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Abstract

The principle of material frame-indifference is a fundamental concept in clas-
sical physics. In 1972 Walter Noll showed that one can formulate constitutive
laws without using any external frames of reference. Constitutive laws formu-
lated in this way vacuously satisfy the principle of material frame-indifference.
This thesis describes the basic concepts involved in formulating frame-free con-
tinuum thermomechanics and presents a framework for formulating constitutive
laws for simple materials that take into account thermal effects. The restric-
tions coming from the second law of thermodynamics on the constitutive laws
for materials with fading memory are found using the Coleman—Noll procedure.
Also, it is shown that materials with fading memory, when subjected to slow
processes, can be approximated by what I call thermoelasto-viscous materials,
which are also studied in detail.
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0 Scope of Monograph

Thermomechanics is not an uncommon word in the physics communityﬂ This is not sur-
prising since it contains elements of two well established branches of physics — mechanics
and thermodynamics. Mechanic{?] is the branch of physics concerned with the behavior
of physical bodies when subjected to forces or displacements, and the subsequent effect
of the bodies on their environmeniﬂ Thermodynamics, on the other hand, concerns itself
with the interplay between heat and energy. Although most mechanicians know a thing
or two about energy, they usually do not concern themselves with the other aspects of
thermodynamics.

Thermomechanics can best be thought of as an expansion of mechanics, rather then
a merger of mechanics and thermodynamics. There are several reasons to believe that
this is the case. Mechanics is by far the older of the two disciplines, going all the way
back to Aristotle, and thus its foundations are much better understood then those of
thermodynamics. Mechanics is also a much broader subject in the sense that many more
problems that arise in mechanics can be solved then those that arise in thermodynamics.
Even the word thermomechanics seems to indicate that it is the thermodynamics that is
being added to mechanics rather then an equal merging of the two fields.

This thesis is by no means an attempt to discuss the entire field of thermomechanics.
We only consider the thermomechanics of continuous bodies. This presentation emphasizes
the basic concepts of continuum thermomechanics with a focus on the formulation of
constitutive laws. What makes this treatment of thermomechanics different from any
other is the role that frames of reference play. A frame of reference is the background
on which we view physical phenomenaﬂ In what follows no fixed frame of reference, or
physical space, is used. Also, when at all possible, concepts are defined without using any
frame of reference. It is in this sense that this is a “frame-free” treatment of continuum
thermomechanics.

This work is divided into four main chapters. Chapter I describes in detail the basic
concepts that are used throughout this work. Namely, the concepts of force, motion and
body are precisely defined in the context of continuous bodies. After the foundations of
mechanics are laid down energy, entropy and heat are introduced. This part ends with
a brief discussion of constitutive laws and the role of the second law of thermodynamics.
Here we take the point of view put forward by Coleman and Noll in [CNP], that the second
law is a restriction on constitutive laws and not on the possible processes the body can
undergo.

Chapter II defines simple thermomechanical elements. The material presented there
extends Noll’s new theory of simple materials [NTSM], which only dealt with mechanical

LA Google search yields about 68,000 hits, however, a definition of thermomechanics is hard to find in
a dictionary.

2Here, and in the rest of this thesis, the word mechanics refers to classical mechanics. No relativistic
or quantum effects will be considered.

3This definition is taken from Wikipedia on 5/2/10. Although using Wikipedia for academic purposes
is questionable, I find this definition of mechanics to be quite good.

4For a detailed discussion about frames of reference see Part 1 of [FC|, The Illusion of Physical Space.



phenomena, to include thermal phenomena. Here the constitutive laws are formulated
using a state space and without a fixed frame of reference or a reference placement. Material
symmetry is also discussed without employing a fixed frame of reference. This frame-free
approach to material symmetry removes any possibility of confusing which restrictions on
constitutive laws come from the principle of material frame-indifference and which come
from material symmetry.

Chapter III deals with memory in materials, with an emphasis on materials with fading
memory as defined by Coleman and Noll in [ATCM]. Here we model memory by assuming
the response of the material is continuous with respect to a uniformity on the set of
condition processes. This assumption can be used to generate a topology on the state space
which differs from the basic topology introduced in Chapter II. This chapter then goes on
to find the restrictions imposed on the constitutive laws defining materials with fading
memory that come from the second law of thermodynamics. Finally, an approximation
theorem is proved that says that when materials with fading memory are subjected to
slow processes of long duration they can be approximated by what are called thermoelasto-
viscous materials.

Chapter IV deals with thermoelasto-viscous materials in detail’] A thermoelasto-
viscous material is defined by a set of constitutive laws in which the stress, entropy, heat
flux and free energy are functions of the present configuration, temperature, temperature
gradient and on the rate of change of all three of these. The Coleman—Noll procedure
is carried out, and the symmetry group of the material is also discussed, both without
using a frame of reference. It is then shown what form the constitutive laws of a fluid
thermoelasto-viscous material take when a frame of reference is considered. Finally, the
governing equations for these materials are explicitly obtained and discussed.

The last Chapter discusses possible future projects that could come out of this work.

®Many of the results presented in this chapter are published in [TEVM].



Chapter 1

Basic Concepts

1 Introduction

This chapter is a revision of the paper Basic Concepts of Thermomechanics [BCT] by Noll
and myself and could serve as a blueprint for the first few chapters of future textbooks on
continuum mechanics and continuum thermomechanics. Here we try to give a clear math-
ematical formulation of the basic concepts that are needed in continuum mechanics and
continuum thermomechanics. The material presented here may be considered an update
of the paper Lectures on the Foundations of Continuum Mechanics and Thermodynamics
[LFCM] by Noll, published in 1973, and an elaboration of topics treated in Part 3, entitled
Updating the Non-Linear Field Theories of Mechanics, of the booklet [FC| also by Noll.
However, there is material presented here that has not appeared elsewhere, for example,
the frame-free definition of a continuous body given in Section [}

The present presentation differs from most existing textbooks on the subject in several
important respects:

1. It uses the mathematical infrastructure based on sets, mappings, and families, rather
than the infrastructure based on variables, constants, and parameters. (For a detailed
explanation, see The Conceptual Infrastructure of Mathematics by Noll [CIM].) See
the Appendix of [BCT] for a brief introduction to this infrastructure. For a full
treatment of this infrastructure see [FDS].

2. It is completely coordinate-free and R"-free when dealing with basic concepts.

3. It does not use a fixed physical space. Rather, it employs an infinite variety of frames
of reference, each of which is a Euclidean space. Motivation for avoiding physical
space can be found in Part 1, entitled On the Illusion of Physical Space, of the booklet
[FC]. Here, the basic laws are formulated without the use of a physical space or any
external frame of reference.

4. Tt considers inertia as only one of many external forces and does not confine itself to
using only inertial frames of reference. Hence kinetic energy, which is a potential for
inertial forces, does not appear separately in the energy balance equation.

Several important issues are not dealt with here. For example:



1. Internal interactions at a distance, both forces and heat transfers, are absent. They
should be included in a more encompassing analysis because they are important, for
example, in applications of continuum thermomechanics to astrophysics.

2. The basic properties of concepts such as force, stress, energy, heat transfer, tem-
perature, and entropy are taken for granted and we do not deal with the large and
important literature that tries to derive them from more primitive assumptionf].

3. Phase transitions are absent.
4. Diffusion, i.e., the intermingling of different substances, is not dealt with here.

5. The connection between chemical reactions and continuum thermomechanics is not
discussed.

6. Electromagnetic effects are absent.

I hope that, in the future, the topics just described will be treated in the same spirit as is
done here, in particular by using the mathematical infrastructure based on sets, mappings,
and families and without using a fixed physical space.

2 Physical Systems

The concept of a materially ordered set was first introduced by Noll in the context of a
mathematical model for physical systems (see [LFCM]). The present description is taken
from [MBAM].

Here € is considered to consist of the whole system and all of its parts. Given a,b € 2,
a < bis read “a is a part of 7. The maximum ma is the “material all”, i.e. the whole
system, and the minimum mn is the “material nothing”. The inf{a, b} is the overlap of a
and b, and a"™™ is the part of the whole system ma that remains after a has been removed.
With this in mind, the two conditions (MO3) and (MO4) below are very natural.

Definition 2.1 An ordered set €2 with order < is said to be materially ordered if the
following axioms are satisfied:

(MO1) 2 has a maximum ma and a minimum mn.
(MO2) Every doubleton has an infimum.

(MO3) For every p € Q there is exactly one member of ), denoted by p™™, such that
inf {p, p'™} = mn and sup {p, p'*™} = ma.

(MO4) (inf{p,¢"™™}=mn) — p<q forall pge M.
The mapping rem := (p — p*™) : Q — Q is called the remainder mapping in €.

Theorem 2.2 Let 2 be a materially ordered set. Then every doubleton has a supuremum
and () has the structure of a Boolean algebra with

pAq:=inf{p q} and pVq:=sup{p,q} forall p,qeQ, (2.1)

1See, for example, the work of Gurtin and Williams in [CDI] or Coleman and Owen in [MFT].
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which means that the following relations:

mn = mar™® (2.2)
pAma=p (2.3)

p AP =mn (2.4)
(P =p (2.5)
PAG=qAD (2.6)

(PAQ Ar=pA(gAT) (2.7)
pA(gVr)={mAqV(pAr) (2.8)
(pV @) =p“ Ag™ (2.9)

are valid for all p, ¢ and r in M.

The symbol p A q is read as p meet ¢, and the symbol p V ¢ is read as p join gq.
The formulas (2.2)—(2.7) are intuitively very plausible. The formulas (2.8)) and (2.9) are

less plausible. The proofs are highly non-trivial. The best version of these can be found in

[MBAM].

Theorem 2.3 Let Q be a materially ordered set and p € Q2 be given. Then Q, := {q €
Q| ¢ < p} is a materially ordered set with order < and the remainder mapping in ), is
given by

rem, := (a — a™™ A p). (2.10)

The proof is easy.

3 Additive Mappings and Interactions

Every linear space will be over R and will be finite dimensional unless stated otherwise.
Every Euclidean space will also be finite dimensional unless stated otherwise.

Let Q be a materially ordered set and let VW be a linear space. We say that the parts
p and ¢ are separate if p A ¢ = mn. We use the notation

(2%)sep == {(p,q) € @* | pA g = mn}. (3.1)
Definition 3.1 A mapping H :  — W is said to be additive if
H(pVq)=H(p) +H(q) forall (p,q) € (2*)sep- (3.2)
A function I: (Q?)sep — W is said to be an interaction in 2 if for all p € Q both
I(-,p):Q, — W and I(™, -):Q, — W

5



are additive. The resultant Resy : {2 — W of a given interaction I in () is defined by
Resi(p) := I(p,p™™) for all p € Q. (3.3)

We say that a given interaction is skew if

I(q,p) = —L(p,q) forall (p,q) € (2)sep. (3.4)

Remark 3.2 The concept of an interaction is an abstraction. Its values may have the
interpretation of forces, torques, or heat transfers. In most of the past literature these cases
were treated separately even though much of the underlying mathematics is the same for
all. Thus, this abstraction, like most others, is a labor saving device. |

Theorem 3.3 An interaction is skew if and only if its resultant is additive.

Proof: Let (p,q) € (2?)sep be given, so that pAg = mn. Using some of the rules (2.2)—(2.9),

a simple calculation shows that
Pt =qV(pVqgr™ and mn =qA (pVq)", (3.5)

so that (¢, (p V ¢)*™) € (2%)sep-
Using the additivity of I(p,-) : Qprem — W it follows that

Resi(p) = L(p, p"™) = 1(p.q) + L(p, (p V ©)"™). (3.6)
Interchanging the roles of p and ¢ we find that
Resi(q) = 1(q, ™) = (¢, p) + (g, (¢ V p)"™™). (3.7)

Adding (3.6 and (3.7)), using the additivity of I(-, (pV¢)™™), and then (3.3)) with p replaced
by p V ¢, we obtain

Resi(p) + Resi(q) — Resi(p V q) = I(p, q) + I(q, p), (3.8)

from which the assertion follows.

4 Continuous Bodies

As stated in the introduction, mechanics is, roughly, the study of the behavior of physical
bodies subject to forces or displacements, and the reciprocal effect of the bodies on their
environment. In this section we define the type of physical bodies that we will consider.
How these bodies are represented in their environment will be discussed in the next section.

To define a continuous body system, two classes must be specified. One being the class
Fr of all subsets of three-dimensional Euclidean spaces that are possible regions that a
body system can occupy. Intuitively, the term “body” suggests that the regions it can
occupy are connected. We do not assume this but we will use the term “body” rather than

6



“body system” from now on. The other being the class Tp of mappings which are possible
changes of placement of a body.

It is useful to take Fr to be the class of fit regions introduced by Noll and Virga in
[FRBV]. Roughly speaking, a fit region is an open bounded subset of a Euclidean space
whose boundary fails to have an exterior normal only at exceptional points. Let a Euclidean
space £, with translation space V, be given. We denote by Fr & the set of all fit regions in
E. Let a fit region A € Fr& be given. We denote the set of all points in which there is an
exterior normal to A by RbyA and call it the reduced boundary of A. Let

n, : RbyA — UsphV (4.1)

be the mapping that assigns to each point of the reduced boundary the exterior unit normal.
Let C: A — Lin(V, W) be a differentiable mapping that assigns to each point = € A a
linear mapping from V to some linear space WW. Then the divergence theorem holds (this
follows from Theorem 3.36 of [FBV]), namely

/ Cny = / divC. (4.2)
Rby. A A

The class Tp consists of all mappings A with the following properties:
(T1) A is an invertible mapping whose domain Dom\ and range Rng\ are fit regions in
Euclidean spaces DspA and RspA, which are called the domain-space and range-
space of \, respectively.

(T3) There is a C*-diffeomorphism ¢ : DspA — RspA such that A = ¢[82.

The class Tp, whose elements are called transplacements, is stable under composition in
the sense that for all A,y € Tp with Dom A = Rng~ we have Ao~y € Tp. It is also stable
under inversion in the sense that if A € Tp then A~ € Tp.

Assume that a set B is given. We say that a metric § : B x B — P is a fit Euclidean
metric on B if it makes B isometric to some fit region in some Euclidean space. As shown
in Section 6 of Part 2 of [FC], it is then possible to use § to imbed?| B into a Euclidean
space &s constructed from B using §. The imbedding imby is invertible with Dom imbs = B
and Rngimbs € Fr & such that

I(X,Y) = dist(imbs(X),imbs(Y)) forall XY € B, (4.3)

where dist denotes the Euclidean distance in &. We call & the imbedding space for §
and imbs the imbedding mapping for §.

Definition 4.1 A continuous body B is a set endowed with structure by the specifica-

tion of a non-empty set ConfB, whose elements are called configurations of B, satisfying

the following requirements:

(B1) Every ¢ € Conf B is a fit Euclidean metric on B.

(B2) For all §,¢ € ConfB the mapping A := imbs o imb, is a transplacement, with
DspA = &. and RspA = &;, where £, and & are the imbedding spaces associated with
e and 0, respectively.

2 Only the existence of such an imbedding is important here, not the details of its construction.
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(B3) For every 6 € Conf B and every transplacement A such that Dom A = Rngimbyg, the
function € : B x B — P, defined by

e(X,Y) := dist(A(imbs(X)), AMimbs(Y"))  for all X,V € B, (4.4)
is a fit Euclidean metric that belongs to Conf B.

The elements of B are called material points.

For the rest of Chapter I we assume that a non-empty continuous body B is given. The
imbeddings of B endow B with the structure of a three-dimensional C2-manifold. Thus B is
a topological space and at each material point X € B there is a tangent space Ty which is
a three-dimensional linear space. The space Tx is called the (infinitesimal) body element
of B at X since it is the precise mathematical representation of what many engineers refer
to as an “infinitesimal element” of the body. Note that the tangent spaces are not inner-
product spaces and hence the dual 75 of the tangent space cannot be identified with 7x.
However, since Ty is a finite-dimensional linear space, its second dual 7¢* can be identified
with 7y in a natural way. See Section 22 of [FDS].

Let 6 € ConfB be given. Let & denote the corresponding imbedding space, with
translation space Vj, and let imbs denote the imbedding mapping for 6. The gradient of
imbs at a material point X € B,

Ig(X) = Vximbs € LiS(Tx, Vg), (45)

is a linear isomorphism from the body element 7x to the translation space Vs of the
imbedding space. It can be used to define

Gs(X) =1, (X)I5(X) € Pos™(7x, T5), (4.6)

which we call the configuration of the body element 7y since it is the localization of
the global configuration 6 € Conf B.

Remark 4.2 In the literature on differential geometry the mappings I5 := (X — I5(X))
and Gy := (X — Gg(X)) are cross-sections of appropriately defined fiber bundles. A
configuration ¢ gives B the structure of a Riemannian manifold. The cross-section Gy is
often called the metric tensor field for the Euclidean-Riemannian structure defined by 6.

Remark 4.3 The class Tp specified above corresponds to materials without constraints.
If one wished to describe materials with constraints then the class Tp would have to be
restricted. For example, if one also requires that the transplacements are volume preserving
then Tp makes the body incompressible. j

Consider the set Q5 defined by
Qp = {P € SubB | imb,- (P) € Fr for some ¢ € Conf B}. (4.7)

It follows from (T;) and (Bsg) that if imbs~ (P) € Fr for some 6 € ConfB then imbyg~ (P) is
a fit region for every configuration 0. If P is an element of 2z then the set

ConfP := {0|pxp | § € Conf B} (4.8)

8



endows P with the structure of a continuous body. For this reason such P € )z are called
parts or sub-bodies of B.

The set 25 is materially ordered, by inclusion in the sense of Definition and hence,
by Theorem [2.2] it has the structure of a Boolean algebra. We have

PAQ:=PnNQ, (4.9)
PV Q:=1Int Clo(PU Q), (4.10)
Pt = Int(B\P). (4.11)

The proof of this highly non-trivial, though not surprising, result can be found in [FRBV].
One should think of P A Q as the common part of P and Q, PV Q as the part obtained
by merging P and Q, and P™™ as the part of B left when P is taken away.

5 Frames of Reference and Placements

When dealing with the behavior of a continuous body in an environment it is useful to
employ a frame of reference. It takes very little reflection to realize that it makes no
sense to speak of location, and hence of motion etc., except relative to an explicitly or
tacitly specified frame of reference. Such frames are represented mathematically by three-
dimensional Euclidean spaces. We call Euclidean spaces that represent frames of reference
frame-spaces.

Definition 5.1 Let p be an invertible mapping with Dom pn = B and B, := Rng u € Fr.
We say that 1 is a placement of B if imbgs o u~ is a transplacement for every § € Conf B.
The Euclidean space in which Rng pu is a fit region is called the range-space of p and will
be denoted by Frmpu. We denote the translation space of Frm v by Vifru. We denote the
set of all placements of B by PIB.

