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Abstract

The paper addresses the second law of thermodynamics through the Clausius—-Duhem
inequality in its general form, with entropy flux and entropy production given by suitable
constitutive functions. For definiteness the paper investigates possible models of elastic
solids where, to account for non-local properties, the stress depends on strain gradients
up to second order. While previous approaches are developed through variational formu-
lations or by applying the virtual power method, here it is shown that no change in the
energy balance or the form of kinetic energy is necessary; it is sufficient that the entropy
flux be given by a suitable constitutive function. The paper also emphasizes that non-local
constitutive properties arise from the Clausius-Duhem thermodynamic inequality, while
variational formulations and the virtual power method are in fact limited to the purely
mechanical context, as they involve only the equation of motion.

Keywords: second law of thermodynamics; Clausius-Duhem inequality; non-local
constitutive equations; higher-order elasticity theories; second strain gradient elasticity

MSC: 74A15; 74A20; 80A17

1. Introduction

The balance of entropy for continuous bodies has long been expressed by the corre-
sponding continuous formulation of the principle of increase of entropy. If 7 is the specific
entropy density, p the mass density, q the heat flux, r the heat supply and 6 the absolute
temperature, then in any process, the time derivative 77 is subject to

p'y:pﬁJrV-%—%ZO. 1)
Equation (1) is usually referred to as the CD (Clausius-Duhem) inequality. By definition the
left-hand side of (1) is called the rate of entropy production, in that p7y gives the excess of
the rate p7j relative to the entropy flux q /60 and the entropy supply pr/6. The assumption
that the resulting inequality must hold for every admissible thermodynamic process is due
to Coleman and Noll [1]. Consequently, the CD inequality becomes conceptually a criterion
for the selection of physically admissible models of continua.
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Later on, Miiller [2] observed that, for greater generality, the CD inequality should be
expressed with an entropy flux j not necessarily equal to q/6. Then, Equation (1) should be
replaced with

. . r
p'r:pn+V-1—%20- (2)

The definition of p7, in (1) and (2), is usually viewed as being identically equal to the
right-hand side. In our mind, it is a further natural generalization of the CD inequality to
view p7 as being equal to the right-hand side but not identically equal. In other words,
7 might be given by a proper (constitutive) function not necessarily defined by the CD
inequality, so that (1) and (2) are viewed as equations, not as identities (see Section 2). In
connection with (1), this view has already proved profitable in the modelling of hysteretic
materials (see [3] and [4] Chapters 13-15). A further application of this view on 7 is given
in [5]. In our mind, whenever involved models of materials are considered, which account,
e.g., for non-locality in space-time or hysteresis, the CD inequality is required to be in the
general form (2) with j and <y as given by appropriate constitutive functions.

Heterogeneous systems and mere phenomena at the micro- and nano-level are mod-
elled by assigning a dependence on gradients of suitable order [6,7].

Practical applications indicate interest in the modelling of elastic solids with a de-
pendence of the stress on strain gradients of various orders [8-11]. This topic has been
investigated in several ways, mainly through variational formulations [12,13] or modifying
the balance of energy through the method of virtual power [14].

It is the purpose of this paper to investigate the thermodynamic consistency of strain-
gradient models through the corresponding validity of the CD inequality (2), via appropri-
ate entropy flux j and entropy production <. This purpose is pursued without appealing to
the method of virtual power, by assuming the stress power with hyper-stresses, or modify-
ing the definition of kinetic energy within a variational approach.

In this paper we consider possible models of elastic materials with a dependence of the
stress on strain gradients. This topic has been investigated in several ways in the literature,
mainly through variational formulations or by modifying the balance of energy through
the method of virtual power. Our approach is instead based on the CD inequality and is
completely original.

It is worth mentioning that different approaches in the literature develop strain-
gradient models by following Liu’s procedure [15,16] possibly involving internal vari-
ables [17] or hyper-stresses [18]. Some comments are given in Section 7.

