elie, L., Tardiff, J., 1999 Magforheological elastomers: Magnetorheological elastem@operties and applications,
Smart Structures and Materials 1999: Smart Materials Tetbgies Ed. by M. Wuttig, Proc. of SPE675, 131-138.

[2] Danas, K., Kankanala, S.V., Triantafyllidis, N., 20Experiments and modeling of iron-particle-filled magnktmiogical elastomerd, Mech.
Phys. Solid$0, 120 — 138.

[3] Dorfmann, A., Ogden, R.W., 2003, Magnetoelastic madglbf elastomersizur. J. Mech. A/Solids 22197 — 507.

[4] Galipeau, E., Ponte Castafieda, P., 2012, The effectrt€lgashape and distribution on the macroscopic behavianagnetoelastic composites,
Int. J. Solids Struct49, 1 —17.

[5] Kankanala, S.V., Triantafyllidis, N., 2004, On finitefyrained magnetorheological elastomérdvlech. Phys. Solids2, 2869 — 2908.

[6] Kuo, H.Y., Slinger, A., Bhattacharya, K., 2010. Optiration of magnetoelectricity in piezoelectric-magneiottie bilayers.Smart Materials
and Structured9, pp. 125010.

[7] Moffett, M.B., Clark, A.E., Wun-Fogle, M., Linberg, JTeter, J. P., McLaughlin, E.A., 1991, Characterization eff@nol-D for magnetostrictive
transducers). Acoust. Soc. Amerid9, 1448 — 1455.