The following facts are easy consequences of Definitions. and
(Py) For all x,v € P1B we have k oy~ € Tp.
(P3) For every k€ P1B and A € Tp such that Rngx = Dom A we have Aok € P1B.
Note that an imbedding induced by a configuration is a placement, but not every
placement is an imbedding. It follows from (P3) that in Definition “every” could be
replaced by “some” without changing the meaning.
Let a placement ;o : B — B, € Frmpu be given. We then define ¢, : B x B — P by

0,(X,Y) :==dist(pu(X),u(Y)) forall XY € B, (5.1)

where dist is the Euclidean distance in Frm p. It follows from (Bs) and Definition [5.1] that
d, is a Euclidean metric and, in fact, a configuration of B. We call §,, the configuration
induced by the placement (] Now let a configuration § € ConfB be given. Let p

3In [NLFT] a “placement” is called a “configuration”. Following what is done in [NTSM] here we use
the word “configuration” for the concept used in Definition

9



and ' be two placements that induce the same configuration §. Since § = 6, = d,,, it
follows from that p' o = is a Euclidean isometry. Since there are infinitely many
Euclidean isometries with domain B, there are infinitely many placements that induce the
given configuration. In particular, in the case when p' := imbs,

a = imbs o u= : B, — Rngimb; (5.2)
is a Euclidean isometry. Its (constant) gradient
Q =V, (imbs o ™) € Orth(Virp,Vs) for all x € B, (5.3)
is an inner-product isomorphism.
Define
M, (X) :=Vxp e Lis(Tyx, Virp)  forall X € B. (5.4)
In view of (4.5, it follows from ([5.3|) and the chain rule that
Is = QM,, (5.5)

and hence, by (4.6)), that the configuration of the body element 7y induced by § is given
by

Gs(X) = M, (X) "M, (X) € Pos*(Tx,Ty) forall X €B. (5.6)
For a given placement p we use the notation
P, = ps(P) forall Pe Qg (5.7)
Given (P, Q) € ()2, we define the reduced contact of (P, Q) in u by
Ret, (P, Q) := RbyP, N RbyQ,,. (5.8)

Let another placement p’ be given. Let B € Orth(Vfr u, Vir /) be an inner-product
preserving isomorphism from Vfr u to Vir /. Put

A= qpopu . (5.9)
Define the local volume change function p,/ , : B, — P* by
pup(x) = |det(V,AB)| for all =z € B,,. (5.10)

This definition is independent of which inner-product isomorphism from Vfr u to Vir y' is
used. To see this let B" € Orth(Vfr i, Vir i) be another such isomorphism from Vfr u to
Viry'. Tt is clear that Q := B™'B’ € Orth(Vfru). Hence, since the determinant of an
orthogonal lineon is +1, we have

|det(V AB')| = |det(V, ABQ)| = |det(VAB)||detQ| = |det(V AB)]. (5.11)
Since the transplacement A is of class C?, p,s, is of class C.

Let placements puq, s € PIB of the body be given. Let X € B be given and put
x := pu1(X). Furthermore, put M; := Vxp; and My := Vxps. Then

M{M; =My M, = (MoM7)T(MoM; ) = Lygy,
— M,M; "' € Orth(Vfrpuy, Vrus)
= |det(Vy(u2 0 py)B| =1
= pm,uz(I) =L
This fact will be needed in Section [8l

(5.12)
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6 Time-families

In much of the rest of this thesis we assume that a genuine real interval I, called the time-
interval, is given. Any family f := (f; | t € I) indexed on I will be called a time-family.
In some cases, each of the terms f; of the family belong to a given set §. In this case, the
family can be identified with a mapping f : [ — &, so that

f(t):=f; forall tel. (6.1)

If S is a Euclidean space or linear space, it makes sense to consider the case when f is of
class C! or C? and then define the time-families (ff | t € I) or (fr* | t € I) byf]

fr=f%t) or f2*:=f*(t) forall tel. (6.2)

In some cases, one deals with a time-family (A; | ¢ € I) of sets and considers a time-
family (g, | t € I) of mappings ¢, : A, — S with values in a set S. Putting M :=
{(X,t) | X € A; and t € I}, we can then identify the family (g; | t € I) with the mapping
g: M — § defined by

g(X,t):=gi(X) forall X € A, and t € I. (6.3)

Assume now that the terms in the family (A; | ¢ € I) are all equal to a fixed set A, so
that M = A x [ and that S is a Euclidean space or linear space. Then it makes sense to
consider the case when g(X-) is of class C! for all X € A and consider the time-family
(g7 | t € I) of mappings defined by

g1 (X):=g(X,)%(t) forall X € Aandtel, (6.4)

which we call the time-derivative of the time-family (g; | ¢ € I). The formula (6.4 can
also be applied when M is a subset of A x I such that for each (X,t) € M there is a
neighborhood of ¢ such that (X, s) € M for all s in this neighborhood.

In Chapters II and III we will use time-families that are piecewise C! in the sense that
they are continuous, and have continuous derivatives except at a finite number of jumps.
Let f : I — S be a piecewise C! time-family. Let ¢ € I be a time in which f* has a jump.
If ¢ is not the left endpoint of I we denote by

f.(t) — lim f(t)_f(t_h)

h—0t h

(6.5)

the left-hand derivative of f at t. If ¢ is the left endpoint of I we denote by f*(t) the
right-hand derivative of f at ¢. Thus, the domain of f® can be taken to be all of I.

In general, all equations, involving either mappings or families, are understood to hold
value-wise or term-wise.

4Given a differentiable mapping f whose domain is an open interval we denote its derivative by f*.
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7 Motions

This section deals with the kinematics of a continuous body. The presentation here is by
no means complete. For a more detailed treatment of kinematics similar in spirit to the
treatment below see Chapter III of [ICM].

We assume that a time-interval I and a fixed frame-space F with translation space V
are given.

Definition 7.1 A motion is a C? mapping i : B x I — F such that for all t € I,
iy := (-, t) € PIB. Thus, a motion can also be viewed as a time-family of placements in
the space F. The trajectory of the motion [i is the set

M = {(i(X), ) € Fx I | (X,t) € BxI}. (7.1)

A mapping from B x I to some linear space will be called a material field, and a mapping
from the trajectory M to some linear space will be called a spatial ﬁeldE]

We assume now that a motion f is given. A material field can be used to generate a
spatial field and vice vera in the following way: Let W be a linear space and ® : BxI — W
be a material field. We can define the associated spatial field &, : M — W by

Oy(x,t) .= P(p; (x),t) forall (z,t) € M. (7.2)

Given a spatial field ¥ : M — W we can define the associated material field ¥, :
BxI— W by

U (X, 1) = V(i (X),t) forall (X,t)eBxI. (7.3)

Note that (®g)y, = @ and (V,,)s = V.
If a material field is continuous, of class C!, or class C?, so is the associated spatial field
and vice versa. If they are of class C!, we use the notations

P*(X,t) = (X, )%(t), VO(X,t):=V(P(,1))(X) forall (X,t)eBxI (7.4)
and
Ve (z,t) == U(x,)*(t), V¥(x,t):=V(V(,t))(x) forall (z,t) € M. (7.5)

Assume that ® and W are of class C!. Using we can then consider the time-families
(&, |t € I)and (¥, | t € I) and their time-derivatives (&7 | t € I) and (¥} | t € I). Of
course, ®° is a continuous material field and W*® is a continuous spatial field. They are of
class C! if the original fields were of class C2.

The spatial velocity v : B x I — V and spatial acceleration a: B x [ — V are
defined by

v = (%)s, and a:= (g*°)s. (7.6)
5In much of the past literature, the terms “Lagrangian” and “Eulerian” have been used instead of

“spatial” and “material”. This is unfortunate because these terms are non-descripive and historically
inaccurate.
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We use the following notation for the velocity gradient and its value-wise symmetric part:

L:=Vv: M — LinV, (7.7)

_ 1 - _
D := 5(L +L") : M — SymV. (7.8)
The material time-derivative W° of the spatial field W is the spatial field defined by
U= ((Un)®)s. (7.9)
Using (7.3) and the chain rule, it follows that
U° =V 4 (VU)v. (7.10)

Applying (7.10)) to the case when W is the spatial velocity, we obtain the following relation
between the spatial fields associated with the velocity and acceleration:

a=v"+Lv. (7.11)
We use the notation
M(X,t) := My(X) := Viip(X) € Lis(7x,V) forall (X,t) € BxI, (7.12)

and, for each X € B, we call the mapping M(X, ) : I — Lis(7x, V) the motion of the
body element 7y induced by the motion fi of the body.

It is sometimes useful to specify a fixed reference placement x : B — B, in the
frame-space F and characterize all other placements p in F by their transplacements from
k. Thus, we obtain the transplacement process x : B, x I — F given by

X(p,t) := (k= (p),t) forall (p,t) € B, x 1. (7.13)

We use the notation
K(X):=Vxk forall XeB (7.14)

and call, for each X € B, K(X) the reference placement of the body element 7x
induced by the reference placement x of the whole body. The transplacement gradient
process F : B, x [ — Lis V is given by

F(p,t) = Vx(p,t) = My(k~ (p))K (k" (p)) forall (p,t) € B, xI. (7.15)

8 Densities and Contactors

Often times additive mappings and interactions are represented by integrals. This section
discusses these representations.

Definition 8.1 An internal part is a part P € Qg in which for every placement . € P15
we have CloP,, C B,. We denote the set of all internal parts by Q"
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It is easily seen, using the properties (By) and (Ts) in Section [4 that in this definition
“every” can be replaced by “some’ without changing the meaning.
We assume now that a linear space W is given.

Definition 8.2 An additive mapping H : {03 — W is said to have densities if for every
i € P1B there is a continuous mapping h,, : B, — W such that

H(P) = /73 h, forall P € Qp' (8.1)

©

We call h, the density of H in the placement .

Let p, 1 € P1B be two placements such that (8.1)) holds for . Consider the transplace-
ment o := po '~ : By — B,. By the Theorem on Transformation of Volume Integralsﬁ

and ([5.10) we have
H(P) = / h, = / puwp(h,oa) foral P e Qp (8.2)
P y

Therefore, it follows that in Definition 8.2, “every” could be replaced by “some” without
changing the meaning. Moreover, if h, is the density of H in the placement p, then
h, = p,.(h, o a) is the density of H in the placement z/'.

Definition 8.3 We say that an interaction I : (ng)gep — W has contactors if, for

every placement yu, there is a C* mapping C,, : B, — Lin(Vfru, W) such that
(P, Q) — / C,np, forall (P,Q)€ ()2, with PeQi.  (83)
Ret, (P,Q)

We call C,, the contactor of I in the placement p.

Let p, 1 € P1B be two placements and assume that (8.3]) holds for u. Consider again
the transplacement o := po /= : By — B,. By the Theorem on Transformation of

Surface Integral{’| and (5.10) we have

(P, Q) = / ppru(C0a)(Va) Tnp, forall (P,Q) € ()2, with P e QO
RCtM/('P,Q)

(8.4)
Since C,, is of class C!, so is C,y := p,(C, 0 a)(Va)~" and hence is the contactor of
I in the placement y/. We conclude that in Definition [8.3] “every” could be replaced by
“some” without changing the meaning.

6See Vol. 1I of [FDS].

"This follows from Theorem 2.91 of [FBV]. A standard proof of the transformation of Volume Integrals
can not be used since fit regions are sets of finite perimeter. Thus, a proof using geometric measure theory
is needed.
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In the case when Q := Pr™ ([8.3)) reduces to
Resi(P) = / C,np, forall PeQy". (8.5)
RbyP,,

Theorem 8.4 Given an interaction I : (Qg)2,, — W with contactors and an additive

mapping H : Qg — W with densities, the following three conditions are equivalent:
1. We have
Resi(P) + H(P) =0 forall P € Qpt. (8.6)

2. For every placement i € P1B, we have
divC, +h, =0, (8.7)

where h,, is the density of H in the placement ;i, and C,, is the contactor of I in the
placement p.

3. Condition 2 holds with “every” replaced by “some”.

Proof: Assume that holds, let ;1 € P1B be given, let h,, be the density of H in the
placement 1 as characterized by (8.1)), and let C, be the contactor of I in the placement

w as characterized by (8.3). In view of (8.1]) and ({.5)), is equivalent to

/ C.np, +/ h,=0 forall P e Qx" (8.8)
RbyP,,

o

Since C,, is of class C' we can use the divergence theorem (4.2)) to show that (8.8) is
equivalent to

/79 (divC, +h,) =0 forall P € Qp. (8.9)

Since divC,, and h,, are continuous and holds for all interior parts we see that
is equivalent to

divC, +h, = 0. (8.10)

Since i € P1B was arbitrary this implies that condition 2 is valid. If is valid just for
some 4 € P1B then the equivalences mentioned show that holds.

The proof of the following result is analogous to the proof just presented.

Theorem 8.5 Given a real valued interaction I : (Qp)2,, — R with contactors and

a real valued additive mapping H : ()3 — R with densities, then the following three
conditions are equivalent:
1. We have
Res;(P)+ H(P) >0 forall PeQp. (8.11)
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2. For every placement i € P1B, we have
dive, + h, > 0. (8.12)

where h,, is the density of H in the placement pi, and c, is the contactor of I in the
placement .
3. Condition 2 hold with “every” replaced by “some”.

It is often useful to introduce a reference mass, which is an additive mapping m :
Qp — P* with densities. Given a placement p and a sub-body P € 1z the mass of this
sub-body is given by

m®) = [ (8.13)
Pu

where p, : B, — P~ is the density of m in the placement ;v and is called the mass-
density of the body in the placement p. It follows from (8.2) and (5.12) that if u' is
another placement that for X € B

pu(i(X)) = pu((X)) when MI(X)M,(X) = MLOM(X). (814
It follows that for all X € B we may define a mapping px : Pos™ (7Tx, T3) — P* given by

px(G) = p,(u(X)) forall G € Pos™(7x,7%) and p € PIB

such that M) (X)M,(X) = G. (8.15)

We also have
puop=pyou when 0,=0,. (8.16)

From now on we assume that a reference mass m is given.

Theorem 8.6 Let H: Q25 — W be an additive mapping with densities. Then there is
a mapping h : B — W, called the specific density of H, such that

h
h=-F*opu forall uecPlB. (8.17)

Pu

Proof: Let u,p/ € P1B be given. Using (8.2) we have h, = p, ,(h, o po p/) and
P = P u(pu o pop ). It follows that

h, h fe= h
“o,u/:—uo'uo'u“_ou/:—uou. (8.18)
Pu Y Pu

Since the placements p and p’ were arbitrary, this proves the theorem. |
In light of Theorem [8.6] we will use the following notation:

/ hdm :=H(P) = / h, = / pu(hou~) forall p€PlBand P e Q. (8.19)
P P Pu
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Let H := (H; : Qs — W | t € I) be a time-family of additive mappings. As explained
in Section @ this time-family can be identified with a mapping H : Qg x I — W. We say
that H is of class C! if the mapping H(P,-) : I — W is of class C! for all P € Q. If this
is the case, we can form the time-derivative Hf(P) := H(P,-)*(¢) for all P € Qg and t € [
of the given family. It is clear that this time-derivative is also a time-family of additive
mappings.

We now assume that every mapping in the time-family H has densities in the sense of
Definition . Let h: B x I — W be the mapping such that h, := h(-,t) is the specific
density of H, for all ¢ € I. If h is of class C! then so is H and we have

H:(P) = /Pﬁ;dm -/, pu(btop”) forall tel, pePlBand P e Qs  (8.20)

Remark 8.7 In practice the reference mass is usually taken to be the inertial-gravitational
mass. However, here we do not assume that this is the case. There could be situations in
which it is useful to take the reference mass to be different from the inertial-gravitational
mass. For example, one may wish to fix a reference configuration dg and define, m(P) to
be the volume of the region imbs,~ (P) for every P € Q3.

In the reference mass is, in the language of measure theory, a measure on B.
Given an additive mapping with density H, the mapping h in is nothing but the
density of H with respect to the measure m. |

9 Balance of Forces and Torques

It is often useful to fix a frame-space F, with translation space ), and confine one’s
attention to placements whose range-space is F. It is then useful to consider force systems
with values in V), independent of the choice of placement, as follows:

Definition 9.1 A force system in the space V is a pair (F),, F5,), where F), : (Qg)Z2,,

V is an interaction and F$, : Qz — V is additive. The mapping Fi, is called the internal
force system in V and FY, is called the external force system in V.

Let a force system (Fi,, F$,) in V be given. The first law of mechanics, called the
Balance of Forces, says:

Respi (P) +Fy,(P) =0 forall P € Qp. (9.1)

We say that the system (F),, F$) is force-balanced if (9.1)) holds.
Since FY, is additive, the following Law of Action and Reaction is an immediate
consequence of (9.1)) and Theorem 3.3} The internal force system is skew, ie.,

FL(P,Q)=-F),(Q,P) forall (P,Q)e (Qs)p (9.2)
We assume now that Fﬁ, has contactors and FY, has densities.
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Let p be a placement of the body in F and put B, := p~(B). Let T, : B, — LinV
denote the contactor for F}, and let b, : B, — V denote the density of F$, in the placement
. It follows from Theorem that (9.1)) restricted to internal parts P is equivalent to

divT, + b, = 0. (9.3)

Definition 9.2 A torque system in the space V is a pair (Mi,, M$), where M), :
(Qp)2,, — SkewV is an interaction and M, : Qs — Skew V is additive. The mapping

5 /sep
M,, is called the internal torque system and MY, is called the external torque system.

Let (M},, M5$,) be a torque system in V. The second law of mechanics is the Balance
of Torques, which states that

Resy (P) + My,(P) =0 forall P € Qg. (9.4)

Again, an immediate consequence of (9.4) and Theorem [3.3]is the following: The internal
torque system is skew, i.e.,

M), (P, Q) = —M,(Q,P) forall (P,Q) € (Qp)? (9.5)

sep*

Here we will assume that all torques come from forces. Let a force system (F),, FS,), that
is force-balanced, be given. When is considered only in cases when P is internal, the
assumption that all torques come from forces means that given g € £, Mi, has a contactor
C, : B, — Lin(V, Skew V) and M5, has a density m,, : B, — V in a given placement pu,
and they are given by

C.lx)u:=(x—q) ANT,(z)u

m,(r) = (z —q) Aby(z) vl ueVandzeb,. (9.6)

A calculation using the results from Chapter 6 of [FDS] shows that the divergence of C,,
is given by

div,C,, = T;(x) —T,(z) + (z — ¢) ANdiv, T, forall zeB. (9.7)

Using Theorem , it follows from the balance law (9.4]) restricted to internal parts is
equivalent to divC, + m, = 0. Combining this result with (9.7) and , we obtain

TI(x) —T,(x)+ (r —¢) A (div,T,+b,(z)) =0 forall ze B, (9.8)
Using (9.3) we find that the condition
Rng T, C Sym V (9.9)

is equivalent to balance of torques for internal parts.
We say that the system (Fi,, F$,) is torque-balanced if the system of torques derived

from it satisfies (9.4)).
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Remark 9.3 When P is not internal, (9.1) and (9.4)) must be taken into account when
considering what are often called boundary conditions. g

From here on we will assume that a force system in V in given for which and
are valid. We adjust the codomain of T, to Sym V without change of notation and call
T, : B, — SymV the Cauchy stress of the force system in the placement p and the
mapping b, : B, — V the external body force in the placement pu.

As mentioned at the end of Section [7] it is sometimes useful to specify a fixed reference
placement k : B — B, in the frame-space F and characterize all other placements p in
F by their transplacements

X =pokr" : B, — B, (9.10)

from the reference placement. The transplacement gradient F : B, — Lis), defined
by F := Vy, can then be used to represent an internal force interaction, whose contactor
in the placement p is the Cauchy stress T, by a contactor in the reference placement k.
Using (8.4), we see that this contactor is given by

Ty := |detF|(T, o x)F . (9.11)

Tg : B, — LisV is usually called the Piola-Kirchhoff stress (see (43 A.3) of [NLFT)).
Note that Tg does not have symmetric values. Instead, since T, has symmetric values, it

follows from (9.11]) that Tr must satisfy
TrF' = FT;. (9.12)

The transplacement gradient can also be used to represent the external force system
whose density in the placement p is the external body force b, by a density in the reference
placement . Using (8.2)), we see that this density is given by

bg := |detF|(b, o x). (9.13)
br : B, — V may be called the referential external body force for the placement pu.

