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GRADIENT MATERIALS WITH INTERNAL CONSTRAINTS

ALBRECHT BERTRAM AND RAINER GLUGE

The concept of internal constraints is extended to gradient materials. Here, in-
teresting constraints can be introduced, such as pseudorigid ones. The stresses
and the hyperstresses will be given by constitutive equations only up to reactive
parts, which do no work during any compatible motion of the body. For the
inclusion of thermodynamical effects, the theory is generalized to the case of
thermomechanical constraints. Here one obtains reactive parts of the stresses,
heat flux, entropy, and energy, which do not contribute to the dissipation. Some
critical remarks on the classical concept of internal constraints are finally given.
A method to introduce internal constraints in a natural way is described to over-
come some conceptual deficiencies of the classical concept.

1. Introduction

The theory of internal constraints as it is described in, e.g., [Truesdell and Noll
1965, Section 30] is a useful tool for the description of incompressible materials,
inextensible composites, and many more material classes. It gives a conceptually
sound basis upon which both theoretical and practical investigations can be de-
veloped. Particularly, it provides a change of the structure of the basic balance
equations, which can be helpful for the construction of solutions of the field prob-
lem. This way, the only nonhomogeneous universal solutions for simple materials
are those for constrained materials [Ericksen 1955].

On the other hand, there has been an increasing interest in nonclassical exten-
sions of the concept of simple materials. Micromorphic, micropolar, and gradient
materials are examples for a blossoming variety of new theories, which go far
beyond the classical simple materials. In particular, the inclusion of the second
deformation gradient opens the door for many challenging new perspectives for
material modeling with the inclusion of internal length scales.

For gradient materials, one wants to introduce internal constraints other than the
classical ones to again benefit from such extensions. The question arises whether
such an extension is possible, or demands substantial alterations of the entire
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format. It turns out, and will be shown in the sequel, that such an extension is
in fact straightforward once a theory of gradient materials has been constructed —
at least within the mechanical context.

The extension to a thermomechanical format is more complicated. This is, how-
ever, necessary not only in order to investigate the compatibility of such constraints
with the second law of thermodynamics, but also to study the temperature depen-
dence of mechanical constraints.

There has been some discussion about a sound format for the inclusion of the
thermodynamical variables into such a theory of internal constraints; see [Green
et al. 1970; Trapp 1971; Andreussi and Podio Guidugli 1973; Gurtin and Po-
dio Guidugli 1973; Bertram and Haupt 1976; Casey and Krishnaswamy 1998;
Casey 2011; Bertram 2005].

The starting point for the present approach is a suggestion by [Trapp 1971;
Bertram 2005], where a rate form of a thermomechanical constraint is assumed and
the possibility for reactive parts of the stresses, heat fluxes, and energies is given
that are not dissipative during any process that is compatible with the constraint.
Again, the extension of this theory to gradient materials is straightforward.

At the end of this contribution, some critical remarks on the standard theory of
mechanical constraints are given and a procedure to avoid these shortcomings is
suggested.

Notations. Throughout the paper, a dot will denote a scalar product between ten-
sors of arbitrary order. Vectors are denoted by small bold letters like j, m, n.
Second-order tensors are denoted by capital letters like J, S, T, and third-order
tensors by J, G, M. Since there is not yet a standard notation for odd-order tensors,
we have to introduce some operations. The first product we need is the pullback
operation of a third-order tensor G by a second-order tensor F, defined as

FloG=F'o(G'"e;®e;®e):=G"Fle,)@F 'e))®F 'er). (1)

Another useful tool is the Rayleigh product between a second-order tensor F and
a tensor of arbitrary order J, defined as

FxJ:=J"/(Fe;)®---® (Fe,). )

For orthogonal tensors F both products coincide.

