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Abstract

Residual stresses may exist in different finitely deformed soft multifunctional materials such as in electro-
active and magneto-active polymers. In order to develop accurate constitutive frameworks of these smart
materials experiencing electro-magneto-mechanically coupled loads, the presence of residual stresses
needs to be considered on the onset of the model development. In this contribution, a spectral constitutive
equation for finite strain magneto-electric soft material bodies with residual stresses is developed using
spectral invariants, where each spectral invariant has a clear physical meaning. A prototype total energy
function comprising of single-variable functions is proposed; a single-variable function that depends on
an invariant with a direct meaning is easily handled and is experimentally attractive. Results of some
boundary value problems are given.

1 Introduction

Multifunctional materials are innovative and smart as they can adapt their physical and mechanical proper-
ties as a result of external stimuli. Several external fields can be mentioned including temperature, electric
field, magnetic field, humidity, light, pH or combinations of two or more of them [36, 69]. Novel synthesis
techniques and experimental characterisations, mathematical modelling, and the search for exotic applica-
tions of multifunctional materials have been active fields of research in last two decades. Within the bunch
of multifunctional smart materials, the so-called magneto-active polymers (MAPs) and electro-active poly-
mers (EAPs) become widely explored responsive materials thanks to their rapidly-expanding applications



in many areas ranging from micro-scale to macro-scale soft robots for targeted drug delivery and for arti-
ficial muscles in prosthetics, stretch sensors in monitoring deformations on soft and flexible structures, to
mention a few [2, 5, 6,7, 8, 31, 13, 31, 33, 36, 69]. In the case of EAPs, when an electric voltage will be ap-
plied across the thicknesses of system, large deformations will be induced as a result of Coulomb attractions
of the opposite charges [31, 33, 41]. In contrast, MAP is a polymeric composite filled with magnetisable
particles that can be deformed considerably upon the application of a remotely controlled magnetic field
[4, 33]. Both EAPs and MAPs have specific merits and demerits [36]. For instance, EAPs being mostly
unfilled polymers, can create huge amount of actuation-driven deformations in contrast to MAPs. However,
EAPs require large electrical voltages and demand direct physical contact with the surfaces of an actuated
body while for MAPs, no physical attachments between the external field and the systems are required
[33, 40, 41]. For an overview of MAPs, a recent review paper by Bastola and Hossain [4] can be consulted.

In MAPs and EAPs, ideally magneto-mechanical and electro-mechanical couplings may occur separately.
However, there are some smart materials in which magneto-electrically (ME) coupling may occur simulta-
neously. In this group, multi-ferroic hard materials will create deformations that can be within small strain
ranges. Multi-ferroic ME materials can be applied in the manufacturing of the magneto-electric random
access memories (MERAM), see for example [19, 22, 24] for more applications. Nan et al. [45], Pyatakov
et al. [49] summarised a wide range of research works and potential usages for ME materials. Note that the
early use of magneto-electric materials has been confined to only the area of small-strained hard materials
such as ceramics and metals. However, Liu and Sharma [37], Krichen et al. [35] recently proposed an
interesting finite strain alternative to small-strained hard MEs. Such a soft polymeric composite can be pre-
pared using all traditional methods used for manufacturing MAPs in which magneto-responsive particles
are embedded acting as vehicles for combined magneto-electro-mechanical coupling. Furthermore, Liu et
al. [37, 38, 35] mentioned that some living biological matters contain receptors that can be interacted with
the presence of magneto field which substantiate the presence of ME coupling effects at finite strains.

Mathematical modelling and simulation of soft materials that can activated under the combined actions
of magneto-electro-mechanically coupled field at finite strains is a nascent area [11]. One of the earliest
works for fully-coupled thermo-electro-magneto-mechanical multifunctional matters at large strain is due
to Santapuri and co-workers [52]. They develop relevant equations in a thermodynamically consistent way
that results in an exhaustive list of important quantities of the problems. Very recently, Liu [38] devises
the problem of magneto-electro-elasticity based on the principle of minimum free energy. His approach is
based on the so-called total free energy function which is applicable to a wide range of multifunctional soft
materials starting from electro-magneto-active elastomers to piezo-electric-magnetic materials. Recently,
Rambausek and Keip [50] studied the ME coupling in magnetic and electric fields-activated soft compos-
ites. They further conclude that the shape effect of fillers is a non-local phenomenon both in EAPs and
MAPs. Very recently, Bustamante et al. [11] proposed a modular mathematical structure for modelling
magneto-electric soft materials that can finitely be deformed.

Residual stress can be defined as a stress field that exists in an equilibrium system without the application
of any external loads or tractions on the boundaries [27]. These stresses are non-homogeneous that result
in non-homogeneous responses in a body but their overall response is zero in the system [43, 44]. The exis-
tence of residual stresses in living and biological objects such as in plants, human tissues, insects and other
animals are very common that may create beneficial or adverse effects [68]. Furthermore, residual stresses



may be produced during the manufacturing processes of materials or in geo-mechanics where high stresses
can be be developed below the Earth’s surface due to the gravitation force. For instance, in the manufac-
turing of rubberlike materials to be used in bush mountings for the support of engines, residual stresses can
be induced during the vulcanisation process [43, 44]. They can also be involved in metal formations or in
welded structures. The presence of residual stresses in the multifunctional materials such as MAPs or EAPs
might have either beneficial or adverse effects upon the application of subsequent loads [28]. Therefore,
such an important aspect needs to be incorporated at the very beginning of the mathematical modelling of
these fast growing smart materials.