Remark 9.4 The description of force systems described so far is similar to the one given
in the traditional textbooks, for example in [NLFT] or [ICM]. It has the disadvantage that
it involves an external frame-space F, often considered to be an absolute space. In Part 1
of [FC], it is argued that such a space is an illusion and an explanation for why this illusion
is so widespread is provided.

The principle of frame-indifference states that constitutive laws (see Section should
not depend on whatever external frame of reference is used to describe them. It will be
vacuously satisfied if no external frames of reference are used to state these laws. Therefore,
it is useful to describe force systems without using an external frame-space, which we will
do below.

Let a configuration 6 € Conf B be given. As in Section [4 we denote the imbedding
space for § by & and its translation space by Vs, and we use the notation of Section [§] for
the placement imbgs and write, for simplicity, o rather than imbs as a subscript.
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Definition 9.5 A force system in the configuration ¢ is a pair (F§, F$) which is a
force system in the space Vs in the sense of Definition [9.1]

Let such a force system (Fj, F$) in Vs be given. We assume that the balance of forces
and the balance of torques are valid, that F} has contactors and that F§ has densities. The
results and remain valid when the subscript § is used instead of p, when T is
interpreted to be the contactor of F§ in the placement imbg, and when by is interpreted to
be the density of F§ in the placement imbs. We may call T the imbedding stress and
bs the external imbedding body force for .

Since I5(X), defined in , is a linear isomorphism from 7x to Vs, it can be used
to transform the mappings Ts and bg, whose codomains involve Vs, into mappings whose
codomains involve 7x. Thus, we define, for every X € B, the intrinsic stress S; and the
intrinsic external body force d; associated with the configuration 6 by

S5(X) = L1 (X)Ts(imbs(X)I; T (X) € Sym (73, Tx) (9.14)

and
ds(X) == I;1(X)bs(imbs(X)) € Ty forall X € B, (9.15)

respectively.

Remark 9.6 An interpretation of the fact that intrinsic stresses are mappings from the
dual of a tangent space to the tangent space is in order. The Cauchy stress at a point maps
a normal vector into the force per unit area (traction) acting on a surface with said normal.
Normal vectors are elements of the dual of a vector space that has been identified with a
vector using the inner-product. Since the tangent spaces of the body are not inner-product
spaces, a normal on the tangent space is an element of the dual of the tangent space. A
force is represented on the body by an element of the tangent space. Thus it makes sense
for the intrinsic stress to map elements of the dual of the tangent space to an element of
the tangent space.

Remark 9.7 The mappings S; := (X — S;(X)) and ds := (X — ds(X)) are cross-
sections of fiber bundles. This is related to the fact that stresses and forces are what some
people call “frame-indifferent” or “objective”. |

Let p be a placement of the body in a fixed frame-space F as considered in the beginning
of this section and put B, := p~(B). Denote by § the configuration induced by y in accord
with . We use Q, as defined in , to transport the values of the force system in
the configuration § to V and obtain a force system in the sense of Definition Then
the balance laws and hold if and only if corresponding balance laws hold for the
force system in the configuration . The corresponding Cauchy stress T, : B, — SymV
and the corresponding external body force b, : B, — V are related to Ts and b by

T; oimbs = QT,Q" oy and bsoimbs = Qb,, oy, (9.16)

respectively. Using (5.4)), (5.5, (9.14) and (9.15) we find that the Cauchy stress T, :

B,, — SymV and the external body force b, : B, — V are related to the intrinsic stress
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and the intrinsic external body force by
Ty op=M,SsM, (9.17)

and
b, opu=M,d;. (9.18)

Conversely, if one has the Cauchy stress T, and external body force b, in a placement p,
one can obtain the corresponding intrinsic stress and intrinsic external body force by

Ss = M, (T, 0 )M, " (9.19)

and
ds = M;l(du o ). (9.20)

10 Deformation Processes and Mechanical Processes

In Section |8 the motion of a continuous body in a frame of reference was discussed. Here
we describe the frame-free counterpart of a motion, namely a deformation process. As
before, we assume that a time-interval [ is given.

Definition 10.1 We say that a time-family (3, | t € I) of configurations, and the corre-
sponding mapping ¢ : I — ConfB (see ), is a deformation process.

Let a deformation process (&; | t € I), be given. Since d; is a configuration it can be
used to construct an imbedding space & = Egtﬂ, with translation space V;, in which B
is imbedded using the mapping imb, := imbgy) : B — B; := Bsy). We will denote the
mappings defined in and for the imbedding imb, by I, and G, respectively, i.e.,

I,(X) := Vximb, € Lis(Zx,V,) , Gy(X) :=I](X)I,(X) € Pos™(7x, Tx), (10.1)

The family G = (G(X) | t € I) is called the deformation process of the body element
Tx induced by the deformation process ¢ of the body. We say that the deformation process
§ is of class C' or of class C? if ¢ — G(X) is of class C! or of class C? for all X € B,
respectively. In this case, we define the family (G | ¢ € I) or the family (G* |t € I) by

G!(X) = (s Gu(X))*(t) or GP*(X) :=(s+— G4(X))**(t) forall X € B, (10.2)

respectively.
We now let a motion fi = (fi; € P1B |t € I) in a frame F as defined in Definition [7.1] be
given. We consider the deformation process ¢ induced by this motion in the sense that, for

each t € I, the placement Ji; induces the configuration d, as explained in (5.1). Since the
placements imb; and fi; both induce the same configuration d;, it follows from (5.6 that

G=M"M. (10.3)

8The time-family (&; | t € I) of Euclidean spaces could be interpreted as describing what has been called
a pre-classical event world in Section 4.1 of [MSSR] and called a neo-classical event world in [LECM].
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It follows from (5.4)), (7.7]), (7.3) and the chain rule that
M* = L, M. (10.4)

Differentiating ((10.3) with respect to time, using ((10.4), (7.8)), and the product rule, we
find

G*=2M'D, M. (10.5)
We define the mass-density field p: M — P* by (recall the notation in (8.13)))

p(z,t) == pp,(x) forall (z,t) € M. (10.6)

Let a reference placement k be given and set &; := i o K. It follows from (8.13]) and

B10) that
p(p,to) = |det(V,oauB)|p(au(p),t) forall ¢t € I and p € By,. (10.7)

By looking at the derivative of this equation with respect to time one can obtain the
Balance of Mass equation:

p* +div(pv) = 0. (10.8)
It is easily seen that this derivation does not depend on the choice of k.

Definition 10.2 A mechanical process is a time-family ((&;, F}, F¢) | t € I) of triples
where (8; | t € I) is a deformation process and, for every t € I, (Fi, F¢) is a force system in
the configuration 6,, as defined by Definition which is both force-balanced and torque-
balanced. (F¢ |t € I) is called an external force process and (F! | t € I) is called an
internal force process.

Let a mechanical process ((0;, Fi,F¢) | t € I) be given. We assume that for each t € I,
F! has contactors and F$ has densities. We can then define, using the formulas
and (9.15), a time-family S := (S, := S, | t € I) of intrinsic stresses and a time-family
d := (d; :=dj, | t € I) of intrinsic external body forces for the family 6. These two
families, together with the time-family G, describe the given mechanical process, apart
from boundary conditions, without using an external frame of reference.

Now let a mechanical process be given such that its deformation process is the one
induced by a given motion fi. The considerations of Section [J] then apply for every ¢ € T
with ;¢ and 6 replaced by fi; and &;,. The Cauchy stress and the external body force now
become time-families and hence are identified with the mappings T : M — Sym) and
b: M — V, respectively. By and the corresponding intrinsic stress S and

external intrinsic body force d are related to T and b by

S=M"'T, M~ " (10.9)

and
d=M'b,. (10.10)



The balance law (9.3 becomes
divT +b = 0. (10.11)

Using Proposition 2 in Section 67 of [FDS], (7.7)), (7.8) and the fact that T has symmetric
values, we find that ) ) o
div(Tv) = div(T) - v + tr(TD). (10.12)

Using ((10.12)), (10.11]) and the divergence theorem (4.2), we conclude that

/ V- Ttany'Pﬂt +/ Vi by = / tr(T,D;) forall P€Qpandtel. (10.13)
Rbme P

[ n

The term on the right hand side is the work per unit time, i.e., the power, of the forces
acting on the part P. It easily follows from ({10.9)) and (10.5)) that

%tr(StG;)(X) — te(T,D) (X)) forall (X,t)€Bx I, (10.14)

which means that the material field associated with tr(TD), according to ((7.3)), is

1 _
§tr(SG°) = (tr(TD) ). (10.15)
Therefore the power of the forces acting on the parts of the body is given by

_ L 1 o
Py(P) = / tr(T,D;) = 5/ tr(S;Gy) oimb;,  forall P e Qpandtel, (10.16)
P P

jres imby

and depends only on the mechanical process and not on the motion as the left hand side
of (10.13) might lead one to believe. It is clear that the power family (P, |t € I) is a

time-family of additive mappings determined by the given mechanical process.

Remark 10.3 Noll proved in [MCO] that the balance laws hold if and only if the work
done by the forces is frame—indifferentﬂ In view of this fact it is not surprising that the
power does not depend on the motion. g

11 Energy Balance

Up until now we have only dealt with mechanical phenomena. Here we introduce the
concepts of heat and energy and how they are related.

Definition 11.1 A heat transfer system is a pair (Q',Q°), where Q' : (Q3)2, — R
is an interaction and Q° : Qp — R is additive. The function Q' is called the internal
heat transfer and )¢ is called the external heat transfer.

9Some people take as a fundamental axiom that the work is frame-indifferent and use this to obtain
the balance of forces and balance of torques.
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Let (Q',Q°) be a heat transfer system. We will assume that Q' has contactors and
Q° has densities. Let a placement u be given. Let us denote the contactor of Q' in this
placement by['Y]

—q, : B, — Lin(Vir g, R) = Vir u. (11.1)

The mapping q,, is called the heat flux in the placement p.

Let ¢ be the configuration induced by pu, as in (5.1), and let q5 : Rngimbs — Vs
denote the heat flux of Q! in the placement imbs. Since I;(X), defined in , is a linear
isomorphism from 7x to Vs, it can be used to transform the mapping qs, whose codomain
involves Vs, into a mapping whose codomain involves 7x. Thus, we define, for every X € B,
the intrinsic heat flux hy associated with the configuration § by

hs(X) :=I;1(X)qs(imbs (X)) € Tx for all X € B. (11.2)
Remark 11.2 The mapping hs := (X — hs(X)) is a tangent-vector field on B. y

As was pointed out in Section [5
a :=imbso u~ : B, — Rngimbs (11.3)

is an adjusted Euclidean isomorphism. Its (constant) gradient Q := Va € Orth(Vfru, Vs)
is an inner-product preserving isomorphism. We use Q to transport the values of the heat
flux qs in the configuration 0 to Virpu. The corresponding heat flux q, : B, — Viru is
related to qs by

qs o a = Qq,. (11.4)

Using the definition (5.4) of M, it follows from (11.2]) and (5.5)) that the heat flux q, is
related to the intrinsic heat flux hs by

q o it = M,hs. (11.5)

Definition 11.3 An energetical process is a sextuplet ((6;, Fi,F$,Q}, Q¢, E,) | t € I)
of time-families such that ((0;, F},F¢) | t € I) is a mechanical process, ((Q,Q¢) | t € I) is
a time-family of heat transfer systems, and (E; | t € I) is a differentiable time-family of
additive mappings, called the internal energy process.

We say that a given energetical process ((&;,F}, FS,Q1, Q% E;) | t € I) is energy-
balanced if

E}(P) = P(P) + Resgi(P) + Q5(P)  forall PeQpandtel, (11.6)

where (IBt_] t € I), defined in (10.16)), is the power-family determined by the mechanical
process ((6;, F1, F$) | t € I). The formula (11.6) is known as the Balance of Energy or
The First Law of Thermodynamics.

19Here we use the standard convention that when q,, is pointing away from the body, the body is losing
heat. This is the reason for the minus sign.
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From now on we assume that, for all t € I, F$, Q¢, and E, have densities, and that
F! and Q! have contactors. Also, we assume that a reference mass m : Qp — P>, as
described in Section [§] is given. We define the specific internal energy é: B x [ — R
by the condition that € is the specific density of E, for all ¢t € I. We assume that € is of
class C'. The specific external heat transfer, or radiation, 7 : B x I — R is defined
by the condition that 7, is the specific density of Q¢ for all ¢ € I.

Let a frame-space F, with translation space V, be given. Let i be a motion in F such
that the placement fi, induces the configuration 6, for all ¢t € I. Note that 7, € and € are
material fields. Using the associated spatial fields as defined by and also and
(18.19), we have

B(P) = fpadm = fp p((@))e  and  Q5(P) = [yrdm= [, p(ro)
(11.7)
for all t € I and P € Qpg.

Let q; denote the heat flux in the placement ji; for all ¢ € I. It can be used to define

the spatial field q : M — V. Using (10.16)), and (11.7)), we can apply Theorem to
conclude that ([11.6]), limited to internal parts, is equivalent to

p(€*)s = tr(TD) — divq + prs. (11.8)

12 Temperature and Entropy

The following theorem says that a heat transfer system together with a temperature can
be used to construct an entropy transfer system.

Theorem 12.1 Let a heat transfer system (Q' ,Q°), as defined by Definition and
a function § : B — P* of class C', called the (absolute) temperature, be given, and
assume that Q' has contactors and Q° has densities. Then there is a pair (H', H®), where
H': (QB)zep — R is an interaction and H® : Q03 — R is an additive mapping such that
for every placement pu we have

HI(P, Q) = / Y pp forall (P,Q) e (), with Pept  (12.1)
Ret,,(P,Q) Ou
and
HQ(P):/ w for all P € Q' (12.2)
Py M

where q,, is the heat flux in the placement u, r is the specific external heat absorption
density in the placement u, and 6, := 6 o u=—. The pair (H', H®) is called the entropy
transfer system generated by the heat transfer system (Q', Q°) and the temperature 6.
H' is called the internal entropy transfer, and H® is called the external entropy
transfer.
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Proof: Let p and p/ be placements and define an entropy transfer system (H', H¢) by

(12.1) and (12.2)) using p. Put @ := po p/<. By (8.4) and (12.1)) we have

—1
H(P,Q) = — / Purn(VQ)” du © “onp, forall (P, Q)€ ()2, with P € Q.

sep
Ret,,/ (P,Q) 0,0a

(12.3)
From the discussion following (8.4 we know that the contactor q,, of Q' in the placement
W' is given by q,» = p u(Va) 'q, o @ and, since p = a o y/, we have 6, 0o« = 6,,. Thus

becomes
H(P,Q) = / Uy forall (P,Q) € (D), with P et (12.4)

Ret,i (P,Q) O P
Equation shows that H' would be the same if it were defined in terms of the place-
ment g’. Since p and p/ were arbitrary placements, the definition of H' does not depend
on the placement.
The proof that the definition of H® does not depend on the placement is analogous to
the one just given for H' except the change of placement formula for densities is used.
1

Let a placement p and a temperature ¢ be given. By definition, we have 6, o i = 0.
Taking the gradient of this equation at X € B, using the chain rule, and (5.4), we obtain

")/(X) =Vx0 = (VM(X)Q;;)VXH = (V#(X)QM)MM(X) S T; for all X € B. (12.5)

Let ¢ denote the configuration associated with u, as defined in (5.1). Then (12.5) and
(11.5) can be used to obtain

YXORS(X) = (V00 - @u(u(X)) for all X € B. (12.6)

Definition 12.2 Let a time-family ((Q! , Q%) | t € I) of heat transfer systems and a time-
family of temperatures (0; | t € I) be given, and let ((H: ,Hf) | t € I) be the resulting
entropy transfer system as described in Theorem [12.1, Let (N, : Qg — R | t € I) be
a differentiable time-family of additive mappings, called the internal entropy. We say

that the family ((H! , H¢,N;) | t € I) is a dissipative entropical process if
N{(P) = Resg;(P) + H{(P) forall PeQf andtel. (12.7)

Note that the time-family of temperatures can be identified with a function 6 : BxI —
P*. From now on we assume that, for all ¢ € I, N, has densities. As in the previous section,
we assume that a reference mass m : Q03 — P>, as described in Section |8} is given. Let
7 : B x I — R be the mapping defined by the condition that 7, is the specific density of
N, for all t € I. We call this mapping the specific entropy and we will assume that it is
of class C*.

Now let a motion i in a given frame-space F, with translation space V, be given. Note
that 6 is a material field. The spatial field 6, associated with 6, according to , satisfies

(0s)¢ := O(t)uwy forall t el (12.8)
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If we let q; denote the heat flux in the placement fi, it follows from ((12.1)) and (12.2]) that

Hi(P,Q) = — / Ay forall (P,Q) € (Qp)2, with P e QR (12.9)
Retp, (P,Q) (QS)t

and

H; (P) :/ P ool e Qx". (12.10)
,P»at (es)t

Using a line of reasoning analogous to the one that led from ([11.6]) to (11.8)) in the previous
section and using Theorem and ([12.8)), we find that (12.7)) is equivalent to

() > ’gf — div (%) . (12.11)

Hence, using Proposition 1 in Section 67 of [FDS], we obtain

e PTs L =0
p(1°)s = - H—Sdlvq+ QQ(VG )-q. (12.12)

Definition 12.3 A dynamical process is an octuple
(0,0,F,N,Q', E,F°,Q°) (12.13)

such that (6, F}, F§, Q}, Q5, Ey) | t € I) is an energy-balanced energetical process as defined
by Definition [11.3, 0 is a temperature process and N an internal entropy, as defined in
Definition [12.2

We assume that such a dynamical process is given and that all the density assumptions
made before are satisfied, so that both (11.8) and (12.12) are valid.

By multiplying both sides of the inequality (12.12)) by #, and using to eliminate
prs — divq we obtain

_ _ 1
p(0n°* —€%)s + tr(TD) — 7 =V, -

S

> 0. (12.14)

,.Q |

Given X € B and t € I, let h;(X) € Tx denote the intrinsic heat flux at X in the
configuration d; and put B
¥,(X) :==Vxb, € T. (12.15)

It follows from (|12.6)) that
(7,0, (X) = 7,(X)h(X) = ((VO,); - @) (i (X)) €R  forall t €] and X € B. (12.16)

If we replace the left side of ([12.14)) by its associated material field, using ((10.15) and
(12.16)), we obtain

(07 — &) + %tr(gé') - %ﬁh > 0. (12.17)

By (8.16)), pm(X,t) = pp, (1e(X)) = pimp, (imb, (X)) for all (X,t) € B x I and so py, only
depends on the deformation process and not the motion. Thus, (12.17) does not involve
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any external frames of reference. Also, does not depend on the particular choice of
a reference mass. If one uses a different reference mass then the value of py,(X,t) would
change by a strictly positive factor but both 7°(X,t) and €*(X,¢) would change by the
reciprocal of this same factor, for all (X,¢) € B x I. Thus, the left side of would
remain the same.

13 Constitutive Laws and The Second Law

Definition 13.1 A thermodeformation process is a pair
(6,0) (13.1)

in which 6 : I — Conf B is a deformation process, as defined in Definition and
6 : Bx I — P* is a temperature process, which can be identified with a time-family of
temperatures.

A response process is an quadruple

(F,N,Q", E) (13.2)

where F! is an internal force system process, N is an internal entropy, as defined in Defi-
nition Q' is a internal heat transfer process, defined in Definition and F is an
internal energy process, defined in Definition [I1.3,

A thermomechanical process is a sextuple

(0,0,F, Q' E,N), (13.3)
where (8, 0) is a thermodeformation process and (Fi, N, Q', E) is a response process.

Note that every thermomechanical process can be used to generate a dynamical process
by using the balance of forces to define the external force system process and the balance
of energy to define the external heat transfer process needed to produce the dynamical
process.