2. Notation and Balance Equations

Let Q) be the time-dependent region occupied by the body. The position of a point in ()
is denoted by the vector X, relative to a chosen origin O, as a function of the time ¢ while the
position in a reference configuration R is denoted by X. So x = x(X, t), as t € R, describes
the motion of X. For definiteness, the components of the vectors are considered relative to a
right-handed orthonormal triplet eq, ey, e3. We denote by V and Vr the gradient operator
with respect to x and X. The gradient Vr x is called the deformation gradient and denoted
by F; in components Fjx = dx,x;. The difference u = x — X is called the displacement and
then H = Vru, viz. Hjx = 0x,u; is the displacement gradient and F = 1 + H, with 1 being
the identity tensor. The tensor E = %(FTF — 1) is the symmetric Green-Lagrange strain. If,
for any entry Hyy, itis |[H; | < 1, then F ~ 1 and

Vru = VuF ~ Vu.
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Hence, if |[Hjx| < 1 then the strain E may be approximated by
E= %(HT +H+HH) ~ symVu =: ¢,

with sym denoting the symmetric part, symVu = 3[Vu + (Vu)T]. The tensor € is called
infinitesimal strain.
To save writing, we denote partial spatial derivatives by a comma followed by a suffix;
eg., f,]- stands for axjf,j =1,2,3.
A superposed dot denotes the material (or Lagrangian) time derivative. For any
function ¢(x, t) it is
¢ =09+ (v-V)g,

where v = x is the velocity. The tensor L denotes the velocity gradient, L;; = v; ;, and
D = symlL.
Let p be the mass density. The conservation of mass results in the continuity equation

p+pV-v=0 or 9+ V- (pv)=0. (3)

Let T be the Cauchy stress tensor and b the body force per unit mass. The balance of
linear momentum results in the equation of motion

pv =V - T+ pb, (4)
where
(V : T)i = aiji]‘.

We assume the body is non-polar. The balance of angular momentum then implies that
T € Sym, (5)

where Sym is the set of symmetric tensors.

The balance of energy is considered by letting € be the non-kinetic energy density per
unit mass; r is the heat supply and q the heat flux. Hence, the balance of energy density
p(3v? + €) results in the equation

v (v =V -T—pb)+p¢—T-D—pr+V-q=0.
Using the equation of motion (4) we conclude that the balance of ¢ reads
p¢=T-D+4+pr—V-.q. (6)

Let 0 be the absolute temperature and # the entropy density per unit mass. The balance
of entropy is assumed by asserting that the time derivative p7j, deprived of the entropy
supply pr/0 and the contribution of the entropy flux j, is non-negative. Formally we
require that

. r .
pﬂ*%+V~1=p% )

where j is the entropy flux vector to be established and y > 0 is the entropy production
density per unit mass. For technical convenience let

P

S
=5 T
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where q/#0 is the classical entropy flux, arising from the thermodynamic of systems, and k
is the extra-entropy flux to be determined depending on the material. Replacing the
expression of j we have

1 1
P+ (V-a—pr) = 55q-VO+V -k=py =0

A thermodynamic process is the set of time-dependent fields
e, x,T,0,¢b,r,q,1,7

on () x R, that satisfy the balance Equations (3)—(6). As the second law of thermodynamics
we assume that for any physically admissible thermodynamic process the Equation (7) holds with
¥ non-negative. In view of (6) we replace pr — V - q and consider the Helmholtz free energy
p = € — 0y to obtain

o 1
—p(+16) + T-D — 5q- V6 +6V -k = pby. (8)

Throughout, it is understood that oy > 0 and, consistent with the literature, Equation (8) is
referred to as the CD (Clausius-Duhem) inequality. Since the number of functions is larger
than the number of balance equations then a thermodynamic process is completed by a
set of constitutive equations. Hence the CD inequality results in a selection procedure of
physically admissible constitutive equations.

The validity for any thermodynamic process implies that the inequality is a constraint
on the constitutive equations. This general feature is investigated in [15,19] in connection
with the equivalence between thermodynamic equilibrium and reversible processes.

The exploitation of the second law has been widely developed through the so-called
Coleman-Noll procedure where the fields b and r are taken to be arbitrary time-dependent
fields. Instead, in the Liu approach [20] both b and r are zero and then all balance equations
are viewed as constraints. In both procedures the entropy production 7 is a constitutive
function defined by (7). In the following sections of this paper y turns out to be given by
(7) as it happens usually in the literature. Yet, mainly in view of hysteretic models, we
follow a generalization of the Clausius-Duhem inequality, by letting ¥ be given by a proper
non-negative constitutive function, just as the entropy flux j is allowed to be given by a
constitutive function and not necessarily by q/0.