2. Simple and gradient materials

A simple material is defined as one for which the Cauchy stresses are given by a
history functional or a process functional of the form

T(X()? t)=@1{X(XOa T)aGradX(XO’T)H[:O} (3)
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with x being the motion of the body in the time interval between some initial time
7 =0 and some final time ¢, and X a material point in the reference placement. If
we submit this functional to the principle of Euclidean invariance, then we can find
reduced forms which identically fulfill this principle. One example for a reduced
form is the functional

S(xo, 1) = H1{C(x0, V)I5—o}. “)

which assigns to each process in the right Cauchy—Green tensor C = F'F the
second Piola—Kirchhoff stress tensor S = JF~'TF 7. Here, F is the deformation
gradient and J its determinant.

If we extend this format to second gradient materials' (see [Bertram 2015a)),
the general form of the constitutive functional is

T(Xo, 1) = F{x (X0, 7), Grad x (Xo, T), Grad Grad x (X0, T)[%_} (5)

However, for second gradient materials we must expect the existence of a third-
order hyperstress tensor G for which a second constitutive functional of the form

G(xg, 1) = (g{X(Xo, 1), Grad x (X9, ), Grad Grad yx (xo, T)Itrzo} (6)
is needed. Reduced forms of these two functionals are, among others,
S(xo, 7) = £{C(xo, ), K(x0, D)o}, (7)
H(xo, 7) = %{C(x0, 7), K(X0, T)[; o} (®)
with the two third-order tensors called the continuity tensor
K:=F"' GradF )
and the material hyperstress tensor
H:=F'0JG. (10)

Both tensors are material tensors and hence invariant under rigid body motions.
In [Bertram 2013; 2015a] examples for elastic and plastic materials within such a
format are given.

A hyperelastic gradient material would be constituted by an energy function
w(C, K) such that the stresses are given by the potential relations

S =2p dcw(C, K), (11)
H = po dkw(C, K), (12)
with the density in the reference placement po.

1Only these are considered here. Third- and higher-order gradients are beyond the scope of this
paper.
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3. Classical internal constraints

The classical theory of internal constraints after [Truesdell and Noll 1965] and
several authors earlier and also later is based on two assumptions.

Assumption la (constraint equation for simple materials). There are restrictions
upon the possible deformations of the material element such that a scalar-valued
function of the deformation gradient ¥ equals zero for all possible deformations,

y (F) = 0. (13)

Assumption 2a (principle of determinism for simple materials subject to internal
constraints). The stress is determined by the history of the deformation only to
within an additive part that does no work in any possible motion satisfying the
constraint.

Truesdell and Noll [1965] put these assumptions in an axiomatic way, without
giving any substantiation for them other than the plausibility of their consequences
in particular applications.

If one applies the principle of Euclidean invariance (material objectivity)? to
the material function y, one can show that a function y4(C) of the right Cauchy—
Green tensor C = F'F is objective and, hence, a reduced form.

Such a constraint would be considered as isotropic if it were invariant under
arbitrary rotations, that is,

Veed (C) = 11ea(QCQT) (14)

for all orthogonal tensors Q. In this sense, incompressibility would be an isotropic
constraint, while inextensibility in one direction is not isotropic.

By exploiting the second assumption, we start with an additive split of the
Cauchy stresses into an extra part, which is determined by a constitutive functional,
and a reactive part (for which no constitutive functional exists):

T=Tg+Tg (15)
so that the specific stress power of the latter,

lreD=0 (16)
p

vanishes for every process that is compatible with the constraint, where D denotes
the rate of stretching. We can alternatively express this assumption in terms of a

2For a precise introduction of this controversial issue, see [Bertram and Svendsen 2001; Bertram
2005], therein called the principle of invariance under superimposed rigid body motions.
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reactive second Piola—Kirchhoff stress with S = Sg + Sy:
Lse.c=o. (17)
£0

If the constraint equation is differentiable, we can bring it into the rate form

Vred (C)* = 0c¥rea(C) - C* = 0. (18)

If we multiply this equation by a Lagrangian multiplier «, and subtract it from the
constraint equation (17), we find that the second Piola—Kirchhoff reaction stress
Sk must have the representation

Sk = dc¥red(C) (19)
and the Cauchy reaction stress

Tg = oF dcyrea(C)F" (20)
with some scalar field «.
As a normalization of the decomposition, we can pose the orthogonality condi-
tion
Tr-Tg =0. 21

This makes the decomposition unique. However, this is not necessary and often
not even practical.

