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Summary

In this paper we first summarize the basic constitutive equations for (nonlinear) magnetoelastic
solids capable of large deformations. Equivalent formulations are given using either the
magnetic induction vector or the magnetic field vector as the independent magnetic variable
in addition to the deformation gradient. The constitutive equations are then specialized to
incompressible, isotropic magnetoelastic materials in order to determine universal relations.
A universal relation, in this context, is an equation that relates the components of the stress
tensor and the components of the magnetic field and/or the components of the magnetic
induction that holds independently of the specific choice of constitutive law for the considered
class or subclass of materials. As has been shown previously for the case in which the magnetic
induction is the independent magnetic variable, in the general case there exists only one
possible universal relation. We show that this is also the case if the magnetic field is taken as the
independent variable and that the universal relations resulting from the two cases are equivalent.
A number of special cases are found for certain specializations of the constitutive equations.
These include some connections between the deformation, the magnetic field and magnetic
induction that do not involve the components of the stress tensor. Universal relations are then
examined for some representative homogeneous and inhomogeneous universal solutions.

1. Introduction

Recently, a number of applications of magneto-sensitive (MS) elastomers have been developed
and commercialized. Such materials are capable of large magnetoelastic deformations and change
their mechanical response rapidly and significantly on the application of a magnetic field. For a
discussion of industrial applications we refer to, for example, the papers by Farshad and Le Roux
(1) and Jolly et al. (2). Because of the increasing potential for use of these materials, there is now
demand for the development of reliable constitutive equations that can be used in the analysis and
solution of representative boundary-value problems and in commercial finite element software.
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436 R. BUSTAMANTE et al.

Important early publications on the theory of magnetoelasticity are the book of Brown (3), the
monographs of Truesdell and Toupin (4) and Hutter and van de Ven (5), and the review article by
Pao (6). Recently, several alternative formulations of constitutive equations capable of describing
the highly nonlinear magnetoelastic interactions have been examined. These are mostly based on
the use of a free energy, which is treated as a function of a magnetic field vector (the magnetic
field, magnetic induction or magnetization) and the deformation gradient tensor. Also, solutions of
a number of representative boundary-value problems for nonlinear magnetoelastic solids have been
obtained. Selected references are the papers (7 to 12). Valuable background material on electromag-
netic fields and their interactions with deformable continua can also be found in (13, 14).

For a particular deformation or class of deformations, a universal relation is an equation that
relates stress and strain components that holds independently of the specific choice of constitutive
law for the considered class of materials. Such relations therefore provide guidelines for the ex-
perimenter in the design of tests and loading conditions necessary for practical evaluation of the
material response. In this paper we extend the previous brief discussion (8) of universal relations
in nonlinear magnetoelasticity. For corresponding discussion of universal relations in a purely elas-
tic context, we refer to the review articles by Saccomandi (15, 16) and citations therein. A parallel
treatment of universal relations for nonlinear electroelastic solids has been provided recently in (17).

In this paper we derive the only independent universal relation possible for an isotropic material
in the general case by using either the magnetic field or the magnetic induction field as the inde-
pendent magnetic variable. Additional universal relations are derived for some cases in which the
constitutive law is specialized. The constitutive equations discussed by Dorfmann and Ogden (7)
are based on a modified (or total) free-energy function. In addition to the deformation gradient, it
depends on the magnetic induction vector. The corresponding equations obtained by replacing the
magnetic induction vector by the magnetic field are also used. When the Lagrangian form of either
of these two vectors is used as the independent magnetic variable the resulting equations have a
particularly simple structure, but we point out that if, instead, the magnetization vector is used as
the independent magnetic variable then the structure is somewhat less simple.

The structure of the paper is as follows. In section 2 we define the main kinematic quantities
necessary to describe large deformations. This is followed by a summary of the magnetic balance
equations in both the current and the reference configurations. This section concludes with a review
of the corresponding mechanical balance equations and the boundary conditions for the (total) stress
and the magnetic field vectors. In section 3 the constitutive equations based on either the magnetic
induction or the magnetic field vector as an independent variable are summarized. The correspond-
ing equations obtained by taking the magnetization as an independent variable are also discussed
briefly. The constitutive equations are then specialized to the case of an isotropic magnetoelastic ma-
terial. In section 4 the only universal relation for a general isotropic magnetoelastic solid is derived
using first the magnetic induction and then the magnetic field as the independent variable and the
equivalence of the two formulations is demonstrated in a simple way. Several additional universal
relations, valid for special cases of the constitutive equation, are derived in section 4.1. Examination
of the implications of the universal relations for a number of specific deformations is the subject of
section 5. Some concluding remarks are provided in section 6.