The origin of residual stresses in EAPs and MAPs could be manifolds. In the case of MAPs, two types
of composites are usually manufactured [4]. In the first case, magnetisable particles are more or less ho-
mogeneously distributed and locked after the complete curing (solidification) of the mixtures. In contrast,
another type of MAPs can be prepared in which particles are arranged towards a particular direction if a
magnetic field is applied before the formation of crosslinked chain structures [28, 29]. In both cases, during
the transformation of particle-filled composites from a liquid stage to a fully solidified phase, a volume
reduction which is frequently termed as the curing-induced volume reduction or shrinkage, may result in
residual stresses in MAPs. Very recently, additive manufacturing or 3D printing is widely used for prepar-
ing magneto-active polymers in which photo-induced curing techniques are mainly used [36, 69]. Such
techniques may also induce differential curing-shrinkage as a result of spatially-oriented light intensity re-
sulting in non-homogeneous residual stresses in MAPs [36]. This can be imagined as an opposite to residual
stresses generated in biological tissues as a result of the differential growth [68].

In this contribution, we aim to present a mathematical framework for residually stressed soft polymeric
composites that are subjected to electro-magneto-mechanically coupled loads. In the present work we
consider as a basis the theory developed recently, see for example references[25, 26, 44, 47, 51], where
the residual stress is considered as a variable in the elastic energy of the body along with the deformation
gradient, where now in the reference configuration the body is not stress free. We note that the work in
references [25, 26] is based on the concept of initial stress symmetry (ISS) and applications of the ISS
model can be found in references [14, 15]. The model developed here could be modified to satisfy the ISS
model as described in [59], but this modification is beyond the scope of the current paper. We emphasize
that the works of [14, 15, 25, 26, 44, 47, 51] uses non-spectral invariants, where most of them do not have
clear physical meaning such as the classical invariants (or their variants) given in Spencer [67]; however,
in this paper, our proposed formulation uses a set of spectral invariants [53, 55, 56, 59, 60, 62, 64], where
each invariant has a clear physical meaning, and hence have an experimental advantage over other types of
invariants with no physical interpretation such as the classical invariants [67]. The advantages of spectral
invariants over classical invariants are discussed in [65]; hence, we will not elaborate them here. Following
our recent work [11] on electro-magnetic-elastic materials, we briefly present the relevant and key governing
equations that are essential to represent a magneto-electro-mechanically coupled system at large strains.



2 Preliminaries and governing equations for
electro-magneto-mechanically coupled systems

In the absence of an electromagnetic field, we assume, in the undeformed (reference) configuration, the
existence of an equilibrium stress field T'r (residual stress) in which the surface traction is zero [64]. The

deformation gradient is defined as F' = a—y in which y and x indicate the vectorial positions of a point in

T
the current and reference configurations, respectively. This is a key quantity in deriving the basic equations
for systems that are experiencing the interactions with electro-magnetic fields. For further details, reader is
referred to relevant text books, e.g., [20, 34, 39, 42, 48].

2.1 Maxwell equations

In this contribution, the distribution of free charges inside the body is absent. Moreover, there is no electric
current in the system. Hence, the Maxwell equations take the form

divb=0, cule+b=0, divd=0, culh=d, d=coe+p, b=pus(h+m), 1)

where b is the magnetic induction, e is the electric field, d is the electric displacement, h is the magnetic
field, p is the electric polarization, m is the magnetization, €y is the electric permittivity in vacuum, pg
is the magnetic permeability in vacuum, div and curl are, respectively, the divergence and curl of a vector
with respect to y and () is the time derivative at fixed y The first law of motion is

Fot+fe=pas—divTc, @)

where a,, is the acceleration, p is the density in the current configuration, T'¢ is the Cauchy stress , f, is
the body force independent of electromagnetic fields and [48]

f.= (grade)p + (gradb)"m +p x b+ div[v @ (p x b)), 3)
where ® denotes the dyadic product. The Lagrangian magnetic and electric variables are defined as [11, 12]
b, =JF 'b, e =F"e, 4)
where J = det F' and det denotes the determinant of a tensor. Using the relations (see Appendix A)
1
divid®e — 550(6 -e)I] = (curle) x p + (grade)’p + go(curle) x e, Q)

we have in view of (1)

1 .
(grade)’p = div[d® e — 550(e~e)I] +bxd. (6)
Using the relations
1 . 1 1 .
—divb®@b— =(b-b)I] = —(curlb) x b=d x b+ (curlm) x b )
Ho 2 Ho



and

div[(m - b)I — b® m] = (gradb)’m — (curlm) x b, 8)
we have
(gradb)’m = div i(b®b— %(b~b)I) +(m-b)I-bom| —dxb. )
Ho

Following the works of [9, 62, 64], the free energy is assumed to take the form

1 T e e
pw(FuTRab7 ee) = P¢(F7TR7 ijLaF TeL) = W(a)(UvTR7bL7eL)7 (10)
where
e=e+vxb, e =FTe (11)

v is the velocity and U is the right stretch tensor. In view of the Second Law of Thermodynamics [9], we
obtain

_ oY oY o
T g —_— = — = — 00—
TcF =P5p P Poge ™Me Pop (12)
where
me=m-+m, M=vXDp. (13)
In view of the relations in (10), (12) and the formulae
3
oe* 7 ob 1 1
=—F ¢, —==—=[-Fb F Qb : 14
5F ® e, 3 J[ L® +;gl® L®9il, (14)
where {g1, 95,953} is a Cartesian basis, the Cauchy stress then takes the form
0 oW,
TC:PFB%=2F8T()FT—p®e—(me~b)I+b®me. (15)
The equation of motion (2) also takes the form
Wi, 1 1 1
pa, = div {QFaC()FT +ob@b— b)) +splee— (e )] +p® (vx b)}
L pxbibx(b—d) +f. (16)
The above expression makes use of the relation
pR(vxb)=bem—(m-b)I+v®(pxb). (17)



Introducing a symmetric stress-like tensor

oW e 1 1 1
TT_2F8TF +%[b®b—§(b'b)1]+€o[€®6—5(6'6)[}, (18)

we have the simplified equation of motion
paa:diV[TT+p®(vxb)]+m+i)x(b—d)+f,,. (19)
In view of (15), the equilibrium of moments [48]
E,Tc=pxe+m,xb (20)
is satisfied, where E 4 is the permutation tensor and the operation
Ej(a®c)=cxa (21)

is used to obtain (20); a and ¢ are vectors.