If there is more than one internal constraint (say N < 6), one also has to allow
for N reaction stresses, which can be superimposed onto the total stress as

N
T=Te+ Y oF dcreai (OF (22)
i=1
with N scalar fields «;. In the limit for six independent constraints, C is completely

constrained, the material is rigid, and the stresses are completely reactive. This case
will be discussed in the last section of this paper.

4. Nonclassical internal constraints

The question arises if one could extend this method to gradient materials. It turns
out that such a generalization is straightforward.

It has been shown in [Forest and Sievert 2003; Bertram 2013; 2015a] that the
specific stress power for a second gradient material can be brought into the Eulerian
and Lagrangian forms

l(T-gradV—F G-gradgradv):i<lS-C'+H-K'), (23)
o po \2

respectively. We now generalize our two assumptions to gradient materials.
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Assumption 1b (constraint equation for gradient materials). There are restrictions
upon the possible deformations of the material element such that a scalar-valued
Sfunction of the motion, the deformation gradient, and the second gradient equals
zero for all possible deformations

I'(x, Grad x, Grad Grad x) = 0. 24)

If this is understood as a constitutive equation, it must fulfill the Euclidean in-
variance requirement. This leads to the reduced form of the nonclassical internal
constraint

Fred(ca K) =0. (25)
If the constraint equation function is differentiable, we get the rate form of it as

0cTred - C 4+ 0kl rea - K* = 0. (26)

Assumption 2b (principle of determinism for gradient materials subject to internal
constraints). The stresses and the hyperstresses are determined by the deformation
process only to within additive parts that do no work in any possible motion satis-
fying the constraint.

Accordingly, we have the decompositions T = Tg + Ty and G = Gg + Gg, for
the spatial stresses, and S = Sg + Sg and H = Hg 4 Hp for the material ones.
After Assumption 2b, we have

l(TR -grad v+ Gpg - grad grad v) = i(lSR -C*+ Hg - K‘) =0. 27
P Po \2

By subtracting an «-multiple of the constraint equation in the rate form, we obtain

0=[5-Sk —adcTra| - €+ [ Hr — @ dTrea] - K, (28)
2p0 £0
so that the following equations must hold:
Hg = apo 9kTrea(C, K) (30)

with a joint Lagrangian parameter o which couples the two reactive stresses.
As a normalization of the decomposition, one can pose the orthogonality condi-
tion
Hg-Hg+ Sk -Sg =0. 31)

This is, however, not compulsory and perhaps not even practical.

A particular choice of the constraint equation would be to demand that certain
components of K must vanish. In such cases the corresponding components of F
must be constant in space.
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For F having nine independent components and the space having three linear
independent directions, 9 x 3 = 27 such constraints on Grad F are possible. This,
however, reduces to 18 independent constraints because of Schwarz’s commutation
law since the connection tensor has the right subsymmetry

Kijk = Fijk = Xi, jk = Xixj = Kikj- (32)

In [Seppecher et al. 2011] one finds examples of materials with microstructures
with such properties.

By imposing 18 independent constraints of this kind, the deformation gradient
can only be constant in space. Bodies with this property have been investigated in
the past under the label homogeneous strains — see [Stawianowski 1974; 1975] —
or pseudorigidity — see [Cohen 1981; Cohen and Muncaster 1984; Cohen and
MacSithigh 1989; Antman and Marlow 1991; Casey 2004; 2006; 2007] — and
critically commented upon by [Steigmann 2006]. However, these approaches are
completely different from the present one, since there the homogeneity of strains is
imposed on the body as a global constraint, while in the present approach we still as-
sume local constraints as an extension of classical constraints to gradient materials.