2. Governing equations and boundary conditions

Consider a magnetoelastic solid occupying the reference configuration By. Let a material point in
Bo be identified by its position vector X relative to an arbitrarily chosen origin. When the body is
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deformed the point X occupies a new position x = y (X), where y is the deformation mapping. We
denote the resulting deformed configuration by 5. The deformation gradient relative to By, which
is denoted by F, and its determinant, denoted J, are given by

F=Grady, J=detF >0, (2.2)

respectively, where Grad is the gradient operator with respect to X. The left and right Cauchy—Green
deformation tensors, denoted here by b and c, respectively, are defined by b = FFT and ¢ = FTF,
where T signifies the transpose.

A magnetoelastic material can be deformed by the application of a magnetic field alone (with-
out applied mechanical loads), resulting in the phenomenon of magnetostriction, by the action of
mechanical loads alone or by the combined action of mechanical loads and a magnetic field.

In the current configuration B we denote by H and B, respectively, the magnetic field vector
and the magnetic induction vector. These are fundamental quantities which, in the absence of time
dependence and distributed currents, satisfy the specializations

curlH=0, divB=0 (2.2)

of Maxwell’s equations both within material and in vacuo, where curl and div are the curl and
divergence operators with respect to x.

In the absence of material the two fields are related by B = wuoH, where uq is the magnetic
permeability in vacuo, but inside material an additional vector field, the magnetization M, may be
defined by the difference

M = uy'B—H. (2.3)

Equation (2.3) describes the third vector field when one vector is selected as independent and the
other is given by a constitutive relation.

Equations (2.2) and (2.3) are expressed in Eulerian form. Corresponding Lagrangian forms, de-
noted by H; and By, are defined by pull-back operations from B to By to give

H =F'H, B =JF!B. (2.4)

For derivations of these connections we refer to, for example, (7, 11, 13, 18). The vectors H; and B,
satisfy the field equations

CurlH, =0, DivB =0, (2.5)

where, respectively, Curl and Div are the curl and divergence operators with respect to X.
A Lagrangian form of M, denoted by M|, may be defined similarly to (2.4); by

M| =F'M, (2.6)
which enables a Lagrangian form of (2.3) to be obtained, namely
M| = ugtd7 1B — H. 2.7)

Turning now to the mechanical balance equations, we denote by pg and p the mass density of the
material in By and B, respectively. The conservation of mass equation is then written

Jp = po, (2.8)
with J as defined in (2.1).
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In the absence of mechanical body forces the equilibrium equation may be written in Eulerian
form as

divz =0, (2.9)

where 7 is the total (Cauchy) stress tensor, which incorporates the effect of the magnetic body
forces. According to the balance of angular momentum, z is symmetric. For details of different
stress tensors and magnetic body forces we refer to, for example, (5, 7, 10, 11).

The corresponding Lagrangian form of (2.9) is

DivT =0, (2.10)

in which T is the total nominal stress tensor, analogous to that used in elasticity theory (see, for
example, Ogden (19)) and obtained from z by the operation

T=JF"1g. (2.11)

To the governing equations for H, B, = or Hj, B|, T are appended boundary conditions. In the
case of the Eulerian fields, these are

nx[H] =0, n-[B]=0, [z]n=0, (2.12)

where the square brackets indicate a discontinuity across a bounding surface of the body or interface
and n is the unit normal to the surface, defined in the usual sense as the outward pointing normal at
the body boundary. In the expression [z ]n the traction zn on the boundary includes the contribution
from the Maxwell stress exterior to the body and any applied mechanical traction. For corresponding
Lagrangian forms of (2.12), see, for example, (7).

3. Constitutive equations

The mechanical and magnetic properties of the considered magnetoelastic material are described
in terms of constitutive equations, the forms of which depend on the choice of the independent
magnetic variable. In this section we summarize the different forms of the constitutive laws for the
different choices of independent magnetic variable, first in the general case and then for the isotropic
specialization.