Note that in the time-independent case, the stress like tensor T becomes the tofal stress tensor and we
have

divTr+f=0, (22)

taking note that, in this case, W) (U, Tr, bz, e} ) becomes W,y (U,Tr,br,er).

Following the work of [11], we can express

o _r
JI'r =2F —F 23
T act (23)
where the total energy
Q=Wi(U,Tr,br,er) + Wy (U,br,er), (24)
1 Je _
Wey)(U,br,er) = mbL -Cbp, — 706L -C'er. (25)

If the incompressibility assumption J = 1 is activated, we have the relations

o0,
Ty =2F - F' —pI. (26)

where p is the Lagrange multiplier due to the incompressible constraint.

In this paper, we only focus on time-independent problems and incompressible materials. Hence, we have,
divb=0, curle=0, divd=0, curlh=0. 27)
The Lagrangian results

Divb, =0, Curle;y =0, Divdy, =0, Curlh; =0, (28)



where

o0 [)9]
L de,’ T g, (29)

are obtained in [10]: Div and Curl are, respectively, the divergence and curl of a vector with respect to x
and

d,=F'd, hy=F"h (30)
In view of (27)2 4 and (28) 4, we could write

Cow, 0w, 0vp . 0y
e = 8y7 h = ay» €L = 6w7 hL* 8337 (31)

where U, U, U p and Uy are scalar functions.

In vaccum, the Maxwell stress tensor Ty, outside the body is given by

b- bI) . (32)

1 : 1
TM:d®e+h®b7§[d'e+h~b]I:sg(e®e—gI)Jrf(b@bfT
Ho

2

The continuity equations for the electromagnetic variables b, h, d, e and the total stress T’ are given in
reference [11]. Electromagnetic theory details can be found from, for example, in [34, 39, 42, 48].

3 Spectral constitutive equation: Time independent processes

In view of (24), we can express {2 via the variables

U, Tr, f. g, b, er, (33)
where f and g are unit vectors and
b =brf, er=erg, br=+/br-br, er=+/er er. (34)
) must be form invariant with respect to any rotation @ at the reference configuration, i.e.,
QU, Tk, f,9.br,e1) = AQUQ", QTrQ", Qf Qg by, e1). (35)

Hence, we can express € in terms of the isotropic invariants of the set S = {U,T'g, by, er}. To obtain
these isotropic invariants, following the work of Shariff et al. [64], we simply express the components of
the elements of S using the basis {u1, us, uz}, where the unit vector u; is an eigenvector of

3
U= Z Nt @ ;. (36)

i=1
Accordingly, we can express € in terms of the spectral component invariants

AlzutUuLZQulQUQTQu“ fzzuzf:Qufo7 gl:utg:Qung’
tij=wi - Tru; = Qu;- QTrQ"Qu;, er, by. (37)



We must emphasize that the components of the vectors and tensors in the set S, with respect to an arbitrary
basis, are not, in general, invariants. Since f and g are unit vectors, we have,

D=1 Y a1, (38)

hence, only 15 of the 17 invariants in (37) are independent [58, 66]. The set of 17 invariants in (37) can be
considered to be an irreducible functional basis [54, 66], since all invariants for the set S can be explicitly
expressed in terms of the spectral invariants in (37). We strongly point out that all 37 classical invariants in
the minimal integrity basis [67] for the set of tensors S can be explicitly expressed in terms of the spectral
invariants given in (37). For example, the minimal integrity classical invariant

tr (b, ® b,CTr) =by, - (CTrby) =Y b7 fifi\itij, (39)
0,J

which clearly shows that it can be expressed in terms of the spectral invariants (37). Relations between
Spencer [67] classical invariants and spectral invariants can be found in Shariff [66], where he has shown
that only 13 (if we ignore by, and ey, ) of the 37 classical invariants in the minimal integrity basis for the
set S are independent. If we consider the positive and negative values of f; and g; as distinct single-valued
functions, in view of (38), then the number of invariants in the irreducible functional basis is reduced to 15.
Advantages of spectral invariants over classical invariants are discussed, for example, in reference [65].

For convenience, we express

bZL : 2 J50€2L 2 Vi
Q=W(U,Tr, f.9,br.e0) + 57 ;Bm - ; o (40)
where
Bi=T2 wmi=gi (41)

Q is required to satisfy the P-property [55] and to assist this requirement, the independent invariants
Gi=ti =u;-Tru;, xi=u; Thu; (42)
are used in {2 (instead of the invariants ¢;;).

o0
In view of (23), we require the Lagrangian spectral components of the derivative 7C [60] ie.,

o0 1 09
(ac) =N oN (43)
o0 “ o u

o0 ou;, 7 owy,

(ac)Z-; a0y T @



In view of (28), we also require the Lagrangian relations

o0 o0 1 o0
— = — (I - T 45
S = o o (T fe N7, @s)
o0 o0 1 o0
— =g+ — (I~ T—1. 46
9, — 9,9 ¢, {( g®g) 39] (46)
If we express the total stress in terms of the Eulerian basis {v1, v2, v3}, we have
3
Tr = Z TijV; Q@ Vj, @7
ij=1
where
o0 .
Tii = )\ia—)\i —p, ¢ notsummed, 48)
22X\ [ a0 0N o 00 o 00
Tij = — a7 )il (a— — 50995 + (5= — 57 )t
1= |(9p 9 h Gy )+ g o
o0 o0 9 } .,
—— )uw;Tru;| , ©1#7, 49)
(8X1 3)(]) R™) 7&