To describe micro- and nano-scale objects, a wide range of literature has been devel-
oped with the dependence of the stress tensor on gradients of the strain (see, e.g., Refs. [6-8]
and references therein). In our view, the dependence on strain gradients should not imply
an arbitrary change of balance Equations (3)-(6). This is a crucial feature and we now
examine its conceptual aspects in detail.

3. Higher-Order Elasticity Through Hyper-Stresses

Based on the sometimes tacit assumption that |[Hjx| < 1 the strain gradient elasticity
involves as variables the tensors €, VVu, VV Vu or, in suffix notation,

_1
€ij =z (uij+uji), Uik Wijnk

The dependence of constitutive relations on strain gradients was motivated by Mindlin [21]
to describe capillarity also in connection with Korteweg’s fluid.
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The starting point is the definition of third-gradient material as a solid with a free
energy 1 that depends on €, VVu, and VVVu. Hence, apart from other dependencies
such as, e.g., the temperature, we have

P‘P = pae;‘jw(elj). + paui,jklp(”i,jk). + paui,jhklp(ui,jhk).'
Upon the definitions
vij = paeijllb € Sym, 7;jk = Paui,jktrb/ Sijhk = Paui,jhkkbr

and following the general statement on the virtual power [14], the power of internal forces
in a region V is taken as (see, e.g., [7])

P = /V[Uij(eij)'Jr Tiik (i i) + Sijnr (i jux ) 1do, )

with the tensors 7 and S being referred to as hyper-stresses.
We notice that (see, e.g., [4] Section 1.5.1)

(u,"j)' = Lli,j — ijui,p (10)

and likewise for (u; k), (u; jnx)- To find a connection with the literature [7], here we follow
a frequently adopted claim, namely

(wig) =iy, (i) = i, (Wijnk) = 1 juk,

where ~ denotes that, according to (10), Ly;dx, terms are neglected. Using this claim
we compute

oij(eif) = oyj(ui ;) = oij; j = (o3j1;) j — 03 i,
Likewise,
Tije(ui i) ~ Tijtki i = [Tijitti )k — Tijexthij
= [Tijtii ] x — [Tijextii] j + Tijr jrtiil,

Sijnk (i jnk ) = Sijnkthi jne = [Sijneti jnl k — Sijnixthi ji
= [Sijnkthijn] k — Sijuknithi; = [Sinkthijnl k — [Sijni kil p + Sijnionkthi
= [Sijutii jn) x — [Sijnrxttij] n + [Sijri il j — Sijk, jukthi-

Based on these identities we can represent the claimed power P as the sum of body terms
and boundary terms in the form

P=- /V[Uij,j — Tijkjk + Sijnk,jnk]ttido + /av ui[oi — Tijk,j + Sijnkjn] 1k da
+ /av{”i,jmjk — Sijkn] + 1 jnSijux }xda

Accordingly, the assumption (9) about the power associated with the stress tensors o, 7, S
results in the effective body force

Ve-V-(V-T)+V-(V-(V-8)).
As usual in mechanics, the divergence of a n-order tensor is a (1 — 1)-order tensor calculated

by summing the partial derivatives over the last index.
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Some comments are in order about the introduction of hyperstresses in the continuum
modelling. Mainly because of variational approaches involving an energy function with
a dependence on the first strain gradient [22,23], the conclusion follows that the effective
stress ¢ is in the form [8,13]

o=0c-V-1, c=0eW, T=Odye¥.
More generally [6,12,21], using the second strain gradient in the form
€e1=¢€, € =VVu, ¢€3=VVVu,

or
€e1=¢€¢, € =Ve, ¢€3=VVe,

the effective stress ¢ is given by
=0, =V -0, +V-(V-0e,%).

The method of virtual power by Germain [14] has given a formal basis to the represen-
tation of the power of internal forces as linear forms with respect to strain gradients, as in
(9) for elastic materials, or velocity gradients for applications to fluids (see, e.g., [24-27]).