3.1 General forms of the constitutive laws

3.1.1 Useof B asthe independent magnetic variable. Following Dorfmann and Ogden (7), we
first take the variables F and B; to be independent and introduce a free energy function per unit
mass, written ® = @ (F, By). For an unconstrained material, the total stress tensor is then given by

od
T = pFE +Tm, (3.1)
where 7, is defined by
tm = g’ [B@B—%(BB)I , (3.2)

with B = J~1FB) and where | is the identity tensor. In vacuum, ® = 0 and the stress z reduces to
the Maxwell stress 7, with B = poH.
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In terms of ® we also have

od

B
The structure of the constitutive laws and the governing equations can be simplified by introduc-

ing the total energy function, which, following (7), is defined by

pg'B—H=M=—pJFT (3.3)

1 14—
Q=Q(F,B) = po® + ;15" I7'B; - (cB)) (3.4)
per unit reference volume. This yields the simple Lagrangian forms
o0Q 0Q
T=—, H=— (3.5)
oF 0By
of the required constitutive equations. The corresponding Eulerian forms are
0Q o0Q
= JIF=S, H=FT=, 3.6
‘ oF ) 36

Note that these equations do not involve the magnetization vector, which, if needed, can be calcu-
lated from either (2.7) in Lagrangian form or (2.3) in Eulerian form.

3.1.2 Use of H| as an independent variable. If, instead of B, we use H; as the independent
magnetic variable, then the analogues of equations (3.5) and (3.6) are, respectively,

oQ* oQ*
T="1, B =- 3.7
£ B oH; (3.7)
and
oQ* oQ*
t=J1F—, B=-JF——, (3.8)
oF OoH,

where Q* = Q*(F, H)) is the counterpart of Q. Under suitable invertibility conditions Q and Q*
can be related via the Legendre transformation

Q*(F,H) =Q(F,B) —H -By. (3.9)
3.1.3 Use of M| as an independent variable. A third option is to use M, as the independent

magnetic variable. However, this does not lead to quite such a clean structure. The Legendre trans-
formation

Q™ (F, M) = po®@(F,By) + B - My, (3.10)
for example, yields
aQ** BQ**
T= JFL B = 311
6F + Tm, | 6M| s ( )

where 7, is given by (3.2) and cannot in general be expressed as a function of F and M alone. We
point out that (3.10) and (3.11) correct the formulae given in (7, equation (5.4) and the following
line).

Because of the simpler structures we restrict attention in what follows to the formulations in
sections 3.1.1 and 3.1.2. Furthermore, it is convenient for our purposes to work in terms of the
Eulerian formulation and to consider only incompressible materials.
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3.1.4 Incompressible materials. The incompressibility constraint

detF=1 (3.12)
is now adopted and equations (3.6) are therefore amended to
0Q oQ
—FES _pl, H=FTZE 3.13
r=FaF P B (313)

where | is again the identity tensor, p is a Lagrange multiplier associated with the constraint (3.12)
and Q is specialized accordingly.
Similarly, equations (3.8) become
o0Q* oQ*
- pl, B=-F— 3.14

P H (3.14)
where, instead of p, we have used p* for the Lagrange multiplier since, in general, it will not
equal p.

t=F

3.2 Isotropic magnetoelastic materials

The application of a magnetic field introduces a preferred direction in the material and the math-
ematical form of the constitutive law is therefore similar in structure to that for a transversely
isotropic elastic solid. Working in terms of the formulation based on Q and following the standard
analysis for transversely isotropic elastic solids (see, for example, (20, 21)), we define an isotropic
magnetoelastic material as one for which the total energy function Q is an isotropic function of the
two tensors ¢ and B; ® By. For an incompressible material, the form of Q reduces to dependence
on five independent invariants, denoted by 11, 12, 14, Is, lg. These are the principal invariants of c,
given by

li=tre, o= 2[(tro? —tr(A)], (3.15)
where tr denotes the trace of a second-order tensor, and the invariants involving By, which are
defined as

la=1Bi”, 15s=(cB)-Bi, lg=(c°B)-B. (3.16)
From (3.13) and the definitions of the invariants in (3.15) and (3.16) the explicit forms of z and
H are obtained as
T =2Q1b + 2Q5(11b — b?) — pl + 2Q5B ® B + 2Q6(B ® bB + bB ® B) (3.17)
and
H = 2(Q4b7 B + Q5B + QgbB), (3.18)

respectively, where the subscripts 1, 2, 4, 5, 6 signify partial differentiation with respect to 14, 5,
4, 15, lg, respectively, and b = FFT is the left Cauchy—Green deformation tensor.