v; = Ru;and R = FU !,

4 Boundary value problems

Until now there is no experimental data available in the literature to propose any meaningful specific ex-
pressions for 2 that could fit and predict experimental data. However, in order to plot graphs and have
some discussion on the the anisotropic mechanical behavior, the influence of residual stress, magnetic and
electric fields on elastic solids, at least a prototype for €2 has to be proposed. The proposed prototype given
below is simple in form, but without experimental data to evaluate its performances, it may or may not be
a good candidate to represent the elastic solids that are considered in this paper. A finite strain constitutive
equation that is consistent with the general theory of infinitesimal elasticity and contains couplings between
residual stress, electric and magnetic fields requires numerous material constants and invariant functions
(see for example references [59, 64]). Illustration of the theory would be far too complicated if all such
material constants and invariant functions were to be included. However, for the application considered
in the following sections, a considerably reduced set of material constants and invariant functions will be
adopted. We strongly emphasize that, except for the invariants Y, all the spectral invariants are included
in the simple prototype for €2, proposed below. Using the same concept described in references [59, 64],
coupling terms, if required, could be easily inserted in the simple prototype given in (50), below.

Only quasi-static deformations are considered. At the outset, cylindrical results for simple tension, exten-
sion and inflation of a thicked- wall tube, simple torsion and, extension, inflation and torsion of a thick-
walled cylindrical tube are given. Later, we obtain results for an equibiaxial deformation applied on a thin



sheet of material. We note that, up to our current knowledge, we believe that there are no experimental data
on residually stressed electro-magneto solids to validate our theory. However, the results obtained in this
Section can be experimentally useful, where they could be used to compare with future experimental data.

In order to illustrate the effects of residual stresses on electro-magneto-active solids, we require a specific
form for 2. Based on the work of Shariff [56, 62, 64] we propose a prototype

b2 3 6062 3 Vi
QO =Wg+ Ny + Ny + L A2 LN 50
R+ N1+ 2+2Mogﬂl 5 ;A37 (50)
where
3
We =Y {ur1(\) + Gra(\)} (51)
i=1
> 0 (see, for example, Ref. [53]) is a material parameter,
3 3
Ny =coler) Y _vira(\i), Na=ci(br) D Bira(\i), (52)
i=1 i=1

¢p and c; are functions of ey, and by, respectively. The conditions

ri(1) =ra(1) =r3(1) = ra(1) = r1(1) = r3(1) = ri(1) =0,
(1) =r5(1) =rf(1) =2, r(1)=1 (53)

are required to ensure that {2 is consistent with the theory infinitesimal elasticity. For | \; — 1 |<< 1,
r1,T3, 74 are approximately quadratic in A\; — 1 and 75 is linear in \; — 1. Extending these behaviours to
finite strain, the conditions

ri(z),rs(z),ra(z) >0, >0, r2(z) >0 z>1, r(z) <0, O0<z<l (54)

are suggested. Note that r{,7%, 7} and ro are monotically increasing functions. The above simple form
(51) is a generalization of previous prototypes, for example, Jha et al. [32] proposed, for an incompressible
body, the prototype

Wgr = (Il73)+g(157trTR)+¥(I67trTR)

T NS

(I, —3—2InJ) + g(I5 —tuTg) + %(Iﬁ —uT,), 0<f<1, (55)

where Iy = trC, Iy = tr (TrC), Is = tr(TRC2) and J = 1. In this case, we simply have

22 —2lnz—1

5 , ($2—1)—|—1_f(x4—1). (56)

4

ri(x) = ro(x) =

DO |~

In the undeformed configuration (F' = I) with no electro-magnetic fields, in view of the properties given
in (53), Eqn. (26) becomes

Tr=—pol +Tr, (57)

10



which implies that py = 0; py is the value of p in the reference configuration (i.e. at F' = I).
From (45), (46), (50) and (52), it is clear that
IN, 0N,

= —F— =-—F_——
d = ¢pe e, p oL (58)
and
_7ONy _7ONy
= —F == =_F T2
b= polh abL] , m 9, 59)

In vacuum N; = N> = 0 and we recover the relations

d:€067 bzuoh. (60)

Ground-state-constant constraints for (2 are obtained via the strong ellipticity condition. In this paper, we
will not derive the general inequalities required for the ground-state constants of the total energy function
(50). Since in this section, we deal with problems that can be considered as two dimensional, we will give
some inequality results for m and n in a plane and assume T’ = t1d; ® d; + t2ds ® ds in that plane,
where ¢1,t2 and dy, ds are, respectively, the eigenvalues and eigenvectors of T'r. Based on the work of
[64], the necessary and sufficient conditions to satisfy the (two-dimensional) strong ellipticity condition are

by >0 and 4b1by > b3, 61)
where
= n+ B0 ) + 00 -+ 2 g g+ L0 7k ) ot g+ g,
by =+ Té/il) (t+12) + i(:ﬂtg —t)+ CO(;L) (3 +93) + Cl(QbL) (f2+ 13) — cochgh + /b}f%,
bs = 2e0e7.g192 + Z%ﬁfz , (62)

taking note that, since the basis {w1, us, w3} is arbitrary in the reference configuration (F'=I), we could
equate d; = wu;.

We make it clear that we are not interested in constructing the optimal forms of r; ... r4 for a particular
material in this paper. Their optimal forms for a particular material require rigourous analyses (such as
those given in Shariff [53, 61]), which is outside the scope of this paper. However, to plot the graphs in the
boundary value problems below, we simply use the functions and constant values

ri(x) = (111(:5))2, ro(z) =z —1, r3(z)=r4(x)=(x— 1)2 , (63)
b2
p=10kPa, coler) =0.1epe%, ci1(bp) = 0.0iuo (64)
with the standard values
€0 =8.85 x 1072 F/m, po=4m x 107" H/m. (65)

and in the figures below 7 = 1/1000.