Constitutive laws are used to describe the internal properties of a system and the
internal interactions between its parts. In the framework presented here this means that
given a set of constitutive laws each deformation process can be used to generate a response
process and hence a thermomechanical process. All thermomechanical processes generated
in this way are called admissible processes with respect to the given set of constitutive
laws. The act of constructing admissible thermomechanical processes from a given set of
constitutive laws will be carried out explicitly in Chapters III and IV.

We are now in a position to state the final fundamental law of thermomechanics.

Second Law of Thermodynamics: Given a set of constitutive laws, every admissible
thermomechanical process must satisfy the reduced dissipation inequality ((12.17]).
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This law is a restriction on the set of constitutive laws, not on the class of thermodefor-
mation processes a body can under go. There is an enormous amount of literature on this
subject. See, for example, [CNP], [TMM] or [TMM2]|. The restrictions found using this
law are more easily expressed if one introduces the following concept.

Definition 13.2 The specific free energy is a C' mapping 1 : B x I — R defined by
Y =€ —0n. (13.4)

The internal free energy process Ef: Qitt x [ — R associated with the specific free
energy 1 is a differentiable time-family of additive mappings with densities defined by

EN(P) = / Yudm  forall t € and P € Qp". (13.5)
P

Using ([12.17) and the time derivative of ((13.4) we obtain the reduced dissipation in-
equality

o 1, - 1_-
— pm(V° +00°) + 5tr(SG’) — gfyh > 0. (13.6)

Constitutive laws can change from point to point and are loca][f] in the sense that at a
material point X they should only involve arbitrarily small neighborhoods of X in B. We
say that the body B consists of a simple material if the constitutive laws for every point
X € B involve only the body element 7. Most material properties of real materials are
covered by the theory of simple materials. These materials will be discussed in detail in
the next chapter.

Remark 13.3 A lot of work has been done on the foundations of the second law. The
best, and most accessible, treatment of the foundations of the second law can be found in
the book A First Course in the Mathematical Foundations of Thermodynamics [FCET| by
Owen. In it Owen formulates a version of the second law involving cycles that does not
use the concept of entropy. Using this formulation one can prove the existence of entropies

and show that an inequality of the form (12.17)) holds. g

14 External Influences

External influences specify how the environment influences the behavior of the body. The
description of these external influences depend on the choice of an external frame of ref-
erence. Perhaps the most important of these external influences are boundary conditions.
Another important external influence is inertia. The total external body force density can
be written as a sum

b = by + b;, (14.1)

where b,i denotes the external body force density that comes from non-inertial forces, and
b; is the inertial body force density.

1 In [NLFT] this was called the principle of local action.
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When an inertial frame of reference is used, then b; is given by

b; = —pa, (14.2)
where p gives the inertial mass densityIE at each point of the trajectory. However, if a

non-inertial frame of reference is used, then the inertial body force density is given by the
more complicated formula

by = —p(a* + 2Aa°" + (A* — A%)q) (14.3)

where 1 is a mapping whose value gives the position vector of a material point relative
to a reference point which is at rest in some inertial frame F. The mapping A, whose
range consists of skew lineons, describes the motion of the non-inertial frame relative to
the inertial frame F. The second and fourth terms in the above formula are called the
Coriolis force and centrifugal force, respectively. (See Part 2, Section 3, of [FC].)

Remark 14.1 Substituting (14.1]) into the second term on the left of (10.13)) one obtains

/P_ Vt'bt_/p ‘_’t'(bni)t‘i‘/?j v, - (by);. (14.4)

[ At At
When one is using an inertial frame of reference ((14.2)) holds and the second term on the
right of ([14.4)) is given by

/Pu Vi (bi)i = — </m pt|Vt|2>.. (14.5)

The term fPﬂ pe|v¢|? is called the kinetic energy. Substituting (14.5) into (10.13) one
t

tr(T¢Dy) + (/P Pt|Vt|2) (14.6)

for all P € Qp and ¢t € I. In the literature on continuum mechanics it is often implicitly
assumed that the frame of reference being used is inertial so the formula ((14.6) is valid.
However, when the frame of reference is not inertial then ((14.6)) is not valid. g

obtains

/ Vi TtanyPﬁt +/ Vi (Bni)t = /
RbyP, P P

Iz [

Constitutive laws can be specified using an external frame of reference. These laws
would give the Cauchy stress T, spatial description of the specific free energy v, heat flux
q and spatial description of the specific entropy 7s in terms of a transplacement gradient
process F and the spatial description of a temperature process 6. Such constitutive laws
would implicitly depend on the frame being used. Such dependence should be ruled out
using the Principle of Material Frame—Indiﬂ'erencﬂ. It states:

12This mass density must be the inertial mass density. The mass density introduced in Section [8| may
or may not of been the inertial mass density.
13 See Section 4 of Part 2 of [FC]
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Constitutive laws should not depend on whatever external frame of reference
is used to describe them.

Traditionally one would specify a constitutive law in some frame of reference and then have
to go though the effort of finding what restrictions are placed on this law by the principle of
material frame-indifference. For some constitutive laws this can take a considerable amount
of work™] The way to eliminate this work is to formulate constitutive laws without using
any external frames of reference. This can be done by specifying constitutive laws for the
intrinsic stress, intrinsic heat flux, specific free energy and specific entropy in terms of a
thermodeformation process since these do not depend on the choice of a frame of reference.
This superior method was used by Noll in [NTSM] and [FFFE] and will be used here as
well.

140ne can see this done in virtually all of the older literature that discuss constitutive laws. See, for
example, [CNP], [MTCM], [NLFT] and [ICM].
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Chapter 11

Simple Materials

15 Introduction

In the previous chapter we laid down the basic concepts of thermomechanics. In Section
we briefly discussed the role of constitutive laws. This was done in a general, but informal,
way. This part will describe in detail how to formulate the constitutive laws for simple
materials. Simple materials are defined by the condition that the constitutive laws at each
point X € B only involve the body element (tangent space) 7x at that point. For this
reason one can forget about the rest of the body and just work with the body element
when discussing the constitutive laws for simple materials.

When this is done the (global) processes given in Definition are not needed, only
their localization to the body element are required for simple materials. Given a thermod-
eformation process (4,0), it can be localized to obtain a deformation process of the body

element (see ) _
(G.(X) | te D). (15.1)

For the temperature process what comes into play is the temperature of the body element
and the temperature gradient across the element (see (12.15)):

G, (X)|tel) and (,(X)|tel). (15.2)
Thus the thermodeformation process induces the process
(Ge(X),0:(X),7(X)) | t € 1) (15.3)

on the body element. We will call such processes condition processes. In a similar way a
response process (Fi, N, Q', ) can be used to generate a local response process:

((Se(X), (X)), he(X), (X)) | t € 1). (15.4)

Here we are using the specific free energy instead of the specific internal energy (see Defi-

nition [13.2]).

In general, given a set of constitutive laws, the (global) thermodeformation process
maybe be needed to generate a response process. However, for simple materials only the
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process in is required. Since constitutive laws are local and simple materials only
involve the tangent space structure the material point X will be dropped in the following
sections. When doing so time-families will be considered as mappings whose domain is a
subset of R.

The treatment of simple materials presented here is based on the work of Noll in A
New Mathematical Theory of Simple Materials [NTSM]. In [NTSM] Noll devised a general
framework for formulating frame-free constitutive laws for simple materials based on the
concept of a state spaceﬂ An element o of the state space ¥ represents a possible state
that the body element can be in. A state describes everything about the element: its
configuration, its stress, and so on.

This framework was designed to overcome the defects in the old theory of simple materi-
als developed by Noll in A Mathematical Theory of the Mechanical Behavior of Continuous
Media [OTSM]. The old theory is based on the concept of a history. It was assumed that
if you knew the entire history of the body element then you could determine the current
stress, entropy, heat flux and free energy of the element. The new theory was successful in
the sense that it was able to describe materials that the old theory could not. For example,
materials that exhibited plastic behavior, see [TIM1] and [TIM2], and materials that ex-
hibit plugs in viscometric flows, see [PVF] and Part 4 of [FC]|, could be formulated within
the new theory. In [PVF] Noll and I proved the existence of plugs in various viscometric
flows of simple semi-liquids (incompressible semi-fluids) and found explicit procedures for
determining the sizes of the plugs.

Noll’s framework in [NTSM] only dealt with mechanical phenomena. The treatment
presented here expands his work to include thermal effects. In this expanded framework
each state of a body element is associated with a condition, which consists of a configu-
ration, a temperature and a temperature gradient, and a response, which consists of an
intrinsic stress, specific entropy, intrinsic heat flux and specific free energy. Many of the
results in this chapter are straightforward generalizations of results in [NTSM] however,
some of the results dealing with symmetry are not. This is due to the fact that in the
treatment presented here the lineon minus the identity, i.e., the central inversion, need
not be in the symmetry group while in the purely mechanical theory minus the identity is
always in the symmetry group. This allows for the possibility for materials with thermal
chirality.

16 Simple Thermomechanical Elements
Let a set A be given. A mapping of the form
P:[O,dp]—>./4, dp € P

Tt has been found that the concept of a state space is the appropriate framework for the foundations
of mechanics and thermodynamics. See, for example, [FCFT], [MFT], and the references cited in Section
4.1 of [MTCM].
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is called a process with values in A. The number dp is called the duration of the process.
The initial value P’ and the final value P/ of the process P are given by

P':=P(0) and P/ :=P(dp).

Given C € A and d € P one can construct a process Cg) : [0,d] — A, called the
freeze of duration d, defined by

Cw(t) :=C forall tel0,d. (16.1)

Let P be a process and t1,ty € [0, dp], with ¢; < t3, be given. One can define the segment
P[tl,tﬂ : [Ou to — tl] — Aot P by

Py, 1)(s) :=P(t1 +5) forall se0,t;—1t].

Let P, and P, be processes such that P/ = P%. One can define a new process P; * Py,
called the continuation of P; with P,, by

P.(t) if  te0,dp,]

(P1#Po)(t) = { Pyt —dp,) if t€ [dp,,dp, +dp,). (16.2)

Let an open subset U of some linear space and a closed interval I of R be given. We
denote by
pwC!(I,U) (16.3)
the set of all mappings from I to U that are piecewise C! (see Section @ Note that when
U is a linear space pwC'(I,U) has the structure of an infinite-dimensional linear space.

The concept of a body element introduced in Chapter I is expanded here to include
more structure.

Definition 16.1 A body element is a triple (7,C,I1), where T is a three-dimensional

linear space, C is an open connected subset of Post (7, T*) x P* x T* and Il is a collection

of processes with values in C with the following properties:

(P1) Every freeze at C € C belongs to II.

(P2) IfP is in 1T then every segment of P is in II.

(P3) If P, and P, are in IT such that P = Pi then Py + Py is in I1.

(P4) Given any two elements C; and C, in C there is a process P € 11 such that P* = C,
and PT = C,.

(P5) For all d € P, the set of all processes of duration d, denoted by

M :={Pcll|dp=d}, (16.4)
is a subset of pwC'([0,d],C).

The elements of C are called conditions of the body element and the elements of 1I
are called condition processes. Given a condition C = (G,0,v) € C, G is called the
configuration , f the temperature and « the temperature gradient. Put

C':=LspC =Sym(7,7") x R x T*. (16.5)
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~ The component mappings of P € II are denoted by G : [0,dp] — Pos™(T,7T7),
0 :[0,dp] — P* and 7 : [0,dp] — T*, so that Rng(G,0,%) C C and

= (G, 0,%) (16.6)

Given a body element, one can specify a mass density function p : Pos™(7,7*) — P*
that assigns to each configuration a mass density, as mentioned before (see (8.15))).

Remark 16.2 It follows from (P3) that in general not all condition processes are of class
C!. Namely, if there are condition processes Py and Py of class C! in which P{ = P} but
P$/ £ Pg then Py« P, is a condition process by (P3) that is not differentiable. One could
alter (P3) so that the continuation of P; by Py is only required to be a condition process
if P} = P$. This alteration would make this framework inapplicable to shock waves.
The treatment of such waves will not be considered here but should be investigated in the
future. g

Put
R:=Sym(7T*,7T)xRx7T xR (16.7)
and call its elements possible responses of the body element. Given a response (S, 7, h, ) €

R, S is the intrinsic stress, n the specific entropy, h the intrinsic heat flux and ¢
the specific free energy.

Definition 16.3 A thermomechanical element is a septuple (7,C, 11, %, C,R, ¢) whose
terms are described as follows:

(T1) (7,C,1I) is a body element.

(T2) X is a set, called the state space of the element, whose elements are called states.
(T3) A condition mapping C : ¥ — C which assigns to each state a condition.

(T4) A response mapping R : Y — R which assigns to each state a response.

(T5) An evolution mapping é : (X x II)s, — X, where

(2 x Mg = {(6,P) € L x T | P' = C(0)}.

Roughly speaking, é(o, P) is the state reached by subjecting the state o to the “thought
experiment” represented by the condition process P. We define the result mapping
R: (X x )z — R by

R:=Roé. (16.8)

R = (S,7,h,¢) (16.9)
and the components of R by (S, 7, h, ) so that
R = (S,7,h,v). (16.10)

We will need to introduce notation that will be used throughout the next two chapters.
Let C € C and d € P be given.
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¢ Define the C-section by
Yo :={oceX|Co)=C} (16.11)

This set consists of all states that have the condition C. Note that X is the disjoint
union of all C-sections.

e The set of all condition processes that start with the condition C will be denoted by
llg:={P €Il | P'=C}. (16.12)

e The set of all condition processes that start at the condition C and have duration d
will be denoted by
Mg = Te N II% (16.13)

e Given a state o € X ¢ we define the mapping f{d(a, NI, — R by

Ry(o,-)(P) := R(0,P) forall P cIIf. (16.14)

Sometimes we will refer to a thermomechanical element (7,C,II, ¥, C,R, é) by just the
linear space 7.

An unconstrained element is one in which the set of condition processes is as large
as possible, i.e., 1 = pwC*([0, d],C) for all d € P.

Remark 16.4 Consider a continuous body B and let X € B be given. Assume the
tangent space 7x has the structure of a thermomechanical element. If the body B is
subjected to internal constraints this will affect the set of condition processes II. If the
body is unconstrained then the set of condition processes is as large as possible, i.e.,
1% = pwC'([0,d],C) for all d € P. If the body is constrained then for all d € P>, II¢
would be a suitable proper subset of pwC' ([0, d],C). The definition of a thermomechanical
element works whether or not there are constraints. However, when there are constraints
the stress component of the response mapping S must be interpreted as the intrinsic extra
stress in the element. See Section 9 of [NTSM] for more about internal constraints within
this framework.

The ingredients of a thermomechanical element are subject to several axioms, six in
total. The first three will be given here while the remaining three will be introduced in the
following sections.

Axiom 1 For all (o,P) € (X x II)g, we have
é(0,P) € Lps, ie. C(é(o,P)) =P/ (16.15)

This axiom implies that the mapping Cis surjective. To see this let C € C be given and
let o be an arbitrary state. From (P4) of Definition there is a condition process P
such that P = C(0) and P/ = C. Axiom 1 says that the condition of the state é(c, P) is
C. Since C € C was arbitrary, Cis surjective.
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Axiom 2 IfP{,Py,€ell, o€ 2pi and P/ = P}, then
é(O’,Pl *PQ) = é(é(O',Pl),P2>. (].6]_6)

The following axiom says, roughly, that there must be some way to distinguish between
two different states.

Axiom 3 For all C € C, if 01,09 € Y¢c and R(Ul,P) = R(UQ,P) for all P € Ilc, then

o1 = O9.
This axiom is very powerful and is the only way to show that two states are the same.

Proposition 16.5 Let 0 € X be given. Then we have
é(0,C(0)() = 0. (16.17)

Proof: Let P € Il , be given. Note that P = Péo) +*P. Applying ((16.16) with P, := P’('O)
and P, := P we obtain R
é(o,P) = é(é(0,C(0)()), P). (16.18)

Applying R to this equations yields
R(0,P) = R(é(, C(0) ), P). (16.19)

Since P € Hé(a) was arbitrary, using Axiom [3] we obtain the desired result. |

Motivated by this last result we will sometimes use the following notation:

I :={Pecll|dp€P} and (2 xI¥)g:={(0,P) € xII"| P =C(o)}.
(16.20)

17 Material Isomorphisms and Material Symmetry

Let thermomechanical elements (Tl,Cl,Hl,Zl,Cl,El,él) and (73, Co, Iy, X, CQ,RQ,ég)
be given. A linear isomorphism A € Lis(7;,73) induces two mappings:
e Ac:Cy — Post (75, T,") x P* x T.f, defined by

Ac(G,0,7) = (A"TGA™,0,A Ty) forall (G,0,7)€C,. (17.1)
e A : Ry — Ry, defined by
Ax(S,n,h,¢) := (ASAT 5, Ah,y) for all (S,n,h,¢) € R,. (17.2)

Definition 17.1 A mapping A € Lis(7;,7;) is a material isomorphism of the two
thermomechanical elements if there is an invertible mapping

LA - 21 — 22 (173)

such that the following conditions hold:
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(MI1) Acs(Cy) = Co.

(MI2) The mapping P —— A o P from I1; to Il is invertible.
(MI3) Aco C, = Cyoa.

(MI4) Aro Rl = ]_:A{Q O LA.

(MI5) For all (o,P) € (X1 x II1)ge,

LA(é1<O',P)) :ég(LA(O'),ACoP). (174)
In this case, the two elements are said to be materially isomorphic.

Proposition 17.2 The mapping ta in (I7.3) is uniquely determined by the material
isomorphism A.

Proof: Let o € ¥ be given. Applying R, to 1} and using (MI4) we obtain
Ax(R1(é1(0,P))) = Ry(éx(1a(0), AcoP)) for all P e I such that Cy (o) = P, (17.5)
and hence

Ax(Ri(é1(0, A5 o P))) = Ry(é5(1a(0),P)) for all P e II, such that Cy(0) = Ac(P?).
(17.6)
Thus if 1o and ¢/, are both bijections satisfying (MI1)—(MI5), we have

Ry (é5(1a(0), P)) = Ry(éx(/y(0),P)) for all P € II, such that Cy(0) = Ac(P?). (17.7)

By Axiom 3 this implies that ta(0) = /5(0). Since o € 3, was arbitrary, we obtain
LA =1Ur. 1

If thermomechanical elements (77, Cy, 113, ¥, (517 R, é1) and (73, Cy, Iy, 3, CQ, Rz, és)
are materially isomorphic we say that they consist of the same material. More precisely,
a material is an equivalence class of material elements, the equivalence being material
isomorphy.

Remark 17.3 Let B be a continuous body, as defined in Section 4] and assume that at
every material point X € B the tangent space 7x has the structure of a thermomechanical
element. Such a body is called a (simple) material body. If all of the thermomechanical
element structures on a material body are isomorphic then we say that the body is mate-
rially uniform. Given a material body, if there is a configuration § € ConfB of the body

such that (recall (4.5))
I(;(Y)ilI(;(X) S LiS(TX, Ty)

is a material isomorphism for all X, Y € B then we say the body is homogeneous. A mate-
rial body can be materially uniform without being homogeneous. The theory of continuous
distributions of dislocations is nothing but the analysis of the deviation from homogeneity
for materially uniform bodies. See [MUBI] for earlier versions of the definitions given in
this remark.
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If the elements coincide, 7 := 73 = 75 etc., then an A € Unim(7') satisfying (MI1)-
(MI5) is called a symmetry of the element. Denote the set of all symmetries of 7 by
® C Unim7. It is not difficult to check that & is a subgroup of Unim7 .