Alternatively, if the magnetic field H; is the independent variable, the invariants defined by (3.16)
need to be replaced by invariants involving H,. For these we use the notation K4, K5, Kg, defined
by

Ks=|Hi>, Ks=(cH)-Hi, K= (?H))-H. (3.19)
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Use of the energy function Q* = Q*(l4, I2, K4, K5, Kg) in (3.14) enables 7 and B to be written
as

T = 2Q;b 4 2Q3(I1b — b?) — p*l + 2QibH ® bH + 2Q%(bH ® b?H + b?H ® bH)  (3.20)
and
B = —2(Q;bH + Qib’H + QZb*H), (3.21)
respectively, where Q" is defined as 0Q* /a1 fori =1, 2, and 0Q* /6K fori = 4,5, 6.

4. Universal relations

To derive universal relations for an incompressible magnetoelastic solid we consider the constitu-
tive laws summarized in the previous section. First, using (3.17), it is convenient to introduce the
notation

71 =2+ Ql1), y2=-2Q, y4=2Q4, y5=2Q5, y6=2Qs, (4.)
and to rewrite (3.17) in the more compact form
T = —pl + y1b + y2b? + 5B ® B + 76(B ® bB + bB ® B). (4.2)

Following Dorfmann et al. (8) and the parallel development for electroelastic solids by Bustamante
and Ogden (17), we form the antisymmetric tensor

b — bz = y5(B ® bB — bB ® B) + 76(B ® b?B — b’B ® B), (4.3)

noting that this vanishes when B is an eigenvector of b.

Next, we recall that for any antisymmetric second-order tensor an associated axial vector can be
defined. For example, for the tensor u® v — v ® u, where u and v are two vectors, the axial vector is
v x U. More generally, if W is an antisymmetric second-order tensor, we denote by (W) its axial
vector.

Therefore, the axial vector corresponding to the expression in (4.3) has the form

(zb —bz)x = (75bB + y6b”B) x B, (4.4)
from which the universal relation
(th—-b7)x -B=0 (4.5)

follows immediately. This is identical to the universal relation found in (8).
For the alternative formulation (3.20) we use the notation

yf =2Q1+Q311), y; =205,y =29 ys =205, yg =20, (4.6)
to rewrite 7 as
7 =—pl + y7b + y7b? + p& (bH @ bH) + y¢ (bH @ b?H + b?H ® bH), @.7)
from which we obtain

tb — bz =y (bH ® b?H — b?H ® bH) + ¢ (bH ® b®H — b*H ® bH), (4.8)
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similarly to (4.4), and hence the axial vector
(th — bt)x = (y5b?H + ygb®H) x bH. (4.9)
We then obtain the universal relation
(th = br)y - (bH) = 0. (4.10)

Equivalence of the two relations (4.5) and (4.10) can be shown as follows. Using the definitions
of y4, y5 and yg and the constitutive equation (3.18) we have

H = 74b™'B + y5B + y6bB, (4.11)
from which we obtain
B®bH —bH ® B = y5(B ® bB — bB ® B) + 75(B ® b’°B — b’B ® B), (4.12)

which is equal to the right-hand side of (4.3).
Similarly, the constitutive equation (3.21) can be rewritten as

B = —y;bH — y¢b?H — y¢b%H, (4.13)
which leads to
B®bH — bH ® B = y¢ (bH ® b?H — b?H ® bH) + y¢ (bH ® b*H — b*H ® bH).  (4.14)

This is equal to the right-hand side of (4.8).
It follows immediately that

tbh—-br =B®bH —bH ® B, (4.15)

from which the expressions for the universal relations given by equations (4.5) and (4.10) follow.
These two universal relations are therefore equivalent. This is consistent with the finding by
Dorfmann et al. (8) that only one general universal relation exists for the considered class of
magnetoelastic solids.

4.1 Special cases

The special cases considered in this subsection are based on the energy Q and the corresponding
constitutive laws given by (3.17) and (3.18). Similar cases can be considered starting from the
alternative formulation based on Q*, but we omit the details here.