11



4.1 Cylindrical problems
4.1.1 Cylindrical problems containing residual stresses

For cylindrical problems, we consider a geometry of a circular cylindrical tube defined by
A<R<B, 0<O0<2r 0<Z<L, (66)

where (R, ©, Z) is the referential cylindrical polar coordinate.

For the purpose of obtaining results in sections 4.1.2 to 4.1.5, we consider the residual stress field that is
similar to that described in [62], i.e.,

Tr=t1(R)ER® Er +t2(R)Eo ® Eo, 67)
where Er, Eg and E 7z referential cylindrical polar vectors,
K K
= pz(R—A)(R-B), tgzﬁ(3R2—2(A+B)R+AB) (68)

and « is a constant and has the same dimension as stress. The residual stress (67) satisfies the equilibrium
equation

dty 1 .
E-ﬁ-ﬁ(tl—tg) =0 (69)

and stress free surface in the reference frame.

In sections 4.1.2 to 4.1.5, all tensor and vector components are cylindrical polar components.

4.1.2 Simple Tension

When a cylinder with A = 0 experiences uniform extension, it can be expressed as,

1

r R, 6=0, z=).Z. 70
o (70)
Note that (r, 8, z) is the current configuration polar coordinate and
F—Le QF +Le REe+Me, Q@F (71)
= \/E r R \/E 6 S z2€z Z
where \; = A\, = L Ao =N\ = i A3 = \,. Here, the vectors e, eg and e, are cylindrical po
1 — T_\/E72_ r—\/rzaS_ z- 5 rs €0 z y p

lar coordinate vectors associated with the deformed configuration. For simplicity, we only consider the
magnetic induction and the electric field to be

b= Bpe,, e= Eye,. (72)

12
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Figure 1: Axial stress 7., vs A, for various values of Ey and By. Points represent zero surface traction.
Lines represent surface traction equals to (T'57),.,.. Axial stress is independent of the residual stress.
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Figure 2: Behaviour of 7y¢ and 7,.,. at A, = 2 with respect to the changes of E and By. The value of k = 1
kPa is used for the residual stress

Inview of uy = Er,us = Eganduz = Ez,weobtain fi = fo =91 =92 =0, fs =93 =1, (1 = 11,

B
(o =19,(3=0,bp = )\—0 and ey, = Ey).. The cylindrical components of the Maxwell stress defined in
z
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T
i

(ki’a) -0.6-

k=2kPa

Figure 3: Behaviour of 79g and 7. at A\, = 2, Fy = 0.21) X 10° V/m and By = 7 X 1073 Tesla with respect

to the changes in x

(32) are:

B o2
= — = — T e = — T .
S0 5 (T'wm) (T'ar)o0

The non-zero total stress components are:

+ A 789 + A 789 + A 789
r — r y = s T. = .
Trr TP O Too T P Ta)\g 2z TP za)\s

It is evident that the shear stresses are zero and the total stress must satisfy the balance equation

d7r

Tdr

) oQ \ dr
rr — Ari - )\7"7 - T Ty
T /a < 8)\2 8)\1 ) T + ( Z\/j)

=T00 — Trr,

which gives

A
where a = . We have,
TN
of) o0
zz:)\zi—)\ri P
§ s Ton T
In view of (76) and (77), 7. does not depend on the residual stress and takes the form
2B2 1 I 1 €0E2 BQ
22 = AT (AL) +0.260 EGAS (A, — 1 0 (1 —)— / 0 0
7 =) 020 B = D F g SO0 T U R T T T

14

(73)

(74)

(75)

(76)

(77

(78)



In Fig. 1, the stress-strain curves of 7., vs A, are depicted for various values of Ey and By. If we apply a
traction on the “free surface” so that the traction (T"5;),,. is eliminated and the surface is free of traction,
we would expect the magnitude of 7, to be larger; this behaviour is indicated in Fig. 1.

The non-axial components are

T, = 9 T -
TV 2m0 2 TN 2w 2

Fig. 2 indicates the stresses Ty and 7, increase as the values of E and By increase. The response of 7yg
and 7, to different values of & is depicted in Fig. 3.

In view of the relations

2By
0.0l/.t())\z

B E
e — 12+ 2\)Ey, dp =[22°
Ho A

z

hL — [ — OQEOEQ/\Z(AZ - 1)2]EZ7 (80)

it is clear that, since A, is constant, all the relations in (28) are automatically satisfied.

4.1.3 Extension and Inflation of a Thick-Walled Tube

Here, we examine a non-homogeneous deformation which has several applications. We consider an in-
compressible thick-walled circular cylindrical tube with initial geometry defined by (66). The resulting
deformation for an incompressible solid is described by the equations [46]

r2—a2:/\i(R2—A2), =0, z=\Z2, 81)

where a is the internal radius of the deformed tube and A, (constant) is the axial stretch. Note that

b —a®> = —(B? - A?), (82)

|-

where b is the external radius of the deformed tube. The deformation gradient is

1 r
F:T)\zer(gERJrEee@E@JF)\zez@EZ' (83)

Hence, the principal stretches are given by

1 r
_)\sz )\2_)‘_§7 >‘3_)‘z7 (84)

At
where we have introduced the notation A. The principal directions are
u, =FEgr, us=FEg, uzs=FEy (85)
and, (; = t1, (2 = t2 and (3 = 0. Consider the case

e, =FEyEz, by =DByEyz. (86)
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We then have e, = Ey, by, = By, f1 = fo = g1 = g2 = 0 and f3 = g3 = 1. It can be easily shown that

o0
Yo, and — % depends only on the constant value A, hence the all the conditions in (28) are automatically
L L
satisfied.