Remark 17.4 In the past the assumption that symmetries must be unimodular has
been based on the intuitive idea that a symmetry should not change the density of the
element. It is worthwhile to make this idea precise. Although it is not stated explicitly
in the definition of a thermomechanical element, each element has with it a mass-density
function p (see . Let a symmetry A € Lis7 of an element 7 be given and let us not
assume that it is unimodular. Then A would have to satisfy an invariance relation for p
similar to the invariance relations involving the other ingredients of the element, namely

P(ATGA) = p(G) forall Geg (17.8)

where G is the projection of C onto Pos®(7,7*). It turns out that if A satisfies for
even one G then A must be unimodular.

To see this let G € G be given. Let B be a continuous body as defined in Section [4| and
assume that at X € B the tangent space 7 at X has the structure of a thermomechanical
element. By we can find placements i, 1y € P1B such that by putting M := M,,(X)
and M; := M,,, (X) we have

G =M"M and so p(G) = p,(u(X))
ATGA = MM, and so p(ATGA) = p, (1/(X)).

Put A := popui : Frmpuy — Frmp. By (8.2) we have p,, (11(X)) = ppy (11 (X)) ppu(p(X))
and thus by (17.9) and (17.8) we know p,, (11 (X)) = 1. Using (5.10) and the definition

of A\ we have

(17.9)

1 = |det(V,,(x)AB)| = |det(MM; 'B)|. (17.10)
From (17.9), we know M;' = A~'G~'A~ "M/ and so using some properties of the deter-

minant we can obtain

1 = |det(MA~'G'A~TM/B)

(
= |det(MG~'M|B)||det(A"'G'A"TG)| (17.11)
= |det(MG~'M] B)||det(A~1)||det(A~T)| '
= |det(M~TGM;'B)|~!|detA| 2.

By (17.9)1 M~TG = M and so |det(M~TGM;'B)| = |det(MM;'B)| = 1 by (17.10).
This together with ((17.11)) says that A € Unim7 . g

The following result is an immediate consequence of Proposition [17.2

Proposition 17.5 There is a unique homomorphism
t:® — Perm¥ (17.12)

such that for all A € & the value 1p := ((A) has the following properties:
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(S1) AcoC=Coua.
(S2) AgoR=Roa.
(S3) For all (0,P) € (¥ x g,

ta(é(o,P)) =é(talo),Ac o P). (17.13)
Definition 17.6 If & is the full unimodular group then the element is called a semi-fluid.
Definition 17.7 Given o € ¥ the symmetry group of o, denoted by
&, ={A €& |ial0) =0}, (17.14)
is the set of all symmetries that leave o fixed.
Of course, &, is a subgroup of &. Put
Fix(y) :={A € Lis(7) | ATy =~} forall v € T*, (17.15)
Orth(G) := {A € Lis(7) | ATGA =G} forall G € Pos™(7,7%). (17.16)
Proposition 17.8 Let 0 € X be given. Then
&, C & N Orth(G(0)) N Fix(4(o)). (17.17)

Proof: Let A € &, be given. It follows from (S1), (17.15) and 1) that G(a) =
ATG(0)A and 4(0) = AT4(0). The result immediately follows.

The state o is said to be an isotropic state if

~

&, = Orth(G(0)). (17.18)
An element is said to be an isotropic element if it has isotropic states. It follows from
Proposition that a state is isotropic only if the temperature gradient across the element
is zero.

Motivated by Proposition we consider the following concept: A state o is said to
be a thermally axisymmetric stateﬂ if

~

8, = Orth(G(0)) N Fix(%(c)). (17.19)

An element is said to be a thermally axisymmetric element if it has thermaly axisym-
metric states.

Proposition 17.9 Let o € X be given. Put S := S(0), G := G(0), v := 4(0) and
h :=h(o). Then

ASG =SGA and Ah=h foral A€ &,. (17.20)

2The term “transversly isotropic” has been used for what I call “axisymmetric”. The adjective “ther-
mally” is added because the asymmetry is due to thermal effects, namely the temperature gradient.
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If the state is thermally axisymmetric then there are numbers p, o, 3 € R such that
S=-pG '+ a(G'y®G ') and h=pG 'y. (17.21)
If the state is isotropic then
S=-pG! and h=0. (17.22)
Proof: is a consequence of (17.1), (MI4) and (17.14).

Suppose the state o is thermally axisymmetric. Since G € Pos™(7,7*) is fixed in this
proof we will use it to endow 7 with the structure of an inner-product space. We will use

the standard notation for inner-product spaces, namely u - v := (Gu)v for all u,v € 7.
Also, put
g =G 'y €T and T :=SG € Sym(7). (17.23)
Since o is thermally axisymmetric (17.20)), with (17.19) says that
Ah=h forall A€ Orth(G)nNFix(vy). (17.24)
Notice by (17.23) and (17.15)), Fix(y) = {A € Lin(7) | Ag = g}. Put
U:={glr={veT| (Gv)g=0} (17.25)

Since U NRg = {0}, the Characterization of Regular Subspaces from [FDS]| says that U
and Rg are supplementary in 7 and there is a # € R and a u € U such that

h =u+ fg. (17.26)
Define A € Lin(7) by
—v if veld
Av = { v if veRg. (17.27)

One can see that A € Orth(G) N Fix(v) and so and show that u = 0.
Thus, h has the desired form.

To show 1 must hold start by putting 1 together with with the
notation to obtain

AT =TA for all A € Orth(G) N Fix(v). (17.28)
Define U as in ((17.25)). It follows from ((17.28) that
Q(T|y) = (T|w)Q for all Q € Orth(G|y). (17.29)

This is possible only if there is an £ € R such that
Tl = §1y- (17.30)
Using we also know that
QTg =TQg =Tg forall Q € Orth(G) N Fix(vy). (17.31)
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It follows from the proof in the previous paragraph, with h := Tg, that there is a ( € R
such that Tg = (g. Hence

¢
Tre =——g®g. 17.32
|Rg g g ( )

Since U and Rg and supplementary in 7, ({17.30) and (17.32) together imply that there
are p, o € R such that

T=-plr+ag®eg.

Using ((17.23) we see that this gives us the desired representation for S.
Since isotropic states are thermally axisymmetric and v = 0 for the isotropic case

(17.21)) follows immediately. |

Remark 17.10 The symmetry group for a thermally axisymmetric state o has the follow-
ing interpretation. One can use the configuration G := G(U) of that state to temporarily
endow the body element with the structure of an inner-product space. Then the temper-
ature gradient v := 4(o) of the state can be associated with an element of 7', namely
g := G~ !4 € 7. Then the symmetry group of ¢ is generated by all rotations about the
axis determined by g and all reflections about a plane that contains g.

The case of thermally axisymmetric states is given special consideration here because
this concept arises naturally in this context. However, there are many other types of
symmetry one might want to consider. A state o is properly thermally axisymmetric
if 8, = Orth*(G (o)) N Fix(4(0)) or hemitropic if &, = Orth™(G(0)). 1

Since the mapping A —— ta is a homomorphism, if A,B € &, then
ta-1 =1Ly and LAB = LA O LB. (17.33)
Given o € X, we define the reduced state (), of o by
Qy = {talo) | A € &}. (17.34)

Note that the reduced states partition the state space .
This next result says that the symmetry groups of two states that determine the same
reduced state are conjugate and hence isomorphic.

Proposition 17.11 Let 0 € ¥ and A € & be given. Then
G000 =AB,AT (17.35)

Proof: Let B € &, be given. Since & is a group, ABA™! € & and so tpogpa—1 is

meaningful. By (17.33) and ((17.14]) we have

taBa-1(ta(0)) = (ta ot 0 1y 0 1a)(0) = ta(tn(0)) = ta(0)

and hence ABA~! ¢ &, (o). Since B € &, we arbitrary this shows A, A C S,a(0)-
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Now let B € &,,(,) be given. Then by (17.33) and (17.14) again we have

ta-1BA(0) = ta-1(tB(ta(0))) = ta-1(ta(0)) = 0.

Thus, A"'BA € &, and hence B € A®,A~!. Since B € &, . (o) Was arbitrary we conclude
that S ia(0) C A&, AL
The result follows immediately. |

18 The Basic Topology on the State Space

Let a thermomechanical element 7 with result mapping R, see 1' be given.

Definition 18.1 For every C € C the basic uniformity on the C-section X.c, as defined
by (16.11), is the coarsest uniformity on ¢ that makes the mappings

R(,P):Yc — R forall Pcllg

uniformly continuous. The basic topology on ¥ = UgecXc is the disjoint union topologyf
induced by the topologies on the C-sections induced by the basic uniformities.

If 7; and 75 are thermomechanical elements with state spaces ¥; and ¥ and A : 7, —
75 is a material isomorphism then the bijection ¢ : 37 — 35 is a homeomorphism with
respect to the basic topologies on »; and ¥,. This is a consequence of the general fact
that an isomorphism preserves all structures induced by the given structure.

The following result, which follows from the above definition, is a special case of Propo-
sition 4 of Section 2, Chapter II, in [TG]|, characterizes the baisc uniformities on the
C-sections.

Proposition 18.2 A mapping ¢ : U — Y¢ from a uniform space U into a C-section
Y.¢ is uniformly continuous if and only if the mappings

R(¢(:),P): U — R for all P e ll¢

are uniformly continuous.
This result is used to prove the following result.

Proposition 18.3 Let P € Il be given. The mapping
é(,P) . Epi — Epf (181)

is uniformly continuous.
3Let (X; | i € I) be a disjoint family of topological spaces. Put X := U;e;X;. The disjoint union

topology on X is the finest topology on X such that the canonical injections inj; : X; — X, 7 € I, are all
continuous.
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Proof: Let P’ € IIps be given. From ((16.16]) and (16.8]) we have

R(¢(o,P),P) =R(0,P xP') forall o€ Sp:. (18.2)
Thus, since R(;, P x P’) is uniformly continuous by definition of the basic uniformity on
Ypi we know R(é(-,P),P’) is uniformly continuous. Since P’ € Ilp; was arbitrary an
application of Proposition proves the result.

The following result, a special case of Proposition 10 of Section 8, Chapter I, of [TG]
characterizes the basic topology on ..

Proposition 18.4 A net (i — o;) in X converges to o € ¥ if and only if
1. o; belongs eventually to some fixed section g,
2. 0 € Y¢ and

3. lim; R(0;, P) = R(0,P) for all P € Ic.

Proposition 18.5 The basic topology on Y. is Hausdorff, i.e., nets in ¥ cannot have more
then one limit.

Proof: Let oy and o3 both be limits of a net (i — ;). Then by the previous proposition
we have C(o7) = C(02) =: C and R(01,P) = R(02,P) for all P € TIc. By Axiom 3| it

follows that o1 = 09.

The C-sections, equipped with their basic uniformities; are both open and closed but
need not be complete. One can always consider the completion of these sections and then
extend the mappings R, C and é(-,P), P €11, so that they are uniformly continuous on the
completed C-sections. By doing this one would obtain a new thermomechanical element
structure. However, this new thermomechanical element would not be physically different
from the original one. To avoid dealing with these different, but physically equivalent,
structures we assume the following:

Axiom 4 The sections X, C € C, are complete with respect to their natural uniformities.

19 Relaxed States and Accessibility

Axiom 5 For all 0 € ¥, the limit

lim é(0, C(0) 1) =: M) (19.1)

t—o0
exists.
The mapping A: Y — % defined in 1) is called the state relaxation mapping. The

elements of the set R
Zrel = >‘><E) (192)

are called relaxed states. It is clear that C(o) = C(A(0)).
The following result is analogous to Proposition 12.1 in [NTSM].
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Proposition 19.1 Let A € ¥ and C := C(A) be given. The following four conditions are
equivalent:

(1) A€ X

(ii) For allt € P>, é(X,Cy)) = A.

(iii) For somet, € P*, é(\, C,) = A

(iv) A(\) = A,

Proof: First note that by the definition of a freeze and a continuation, see ((16.1]) and
(116.2)), we have

C(r+t) = C(T) * C(t) for all s,t € P*. (19.3)
For every o € X, it follows from ((16.16) and ((19.3) that
é(O’,C(H_T)) = é(é(O', C(r)),C(t)>. (194)

To prove (i)==(ii) let A € S, be given. There is a o € ¥ such that A(0) = \. Taking
the limit » — oo in (19.4]) and using Proposition we obtain

A= A0) = é(\(0),C) = é(\, C) (19.5)

which proves condition (ii).

The implication (ii)==-(iii) is trivial.

Now assume that (iii) holds. Apply with 0 := A\, r :==t, and ¢ := (n — 1)t,, with
n € N to obtain

e(X, Ct)) = €(6(A, Cr)), Cin-1yt)) = €A, Cn-yt))- (19.6)

Since A = é(A, C(p)) by Proposition|16.5, we see that induction over n yields A = é(A, Cne,))
for all n € N. Taking the limit n — oo we obtain A = A(\).
The implication (iv)==-(i) is trivial. |

This result says that a state is relaxed if and only if freezing it at its condition does not
change the state. Furthermore, it says that a state frozen in its condition cannot return to
that state unless the state is relaxed.

Proposition 19.2 If every relaxed state is thermally axisymmetric then the element is
a semi-fluid.

Proof: Let G denote the projection of C onto Pos™ (7, 7%), in the sense thatﬁ
G ={G e Pos™(T,T") | (G,0,v) €C for some § € P*,v € T*}.

Since C is open in Pos™(7,7*) x P* x T*, G is open in Pos™(7,7*). Let G € G be given.
Recall the following fact about a three dimensional linear space 7 with inner-project G:
Let A be a subgroup of Orth(G). If

Fix(7y,) UFix(7y,) C A for linearly independent ~,,vy, € 77, (19.7)

4This projection can also be written using evaluation mappings: G = evi~(C). See (04.9) of [FDS].
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then A = Orth(G).

Assume that every relaxed state is thermally axisymmetric. Since every relaxed state
is thermally axisymmetric, C is surjective (by ), and for every condition C there is
a relaxed state A such that C(A) = C we have

Orth(G)NFix(y) € & forall (G,6,v) eC. (19.8)

Let G € G be given. Since C is open there are v,,v, € 7%, with «y; not in Lsp{~,}, and
01,05 € P* such that (G,0,7,), (G, b02,7,) € C. Using this fact with the fact stated in

the previous paragraph, (19.8) implies that
Orth(G) C &.

Since G is open there is a G’ € G not in Lsp{G}. The same reasoning as above leads us
to the conclusion that
Orth(G') C &.

By the maximality of the orthogonal group in the unimodular group, see [MOU], it follows
that Unim(7) C &.

Proposition 19.3 Let 0 € X be given. Then

Namely, relaxation can only enlarge the symmetry group of a state.

N ~

Proof: Put C:= C(c) = C(A(0)) and let A € &, be given. By (S1) we have A¢(C) = C
and hence, for all t € P, A¢c o Cy = Cyy. Thus (S3), with P := C, implies

ta(é(o, Cy)) = é(o, Cy). (19.10)

~

Taking the limit as ¢ — oo and using (19.1) we obtain ts (o)) = A(o) and hence
Acs o) Since A € &, was arbitrary, the result holds. 1

The following is an immediate result of the above proposition and the definition of a
thermally axisymmetric element.

Corollary 19.4 A thermomechanical element is thermally axisymmetric if and only if it
has a thermally axisymmetric relaxed state.

For all o € X put

Definition 19.5 A state 7 € X is said to be accessible from o € ¥ if 7 € X, and is said
to be strictly accessible from ¢ € ¥ if there is a condition process P € HC( ) such that

T =¢é(o,P).

g
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Proposition 19.6 Let 0 € ¥ be given. If 7 € 3, then ¥, C 3.

Proof: Let 7 € 3, be given. Also, let 1 € 3. and a neighborhood U, of 1 be given such
that U, C ZC( )" By the definition of 3, there is a condition process P, € HC(T) such that
é(t,Py) € U,. By (16.15) we have P{ = C(y). By the continuity of é(-,Py) : Yo —
Y ¢, there is a neighborhood U of 7 in Xy such that é(-,P1)~ (U) C U,,. The fact that
T € X, guarantees that there is a condition process Py € Ilg,) such that é(o,Py) € U,.
Hence we have é(é(o,P3),P1) = é(0, Py x Py) € U,. Since the neighborhood U, of ;1 in
Zc(“) was arbitrary, pu € ¥,. Since pu € ¥, was arbitrary, we have ¥, C ¥,. |

The following result follows immediately from the previous proposition and .
Proposition 19.7 For every o € ¥ and 7 € £, we have () € &,.

This last axiom limits the size of the state space.
Axiom 6 There is at least one )\, € ¥, such that ¥, = X.

If the septuple (7° .C, 11,2, C, R, ¢) satisfies Axioms 1-5 but not Axiom 6, one can
use the following procedure to define thermomechanical element structures on 7: Select
Ao € Ypa arbitrarily and put X' := X, . Put C = C|2/, R/ = ng/ and €' := &|(zrxm),, - It
is not hard to verify that the septuple (7,C,II, ¥, C' R, ¢ ) is a thermomechanical element
and it satisfies Axiom 6. This new element depends on the initial choice of A, and so the
original element may give rise to many different thermomechanical element structures on

7.

Remark 19.8 Axiom [f] states that every state is accessible from a given relaxed state.
There is a good reason for not requiring the stronger condition that every state be strictly
accessible from a given relaxed state. To obtain a viscometric flow for a semi-fluid starting
from rest (a relaxed state) it may be necessary to wait an infinite amount of time. Thus
the state of the material corresponding to being in a viscometric flow is accessible from the
rest state but need not be strictly accessible. g

20 Semi-elastic Elements

The following definition is useful.

Definition 20.1 We say a thermomechanical element is semi-elastic if the mapping
Cls,., : 2w — C Is invertible. We say an element is elastic if it is semi-elastic and every
state is relaxed.

It follows from (|19.1)) and (16.15) that the mapping (AJ|ZWl is always surjective. Thus a
thermomechanical element is semi-elastic if and only if C|y,_, is injective.

Remark 20.2 Noll proved in [NTSM], see Theorem 16.1, that, assuming minor technical
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assumptions, the states for a semi-elastic element can be identified with histories and thus
are simple materials in the old sense of [OTSM]. g

For the rest of this section we assume that a semi-elastic thermomechanical element is
given.

Proposition 20.3 If A is a relaxed state, then &, = & N Orth(G(\)) N Fix(y(X)).

Proof: Let A\ € ¥ and A € & N Orth(G()\)) NFix(4(\)) be given. Using (S1) we have

CN) = (G0N, ¥(N)
A 1

|
Q B

Since the element is semi-elastic, C %, 18 injective and so it follows that A = ta(\) and

hence A € &,. Since A € & N Orth(G(\)) N Fix(4(\)) was arbitrary we have & N
Orth(G(\) NFix(5(\)) C &,.

It follows from Proposition m that &, C & N Orth(G(\)) N Fix(4()\)) and so the
result holds. |

Definition 20.4 An element is said to be fluid if it is both semi-elastic and a semi-fluid.
Corollary 20.5 If the element is fluid then every relaxed state is thermally axisymmetric.

Proposition 20.6 In a semi-elastic element every state is accessible from every other
state, i.e., X, = X for all 0 € 2.

Proof: Let A, denote the state guaranteed by Axiom [6|and let o € ¥ be given. It suffices to
show that X, C X,. It follows from Proposition [19.6]that this will follow if it is shown that
Ao € X,. Find a condition process P such that P? = C(c) and P/ = C()\,). Such a pro-
cesses exists by (P4). Then é(o,P) € 3, and hence by Proposition Aé(o,P)) € %,
Since C(A(é(0, P))) = C(\,) and for semi-elastic elements Cl|y,_, is injective it follows that

Ao = A(é(o,P)) € 3,. Since 0 € ¥ was arbitrary, this proves the claim. |

Of course, since the above results hold for semi-elastic elements they also hold for
elastic elements. For elastic elements the mapping C:¥—Cisa bijection and can be
used to identify the state space with C. However, C, when viewed as the state space with
the basic topology, has the discrete topology. This topology is too weak to capture the
smoothness assumptions that are usually made on constitutive laws in elasticity. It will
be shown in Chapter III that by introducing memory into the thermomechanical element
a more suitable topology on the state space can be generated.
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21 The Second Law of Thermodynamics

In this section we lay the foundations for using the second law of thermodynamics, as
discussed in Section [13], for simple materials.