Case 1: Q = Q(ly, l2, 14, I5). This is the case where Q does not depend on lg, so that yg = 0.
Equation (4.3) reduces to

b — bz = y5(B®@ bB — bB ® B), (4.16)
from which we obtain the two universal relations
(th—-b1r)x -B=0, (rtb—br)y-(bB)=0. (4.17)

Similarly, from the corresponding specialization of (4.11), we obtain
(Hxb™'B)-B=0, (4.18)

which does not involve the stress z. This can be regarded as an additional universal relation.
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Case2: Q = Q(lg, I2, 14, 15). We consider the special case for which Q is independent of I5. From
(4.3) we obtain

b — bz = y5(B ® b’B — b’B ® B), (4.19)
and the corresponding axial vector
(th —bt)y = y6(b°B) x B. (4.20)
Two universal relations follow, namely
(th—bt)-B=0, (zb—br),-(b?B)=0, (4.21)

which is consistent with the findings of Pucci and Saccomandi (22).
For this special case, the magnetic field H is given by (4.11) with y5 = 0 and we obtain another
universal relation not involving the stress, namely

(H x b™1B)- (bB) =0. (4.22)
Case 3: Q = Q(lg, I, I5, 1g). Here, Q is independent of 14, which implies that the constitutive
equation (4.11) yields universal relation
(H x B) - (bB) = 0. (4.23)
No additional relation is found involving the stress components as (4.2) does not involve y4.

Case4d: Q = Q(ly, l4, Is, Ig). When Q is independent of 15, no additional universal relation can be
obtained by starting from (4.3). However, consideration of the antisymmetric tensor

1BB-B®1tB=y1(bB®B —-B®bB)+ y5(B-B)(bB®B — B ® bB), (4.24)
leads to the corresponding axial vector
(tB®B -B®tB)x =7B x B =[y1 + y6(B - B)](bB x B), (4.25)

and hence to the universal relation
(zB x B) - (bB) = 0. (4.26)
Caseb5: Q = Q(ly, I4, 15, 1g). This case is similar to Case 4. For convenience, we write the reduced
form of the total stress tensor = as
T =—pl +72(11b—b%) + 5B ® B+ y6(B® bB + bB ® B), (4.27)

where we have defined 7, = 2Q,. Then, by first forming the expression b — bz, we obtain
the universal relation shown previously in (4.5). An additional universal relation can be found by
considering the expression zbhB ® bB — bB ® 7bB. On use of the Cayley—Hamilton theorem in the
form

b® — 11b% + b — 1 =0, (4.28)
we obtain the axial vector
7bB x bB = [y5(B - bB) + 76B - (b?°B) — 721(B x bB), (4.29)
from which follows the additional universal relation
(zbB x bB) - B = 0. (4.30)
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5. Applications
5.1 Homogeneous deformation in a uniform field

Consider a slab of uniform thickness bounded by two faces normal to the X3 direction and un-
bounded in the X; and X; directions, where (X1, Xz, X3) are rectangular Cartesian coordinates of
the point X in the reference configuration By. The universal relation given by (4.5) has been applied
to a similar geometry subject to triaxial stretch and a single simple shear in (8). We also recall that
the boundary-value problems for the separate special cases of pure homogeneous deformation and
simple shear with an applied magnetic field normal to the top and bottom faces of the slab was
examined in (9).

Here we assume that the slab is subjected to a uniform magnetic field and stretched along the
three coordinate axes with stretch ratios u1, u2, us, and then sheared with shears x; and «7 in the
two in-plane directions. The combined triaxial stretch and shear deformation is given by

X1 = w1 X1+ 13Xz, Xo = paXo+rou3Xs, X3 = puzXa, (5.1)

where (X1, X2, X3) are the rectangular Cartesian coordinates in the deformed configuration of the
material point initially located at X, and w1, u2, u3 and x1, k2 are constants. For this homogeneous
deformation and uniform applied magnetic field all strain components are constant and the field
equations (2.2) and (2.9) are satisfied automatically.

The matrix of the Cartesian components F of the deformation gradient tensor F is

1 0 xius
F=1 0 wu xousl. (5.2)
0 0 us

The components of the tensor b = FFT needed to evaluate the total stress components in (4.2) can
now be obtained, but they are not written explicitly here.