The non-zero Maxwell stress components are:

coE3  A2B?
(Tan)ee = 30 + Gt = = @at)yy = = (Tat)ag - (87)

The non-zero invariants for this problem are A, \,, (; = ¢; and (2 = 2, hence we can write
Q=W (A Az, t1,t2). (83)

All the shear stresses are zero and this implies that the total stress T'7 is coaxial with the left stretch tensor
V. The principal stresses o,.., 0gg and o, have the following relations

0o9 — Opp = AaW(t) Coy — Opp = A W) (89)
Tr 8A ) zz Tr z a)\z N
The equation of equilibrium with negligible body forces reduces to
doy. 1
—(opr — =0. 90
- (orr — 0p0) 90)
The above equation is to be solved in conjunction with the boundary conditions
o —P+ (T]y[),’,r on r=a
Trr = { (Twm),, on r=>b O
corresponding to an applied pressure P on the inside of the tube. Using (90) and (89);, we obtain
oW dr
o = (To), / oy ©2)
It follows that
b oWy d
(t) ar
P = A —. 93
/a ox T ©3)

For given A and B, noting that from (82), b depends on a and A, Eq. (93) yields an expression for the P
that is required to achieve the deformed internal radius a for any given A..

The axial load N needed to hold )\, fixed can be obtained by the relation

b b
N = 277/ O, dr = 7r/ (20.. — 0 — 0go)r dr 4+ 7(b* — a?) (Twm),, + wa’P

b oW, W,
77/ (22, m“) — A a;” yrdr + (b2 — a2) (Ty),. + waP. (94)
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4.1.4 Simple Torsion of a solid Cylindrical Tube

A cylindrical tube defined by (66) with A = 0 is twisted by (the amount of torsional twist per unit deformed
length) 7 described by the deformation

r=R, 0=0+712 z2=12, (95)
Hence, we have,
100
F=|01~], (96)
001
where v = r7 and
uy = [LO’O]T’ U2 = [O,C, 3]T7 U3z = [07 _S’C]T’ 7
where ¢ + s2 = 1. In view of
3
FTF=> Nu;®u,, (98)
i=1
we obtain
1 Ao
C= ——, §= ——, (99)
V14 A3 V14 A3
and
244 1
DU R VP el Vot e S B VP S (100)
c 2 S 2
Eqn. (97) implies
G=t, G=ts®, (3=1t25. (101)

The total stress components:

o +p=2l1, ogg+p=2[l2(s>(1+7°) +7cs) + l3(c*(1 + ) — yes) — 2ges]
0. +p=2 (1252 +15¢% + 21605) . 029 = 2(I2A\3 — 13)3)es + 2lgycs,

org = 2[la(c+vs) —Is(s —vc)] , 0. =2 (las + Isc) , (102)
where
100, 100, 1o
PN 0N T 22000 2T 2000
o0 o0 Bl
L= == Is = [ —= o= — ) . 103
' (80)12’ g <60>13’ ° (80>23 (10

The traction IV applied at the ends of the cylinder is

A a
N = 27r/ 0., RAR = 7r/ (20.. — Opp — 0go)rdr + a0, (a), a=A (104)
0 0
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and the end-cylinder torque

A
M= 271'/ o,0R?dR.
0

Next, we consider two cases for the electromagnetic fields:
Case A: b = Bgpe, and e = Eje,..

In this case, we have,
fi=qn=1, fa=fs=92=93=0, by =By, er=Ep

1—1[t+ E2+B—g] l—i[ 1(A\2) + *ta]
1721 oLy Mo’ 2*2)\2#7'12 2]

1
ls = @[Wi()@) + s%to]

We note that [, = I5 = 0 implies 0,., = 0,9 = 0.

The Maxwell stress components are:

32 50E2
Tr)pr = —> Y = (Tr)s = —(T .
(Twr) o 5 (Twm) (T'ar)o0
From the results
B
hy = —Eg, dy=coEoErg,
Ho

it is clear that the relations (28) are satisfied, automatically. Using (109), the traction
A
N = w/ (20 — t1(R) — 00s) RAR
0

and the shear stress
0.0 = uhar’ (A2) — A3’ (A3)]es — 27353t (R)

indicate that they are independent of the electromagnetic fields By and Ej.

Case B: b, = ByEgrande;, = EyFE..

In this case, we have, Divby, = 0, Curle;, = 0,

h=1, fo=f3=0, g1=0, go=s, gs=c, by, =08y, eL=Fy

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)



E,=2m x 10° V/m

Lines :x=0 kPa
Points :k=10kPa
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z0
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E0 =1 x 10° V/m —
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104 © — %o
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Y 600006000
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Figure 4: Behaviour of 0.4 at fixed A7 = 1 for various values of Fy and k.

and the values of (; are given in (101). The non-zero components of the Maxwell stress are:

B2 eoE? B2 yE2
Ty), =0 2020 _ _(p Tar)yy = — =0 — 2020
( M)'r'r' 21“’0 2 ( M)zz ’ ( M)G@ Q,LLO 2

It is clear that 4 = [5 = 0 and this implies that ¢,., = 0,9 = 0 and

B? eo 2 1 1
2l = =0 g = 0 10.1(rs(A2) — r3(A3)) = (555 — =5
1=G0+ o 9T o (r3(A2) — 73(X3)) (2)\% 222

)| 9293 — ¢*s*ts.

The shear stress

0.0 =2 (/\312 — /\§l3) cs — 270353152 ,

where
’ / 2./ 60E§
20ala = pri(Aa) + Caro(Aa) + Ya(co EGrs(Aa) + )\73) , a=2,3.
‘We note that
oN
d, = —— = —oEo(D1 + D
L des e0Eo(D1 + Dy),
where
2 1
D, = [2(0'27"3()\1') - F)’Vi]EZv
i=2 i

(114)

(115)

(116)

(117)

(118)

(119)



and

°
o o °
o ©
o o °

10 <
E,=2m % 10° V/m

Lines :x=0 kPa
Points :x =50kPa

lz kP ] Ey=nx 10°V/m
A
24
0
2
Figure 5: Axial force per unit area W vs At for various values of Fy and k.
> 1
Dy=(I-Ez;®Ez)) [02rs(); S loiw
=2 l
0 By
h — =—F
P ob T ome

In view of (118) and (121), we have the required condition Divd; = 0 and Curlh;, = 0.