Let (0, P) € (X xII*)g; be given. One can define the response process P, : [0, dp] —
R induced by P and o by

P,(t) := R(o,Pyy) forall t€[0,dp).
We denote the components of P, by
= (S,7,h,9). (21.1)
Now define the admissible process induced by P and o by
P,:[0,dp] — CxR by P,:=(P,P,). (21.2)

Using the notation p:= po G (see (8 ) we say that the admissible process satisfies the
reduced dissipation inequality (see

—p(0°n +°) + ;tr( G*)— 7T >0, where Y := %f?h. (21.3)

We now assume the following holds:

Second Law of Thermodynamics: For every (o,P) € (X xI1*)g, the admissible process

P., as defined in , satisfies .
It is useful to introduce the function T : (¥ x II)g — R defined by

1

T(o,P) := 77

(o, P)h(o,P) for all (X x II)g. (21.4)

Let 1/7)(57p) : [0, dp] — R denote the specific free energy component of the response process
generated by (o, P), i.e

Viopy(t) = U(0,Ppy) forall t€0,dp]. (21.5)

Using this notation, one can see that the Second Law of Thermodynamics is equivalent to

— p(GT)(6* (o, P)+@E;§P))+%tr(é(a, P)G*)—T(o,P) >0 forall (6,P) € (X xII*)g
(21.6)
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Chapter 111

Memory

22 Introduction

In 1963 Coleman and Noll first implemented, in [CNP], the interpretation of the second
law of thermodynamics as a restriction on the form of constitutive lawd] The process of
finding the restrictions placed on constitutive laws by the second law became so standard
it was dubbed the “Coleman—Noll procedure” and has been applied to many classes of
constitutive relations. This procedure was carried out in the context of the old theory of
simple materials, as defined in [OTSM], by Coleman in the fundamental paper [TMM].
This procedure was also carried out for materials of grade two by Gurtin in [TMM3] in a
paper which, in Gurtin’s own words, “lays bare the quite simple concepts which are the
essence of the subject.”

In the framework presented here the second law of thermodynamics restricts the form
of the result mapping R. In all of the past literature the Coleman—Noll procedure requires
various smoothness assumptions on the result mapping. For these assumptions to be made,
a topology on the set of condition processes is necessaryﬂ. In this part it is discussed how
such a topology can be introduced and how imposing this topology on the set of condition
processes induces a topology on the state space that is different from the basic topology
introduced in Section [I8]

For some materials the response R(o, P) of a body element in the state ¢ subjected
to the condition process P may depend in a very complicated way on all of the values
of P while the response for other materials may only depend on the final value of P.
In the latter case one can think of the material forgetting what has happened to it in
the past. Thus, it makes sense to describe this kind of dependence by using the word
memory. Within the state space framework memory can be modeled by making various
smoothness assumptions on the result mapping. By assuming that for each state o the
mapping f{(a, -) is uniformly continuous with respect to different uniformities on the set of
condition processes one is able to model different types of memory. Once a uniformity on

'For the history on this interpretation see [TOT].

2In the old theory of simple materials instead of working with states and condition processes, only the
concept of a history was used. Thus, in the older literature various topologies on the set of histories were
proposed.

51



the set of condition processes is specified one can generate, in a natural way, a uniformity
on the state space. This is explained in Section [23]

An interesting special type of memory is that of fading memoryf in which, intuitively,
the material element remembers what has happened to it in the recent past more then
what happened to it in the distant past. Materials with fading memory have been studied
in great detail, see [TMM] and [TMFM] for example. It is shown in Section [24] that a
thermomechanical element with fading memory must be semi-elastic.

In Section [25]it is investigated what can be said about materials with fading memory if
one assumes that the second law of thermodynamics holds. The Coleman—Noll procedure
is carried out for materials with fading memory. To carry out this procedure certain
differentiability type assumptions must be made on the result mapping (see Assumptions
1 and 2 in Section . By carrying out this procedure I was able to obtain results similar
to those found in [TMM]. For example, the stress and entropy components of the result
mapping are completely determined by the free energy component of the result mapping.

In 1960 Coleman and Noll proved, in [ATCM], a theorem within the framework of the
old theory of simple materials that roughly says thatff for materials with fading memory the
response of a slowed down history can be approximated by a mapping that only depends
on the final value of the history and by a flat (affine) mapping that only depends on the
final value of the derivative of the history. This theorem, which will be referred to as the
Retardation Theorem , explained why the constitutive law for linearly viscous fluids can
be used to describe the behavior of many fluids in the limit of slow motions.

The Retardation Theorem had two defects, however. The first is that since histories
were used, the concepts of state and process were confused. It makes sense to talk about
slowing down a process but one cannot slow down a state. Ideally one would like to
have a result that says that the response of a state being subjected to a process can be
approximated, in a certain sense, when the process is slowed down. Assuming this first
defect could be overcome, there is still the problem that given a state and a process one may
need to slow down the process quite a bit before the response can be approximated. It would
be more satisfying if given a state and a process one could immediately determine that, if
the speed of the process were small enough, the desired approximation holds. Theorem [26.8]
in Section [26| corrects these two defects. A version of the Retardation Theorem, Theorem
26.11] is given as an easy consequence to this theorem.

23 Simple Thermomechanical Elements with Memory

Let a thermomechanical element (7,C,II, X, C,R, é) and a norm v on 7 be given. This
norm induces the dual norm v* on 7* defined by

V() := sup il for all v e 7T7. (23.1)

veT X V(V)
3The theory of materials with fading memory was first formulated in [ATCM] in the framework presented

in [OTSM].
4What is stated here is only a special case of their result.
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This in turn can be used to define an operator norm || -

v+ on Lin(7*,7T) by

LA
L[|y = sup ”(* ) forall LeLin(T",7T). (23.2)
Aerex V(A)
In a similar way one can define a norm || - ||, ,+ on Lin(7,7*). Define a norm v¢ on (',
see (16.5)), by
ve (G 0,4") = |G|l + 10| + v (7)) forall (G',0,4") e’ (23.3)

and a norm vg on R by
vr((S,1,0,¢)) = [|S[|o+ + [n] + v(h) + [¢| forall (S,n,h,¢)eR. (23.4)

Let d € P and a semi-norm v, : pwC*([0, d],C") — P be given. This semi-norm can be
used to generate a uniformity on pwC*([0, d], C’) in a natural way, see [GT]. Since C C C’ we
may view pwC'([0,d],C), and hence TI? (see (16.4))), as a subset of pwC'([0,d],C’"). Thus,
I1¢ can be equipped with the relative uniformity coming from pwC*([0,d],C’) induced by
V.

Let (vg: pwC'([0,d],C') — P | d € P) be a family of semi-norms. As described in the
previous paragraph, for all d € P, v4 can be used to generate a uniformity on IT¢. Since II
is the disjoint union of 1%, d € P, the uniformities on II% can generate a uniformity on II.
Namely, we consider the finest uniformity on II such that all the mappings in the family
of canonical injections (inj, : 1Y — II | d € P) are uniformly equicontinuous. It follows
that the collection of sets of the form

O, :={(P,Py) eI xII | dp, =dp, =: d and 14(P; — P3) < ¢} forall ecP (23.5)
form a basis for this uniformity on II.

Definition 23.1 A thermomechanical element with memory is a thermomechanical
element (7,C,11,%, C, R, é) together with a family of semi-norms (v4 : pwC*([0,d],C’) —
P | d € P) such that for all o € ¥ the mapping

R(o,-) : gy — R (23.6)

is uniformly continuous with respect to the uniformity on Il induced by the family of
semi-norms.

The set of condition processes of a thermomechanical element with memory will always
be considered to be endowed with the uniformity whose base is described in . This
uniformity, together with the result mapping R, can be used to generate a topology on the
state space that is different from the basic topology.

To simplify the notation, define the mapping vy : I — P by

vn(P) := vy (P) forall P ell (23.7)
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Definition 23.2 The memory uniformity on ¥ is the coarsest uniformity on ¥ that
makes the result mapping R : (X x IT)g, — R and the condition mapping C : ¥ — C
uniformly continuous. The memory topology on ¥ is the topology induced by the
memory uniformity.

Let Unif(X), which is a collection of subsets of ¥ x 3, denote the memory uniformity. It
follows from (23.5]) that this uniformity is characterized by the following property: for all
e € P* there is a Y € Unif(X) and a § € P* such that

for all (0‘1,P1), (02,P2) S (Z X H)ﬁt
VVlth~ (0'1,0'2> € Z/[j dpl = dp2 and V]‘[(Pl — Pg) <9 (238)

~ ~

we have vg (R(o1,P1) — R(02,P3)) < € and ve/(C(oy) — C(og)) < €.
Let U € Unif(¥) and o € ¥ be given. We will use the notation
Ulo) :={c" € X | (0,0") eU}. (23.9)

The sets of the form U[o] for all Y € Unif(X) form a neighborhood base for o with respect
to the memory topology.

Remark 23.3 Physically, this uniformity can be interpreted in the following way. Think
of the elements of 3 as representing various “states” that a system can be in and think of
the elements of 1I as possible “thought experiments” that one can perform on the system.
Consider two different but “similar” states of the system, say o and o9, and two different
but “similar” thought experiments, say P; and P,, that are compatible with the given
states of the system, meaning C(cy) = P{ and C(03) = PJ. Then the result R(oy, P) of
P, on o; and the result R(JQ,PQ) of Py on oy are “similar”. Also, the conditions of oy
and o9 are similar. g

Just as in the case of the basic topology, in the memory topology limits are unique.
Proposition 23.4 The memory topology makes Y. a Hausdorff space.

Proof: Let 0,,0 € ¥ be given and assume that ¢ is in every neighborhood of o,. It suffices
to show that o = o,.
Let € € P* be given. Since C is continuous at o, and o is in every neighborhood

x A

of o, we have v (C(o) — C(0,)) < €. Since € € P* was arbitrary we conclude that
C(o) = C(o,) =: C.

Let € € P* and P € Il be given. By the continuity of R(-,P) : ¢ — R at o, and
the fact that o is in every neighborhood of o, we know vz (R(o,P) — R(0,, P)) < €. Since
e € P* was arbitrary we conclude that R(o, P) = R(0,,P). Since P € II was arbitrary it
follows from Axiom [3|that o = 0,. |

The following result describes the relationship between the basic topology discussed in
Section [18| and the memory topology.
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Proposition 23.5 The relativization of the memory uniformity to a C-section is finer
than the basic uniformity on that C-section. More specifically, if A is an entourage from the
basic uniformity on a C-section ¥ then there is ald € Unif(X) such that (Xc X Xc)NU C
A.

Proof: Let C € C be given. Note that a basis for the basic uniformity on ¢ is the
collection of all sets of the form

{(0'1,0'2) € Xc X 2 ‘ VR(R(O'l,Pi) — R(UQ,Pi)) < € for all 7 € [}, (2310)
where P; € IIc and ¢; € P* for all i € I where [ is a finite index set.
Let an entourage A from the basic uniformity on ¥¢ be given. We may assume that
A is of the form given in (23.10). Put € := min;c;¢;. Find U € Unif(¥) such that (23.8))
holds with this e. By the choice of U one can show that (Xc x Xc)NU C A.

Motivated by this last result we modify Axiom [6] so that it is in terms of the memory
topology.

Axiom 6’. There is at least one A\, € ¥y such that for all 0 € ¥ and U € Unif(X) there
s a condition process P € EC(/\D) such that

(Mo, P) € Ulo]. (23.11)

When one considers an elastic element the usefulness of the memory topology over the
basic topology becomes clear. Suppose we have an elastic element 7. As was mentioned
earlier, when C is equipped with the topology inherited from the basic topology on the
state space it has the discrete topology. This topology is not practical. To see this suppose
our element 7 is associated with a material point in a bar of steel. As one slowly bends
the bar the condition (here, just the configuration) of the element will change (assuming
it does not lie on the neutral plane). If the basic topology, rather then the memory
topology, is used there is nothing preventing the stress of the element during this process
to fluctuate radically. This kind of discontinuity in the stress should not be allowed.
To avoid this problem we can use an appropriate memory topology on the state space.
The response mapping is continuous with respect to the memory topology and thus by
smoothly changing the condition the stress in the element will change smoothly as well.
The appropriate memory to model elastic elements is given by the following result:

Theorem 23.6 A thermomechanical element 7 with memory generated by the family of
semi-norms

va(Y) := v/ (Y?) for all Y € pwCY([0,d],C") and d € P (23.12)

is elastic.

Proof: To see thislet C € C, 0 € X¥c and X € X N X, be given. It suffices to show that
o =\ Let e € P* be given. Find Y € Unif(X) and 6 € P* such that (23.8) holds. By
Axiom 6’ we can find P,, P, € ZC(AU) such that

(Mo, Py) eUlo]NEc and é(\,, Py) € UM N Xe. (23.13)
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Since A, is relaxed we may assume that dp, = dp, =: d. To see this assume that dp, > dp,.
If this were the case we could replace P, with C()‘o)(dpg—dpA) x P. This process has the
same duration as P,. We assume that the processes were initially chosen so that they have
the same duration.

Let P € ¢ be given. Since vp(P —P) = 0 < 4, by and the choice of U we

have

vz (R(0,P) — R\, P, *P)) = vz (R(0,P) — R(é(\,, P,),P)) <, 23.14)
vr (R0, Py % P) —R(A\,P)) = vr (R(é(\, Py),P) = R(\,P)) < e. '

From we know v (Py* Cy x P —P, *C)*P) = 0 < 6 and so by we obtain
VR (f{(/\o, P, + C(,) «P) — R(\,, P, * Cpy + P)) <e (23.15)
Thus we have
- (R(a, P) — R(\, P)) < g (R(a, P) — R(\,, P, P))
4 (RO, Py # P) — R(\, Py % P))
Yug <R()\O, P, +P) - R(\, P))
< et+ete=3e

Since € € P* was arbitrary R(o,P) = R(\,P). Since P € Il¢ was arbitrary it follows
from Axiom [3]that o = \. |

24 Fading Memory

Materials with fading memory have been studied in great detail in the literature; see,
for example, [ATCM], [TMM] and [TMFM]. This section shows how one can describe
materials with this kind of memory in the framework introduced in the previous section.
An important ingredient in the theory of fading memory is that of an influence function.

Definition 24.1 An influence function of order r € P* is a function h : P — P* with
the following properties:

(IF1) h is continuous.

(IF2) h(0) = 1.

(IF3) h is antitone.

(IF4) There is an £ € P* such that

{109

s, t € P* Withfgtgs}::K<oo.
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Remark 24.2 The origins of using an influence function to model materials with fading
memory goes back to [ATCM]. There Coleman and Noll assumed that the influence function
satisfies condition (IF1) and that for all ¢ € P*, there is a M, € P* such that

h(s/a)

seP+¢ Oérh(S)

< M, forall «€]0,1]. (24.1)

One can show that this condition is equivalent to (IF4)P] In [TMM] Coleman added the
additional assumption (IF3). I have added the assumption (IF2) to normalize the influence
function and simplify some of the following calculations. (IF2) is not necessary to obtain
the results. g

It follows from (IF4) that
supt"h(t) < oo. (24.2)

telP

Let an influence function h of order r > 2 be given. It follows from (24.2)) that sup,cp th(t)
and sup,cp t*h(t) are both finite. Put

M := max{1,supth(t),supt*h(t)} < oco. (24.3)
teP teP

Definition 24.3 A thermomechanical element with fading memory is a thermo-
mechanical element with memory whose family of semi-norms (v4 : pwC'([0,d],C") —
P | d € P) is given by

va(Y) := sup h(t)ve/(Y(d—1t)) forall Y € pwC'([0,d],C') and de€P  (24.4)
t€[0,d]

Furthermore, the element is unconstrained, in the sense that 119 = pwC'([0,d],C) for all
deP.

Note that the mappings v, given in (24.4]) are norms.

Theorem 24.4 A thermomechanical element with fading memory whose state space is
equipped with the memory uniformity is semi-elastic.

Proof: This proof uses the same idea as the proof of Theorem [23.6] Let C € C, 0 € YX¢
and A € Y¢ N X, be given. If suffices to show that

A= Ao) = lim é(o, Cy)). (24.5)

§—00

Let € € P* and P € Tlg be given. Find § € P* and U € UnifX such that (23.8]) holds. By
Axiom @’ there are condition processes P,, Py € EC(AO) such that

é(Xo,Py) eUlo]NEc and é(\,, Py) € UM N Xe. (24.6)

°The insight to use the easier to understand condition (IF4) is due to Juan Schéffer.
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Since v(Csy * P — Cqy * P) = 0 < § for all s € P, by (24.6)), (23.8) and the choice of U

we have

UR (R(O’, C(S) xP) — R()\O, PJ * C(s) * P))

- N (24.7)
— v (R(a, Cy * P) — R(¢(Ao, P,), Cp P)) <e
v (R(\o, Py % Cs) * P) — R(\, C(s) x P
R( ( © ) —R(A,Cyy) )2 (2438)
— v (R(é()\o, P,),C, « P) — R(\, Cy, * P)) <e
Since )\, is relaxed we may assume that dp, = dp, =: d. To see this assume that

dp, > dp,. If this were the case we could replace P, with C()\o)(dpg,dpk) * P,. This
process has the same duration as P,. We assume that the processes were initially chosen
so that they have the same duration.

Notice that by (24.4)) and (24.3)) we have
lim v (P,\ * C) * P — Py x Cpyy % P)

§—00

= lim sup h(t)l/c/ (P)\(S—de —|—d—t) —Pa(8+dp—|—d—t))
§700 te[s+dp,d+s+dp)

= lim sup h(s+dp + t)ve (Pa(d —t) — P,(d — 1))

§700 4[0,d]

< ( sup ver (Pa(d—1t) — P, (d — t))) lim A(s+dp) =0

t€[0,d] §700
and so there is a § € P such that for all s € 5+ P*
v (Py* Cryy * P — P, % C(yy x P) < 4. (24.9)
Thus by the uniform continuity of R()\o, -), for all s € 5§+ P* we have
- (f{(/\o, P, « C(s) # P) — R(\o, P+ Cy) * P)) <e (24.10)
Putting this together with and ([24.8)), for all s € 5§+ P* we have
vr (R(7,Cy #P) = R(\,Cy # P)) < wp (R(0,Cy + P) = R(Ao, Py # ey + P))
+vR (f{()\o, P, xCy*xP) — f{(/\o, Py x C * P))

—|—I/R <R()\O, P)\ * C(S) X* P) — R(}\, C(s) * P))
< e€4+e+e=3e

Since € € P* was arbitrary we have

lim R(o, Cy) * P) = lim R(\, Cy) * P) = R(\,P). (24.11)

S§—00 S§—00
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Since the mapping f{(, P) is continuous we also have

lim R(c,Cy *P) = lim R(é(0,C(y)), P)

= R( lim é(()‘7 C(S)), P)

S§—00

= R(\o),P).

Putting this together with (24.11]) and the fact that P € Il¢ was arbitrary, Axiom (3| says
that (24.5) holds.