In the next section we prove that a thermodynamic procedure holds without any
introduction of hyper-stresses. We show that strain gradient elasticity may be modelled
in a deeply different thermodynamic scheme by involving a single stress tensor and thus
avoiding the split of the mechanical power in the form (9).

4. Higher-Order Strain Gradient Elasticity via a Single Stress Tensor

Based on Cauchy’s theorem about the existence of a stress tensor T, for non-polar
bodies it is T = TT and the stress power is taken as

’P:/ v-Tnda.
200

It then follows that T - D is the body power density acting on the internal energy pe. Two
schemes are now established that are based on the use of the stress power T - D. One
is Eulerian-like with the Cauchy stress T though with a strain derivative in place of D.
The other one is Lagrangian with the stress state described by the second Piola stress

T = JFITF L.

4.1. Cauchy Stress Through Strain Gradients

Consider the strain tensor
£ = %(H + HT) or Eix= %(HIK + Hyi),
with Hjx = dx, u;. Compute the time derivative,
Eix = 5(Hix + Hyq) = 5 (st + ;i) = 3 (9,2 Fjc + 9,11 Fjp).-

Since F = 1 + H, then we find
&€ =D +sym(LH)

https:/ /doi.org/10.3390/e28050487
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whence £ ~ D with an error sym(LH). Consequently, the assumption |H| < 1 justifies
the approximation of the stress power as

T -D~T-E&.

For technical convenience, the occurrence of the referential gradient Vk in £, Vr €,
Vi Vk € suggests that we consider the CD inequality (8) in a suitable referential form. Let
qr, kr denote the referential heat flux and referential extra-entropy flux,

ar =JqF ", kp=JkF T,
Observe that [4]
Vrf=VfF, JV-k=Vr-kg, Jq-V0=qr-Vr0.

Hence multiplying by | the CD inequality we find

) . . 1

Let
T=(0,EVRE, VR VRE, Vr0,E, VR E)

be the set of variables while
1,0/ 77/ T/ kR/ qR/ ’Y

are given by (constitutive) functions of I'. While 7, T, qg, 7y are assumed to be continuous
the functions ), ky are assumed to be continuously differentiable.
The spatial mass density p may be determined through px by observing that

J=detF=det(1+H) ~1+trH=1+1tr€.
Consistent with the assumption |H| < 1 we may apply the approximation
p=pr/] ~=pr(l—tr€).
Compute ¢ and substitute in (11) to obtain

—0r(30tp +17)0 — pr(Ie - € + Ovre - VRE + Ovrvre - VR VRE) + T - €
. . . 1
—pRaVRglP - VRO — pRaglP € — pRangl/J - VR E + OVk - kR — aqRVRQ = pRQ’y (12)
The linearity and arbitrariness of Vk €, £, Vi, 0 imply that
8VR£1,D =0, aglp =0, aVRglP =0, n= —891/J. (13)
Divide by 6 the remaining equation to have
—E ey - €+ dney - VeE +dviviey - Ve VR E)
i 1 (14)
+§T - E -+ Wr - kR — @qRVRG = pR’)’

Using the identities

B owmey - Vi€ = Vi - (Foveey€) = [Ve - (Foweey)] €,

https://doi.org/10.3390/e28050487
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Pr o Pr :
FavRngll) -VRVRE = Vk - (yavRngv,bVR £)
= Vi (Vi (Vi - (veweep) 1€} + (Vi - [Vr - (Govemeew)} - €,
we can write Equation (14) in the form
[ I R 1 _
where 47 is a second-order variational derivative defined by
0 0
Ogp = Ogtp — piRVR ' (%RaVRslI’) + ,lTRVR [V - (%RaVRVRsl/J)]/ (16)

while

ke = X (0w )€ + Ounwied) Ve &) + [Vi - (Favewcy) €.

By (13) it follows that 62 is independent of £, Vk €, and Vr 6. Hence the CD inequality (15)
holds if
T=p3¢, ke=ke (17)

and
qr - VRO = pg6°.