The applied traction

and the shear stress o,¢ are both independent of the magnetic field By

A €0E2
N = w/ (20.. — t1(R) — o) RAR — 7 A2 =2
0

(120)

(121)

(122)

. The effects of residual stress and

magneto-electric fields, for Case B, on the shear stress 0,9 field are depicted in Fig. 4. We also illustrate

the dependence of the normal traction per-unit area

TA?

20

on 7 in Fig. 5 for a couple values of Ej and k.



Ey =021 % 10°V/m B, =0.00021 Tesla

E,=021 % 10°Vim
By= 0 Tesla

(kPa) 11 12 13 14 L5 1.6 17

Ey=0Vin
B,=0.00021) Tesla

Ey=0V/m
By=0Tesla

Figure 6: P vs % at \, = 2 for various values of Fy and By. The value of x = 1 kPa is used for the

residual stress.

(kPa)

ab:Ey=02mx 10°Vim
cd:E;=0V/m

Figure 7: Behaviour of 0,9 at AT = 1, A\, = 2 and k = 1 (kPa) for various values of Ej.

4.1.5 Extension, inflation and torsion of a cylinder tube

In this section we consider an incompressible thick-walled circular cylindrical tube with the initial geometry
defined by (66). The deformation is described by [46]

R2_A2

_ 2
r*=a"+ .

, 0=04+\,72, z=AN,Z, (123)
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E,=0.27 x 10° V/m
B, =0.0002nTesla

E,=02m x 10° V/m
B =0Tesla

N
(kPa)
n(B* — 4%) ¢
14+
EOZOV/m
B =0.0002nTesla
134
124
EOZOV/m
14 BOZOTesla
T T T T T T T T
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
a
4
. N a .
Figure 8: ————- vs — at A7 = 1, A, = 2 and k¥ = 1 (kPa) for various values of F and By.
w(B? — A?)

where 7 is the amount of torsional twist per unit deformed length and ), is the axial stretch. The deforma-

tion gradient

F=)\e @FEp+MegR@Eg +7)\.eg QEz + ez Ey,

where

v=rT,

A9:7a

r 1

BT o

The Lagrangian principal directions have cylindrical components:

Uy = [170’0]T7 U2 = [O,C, S]Tv Uz = [07 —S,C]T7

where ¢ + 52 = 1. Using (98) and (126), we obtain

2

Y+V52+4

. s =sin(g) =

¢ =cos(¢) =

where
’/}\/ P—

Using the relation

V262 +4) +290/37 4 4

NOPHD) =N

7)‘0 )\z

2 _ 5?2 = —Fes,

22

V2432 +4) + 290/ 4 4

(124)

(125)

(126)

(127)

(128)

(129)



we derive the relation

tan 2¢ = fg (130)
Y

In view of (130) and the possibility that 4 may have a zero value, we have the constraint

0§¢>Sg (131)

The principal stretches are

AgAz P
A=A, Agzmg+"775, s = )\3—% (132)

and the residual stress invariants (; are given by (101).

In this section, we only consider the case for e;, = EyE 7 and by, = By Er and, we have,

b, =By, e =FEy, f=FEr, g=Ez, fi=1, fo=f3=0, g1=0, g2o=5, gz=c.

(133)
The cylindrical components of the total stress take the form:

Oprpr = 2)‘72411 - P,

0o = 2 [12(02)\3 + 5292202) £ 13(52X\2 + 29202 4 Y. [(lo — 13)es + I(¢? — s7)]

+ 21608(’}/2)\§ - )\3)} —p,

0. = 202 (128% 4 13¢® + 2lges) — p,

org = 2 [Ao(lac — 158) + YA (lus + 1s5¢)] ,  opr = 20 A2 (las + U50)

0.0 =2 [AA:[(l2 — I3)cs + lo(c? — s2)] + A2 (12s* 4 I3 + 2lges)] (134)

where I3, 1o, . .., lg are given by (103). In view of (101) and (133), we have [y =[5 = 0,

1 B?
h=5 [Wi(&) + Grh (A1) + ea(br)ry (M) + =2 /\1}
1 Ho

1 «
Iy = oW [Mr’l()\a) + Carh(Aa) + coler)vars(Aa) + 606%}:3:| , =23,
“ 2
b= 15—z (1)~ 1) — 5™, Yo = cole)rs(a) = S35, @=23. (135
2 \3 a

It is clear that 0., = 0,9 = 0 and all the conditions in (28) are automatically satisfied.
The Maxwell stress components are:

coEZ  A2B2
2)\2 2/J,0 ’

€OE§ )\%Bg
T = — — 1
( M)ga (T) 2)\3 2110 , (136)

(Tar),, (1) =

€0E2 )\232
(Tar).. (r) = 35" — 5

2)\% 2/14) ’

(137)
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taking note that the Maxwell stress is not constant but depends on r.

If we solve the equilibrium equation (90) with the boundary tractions

| =P+ (Twum),,(a)on r=a
o { (Tw),, ()  on r=b (138)

where P is the applied pressure on the inside of the tube, we obtain
b —
P [ T (Tar), @)~ (T, ). (139)
The total traction N applied at the ends of the cylinder are as follows:
b b
N = 27r/ o..rdr = ﬂ'/ (205, — 0y — 0go)r dr + w(b* (T'n),, (b) — a*[(T'u),, (a) — P]) (140)

For plotting purposes, without loss of generality, we use A = 1 and B = 2A. The internal pressure P vs
% is depicted in Fig. 6. When AT = 0, it can be easily shown that P is independent of By. In Fig. 65 the
curves for A7 = 0 are depicted; these curves represent the deformation of an extension and inflation of a
thick-walled tube described in Section 4.1.3 for e;, = EgE 7 and by, = BoERg.