Remark 24.5 It follows from Remark that this result says if an element has fading
memory then it fits within the old theory of simple materials. g

25 Consequences of the Second Law

Here we investigate what restrictions the second law of thermodynamics places on the result

mapping for a thermomechanical element with fading memory. To find these restrictions

three assumptions are made. These assumptions are based on those found in [TMM2]Jf
Let d € P* and h € [0,d] be given. We can define a mapping Ly, : [1Y — TI¢ by

Lh<P) = P[O,d—h] * P(d — h)(h) for all P € I1,. (251)
This first assumption is a kind of differentiability assumption.
Assumption 1 There is a mapping 9 : (X x I1*)g, — C'™* such that for all (o,P) €

(3 x IT*)g4 we have

lim %(&(U, P) — (0, Ln(P))) = di(c, P)P*. (25.2)

h—0t+

Since C’ is the product of linear spaces (see ((16.5))) every element of C’* = Lin(C’,R) can
be identified with a 1 x 3 matrix whose terms are linear mappings themselves. Thus we
can represent 0 in the form

(o, P)C' = 0uydh(0, P)G' + 9y (0, P)O + O(380(0, P) (25.3)
for all (0,P) € (¥ x II")g, and C' = (G, 0',v') € C'. For example

0nyy(o,P) € Sym(7,77)* forall (0,P) € (X x II™)g.

Assumption 2 Let (0,P) € (X x II*)g be given. Define ¢, py as in (21.5). Then
Yp) € pwCH([0,dp], R) and ¥, py has jumps at exactly the same points as P*.

50ne main difference between what is assumed here and what is assumed in [TMM2] is that Coleman
and Owen take the existence of the limit in (25.4]) as a basic assumption and then prove the contents of
Assumption
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This assumption says that the mapping ZE(O—’P) inherits the smoothness of P.

Lemma 25.1 Let (0,P) € (X x I1")g, be given and define 1, py as in . Then the
limit

- 171~ -
d(o,P) = lim > [zp(a LyP) — (0, Pjo.gp— h])} (25.4)

exists and we have . 3
Uil p) = 00 (0, P)P* + dij(o, P). (25.5)

Proof: By (6.5) and Assumption [2| we have

Gl = 000 PP = lim - [5(0,P) ~ 3(5 Pl

h—0
1r- _
~ lim — [0, P) = (0. LyP)|
1r- - -
= lim > (0, LuP) = 0(0, Pppap-n)| = dib(o. P).

1
Using (25.5)), (25.3)) and (21.6) we find that the second law holds if and only if

— (G <~(o— P) + 9y (0, P)) G*f + Ltr [(S(U,P) - 2,3(@]‘)0(1)1/?(03)) G-f]

25.6
+03) (0, P)3* + dip(0,P) — T(0,P) >0 for all (0,P) € (X x [T¥)g. (25.6)

Proposition 25.2 Let d € P* and C' € C' be given. Define a family of mappings
(®C": [0,d] — C" | h €]0,d]) by

o’ L 0 if te [O,d— h]
r (t) '—{ Yd—t—h)d—t)C if teld—h.d. (25.7)

Then
lim vg(®F) = 0.

h—0t

Proof: Let h €]0,d] be given. Then by (24.4)

v (99) = tst[é%] h(t)ve (O (d — 1))
€10,
1
= sup —|(t — h)t] ve:(C')dt
te[0,h]

Since the maximum of the function |(v — h)|, restricted to [0, h], is h%/4, we have

1 / h /
sup E|(t — h)t| VC/(C )dt S ZVC/(C )

te[0,h]

Taking the limit as h — 0 proves the desired result.
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Assumption 3 For all o € &, the mappings 9Y(o,-) and di(o, ) are continuous.

It follows from Proposition 25.2] and Assumption [3] that if F': (X x II¥)g — W, W
being a linear space, is one of the mappings listed in Assumptlon I or the mapping R and
(®C" :0,d] — C" | h €]0,d)) is the family defined in then

Jim, F(o,P+ ) = F(o,P) forall (0,P) e (X x ITI¥)g. (25.8)
—0

Notice that although P + @hcl may not be a condition process for all h €]0,d], it is a
condition process for small h €]0, d] since C is open in C’. Thus, the limit in (25.8) makes
sense.

Theorem 25.3 The second law of thermodynamics holds if and only if
1. S(0,P) = 2p(G!)duyi (o, P),
2. ﬁ(0,~P) = _8(2)12077 P);
3. 6@)@/)( P)=0,
4. dip(o,P) —T(o,P) >0
for all (0,P) € (X x IT)g.

Proof: Assume that the second law of thermodynamics holds. Let (o,P) € (¥ x IT*)g
be given and put d := dp. Let C' = (G',¢',~') € C’ be given and define the family
(®C" | h €]0,d]) as in (25.7). Notice that

P+0S) =P and (P+0S) =P 4+ C
for all h €]0,d]. Thus (25.6) with P replaced with P + ®" gives

(G (70, P+ OF) + 0oy (0. P+ 0F)) (0 + ) + 0o P + 0 ) (37 +)
+ltr [(S(a, P+ of) — 25(G/)0), 00, P + @5’)) (G + G’)}
+di(0, P + ®C) — T(0, P+ dF) >0 for all small h €]0,d).
(25.9)
By “small h” we mean those h such that P + <I)hC’ € II. Taking the limit ~» — 0 and

using Assumption [3| together with Proposition and the fact that C' € C’ was arbitrary
yields

~p(GY) (it P>+a@>w<a P)) (07 + ') + 01, P)(3™ + )

+Ltr [(s — 25(GNy (o, P)> (G + @ )] (25.10)
+di)(o, P) T(o,P)>0 forall C' €.
Since this must hold for all C' = (G',6#',v") € C’ it follows that
S(o,P) = 2p(Gf)(9(1)w(a, P), 7(o,P) = (2)1/1(0 P) and 8{3)2/;(0,P) =0. (25.11)
Using these equalities, (2 yields
dip(o,P) — Y(o,P) > 0. (25.12)
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Since (0, P) € (2 x II*)g; were arbitrary, (25.11)) and (25.12)) show that items 1-4 of the
theorem hold.
The converse of the theorem follows easily. |

26 Approximation Theorem

Let an influence function A of order » > 2, as defined by Definition be given. Let
d € P* be given. Using (IF4) with s := d/a and ¢ := £ we find that

h(CZOé) _ (d/(g:é‘;/a) ) O‘Tlfi:h(f) <K- %T@a“l for all « €]0,d/¢]
and thus 1
3, G Mdfe) =0 .

Since sup,cpth(t) is finite (see (24.3))), we may define a mapping h : P — P by

h(z):= sup th(t) forall z e P. (26.2)
te[x,00[
It follows from (26.1)) that th(t) — 0 as ¢ — oo. Thus, by (26.2))
lim h(z) = 0. (26.3)

The following result may seem odd to the reader at first glance but plays a crucial role
is the proofs of Theorem [26.8 and Theorem [26.11].

Proposition 26.1 Lete € P* and N € P be given. Then there is a mapping T : P* — P
such that for all s € P* and d € T(s) + P> we have

(a) h(d) < se/N

(b) h(d) <e.
Furthermore, T' can be choosen in such a way that for fixed d,s € P* there is an n € P*
such that

d
- > T(as) forall «a€]0,n]. (26.4)

Proof: Let s € P* be given. Since lim;_,, h(t) = 0, by , and there is a d € P~
such that (a) and (b) hold. Notice that if (a) and (b) hold for d then, since h and h are
antitone, (a) and (b) hold with d replaced by d', for all d € d+P. Hence, if we define T'(s)
to be the smallest element of P such that

h(T(s)) < se/N and h(T(s)) <e. (26.5)
T satisfies the first part of the proposition.
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To prove that this T satisfies the “Furthermore” part of the proposition, let d, s € P~
be given. It follows from ([26.1)) and (26.3)) that there is an n € P* such that

h(d/a) < ase/N and h(d/a) <e forall a €0,n)].
By the definition of T" we have
h(T(as)) < ase/N and h(T(as)) < e

and since T'(s) is the smallest number in P such that (26.5) holds, it follows that d/a >
T(as) for all a €]0,n].

Let a thermomechanical element (7,C,I1, 3, C, f{, é¢) with fading memory, as defined in
Definition be given. Let d € P be given. Recall . We will use the topology on
pwC'([0,d],C’) induced by the norm v, (see ) Recall T1* = pwC* ([0, d],C) which we
consider to be a subset of pwC'([0,d],C’). TI? is an open subset of the infinite-dimensional
linear space pwC'([0,d],C’). For all C € C the set II¢ is an open subset of a flat in IT¢
whose translation space is

pwCy ([0, d],C") := {F € pwC'([0,d],C’) | F(0) = 0}. (26.6)
Let d € P and s € P be given. Define the mapping
T - pwCy([0,d],C") — pwCq([0,d + s],C") (26.7)
by T4(F) := 0 * F for all F € pwC;([0,d],C’), i.e.,

d _ 0 if te [0, 8] 1 /
THF)(t) = { F(t—s) if t€[sd+s] for all F € pwCy([0,d],C). (26.8)
It is easy to check that T¢ is linear.
It will be useful for us to connect pwC;([0,d],C’) with a suitable subset of pwC* (P, C’)
in the following way: Define the mapping Uy : pwC;([0,d],C’) — pwC'(P,C’) by

Ud(F) (t) =

{ F(d—1t) if tel0.d] for all F € pwCy([0,d],C’). (26.9)

0 if te[d oo
It is easy to see that the mapping Uy is injective and hence Uy|®"¢ is invertible.

Proposition 26.2 Letd;,d; € P be given such that dy < dy. Also, let F; € pwCg([0, d1],C")
and Fy € pwC([0, d],C’) be given. Suppose Uy, (F1) = Uy, (F2). Then T3, (F1) = Fs.

Proof: By definition

Fi(dy—1t) if tel0,d
vape = { TG0 e (26.10)
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and
UdQ(FQ)(t)z{ Fz(dé_t) i tt:[i’fg[ . (26.11)

Since dy < dy and Uy, (Fy) = Uy, (F2) it follows that

Fl(dl — t) = Fg(dz — t) for te [0, dl]

Fo(da —1t)=0 for t e [dy,ds) (26.12)

and thus

Fl(t — d2 + d1> = Fg(t) for ¢ € [dg - dl, dg]

Fy(t) = 0 for t€[0,dy — dy. (26.13)

It follows immediately that 7' , (F1) = Fa.

Let d € P be given. The freeze, or constant mapping, 0 € pwC*([0,d],C") will be
identified with the zero 0 of C’. Thus we will write

0 =0y € pwC'([0,d],C’) forall d€P. (26.14)

Let pwC (P, C’) denote the set of all elements of pwC* (P, C’) that have compact support,
i.e., whose support is a closed and bounded subset of P. Note that pwC}(IP,C’) is an infinite-
dimensional linear space. It is not hard to show that

pwCL(P,C") = | J Ugs (pwC([0,d],C")). (26.15)
depP

Define a mapping U - pwCLl(P,C") — User pwCg([0,d],C’) by the following procedure:

Let H € pwC.(PP,C’) by given. Put d := supsuptH. Define <5(H) = (Ug)®"8)=(H). Note
h
that, using (26.14)), U (0) = 0. A short calculation shows that

U(oH) = aU(H) forall a€R, He pwC(P,C). (26.16)

When o = 0 one must use the identification (26.14)).
The space pwC'(P,C’") with the mapping vy, : pwC!(PP,C’) — PP defined by

Voo (H) := sup h(t)ve/(H(t)) for all H € pwC'(P,C’) (26.17)

teP

is easily seen to be a normed space. Let d € P be given. Recall (23.7). Using the definition
of U, we have

vi(F) = v (Ug(F))  for all F € pwCy([0,d],C"). (26.18)

Assumption 4 For all A EAErel the family (Rg(),-) : HCC{J(A) — R | d € P*) (see (16.14))

is equidifferentiable at (C(\)q) | d € P*) in the sense that for all d € P* there is a
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continuous linear mapping V Ry € Lin(pwCi([0,d],C’), R) such that for all € € P* there
is a 0 € P* such that

vr(R(A,P) — R(\) = ViR (P — C(\)(4p))) oy
(P — C(A) (ap)) (26.19)

A

for all P €Il with 0 <vp(P — C(A)@p)) < 4.

Furthermore, 3
sup ||VaRallvy v =8 R < 00. (26.20)

dePx

It follows from Assumption {4f that given A\ € %, and d € P* the mapping f{()\, | is
differentiable at C(\)(q) and its gradient at this point is V Ry.

Proposition 26.3 Let A € X, d € P* and s € P be given. Then
V)\Rd = V)\Rd+s o Tsd (2621)

Proof: Put C := C()\) and let € € P* be given. By the differentiability of Rgys(),-) at
C(a+s) there is a § € P> such that for all P € H%*s with 0 < v (P — Cg4s)) < § we have

vR(R(\P) ~ R(A) ~ ViR (P — Clar)

v(P — Cays))) (26.22)

Since \ is a relaxed state, f{()\, P) = f{()\, C) *P) for all P € Il by (16.16|) and (iii)
of Proposition [19.1] Also, a short calculation shows that

TP — Cgp)) = C(s) * P — Clgps) (26.23)
vn(P — Cgp)) = vn(Cos) * P — Clapts)) (26.24)

for all P € Ilc. Thus, for all P € I with 0 < v (P — Cip)) = i(Ce) ¥ P = Cgpis)) <0
we have

vr(R(\, P) = R(A) = (VaRay, 0 TH(P — Cg))
VH(P — C(d))
vr(R(A, Cg) # P) — R(\) — VaiRyys(Cs) # P — Crapy)) .
v(Cs) * P = Crars))

= (26.25)

(26.26)

Singe e € P* was arbitrary and the gradients are unique, we conclude that V Alsudﬂ oT Sd =
V )\Rd. 1

Theorem 26.4 For all A\ € X,; there is a continuous linear mapping
ViR € Lin(pwCY(P,C'), R)
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such that
VaR(Uy(F)) = VaR4(F) for all F e pwCi([0,d],C") and d € P* (26.27)

and .
R(H ~
sp  RVRE) G R <R (26.28)
HepwCH(P,R) X VOO(H)
Proof: Define a mapping B : pwC.(P,C’) — R by
B(H) := (V\Rq o U)(H) forall H e pwCl(P,C) (26.29)

We will show that B is linear.
Let a € R and H € pwC.(P,C’) be given. By (26.16) we have

- — N — 3 —
B(aH) = V)\Rdﬁ(H)(U(OtH)) = V,\Rde)(aU(H)) = Oé(v,\RdU(m o U)(H) = QB(H)
(26.30)
Since H € pwC.(P,C’) and a € R were arbitrary, B is homogeneous.
Now let H,, H, € pwCL(P,C’) be given. Put Fy := U (H,), Fy := U (H), d; := dp,
and dy := dp,. Assume d; < dy. By the definition of B and Proposition [26.3]

B(H,) + B(H,) = VAR, F1 + ViR, Fo = ViR, (T, (F1) + Fy) (26.31)
A straightforward, but tedious, calculation shows that

Ud, (ngl—dl(Fl) +F,) =H, + Hy. (26.32)

Put F := <ﬁ(Hl + Hy) so that Uy, (F) = Hy + Hy (when H; = —H, the identification
(26.14]) must be used here). By Propositions and we have

VaRq, (ngl—dl(Fl) +F,) = V,R,, F. (26.33)
Since B(H; + Hy) = V,\f{dFF by (26.29), we conclude that
B(H; + Hy) = B(H;) + B(H,). (26.34)

Since H;, H, € pWC}:(]P), C') were arbitrary, B is additive and thus linear.
H
To see that B is continuous let H € pwCL(P,C")* be given. Put F := U (H) and

d := dp. By (26.20) and (26.18]) we have

vr(B(H)) _ vr(ViRdF)
Voo (H) va(F)

< |IVaR4l|vywr < R < 0. (26.35)

Taking the supremum over all such H € pwC.(IP,C’)* shows that B is bounded. A result
from functional analysis then says that B is continuous.
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Using the norm (24.4)), it can be shown that pyVCi(IP’,C’) is dense in pwC!(PP,C’).
Thus, there is exactly one continuous element V) R € Lin(pwC.(P,C’),R) such that
VaR(H) = B(H) for all H € pwC.(P,C’) and whose operator norm is bounded by R.

1
It follows from (126.28)) that
vr(VaR(H)) < Rue(H) for all H € pwCH(P, ) (26.36)

It follows from (26.27) and Assumption {f that, given A € X, for all € € P* there is a
0 € P* such that

vr(R(A,P) = R(N) = (VaR 0 Ug ) (P = C(N) 4p))) _.
vn(P — C(A)(ap)) (26.37)
for all P €Tl with 0 < vg(P — C(\)gp)) < 0.

The following three lemmas are needed for Theorem below.

Lemma 26.5 Let C €C, d € P* and P, € 11§, be given. Put

N = sup vgr (Pa(t) — C) (2638)
te(0,d]
We have
Voo (Udp+a(Po* P — Clapra)) — Uap (P — Cg))) < Nh(dp) (26.39)

for all P € Tl with P/ = C.
Proof: Let P € Il,; with P/ = C be given. Using (26.9) we have

[Uap+d(Po % P — Clapya)) — Uap (P — Ca))] (¢)

0 if tG[O,dP]
= Pydp+d—1)—C if teldp dp+d
0 if te[dp+d, ool

and thus by (26.17)), (26.38)) and (IF3) we have

Voo (Utp+a(Po * P = Clap1a)) — Usp (P — Cpa)))
= SUDseap dp+d M(E)Ver (Po(dp +d — t) — C)
= SUP,c(o,q A(s + dp)ve (Po(d — s) — C)
< N supgep,q h(s + dp)
< Nh(dp).

Recall (16.20]). Let P € II* be given. Put
Spd(P) := sup v (P*(t)) (26.40)

te(0,d]
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and call Spd(P) the speed of P. Furthermore, if P is of class C? put
Acc(P) := sup ve (P**(t)) (26.41)

t€[0,d]

and call Acc(P) the acceleration of P.

Lemma 26.6 Let C € C and P € II* be given such that Pf = C. Assume that P is of
class C2. Put C' := P*/. Recall (24.3). Then

Voo (Uap (P — P apy) + C'tfp) < max{Spd(P)h(dp), Acc(P)M}. (26.42)
Proof: A calculation using (24.4) and ([23.7]) shows that
Voo(Uigp (P—Clap))+C'tlp) = max{ sup h(t)ve/(P(dp—t)—C+C't), sup th(t)ve(C’)}

te[0,dp] teldp,00[
(26.43)
By (26.40) and (26.2) we have
sup th(t)ve(C') < h(dp)Spd(P). (26.44)
te[dp,o00[
Let t € [0, dp] be given. We have
vo(P(dp —t) = C+C't) = ve(f;F (s —t—dp)P*(s)ds) (26.45)
< t*Acc(P) '

Since t € [0, dp| was arbitrary it follows from (24.3)) that
sup h(t)ve(P(dp —t) — C+ C't) < Acc(P) sup t*h(t) < Acc(P)M. (26.46)

tE[O,dP} tE[O,dP]

The result follows from ([26.43)), (26.44) and (26.46)).

Lemma 26.7 Let C € C, d € P* and P, € 11, be given. Define N as in and M
as in (24.3). Then

vii(Po % P — Cgyap)) < max{Spd(P)M, h(dp)N}, (26.47)
for all P € Hpg with P¥ = C.