The result (17) shows that, though the CD inequality places severe restrictions on
the constitutive functions, the single Cauchy stress tensor T is allowed to be a nonlinear
function of the strain £ and the strain gradients Vr €, Vk Vr €. Furthermore, the present
procedure gives evidence that the dependence on higher-order strain gradients would
be consistent with thermodynamics. Technically, the stress T turns out to be a function
of £, Vr €, Vr Vr € thanks to a non-zero extra-entropy ky and an appropriate free energy
function (0, E, VR E, VR VR E).

Yet a remark is in order. The present procedure involves the strain £ and the gradients
Vr €, Vr V& € thus allowing for the commutative properties

(VRE) = VRE, (VRVRE) = VRWRE.

By virtue of (17) the extra entropy flux k is linear in £ and Vk € and these terms are
non-objective (see, e.g., [4] Section 1.9). Now, under the assumption |H| < 1, as a starting
point we have used the approximation

T D~T-E,

on the stress power. As a conclusion, we can say that ki becomes objective if £ is replaced
with D.

As shown in this section, and likewise in the next one, the thermodynamic consistency
of strain-gradient models is obtained by means of an extra-entropy flux that depends on
& and Vk €. This is so because the dependence of the free energy on the strain gradients
leads to the time derivative of strain gradients, and then integration by parts produces the
variational derivative of the stress tensor and an extra-entropy flux proportional to £ and
Vk €. From the mechanical side, the power in the CD inequality is proportional to D or £,
and then the validity of the CD inequality holds if the extra entropy flux comprises suitable
terms in € or Vk €.

https://doi.org/10.3390/e28050487
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4.2. Piola Stress Through Green—Lagrange Strain Gradients

For definiteness we look for fourth-grade elastic solids in that the strain gradients
involved are allowed up to fourth-order. Hence we let

6,Vr0, Vi V0, E E, VRE, VR E, VR VR E, Vk VR VR E, Vk Vr Vi VR E,

be the variables and
l/)/ 17/ TRR/ qR/ er f}/

be the constitutive functions. For formal simplicity we let the free energy depend on strain
gradients up to second order (and on the temperature gradient at the first order), namely

Y = (0, E, VrO, VRE, Vk VRE). (18)

Assume the function ¢ is continuously differentiable while 7, Txr, qr, kg, ¥ are con-
tinuous. Using the Coleman—Noll procedure [1], we now establish the thermodynamic
requirements for fourth-grade materials with a free energy in the form of (18). Upon
computation of ¢ and substitution in the CD inequality we have

—pr (e + ’7)9 — PrOVROY - Vi 0 — PROEY - E— PROVREY - VR E
_pRaVRVRElP . VR VRE + TRR . E - %qR . VRG + GVR . kR = PRH’)’ Z 0 (19)

The linearity and arbitrarinesss of 8, Vi § implies

= —dgy, Ivreyp =0,

whereas the values of VR E, Vk Vr E cannot be regarded as (arbitrary and) independent of
the other terms in the CD inequality, particularly in the expression of Vr - kr. Accordingly
we divide Equation (19) by 6 to have

(TRR - pRaElP) . E - %BVREIIJ . VRE - %aVRVRElP . VR VRE

St

1
In order to simplify the mathematical formalism we consider

The function Yy is the opposite of the Massieu potential [28]; borrowing from the terminol-
ogy in [29], we can say that Y is the Helmoltz free negentropy. Using (21) we consider
the identities

—%aVREl[J VRE = —9vpg¥r - VRE = —Vk - (dupp¥rE) + [VR : (aVRE‘PR)} E,

- %RaVRVREqJ VRVRE = —Vk - (Ouevr g ¥x VR E) + [Vk - (Ovrveg¥r)] - VR E
=—Vr - {aVRVRE\IJRVRE - [VR : (aVRVRETR)]E} - {VR ) [VR ’ (aVRVRETR)]} ’ Er

and we introduce the second-order variational derivative 6% defined by

O3 = 0g¥r — Vk - (Owgg¥r) + Vk - [Vk - (Ovrvre¥r)]- (22)

https:/ /doi.org/10.3390/e28050487
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Note that here 62 can be exactly viewed as the standard variational derivative of order 2
with respect to E (see, e.g., [30] Chapter 4) in connection with the functional

_ — [ Er
If/Q‘I’Rdvf/Q ezpdv.