The uniform magnetic field vector B in the deformed configuration B, related through equation
(2.4)1 to its Lagrangian counterpart, has the Cartesian component matrix B = [By, By, Bs]'. The
components of B ® B and B ® bB + bB ® B can now be calculated for use in (4.2), but their
expressions are not given explicitly here.

The universal relation (4.5) is given in terms of the components by

[risraroub + 123(u5 + u5(ck — 1)) + (t33 — t22)Kk205 — T12K1 03] By
+ [(r11 — 33)k105 + tioroud — r13(p? + p5(? — 1)) — wazr1ro13]1B;
+ [r2(uf — w3 + b2 — x2)) + 15(122 — t11)k1K2 + T23K1 — T13K2)]1B3 =0, (5.3)

where the stress components are zjj with subscripts i and j assuming the values 1, 2, 3.

For illustration, consider the special case of simple shear in the x; direction only (x2 = 0). Sup-
pose further that the applied magnetic field vector is oriented along the X, direction with components
(0, By, 0), By # 0. Then, (5.3) reduces to the universal relation

x1u3(t1y — tas) = rialud + pdef — )], (5.4)

which is independent of By and for u1 = w3 = 1 reduces to the well-known universal relation
711 — 733 = k1713 in the purely elastic case.
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Another special case is obtained by considering a triaxial stretch with no shear (k1 = x» = 0) for
which we obtain from (5.1) the universal relation

w23(u5 — u3) Br + t13(u3 — 1?) Bp + t1o(? — 13) Bs = 0. (5.5)

We conclude this section by considering the special case of the energy function Q, as outlined
in section 4.1, for which Q is independent of Ig, so that y = 0. This furnishes the additional
universal relation (4.17),. To obtain an explicit expression for the universal relation (4.17), requires
computation of the vector bB in addition to (zb — bz)«, the components of the latter being the
coefficients of By, B, and Bs in (5.3). From the components of the left Cauchy—Green tensor b
corresponding to the deformation (5.1) and the components of the magnetic field B, the vector bB
is found to have the form

[(1? + K2 13) By + k13 By + k1 3 Bslin + [k1ia 3By + (u3 + 13 13) By + o 3 Bsliz
+ [k 43B1 + 243 Bp + 13 Bslis, (5.6)

where i1, io, i3 are the unit base vectors in the x1, X2, X3 directions. The universal relation in (4.17),
is obtained by taking the scalar product of the axial vector (zb — bz) with bB, which yields

[—rizk1 1503 + 123 (5 (15 — 3) + H3(E 15 + 15 D) + (233 — 22215 131 Br
2,2 2 2.2 2 2 2 2 2 _ 2,28
+ [ra3(us(us — 1) — us(ips + x5 03)) + tioko g ps + (111 — t33)k1 5131 B2
+ [—riskopd il + 1ol (uf — 1) + taaxkap5p3]Bs = 0. (5.7)

If we now assume, for simplicity, that x, = 0 and B; = B3 = 0, then this universal relation reduces
to the same form as that given by (5.4).

For this example, the two universal relations given by (4.17); and (4.17), assume the forms
shown in (5.3) and (5.7), respectively. If we eliminate B, from these equations and set xk, = 0 (with
w2 # 0), the resulting equation simplifies to

(r23B1 — 112Ba) (=3 + u5u3 + ubf ub + usus — uju3) = 0. (5.8)
Since this condition must be satisfied for all deformations, we deduce the connection
123B1 — 112B3 =0, (5.9)

which can also be obtained directly from the component form of z. Similarly, if we eliminate B;
from (5.3) and (5.7) and take x; = 0 (with x» # 0), we obtain the connection

112B3 — 113B> = 0. (5.10)

5.2 Extension and torsion of a circular cylinder
Consider an infinitely long solid circular cylinder whose reference geometry is described by
0KR<KB, 0<O<2r, —0<Z<X® (5.11)

in terms of cylindrical polar coordinates (R, ®, Z). Combined torsion and axial extension is defined
by
r=1;2R, 0=0+11Z, z=,,Z, (5.12)
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where 7 is the (angular) torsional twist per unit deformed length, 1, is the axial stretch (constant) and
(r, 8, 2) are cylindrical polar coordinates in the deformed configuration. For details of the solution
of this boundary-value problem in the context of magnetoelasticity, we refer to (7).