5. Thermomechanical constraints

Not only in mechanics, but also more general in thermomechanics, the introduction
of internal constraints is reasonable. In the literature, several suggestions have
been made to generalize the mechanical concepts of constraints to thermodynamics;
see [Green et al. 1970; Trapp 1971; Andreussi and Podio Guidugli 1973; Gurtin
and Podio Guidugli 1973; Casey and Krishnaswamy 1998; Casey 2011; Bertram
2005]. For the extension of the theory of gradient materials to thermomechanics,
see [Bertram 2005; 2015b].

In what follows, we extend the concept introduced in [Trapp 1971; Bertram
2005], where one also finds examples for thermomechanical constraints like tem-
perature-dependent incompressibility or inextensibility.

Assumption 1c (constraint equation for thermomechanical gradient materials). A
thermomechanical internal constraint consists of four material functions,

JC, K, 0), JIC K, 0), jCK,0), jCKb0), (33)

of the configuration and the temperature with values in third-order tensors, second-
order tensors, vectors, and scalars, respectively, such that for all admissible thermo-
kinematical processes the constraint equation

JK+J-CH+j-gy+j-6°=0 (34)
holds at each instant.

Here, 6 denotes the temperature and g is the material temperature gradient.
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Since we made use of material variables, this constraint is already in a reduced
form. Note that the first two terms, to which the equation is reduced in the isother-
mal case, correspond to the mechanical constraint (26) in its rate form, which is
therefore included in this format as a special case.

Once again, we have to modify the principle of determinism. There have been
several suggestions in the literature whether the reactive parts of the dependent vari-
ables shall not produce energy or entropy [Green et al. 1970; Trapp 1971; Gurtin
and Podio Guidugli 1973], or neither of the two [Andreussi and Podio Guidugli
1973]. The following assumption is close to what Trapp [1971] suggested and
follows [Bertram 2005].

Assumption 2c (principle of determinism for gradient materials with thermome-
chanical internal constraints). The current values of the hyperstress, stress, heat
flux, internal energy, and entropy are determined by the thermokinematical process
only up to additive parts that are not dissipative during all admissible processes.

Thus, we have the decompositions of the dependent variables into reactive parts
and extra parts:

hyperstress H = HEg + Hg,

2nd Piola—Kirchhoff stress S = Sg + Sg,

material heat flux 4o = oz + k> (35)
internal energy & =€g t &R,

entropy n="ng +ng,

and, consequently, also for the
free energy ¥ =éep+er—6Ong —Ong =Yg + YR, (36)

where only the extra terms depend on the thermokinematical process.
The reactive parts shall not be dissipative in the sense of the Clausius—Duhem
inequality:
L(38r-C+Hr K) = qge g —va' —nef =0 (37)
po \2 00
for all admissible thermokinematical processes.
If we subtract from this equation an «¢-multiple of the constraint equation (34),
we get
(L28k—ad)-C+ (- Hg—ad) - K~ (sage +ai) -
Po 2 £0 )
—Yr"—(r+aj)0"=0 (38)

for any real «. Because of the independence of the terms in brackets of C*, K*,
g, and 6° in a particular material point, this is solved for all constrained materials
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only by
Hg = apo J(C, K, 0), .
=0,

Sk =2apo J(C, K, 0), _ (39)
nr=—aj(C, K, 0),
qor = —apot J(C, K, 0),
or, for the spatial versions of the reactive parts,

Gr=apFoJ(C,K,0) with Gr=FoJ 'Hg,
Tz =20pF*J(C, K,0) with Tgp =FxJ 'Sg, (40)
qr = —apfF%j(C, K,0) with qi =FxJ 'qg.

With this form, for no real « can a contradiction to the Clausius—Duhem inequality
occur if the extra terms already fulfill it alone.