Accordingly, (20) can be rewritten as
1. .1
éTRRE_GquRVRG_._vR (kR_kE):PR'YZO/ (23)

where
TRR = TRR - Géé‘fm (24)

kg = [aVRETR — Vk - (aVR VRE‘PR>} E + (aVR VRETR)VR E.

Sufficient conditions for the validity of (23) with ¢y > 0 determine particular thermo-
dynamically consistent models. In this sense a simple case arises by letting

TRR = AE - BVR . (BVRE>, qR == _KVRG, kR = kE - (]BVR E)E,

where A, B and K are semi-positive definite tensors of fourth, sixth and second order,
respectively. The corresponding expression of the entropy production is

PrRY = %AE'E‘FBVRE'VRE‘F éKVRQ'VRG.

Restrict attention to a non-dissipative Piola stress Trr. Hence we assume A =B = 0
so that Tz = 0, kg = kg, and from (24) we obtain

Trr = 002¥5. (25)
In suffix notation, this constitutive equation takes the form
(Tan)i = prdgsc ¥ — 003, (505,00 9) + 093,90 (00 00 ¥)
By definition, the Cauchy stress T is then found to be
T = J 'FTF! = [ '0F(5g¥x)F';
in components

0 0
Ty = PP |95y — PfRaX,,(%aEWlp) + praXPaXQ(%aEHK,Ple)} F.

A sufficient condition for the validity of (23) with o > 0 arises by letting
1
qr = _KVR 9, kR = kE/ ‘OR')/ = szKvRe . VR 0.
where K is a semi-positive definite tensor of second order. It is therefore evident that
dissipation 7y is only due to the heat flux, whereas the extra entropy flux vector kg is

induced by the dependence of ¢ on the strain gradients and vanishes if the strain is
time-independent. In general, however, the strain rate E is not constrained in any way.

https://doi.org/10.3390/e28050487
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4.3. Some Examples

If 6 and py are spatially uniform then the 6/px factor can commute with the spatial
operator dx so that

Tij = PFiu Ok ¥ — X905, Er ¥ + 0x0x (Bay oy, i )1 Fi
As an example, if
¥ = o(0) + alE? + 1b|VRE|? + Lc|Vk VRE[?, (26)
where 4, b, and ¢ are spatially uniform parameters, then
Tjj = pFin(aEnx — bAREpx + cAxArEr) F;. (27)

The symmetry of Tgz and T is apparent from the thermodynamic requirement (25) and,
necessarily, in the selected examples.
If a,b, and c are independent of 6 in the free energy (26) then

= ~40(6)-
Consequently, the internal energy & = 1 + 67 is given by
e = g — 0yy(0) + 2a|E[> + 3b[ VR E|* + Jc|Vr VRE[.

Otherwise, a free energy of the form (26) with a independent of temperature but b and
c proportional to 6, say b = by and ¢ = ¢y, gives an entropy function of the form

1= —y(0) + 3bo| VRE|* + 1co| Ve VR E|?
and then the internal energy
£ = o — 0y (0) + 4alEP

is independent of strain gradients.
A more involved example arises by letting the Helmholtz free energy prip be defined
as follows (compare with Equation (18) in [6])

OrY = %E-(CE—I— %VRE'GVRE—F%VRVRE'HVRVRE-F %E'KVRVRE. (28)

In components

1 1
pry = 5 EijCipnEn + 5 (9%, Ejn) Gijuonn (9, Evn)
1 1
+ §(aXianEhk)Hijhkmnpq(anaXm Epg) + EEinijhkmn(aXhanEmn)/

where

Cijnk = Cjitn = Crij» - Gijikmn = Ginjknm = Grmnijn,

Wiinkmnpg = Hjikinmgp = Wnnpgijne: — Kijrkmn = Kjiknnm-

The corresponding Helmholtz free negentropy reads

1

TR:Z

E-CE+ %VRE@VREJr %VRVRE-}EIVRVREJF %E'KVRVRE,

https:/ /doi.org/10.3390/e28050487
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where a superposed tilde denotes division by 6. These assumptions imply

_ 1- _
(O¥r)ij = CijukEnk + 5 Kijnknn (9x,9, Emn), (0w ¥ r)ijn = Gijimn (9, Enan),

1~
(Ovr R EYR)ijik = Hijtkmnpq (9x,9x,, Epq) + EKi?hkmnEm”'

where KT

ijhkmn = Kmnijhk From the general form (28) we obtain

~ 1~ ~

Tl = aE‘FR = CE + EKVR VR E, T2 = aVRElIJR = GVR E,
~ 1~

T3 :=0wvkwvrg¥r = HVk VRE + 5KTE.