It is clear from (134) and (135) that the shear stress o4 is independent of By and this is potrayed in Fig. 7

N
for some values of % and Fy. The dependence of m on % at At =1, A\, = 2and k = 1 (kPa)
for various values of Ey and B is illustrated in Fig. 8.

4.2 Residual stress on a thin rectangular sheet

Consider an undeformed configuration of a thin rectangular sheet described by
- A<X<A, -BL<Y<B,-L<Z<L, (141)

where (X, Y, Z) is a Cartesian reference configuration point corresponding to the Cartesian basis {g;, g, 95}
and L << 1. In order to study the effect of residual stress on a thin rectangular sheet discussed in Sec-
tion 4.2.1 below, we require a specific residual stress field to illustrate our results, and in view of this, we
consider the specific residual stress field

Tr=51191 ® gy + 52295 @ gy + 512(91 © ga + 92 @91) (142)
where
X2, 32 B2 Y2 . 3X2
s =46l = "5 (G — 1), s =5 (- 5)* (T — D),
XY X2 y?

where x has the dimension of stress. It is clear that the residual stress field (143) satisfies the equilibrium
equation and stress free condition in the reference configuration.
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444
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A

Figure 9: Stresses 011 and 052 along the X-axis at Y = 0 when A\ = 2 and x = 1 for various values of Ej
and By.

4.2.1 Equibiaxial tension

It is noted that if we simply stretch a residually stressed rectangular slab material, the deformation may
not be homogeneous due to the presence of residual stresses. However, in this paper, for simplicity, we
assume a homogenous stretch defined in (144) below and require a non-homogeneous stress to maintain the
homogeneous deformation described by

1
F=\g, ®g,+Ags®g5+ 3293 ® s (144)

Note that all vector and tensor components are relative to the basis {g;, g5, 9gs}. In this case, we have,
u; = g, and we only study the case e = Eg5 and b = Bg;. Hence,

1

)\1:)\2:)\7 )\3:?7

fi=fo=91=g2=0, fa=g3=1 (145)

E
and by, = Bo\%g, and e, = )\—s gs. The Maxwell stress components take the form

B2 eoE?

(Tar)s3 = ﬁ + 02 O = —(Trm)i1 = —(Tw)z- (146)

We express the total stress in the form

m I
T, = 2F88£CFT + QFg—CTFT —pl, (147)
where
3 b% 3 ) 606% 3 v

m = i)+ Ny + Ny + —= AT — = 148
W, u;m( )+ N1+ 2+2M0;ﬁ ; 5 ;)\22 (148)
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and, in view of ro(z) = = — 1,
3
Ir=w(TrU -1)) =Y G\ —1). (149)
=1

For equibiaxial deformations and for the residual stress given in Section 4.2, we have,

oI
div2Fa—éFT =DivIz=0. (150)
Let 0;; be the spectral components of T'7, since,
033 = (T'rr)33. (151)
It is clear that, in view of (150) and (151)
b2 \ 2 B? E?
p= X3 |pri(Xs) + co(en)ry(As) + c1(br)ry(As) + = . go? . (152)
o )\3 2#0 2
and
divTr =0 (153)

is automatically satisfied. Furthermore, all the relations in (28) are also automatically satisfied. The non-
Zero stress components are

o1 = pAri(A) + Asi —p, (154)
099 = /1,)\7’/1()\) + AS99 — p, 012 = AS12 . (155)

The influence of residual stress and electro-magnetic fields on 011 and o9 stress fields are depicted in Fig.
9. The figures are depicted using A = B = 1.

5 Conclusion

In this paper, a spectral invariant-based model for nonlinear magneto-electro-elastic materials in the pres-
ence of residual stresses is presented. The proposed potential function contains single variable functions that
depend on a spectral invariant with a clear physical meaning; this facilitates the creation of specific forms of
the total energy function, in the sense that a single variable function with a clear physical argument can be
easily handled and is experimentally attractive. The advantages of spectral invariants over classical invari-
ants [67] are discussed in reference [65]. After omitting the invariants ey, and bz, we have shown that only
13 spectral invariants are independent, which is far less than the 37 classical invariants in the corresponding
minimal integrity basis [67]; hence this may aid in reducing the complexity of modelling nonlinear residu-
ally stressed magneto-electro-elastic solids. Analyses of several inhomogeneous boundary value problems
are given in which these results can be used to validate experimental data. It is clearly indicated in Section
4 that residual stress and electromagnetic fields significantly influence the mechanical behaviour of elastic
solid deformations. The model developed here is novel. The time-independent framework, developed here,
will be extended to incorporate time-dependent phenomena in a forthcoming contribution.
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Appendix A
In view of (1)3 5, we have

-e)l
div(d ® e) = (grade)d = ¢op(grade)e + (grade)p, div (e 26) = (grade)’d.

Using the relations
[(grade) — (grade)’]e = curle x e, [(grade) — (grade)’]p = curle x p,

we have
divid®@e — %so(e -e)I] = (grade)"p + curle x p + gpcurle x e.
In view of the relation curle = —b we obtain,
divid®@e — %so(e -e)I] = (grade)'p — b x p—eob x e = (grade)'p — b x d

and hence Eqn. (6). Using the relations

-b)I
div(b® b) = (gradb)b, div (b 2b) = (gradb)Tb, [(gradb) — (gradb)T]b = curlb x b,

we have, in view of (1)4 6

1 b-b)I 1 -
—divb® b — u] = —curlbxb=d x b+ (curlm) x b.
1o 2 Ho

In view of (1);, we have the relations
div(m - b)I = (gradb)'m + (gradm)”d, div(b®m) = (gradm)’b.
Using the relation
[(gradm) — (gradm)T]b = curlm x b
we obtain
div[(m - b)I —b®m] = (gradb)’m — (curlm) x b.

Equation (9) can be obtained from (A9) and (A6).
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