As a normalization of the decomposition, one can pose the orthogonality condi-
tion
Yok
62

This is, however, not compulsory and perhaps not even practical. As the free energy

1
Hi - He + 38k Sk +dor - =55 + P31k - 15 =0. (41)

is only determined up to a constant, we can principally assume ¥z = 0.
If more than one constraint is active, then the reactive parts are simply additive
superpositions of those resulting from each constraint alone.

6. Critical remarks

There have been some papers considering the approach of [Truesdell and Noll
1965], like [Bertram 1980; 1982; Podio Guidugli 1990; Antman and Marlow 1991;
Carlson and Tortorelli 1996; Carlson et al. 2003], and in their majority they confirm
it in the sequel. However, there is one point which needs more attention: the limit
of rigidity.

Truesdell and Noll [1965] claim that rigidity is described by C = I. Since
the space of all symmetric tensors is 6-dimensional, rigidity would correspond to
6 independent constraints and the total stress would be completely reactive in this

case, since
6

Sk = o dcreai(C) (42)

i=1

spans the whole space of symmetric second-order tensors. We now consider the
case of two simultaneous internal constraints:

(1) (incompressibility)

y1(C)=detC—1 = Sp=a1C~! (a hydrostatic pressure) (43)
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Figure 1. Graphical representation of the two constraint mani-
folds (43) and (44) in the space of the eigenvalues of C.

(2) (Bell-type [1973; 1985; 1996] constraint)?
y2(C)=trC—3 = Spr =L (44)

It is not our intention here to comment on the physical significance of this con-
straint.* Beatty and Hayes [1992] have investigated the geometrical properties of
these constraints.” The constraint manifold of y, forms a plane triangle in the space
of the eigenvalues of C, while y; forms a curved hypersurface which touches the
triangle in only one point; see Figure 1. So the constraint y» has only one isochoric
(or unimodular) point, namely C = I, which describes rigidity. In this point (and
only there) they have a joint tangent plane (that coincides with the plane of y»). In
this point with C = I, both Sg; and Sz, become pressures and Sg is a deviator.
However, there is no test possible to identify the constitutive law for this deviator.

An even more absurd example is given by the constraint suggested by Krawietz
(personal communication, 2015),

y(C©) =(C—-1)-(C—D)=0 = Sg=0, (45)

which also describes rigidity. In this case, the reactive stresses are zero, since
dc y (C) vanishes here.

So the format of [Truesdell and Noll 1965] needs some specification of the class
of admitted constraint equations to avoid such unphysical results. One has to make
sure that they really define a constraint manifold (which is not the case for (45))

3Bell uses the square root of C, which however does not make much difference here.
4Sef:, e.g., [McMeeking 1982; Sellers and Douglas 1990].
3See also [Vianello 2014] for the geometry of the constraint manifold.
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and, in the case of multiple constraints, that the tangent spaces of these manifolds
are independent of each other.

Another remedy would be to introduce the constraints in a natural way, as we
show in the next section.

7. Introduction of internal constraints in a natural way

In [Bertram 1980; 1982] another approach to establish a theory of internal con-
straints has been suggested, claiming to be in a natural way. Here, only solids are
considered for which the stresses are (at least partly) caused by elastic deformations.
The idea there is, roughly speaking, to consider constraint material behavior as
a limit of hyperelastic behavior with increasing stiffness for certain deformation
modes. If one starts with hyperelastic behavior, one can consider a tangential stiff-
ness tensor with 6 (not necessary different) eigenvalues, called principal stiffnesses
in the case of classical (nongradient) materials. If one produces a series of such
materials by incrementing one of these eigenvalues to infinity and keeping all others
finite, one produces in the limit a material behavior that is constrained in such a way
that the deformation mode belonging to this eigenvalue tends to zero if only finite
stresses are applied. It has been shown there that for an isotropic or anisotropic
hyperelastic material, this construction exactly leads to Assumptions la and 2a.