Then, due to (22), the stress formula (25) gives (see Equation (12) in [6])

1 ~ .
~Trr=T1—Vr -T2+ Vr-(Vr-T3) :CE‘l—%KVRVRE

0 (29)

— Vk - (@VR E) + Vr - [Wk - (]ﬁIVR VR E + %]KTE)]

Though the Lagrangian scheme for the strain-gradient is quite unusual in the literature,
by analogy with other schemes, one might say that CE represents the local linear form of
the Piola stress, while 871 — CE, 07, and 67T 3 denote hyperstresses (of different order).
Apart from the interpretation of the tensors 71, 7>, and 7T 3, here we conclude that the
effective stress, entering the equation of motion, involves the strain and even-order spatial
derivatives of strain.

5. Variational Approaches to Higher-Order Strain Gradients

Higher-order strain gradient theories derive the equation of motion by applying
Hamilton’s principle (see, e.g., Refs. [6,21,31] and references therein). Also in view of
the difference with the previous Cauchy-like approaches, it is worth revisiting the whole
procedure. Let #" and # be the kinetic energy density and the strain energy density. Hence

L=H W
is the Lagrangian density. By analogy with, e.g., [6,7,23], we assume
W =W (e, VVu, VVVu).

Asin [6], we let
H = (0, Vu,VVi).

The unknown function is the displacement u(x, t), with x € O, t € [t1,t,]. Consider the
(action) functional

t t t
I:/Z/.i”dvdt—l—/z/f-udvdt—l—/z/ t-udadt,
H Ja 4 Ja t Jao

where f is the external force per unit volume and t is the external traction. The unknown
field u is assumed to satisfy Hamilton’s principle in that u + ah, with h(t;) = h(f;) =0,
makes [ stationary at « = 0. Letting ® = d/ doc],x:o (see, e.g., [32] Section 4.8) then we
assume Hamilton’s principle in the form

DI(u+ah) = 0. (30)
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To find the consequences of (30) we notice that as u — u + ah then
ua—u+ah, e—>et+ar, A =symVh.
Hence
oI = /: /Q{aﬁ% T —3eW - A —dvva¥ - VVh — dvuua? - VVVh
+f-hldodt+ (/: /B.Qt hdadt,

Let

Tij = e,y Tije = Quy Vs Sijpke = 0wy V'
with the obvious symmetries

Tj = Ti,  Tik = Tikjy ~ Sijpk = Sipjk = Sijkp = Sikpj-

Using the identities

auu - dh = 04(dg,0 - h) — (310,u¢) - h,

TijAij = (hiTij) j — Tij jhis
Tiihijx = (Tijghij) k — (Tijgxhi) j + Tije jihis
Siipchijpk = (Sijpkltijp) k — (Sijpkihij),p + (Sijpkpkhi) j — Sijpk,jpkti

we can write the vanishing of ©1 in the form
t
0=0I= /Q(aatuf h)[Pd
t
+ /t /Q [—0109,u, % + Tijj — Tijijk + Sijpk jpr + filhi dv dt
1
t
+/ / (=T + Tijkk — Sijpk,pr)nj + tilhi dadt
n Joo
t2
+/t /aﬂ[(—Tijk + Sijkp,p) Hij — Sijpkhi jpl k- 31)
1

By the arbitrariness of h we can take h, Vh and VVh to be zero at the boundary 0Q2 and
h = 0 at t1, 5. Hence it follows that ®1 = 0 implies

ty
/t] /()[—ataatui«%/ + Tijj = Tijkjk + Sijpk,jpk + filhi dvdt = 0.
The arbitrariness of h implies that
—0:99,u, % + Tijj — Tijkjk + Sijpkjpk + fi = 0. (32)
If we let 2 be the usual kinetic energy,
H = Lpo(0pu)?,
we find that (32) is the equation of motion,

0097 1; = T — Tijkji + Sijpkjpk + fi (33)
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with
Tij = tij — Tijkk + Sijpk,pk (34)

as the effective stress tensor. It is worth remarking that the structure (34) of the effective
stress tensor follows as in Section 3 without assuming from the start that the power involves
the hyper-stresses.