The components of the deformation gradient F, referred to the two sets of cylindrical polar co-
ordinate axes, and those of the left Cauchy—Green tensor b = FFT are represented by the matrices
F and b, respectively, and given by

Sz g 0 i 0 0
F=1| o 2 |, b= 0 A7 +2%? 2k |, (5.13)
0 0 4 0 22K e

wherein the notation x = zr has been adopted.
The corresponding matrix of b? needed to evaluate the stress components has the component
form

272 0 0
b2=| 0 (A7Y+ 22622 + 23?22k (71 + 2262+ 22) |. (5.14)
0 k(7' + 45Kk + 22 ML +x?)

Depending on the selection of the independent magnetic field variable, the total stress tensor z is
given by (4.2) or (4.7). The consequences of using one or the other formulation have been discussed
in detail in (7) and will not be repeated here. The invariants 11, I, are given by

l1 =251+ 2L+ K2), =244 252 + Az, (5.15)

5.2.1 Axial magneticfield. Following the development by Dorfmann and Ogden (7), it is conve-

nient to select the formulation based on Q*, with the constitutive equations (4.7) and (4.13) for the
total stress = and the magnetic induction B, respectively.

Consider, for example, an axial magnetic field, which, in the deformed configuration, has com-

ponent H;. From the field equation (2.2); we conclude that H; is constant. In the reference config-
uration, the magnetic field is given by H; = FTH, the only non-zero component of which is

Hz = /;H;. (5.16)
From (3.19) the corresponding invariants are
Ks=H%, Ks=(1+x12Ks, Kg=[k?1z+ (L +x?)?15]Kq. (5.17)
The non-zero components of the total stress z are obtained from (4.7). Thus,
Trr = —p+y1*/12_1+y2*/12_2,
w0 = —P+ 71 g+ 23k%) + 73 (114567 +25%) + 78 k245Ks
+ 298K 2220071 + 221 + k)]Ka, (5.18)
Tz = =P+ 145+ 15 A5+ xP) + 7E A5Ka + 278 13 (L + kP)Ka,
07 = p7 A%k + 3 Az (L + 23 4 2352 + e w22Ka + yér o[l + 223(1 + k)] Ka,
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and, from (4.13), the components of B are found to be B; = 0 and

By = — {7722 + p Az + A2 + 2] + p¢ [+ 230 + 2¢?) + 281 + 2 Hy,

(5.19)
B, = —{y; + 7& 221+ 1) + p¢ [k? + 23 + xH?}23H,.
It then follows from (4.9) that the components of the axial vector (zh — bz)« are
[ AZHZ ([l + 231+ xD)] + ye 42, 0, 0], (5.20)

where use has been made of the components in (5.18) and (5.13)5.

The components of the vector bH are /13 Hz(0, «, 1). Referring to (4.10) it follows that, for the
considered combination of deformation and magnetic field, the universal relation (4.10) is satisfied
identically. This example is included to illustrate that non-trivial universal relations do not always
arise. This can also be shown to be the situation if the formulation based on Q is used with an
axial magnetic induction vector B. Equally, if one considers a circular cylindrical tube subject to a
cylindrically symmetric deformation in the presence of a circumferential magnetic field the general
universal relation is again satisfied trivially. We do not give the details for these cases.

5.3 Helical shear

In this section we consider the problem of helical shear for a right circular cylindrical tube with
internal and external radii A and B, respectively, in the reference configuration, the material being
confined within the annular region A < R < B. This deformation reveals a different type of
universal relation, one that is cubic rather than linear in the components of z. \We summarize briefly
the relevant equations given by Dorfmann and Ogden (7). Helical shear is defined by the equations

r=R, 0=0+9(R), z=2Z+wR) (5.21)

and
0<A<R<LKB, 0<0O0<2r, —-c0<Z<o0, (5.22)

where g(R) and w(R) are deformation functions to be determined by solution of the governing
equations together with the boundary conditions. In the context of elasticity theory a cubic univer-
sal relation was derived in (23) and examined from a more general perspective in (24). Here we
show that when the constitutive law is specialized this same universal relation holds in the present
situation with either an axial or a circumferential magnetic field.