The method to produce internal constraints in a natural way can also be applied
to gradient hyperelastic materials. We can linearize the elastic laws (11) and (12)
by taking their incremental forms

dS =20 (dccw(C, K)[AC] + dckw(C, K)[dK]), (46)
dG = po(Ikcw(C, K)[AC] + dxkw(C, K)[dK]), (47)
with a
« fourth-order symmetric stiffness tensor (tetradic) C* :=2pp dccw(C, K),
« sixth-order symmetric stiffness tensor (hexadic) cl .= 00 Ikkw(C, K),
o fifth-order stiffness tensor cd .= 200 oxcw(C, K).
For the linear gradient theory, see [Bertram and Forest 2014]. If we would re-
strict our attention to central symmetric behavior, the fifth-order stiffness vanishes
and the hexadic is known from [Mindlin and Eshel 1968] while the tetradic is the
usual one from classical elasticity.

Interesting for us is the stiffness hexadic C'®, since it does not exist for classical
materials. We can bring the hexadic into a spectral form,

18
co =3 "nP, (48)
i=1
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with 18 (not necessarily distinct) eigenvalues y; and the same number of eigenspace
projectors of sixth-order, Pl@. These are related to the third-order normalized and
orthogonal eigentensors E; of the stiffness hexadic by the sum

M;
P =Y "E ®E (49)
j=1

over the multiplicity M; of the particular eigenvalue. The construction of internal
constraints in a natural way consists of taking finite values for all of these eigen-
values except for one, say Aj.

Let us first consider an eigenvalue of multiplicity one. In the limit, one would
not be able to deform the material in the corresponding mode by applying finite
stresses. Thus, we obtain the constraint equation (in this case independent of C)

'K):=E -K=0 (50)
and expect the reaction hyperstresses after (30) to be

Hg = o 3kT(K) = o E; (51)

with some scalar field «.
Such a constraint would be considered as isotropic if it were invariant under
arbitrary rotations

['(K) =T(Qx*K) (52)
for all orthogonal tensors Q. Clearly, this is the case if and only if
E, =QxEy, (53)

i.e., for isotropic tensors. But this would be a rather drastic restriction, which
should not be made in general.

We can also superimpose the M constraints of a multiple eigenvalue in one
equation:

I'(K) :=K--- PY[K]=0. (54)

Examples and numerical computations of gradient materials with internal con-
straints will be given in a forthcoming paper by the same authors.

An alternative approach to create internal constraints was suggested by [Casey
1995; Baesu and Casey 2000] in a mechanical setting and [Casey and Krishnaswamy
1998; Casey 2011] in a thermomechanical setting, where the constrained material
is identified as an equivalence class of unconstrained ones.
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8. Example

We consider the constraint
Grad J = 0. (55)

Here, the density of the body can be altered, but only in a homogeneous way in the
three spatial directions. One may consider this as a vectorial internal constraint.
This may as well be equivalently expressed by a scalar constraint equation by
demanding the norm of the vector Grad J be zero.

After the chain rule, we can write Grad J in terms of K as

Grad J = J K;jrex (56)

with respect to some orthogonal vector basis {e;}. The constraint (55) can be
reformulated as

GradJ -Grad J/J* = K Kix = K- -- PO K] =0 (57)
with
PO =1e; @Ixe,. (58)

By taking into account the right subsymmetry of the triadic K, we can impose the
index symmetries between the index pairs j, k and m, n in P;jimn.

The natural way to introduce this constraint is to add the projector with a penalty
parameter to the elasticity hexadic C, or likewise to add a penalized term K;;r Kjjx
to the elastic energy. The latter corresponds to the parameter a, in Mindlin and
Eshel’s representation [1968, Equation 2.4].

Note added in proof. One can find more results on gradient materials in the Com-
pendium on gradient materials available at http://www.ifme.ovgu.de/ifme_media/
CompendiumGradientMaterialsJan2016.pdf.
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