Some comments are in order about the variational formulation. As is standard in the
literature (see, e.g., [31,33]) the unknown fields are described as functions of x and ¢, as in
Eulerian descriptions, with () being viewed as a control region. This however is open to
the objection that d;u is not the velocity. To overcome this problem we might formally
follow the same procedure with () as a convecting region and accordingly having the time
derivative as the material one. Irrespective of the view on the region (), the mass density
po is involved as a constant.

6. Comparing the CD Inequality and Hamilton’s Principle

Some results, as here in (16)—(17) and (34), might indicate the CD inequality and
Hamilton’s principle as alternative procedures. Yet the two procedures are conceptually and
formally deeply different. Conceptually, Hamilton’s principle originates from the analytical
mechanics and leads to balance equations (see, e.g., [33] Section7.7.3). Instead, the CD
inequality presupposes the balance equations and selects admissible constitutive equations.

Formally, the classical variation of the action Lagrangian 41, with

ty
1:/ /zdvdt,
H Q

here replaced with the derivative DI, involves the variations of the unknown fields.
The generic term 4.7 is then
0uZ -h

or

dvu? - Vh.

Instead the CD inequality involves the material time derivative ¢ of the pertinent potential
function ¢ and

$ =ovuy- (Vh)

while

(Vh) # Vh.

Indeed, for a dependence on a gradient Vo;u the variation Vo;h satisfies the identity
Voth = 9;Vh whereas the time derivative of {(Vu) provides

(Vh) # Vh.

Furthermore, within a variational formulation, integration by parts results directly in
boundary terms. In the CD inequality, the analogous boundary terms occur through the
extra-entropy flux k, and this involves the temperature 6 and the mass density p. Only if 0
and p are uniform then the boundary terms in the two procedures are formally the same.

7. Conclusions

Among the modelling of non-local properties of elastic materials, the schemes involv-
ing strain gradients exhibit interesting conceptual problems. Owing to the elastic character,
a dependence of the stress on strain gradients has to be inherited from an appropriate free
energy potential. However, this in turn requires that the stress power be in the form of (9)
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with a corresponding sum of terms in the time derivative of the strain gradient. In some
approaches the consistency of such a stress power is justified through the statement of
the virtual power, with the single stress terms being called hyper-stresses. Quite a similar
scheme follows through a variational statement (Section 5). In both cases the stress T
takes the form (34) through the hyper-stresses T, S. Yet both approaches are outside any
thermodynamic analysis.

Instead, as is shown in Section 4, a thermodynamic scheme is allowed with a (body)
stress power T - D, without any appeal to hyper-stresses, by letting the free energy,
and hence the stress, be a function of gradients of the Green-Lagrange strain tensor. An Eu-
lerian version follows as an approximation of the Lagrangian scheme. The stress tensor
is eventually found to have the form of a variational derivative, though with additional
terms if the temperature field is not uniform. Indeed, it is shown that the dynamic equation
arising from the thermodynamic restrictions equals the equation produced by a variational
approach for the Massieu potential.

The result of this paper is that even for non-simple continua, as with strain-gradient
elastic solids, a thermodynamically consistent model can be established by a detailed
analysis of the second law of thermodynamics while maintaining the classical form of the
balance laws.

As to other approaches to strain-gradient models, we mention [18] where the stress
power involves a hyper-stress S and the equation of motion is assumed with T -V - §
as the effective stress. The formal difference is the dependence on the curvature tensor
F~!VF instead of merely VgF. In [16], Liu’s procedure is applied with the assumption
that the internal energy u has the form

u=e—iv’— Loy [tr F]* — laotr(FF),

where ¢ is the standard internal energy. Aside from dissipative terms, it follows that the
stress T is subject to the constitutive equation

Tij — a1 T wdij — 22 Thi jre = O, 9 — (OF;, ¥) k-

The unusual assumption on the internal energy leads to an unusual constitutive equation
for the stress T that deserves particular attention.
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