The components of the deformation gradient F and the left and right Cauchy—Green tensors b
and c, referred to the relevant cylindrical polar coordinate axes, are represented by the matrices F,
b and ¢, which are given, respectively, by

1 00 1 Ko Kz 1+x% kg Ky
F=|x 1 0|, b=|xoe 1+x3 wox, |, C= Ko 1 0] (523
Kz 0 1 Kz KoKz 1+K22 Kz O 1

Here and in what follows we use the notation

kg =rg'(r), x=w'(), k= \/Kg + K2, (5.24)
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and we treat g and w as functions of r (= R) and set a = A, b = B. For further details of the
kinematics, we refer to (7).

Now, since H = F~TH,, it follows that if we take the radial component of H; to vanish and
write its other two components as Hg, H;z then, for the considered deformation, H has compo-
nents

Hr = _|:|9 H0 = Hl@a HZ = le: (5'25)

where, for convenience, we have defined H = xpHio + xzHiz.
It follows that the principal invariants (3.15) and (3.19) are given by

li=l2=34x% Ki=H%+H% Ks=Kis Kg=Kgq+H?2 (5.26)
The resulting components of 7 are calculated from (3.20) as
Ty = —p + 2(Q% +2Q3), (5.27)
99 = —P 4 2Q5 (1 + £2) 4+ 2Q5(2 + 1) + 2QEHZ + 4Q5Ho(Hg + 19H),  (5.28)
Ty = =P+ 2Q5(1 + £2) + 2Q5 (2 + 1?) + 2QEHZ + 4QEH,(Hy +1,H),  (5.29)

9 = 2(Q} + Q3)kg + 2Q5HyH, (5.30)
Tz = 2(Q} + Qb)rz + 2QEH H, (5.31)
197 = 2Q} ki, + 2QE Hg Hy + 2Q2[(2 + 1?)Ho Hz + Kaxpr], (5.32)
while the corresponding components of B are obtained from (3.21) as
Br = —2[Qf + Q52 + k2)]H, (5.33)
By = —2[(Q + Q& + Q) Hp + {Q% + B+ x2)Q e H], (5.34)
B, = —2[(Q} + Qf + Q%) Hz + {QF + (3 + x2) Qg ez H]. (5.35)

Now, as discussed in (7), we must have B, = 0 to avoid a singularity on r = 0, and this requires
that either

Q4+ Q2 +x%) =0 (5.36)

or H = 0. Here we consider the case in which H # 0, so that (5.36) must hold. This places
restrictions on the admissible class of constitutive laws (see (7) for details). Here, for illustration,
we consider a special case of this restriction for which Qf = Qg = 0, so that Q* depends on the
magnetic field only through K4 and the components (5.27) to (5.35) specialize accordingly.

Most of the counterparts for Q* of the special cases considered in section 4.1 for Q are then
satisfied trivially, but it is easy to show from (5.28) to (5.32) that the nonlinear universal relation

Tez(Trzg - Trzz) = Trotrz(t00 — T77) (5-37)

holds. Thus, the universal relation (5.37) found for the purely (incompressible, isotropic) elastic
case (23) holds also for an incompressible isotropic magnetoelastic solid under the considered re-
strictions. There are several variants of this result that can be considered but the present one suffices
for illustration.

Examples of solutions for helical shear boundary-value problems are given in (7) and are not
examined further here.
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6. Closing remarks

In this paper we have shown that for the constitutive equations of an isotropic magnetoelastic solid
only one universal relation exists in the general case, while specialization of the constitutive law
allows additional universal relations, not included in the previous paper by Dorfmann et al. (8), to
be formulated. Such universal relations can in principle be used by the experimenter to determine
whether the particular class or subclass of materials can be described by a given model or if a
wider class of models needs to be considered. In this context it should be noted that exact analytical
solutions can be found only for particular geometries such as an infinite tube or a slab of infinite
extent in the two in-plane directions. If, on the other hand, we consider, for example, a tube of
finite length then the jump conditions given by (2.12) cannot all be satisfied on both the lateral and
end boundaries of the tube for the considered uniform axial field, so that edge effects are present
and an exact solution cannot be determined for the whole tube and its exterior. Numerical methods
must therefore be used to obtain the distribution of the magnetic field and magnetic induction,
inside and outside the body. A detailed description and application of numerical solutions to the
boundary-value problem for nonlinear magnetoelastic solids is under development and will form a
forthcoming publication.
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