Proof: Let P € I, with P/ = C be given. A calculation using (26.17) and (26.9) shows
that

v(Po * P — Caydp)) < max{sup,e(y 4) M(t)ve (P(dp — t) — C),

26.48
SUDycigp tp 1 MOV Polde +d — t) — ©)}. 2049
Using (26.40)) and (24.3]) we have
d .
SUP;c(o,ap) P(E)Ver (P(dp — 1) = C) = supye(g ap) h(t)ver ([, 7, P*(s)ds)
< SUPyefo ap) th(t)SPA(P) (26.49)
<

Spd(P)M.
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Since h is antitone, and using (26.38)) we have

Supte[dp,dp+d] h(t)VC<PO(dP + d - t) - C) S h(dP)N (2650)

The result follows from (26.48]), (26.49)) and (26.50). g

Since the element is semi-elastic (see Theorem [24.4)) every condition is associated with
exactly one relaxed state, i.e., Cly., : Yl — C is invertible (see Definition [20.1)). Let

A:C— Yo
denote the inverse of C\Erel i 2 — C.

Theorem 26.8 Under Assumption[4, there is a mapping L : C — Lin(C', R) with the
following property: Let C € C be given and put A := M\(C) € .. Also let 0 € X, strictly
accessible from A, be given. For all € €]0, 1] there is a mapping T : P* — P and a § € P*
such that for all P € e of class C? satisfying

P/ =C, Acc(P) < Spd(P)e < de and dp > T(Spd(P)), (26.51)

we have

vr(R(0,P) — R(\) — L(C)P*/) < Spd(P)e. (26.52)
Proof: Define L : C — Lin(C', R) by
L(C)C' := =V oR(C'ifp) forall Cec, C'eC. (26.53)

Since o is strictly accessible from A we may choose a P, € Tl such that o = é(\, P,).
Put d := dp, and define N as in (26.38)). Let € €]0, 1] be given. Choose ¢’ € P* such that
(26.19) holds with €, and with ¢ replaced by ¢’. Put

§:=0/M (26.54)
Choose T : P* — P so that Proposition holds.
Let P € Il be given such that (26.51) holds. Put C' = P*. It follows from
Proposition [26.1], (26.4), with s := Spd(P), that
h(dp) < Spd(P)e/N and h(dp) <e. (26.55)

By Lemma (26.55))1, the fact that e < 1, (24.3)), (26.51))2 and (26.54) we have

max{Spd(P)M, h(dp)N}
MSpd(P)

Mo

5/

v(Po x P — Capra))
(26.56)

IAIAINIA

Thus ([26.37)) holds with P replaced by P, x P.
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Since o = é(\, P,), by (16.16)), (26.53|) and the triangle inequality we have

vr(R(0,P) — R(\) — L(C)C') = vg (R(\, P, « P) — R(\) + V,R(C/t[p)) (26.57)
< vR(R(\, Py # P) —R(A) — (VaR 0 Ugpra)(Po P — Clapray)) (26.58)
+R((VAR 0 Ugp a)(Po ¥ P = Clap 1) — (VAR 0 Ugp)(P — Ca)))  (26.59)

+R((VAR 0 Usp ) (P — Cap)) + VAR(C'tfp)) (26.60)

Looking at (26.58)), using (26.37) with P := P, « P and ([26.56|), we have

VR(R(O', P) - R(/\) - (V)\R o Udp+d)(PO * P — C(dp+d))) S VH(PO * P — C(dp+d))€
< MSpd(P)e.

(26.61)
Looking at , using , Lemma and 1, we have
vR((VaR 0 Usgp+d)(Po * P — Cgpra)) — (VaR 0 U ) (P — Crap)))
< Rvee (Uip+a(Po P — Clgpray) — Ui (P — Cg)))
< RNh(dp)
< RSpd(P)e.
(26.62)

Looking at (26.60]), using (26.36|), Lemma (26.55)2 and (26.51]), we have
VR((VAR 0 Ugp)(P = Cap)) + VaR(C'tlp)) < Rus(Usp (P — Papy) + C'tfp)

< Rmax{Spd(P)h(dp), Acc(P)M}
< RMSpd(P)e
(26.63)
Putting (26.61))-(26.63]) together with (26.57)-(26.60) we obtain
vr(R(0,P) — R(\) — L(C)C) < (M + R+ RM)Spd(P)e. (26.64)

Since P € He satisfying (26.51)) was arbitrary and e € P* was arbitrary the result
holds. |

Note that from (26.51)), it follows that the above theorem does not apply to processes
with zero speed. It follows from (26.40)) that processes with zero speed are freezes. In the
case of a freeze we have the following result.

Proposition 26.9 Let C € C be given and put A := A\(C) € ... Also let o € X, strictly
accessible from \, be given. Then

lim tvg(R(o, Cy) — R(N)) = 0. (26.65)

t—o0

Proof: Since o is strictly accessible from A there is a P, € Il such that o = é(\, P,).

Put d := dp, and define N as in (26.38|).
Notice that if N = 0 then P, is a freeze. In this case, since A is relaxed, by (iv) of

Proposition |19.1}

R(U, C(t)) = R(é()\, C(d)), C(t)) = R()\, C(d+t)) for all t € P.
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Thus holds.

Assume that N # 0. Let € € P* be given. Choose 6 € P* such that holds.
Since limy_. h(t) = lim;_ A(t) = 0, by and , there is a ¢ € P such that for
all t € P+ 1 we have

) - €
< N and h(t) < m

Let t € P+ ¢ be given. By (26.38), (24.4), (26.66), and Lemma with P := Cy, we
have

h(t) (26.66)

0 < h(d"‘ t)N S VH(PO * C(t) - C(d+t)) S h(t)N < 5

and so (26.19) can be applied with P replaced by P, * C(;. By the triangle inequality,
(26.19), (26.20)), Lemma [26.7], (26.2]) and (26.66))2 we have

trr(R(A, P, x Cpy) — R(N)) < trgr(R(A, P, * Cu) —R(A) = VaRy(Po x P — Ca4p)))
+tvr(VaRayt(Po * P — Capy)))

€+ R)I/H(PO x*x P — C(d+t))

e+ R)h(t)N

(t)(1 + R)e

~

(
(

A VA VAN VAN
oo

Since € € P* was arbitrary, the result holds.

Remark 26.10 Using (19.1]) and the basic topology on ¥, we have

lim vz (R(0, Crpy) — R(A\(0))) = 0. (26.67)

t—o0

The difference between (26.67)) and (26.65]) is the factor t. It states that the convergence
in (26.67)) to O is faster then the convergence of % to 0. This stronger convergence depends
on Assumption [ g

Let a €]0,1] and P € II* be given. The retardation of P by « is the mapping
I'WP:[0,dp/a] — C defined by

(TWP)(t) :=P(at) forall t e [0,dp/al. (26.68)
Note that T, P € Hdplz/a. It is easy to see that
(T,P)* = aP*, Spd(I',P) =aSpd(P) and Acc(I',P) = a?Acc(P).  (26.69)

Theorem 26.11 Let L : C — Lin(C’, R) be the mapping guaranteed by Theorem [26.8,
Let P € I1* of class C? and o € Yp: strictly accessible from \ := A\(P¥) be given. Then

lim lVR(R(U, I,P)—R()\) — aL(P/)P*) = 0. (26.70)

a—0t
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Proof: Since o is strictly accessible from A there is a P, € Il such that ¢ = é(\, P,).
Put d := dp, and define NV as in (26.38|). There are two case distinctions.

Case 1: Spd(P) # 0. Let € €]0,1] be given. Choose 6 € P* and T : P* — P
guaranteed by Theorem . Also, choose 7 so that holds. Put

(26.71)

¢ e { min{Spd(P)e/Acc(P),n,d/Spd(P)} if Acc(P)#0
' min{7n, d/Spd(P)} if Acc(P)=0

Then for all a €]0, ([ we have
d
a?Acc(P) < aSpd(P)e < e and EP > T'(aSpd(P))

and thus, by (26.69), I', P satisfies (26.51)). Therefore, it follows from Theorem that
vr(R(0,ToP) — R(\) — L(P))aP*) < aSpd(P)e.

Since € €]0, 1] was arbitrary, (26.70]) holds.
Case 2: Spd(P) = 0. In this case P is a freeze, i.e., P = C(4,), and hence P* = 0.

Thus, Proposition [26.9 can be used to obtain

limg_o+ 2vr(R(0, ToP) = R(A) — aL(P)P*) = lim,_o+ 2vr(R(0, Clap/a) — R(N))
= dplim, o+ Lvg(R(0,C4p/a)) — R(N))
= 0.

Remark 26.12 Given a condition process P of class C?, both Theorem and Theorem
26.11| involve using states that are strictly accessible from the relaxed state A := A(P/). It
follows from (|19.11]) and Proposition that the set of all states strictly accessible from

A is dense in X. Thus, this is not a very restrictive condition. g
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Chapter IV

Thermoelasto-viscous Materials

27 Introduction

Thermoelastic materials are those in which the constitutive laws governing the stress, free
energy, entropy and heat flux depend on the present values of the transplacement gradient,
temperature and temperature gradient. One can find the Coleman—Noll procedure carried
out for such materials in [LTE]. Coleman and Mizel in [ECES] studied the case when one
assumes that the constitutive laws also depend on the velocity gradient. There has been
other work in which constitutive laws also allow for the dependence on the rate of change of
temperature, see the work of Bogy and Naghdi in [HCWP] for example. In this chapter we
consider constitutive laws that depend not only on the present values of the transplacement
gradient, temperature, temperature gradient, velocity gradient and the rate of change of
temperature but also on the rate of change of the temperature gradient. Such dependence
can be expected to be important in situations where the temperature and temperature
gradient change rapidly, as in quenching. I refer to materials with such a dependence as
thermoelasto-viscous materials[]

What really distinguishes the work here from other papers on the Coleman—-Noll pro-
cedure is that it is modeled on the concepts introduced in A New Mathematical Theory of
Simple Materials by Noll [NTSM]. In this new theory of simple materials constitutive laws
can be specified without the use of an external frame of reference. More specifically, we
will use the framework introduced in Chapters II and III.

Section 2§ defines a thermoelastic material and carries out the Coleman—Noll procedure
for this material. Here one obtains the same stress and entropy relations that can be found
in [LTE]. This section can be viewed as a continuation of the the paper A Frame-Free
Formulation of Elasticity by Noll [FFFE] which discusses how elasticity can be put into
the framework described in [NTSM].

Section [29| generalizes the results of Section [28 by carrying out the Coleman—Noll pro-
cedure for thermoelasto-viscous materials. The concept of a thermoelasto-viscous material

IThere is a huge literature devoted to studying the restriction of constitutive laws using the Coleman—
Noll procedure. The references cited in these first two paragraphs, as well as those mentioned in the
introduction to Chapter III, should by no means be considered exhaustive.
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came out of applying the principle of equipresence to the set of constitutive laws proposed
in [ECES]. The principle of equipresence, introduced in Section 293, part 1, of The Clas-
sical Field Theories of Mechanics by Truesdell and Toupin [CFT], states that “A variable
present as an independent varitable in one constitutive equation should be present in all.” In
this chapter the principle of equipresence is taken to be even more inclusive since I reason
that if one constitutive law depends on the rate of change of one independent variable it
should also depend on the rates of change of all independent variables. On a more practical
note, it is useful to develop such a general theory and then, depending on which rates are
important, consider a special case of this theory.

Section [30] investigates what form the constitutive laws of a thermoelasto-viscous ma-
terial take when the material is assumed to be a fluid.

When dealing with the behavior of a continuous body in an environment, a frame
of reference is needed because the environment is described in terms of such a frame.
Section [31] shows how the frame-free constitutive laws introduced in Section 29 can be
represented relative to a frame of reference. Section gives the governing equations
obtained by substituting the constitutive laws into the balance laws. For example, we
obtain a generalization of the Navier-Stokes equation that takes into account thermal
phenomena.

In Section [33| a result that is needed in Section [29]is given whose proof can be found
in [TEVM].

Let a body element 7 be given. The following result, which will be needed later, is
easy to prove and follows from the fact that C is an open subset of Pos™ (7, 7*) x P* x T*.

Proposition 27.1 For all C € C and C',C"” € C’ there is a condition process P € I1*
such that (P/,P* P**f) = (C,C,C").

28 Thermoelastic Materials

Before we tackle the thermoelasto-viscous case we will analyze the consequences of the
second law for thermoelastic elements.

Let an elastic thermomechanical element 7 (see Definition be given. We will use
C, which is a bijection, to identify the state space with the set of conditions C. Thus the
domain of the response mapping can be taken to be C:

R:C — R. (28.1)
For an elastic element the evolution of a state o subjected to a process P only depends on
the final value P/ of the process, i.e.,

é(o,P) =P/
For this reason the evolution mapping, for all practical purposes, can be ignored in this

case and only the response mapping plays a prominent role. We will use the mapping
T :C — R, which is analogous to (21.4)), defined by

A

1 .
T(G.6.7) = ;7h(G.6,7) forall (G.6,7)€C. (28.2)
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Definition 28.1 A thermoelastic element is an unconstrained thermomechanical ele-
ment T with the following properties:

(TE1) The element is elastic.

(TE2) The response mapping R:C — R is of class C.

(TE3) There is a G € Pos*(7,7*) and a § € P* such that (G,0,0) € C.

A body B is called a thermoelastic material if for every X € B, Tx has the structure
of a thermoelastic element.

It is not hard to show that a thermoelastic element satisfies Axioms 1-6 from Chapter II.

Recall the definitions and notations of a response process and thermomechanical process
given in Section21] Let (0, P) € (X x IT*)g; be given. We will drop the subscript on ¢,.p
to avoid clutter. Using the chain rule on the free energy component of the response process
one obtains

0 = (Vb (P)G®) + Vb (PO + V)b (P15 (28.3)
Substituting (28.3) into (21.6) yields

tr [ (38(PY) = H(GHVyi(P)) G| = H(G) (V)b (PT) + i(PT) ) 07

; ) ' (28.4)
—p(GT)(V g (P))y*) = T(P/) > 0.

Since the condition process P was arbitrary, (28.4) must hold for all condition processes.
Thus, by Proposition [27.1f and (28.2) we obtain

[ (38(0) - HGIVI(C)) G| = p(G) (Vei(C) +a(C)) 0 o

A

—p(G)(V(31(C))y' = T(C) > 0

for all (G,0,7) =C eC and (G',¢',v') € C'.
To simplify matters we will reduce this inequality to an equivalent polynomial inequal-
ity. Define several mappings from C x C' to R by

>

(C,C) = tr [(%S(C) _ ﬁ(G)V(l)zﬂ(C)) G'} ,
(C,C) = —p(G)(Va¥:(C) +7i(C))¢ (28.6)
(C,C) = p(G)(Vi)»(C))Y,

for all (G,60,v) =C € C and (G',0',v") = C' € C'. Tt is clear that given z,y, z € R, (28.5))
remains valid when G’, # and 4 are replaced by xG’, y0" and z4/, respectively. Thus, one

can see that (28.5) is equivalent to

A(C,C")z+B(C,C")y+C(C,C")z=T(C) >0 forall z,y,z€ R and (C,C')eCxC"

oy O

Using Proposition one finds that this is equivalent to

A(C,C") =B(C,C")=C(C,C")=0 and T(C)<0 forall (C,C")eCxC. (28.7)
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Let us take a closer look at the condition T(C) < 0 for all C € C. In view of 1} it
states that
Yh(G,0,~) <0 forall (G,0,v)eC. (28.8)
Let (G, 60,v) = C € C be given. (28.8) remains valid if - is replaced by ay with o € P*,
i.c., avh(G, 0, ay) < 0 and hence vh(G, 0, ay) < 0 for all a € P*. Taking the limit as o
goes to zero and using the continuity of h gives 'yfl G, 0,0) < 0. By replacing « with —v
in the above argument we also have vh(G, 6, 0) > (Pl Define

~

h, := h(e,,0) and hy(C):=h(C)—h,(G,6).

~

We call h, the purely elastic part of h. Then, since C € C was arbitrary, we have shown
that implies h, = 0 and yhy(C) < 0 for all (G,6,~) = C € C. It is clear that the
converse holds. The condition flp = 0 says that in the absence of a temperature gradient
there is no heat flux.

By plugging the abbreviations into 1 and from the discussion of the last
paragraph we have the following theorem.

Theorem 28.2 For a thermoelastic element the Second Law of Thermodynamics holds
if and only if the following conditions are satisfied:

(T1.1) Vg = 0.

(T1.2) S =25V

(T1.3) i) =~V

(T1.4) h, = 0.

(T1.5) vhy(G,0,~) <0 for all (G,0,~) € C.

Remark 28.3 In [FFFE] condition (T1.2) appears as an axiom, but it is claimed that
it can be proven using the second law of thermodynamics. This theorem validates that
claim. |

29 Thermoelasto-viscous Materials

Definition 29.1 A thermoelasto-viscous element is an unconstrained thermome-

chanical element 7 with the following properties:

(EV1) There are C* mappings R. : C — R and R, : ¢ — Lin(C’,R). Define R :
CxC' — R by

R(C,C") = R.(C) + R.(C)C’ forall (C,C')eCxC. (29.1)
Put U = Null(R,(C)) and let
N¢ € Lin(C',C"\Uc)
denote the quotient mapping from C' to the quotient space C'\Uc.

Without condition (TE3) of the definition of a thermoelastic element this would not make any sense.
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(EV2) ¥ ={(C,NcC') | Cc(C,C ecl}=cec({C} x C"\Uc).
(EV3) The condition mapping C:X — C is given by

C((C,NcC')) =C forall (C,C)eCxC.
(EV4) The response mapping Ry : & — R is given by
Ry ((C,NcC') =R(C,C") forall (C,C')eCxC (29.2)
(EV5) The evolution mapping é : (X x II)g, — R is given by

R ) P/ Np;P*/) if C,NcC'),P) € (& x IT")g
¢((C,NcC), P) ::{ ((C,NPCC’)) if (C(,(NCC?) e)z )an((i P :23(0)
(29.3)
(EV6) There is a G € Pos™ (T,7*) and a 0 € P* such that (G,0,0) € C.
A body B is called a thermoelasto-viscous material if for every X € B, Tx has the
structure of a thermoelasto-viscous element.

A little effort shows that Axioms 1-6 hold for thermoelasto-viscous elements. Let us
take a moment to check that Axiom [3|holds. By the definition of ¥, if 0 € ¥ then there is
a (C,C’) € C x C' such that 0 = (C,N¢cC’). Thus, we can and will write (C,NcC’) € &
with the understanding that (C,C’) € C x C'. Let (C,N¢C)), (C,NcC}) € ¥ be given.
Then

Rs((C,NcCh)) = Rs((C,NcCy)) R.(C) + R,(C)C} = Rc(C) + R, (C)C,,
R,(C)(C} - Cy) =

C, - CIQ € Uc

NoCi = NoC

(C,NcC}) = (C,NcCy).

It follows from this, (29.3), (29.2) and (|16.8) that we have

R(0,P) = R(P/,P*) forall (0,P) € (X x IT*)g. (29.5)

Using - and see that Axiom |3} I holds.

It follows frorn and 1- that only the mapping R plays a role, not Rg For this
reason we will also call the mapping R the response mapping. The mappings R.:C— R
andR, : C — Lin(C’, R) are called the elastic part and the viscous part of the response
mapping, respectively. One can consider the components of R as was done in . Since
R is the product of three linear spaces we can consider the components of the elastlc part
of the response mapping and so R. can be written as

1reey

(29.4)

Re :( eynea eaq/Je) (296)

The components of the viscous part will be denoted in an analogous way. Let H denote
the projection of C onto Pos™ (7, 7*) x P*. Because of (EV5) we can define the purely
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elastic part f{p . H — Rof R by f{p = f{e(o, ¢, 0) and by looking at the components
of this mapping R, can be written as

A

R, = (Sp, fp, By, ). (29.7)

Since C" and R are the product of linear spaces (see (16.5)) and (16.7)), every element of
Lin(C’',R) can be identified with a 4x 3 matrix whose terms are linear mappings themselves.
Hence, we can represent R, by

) (49 9 19 (o
a / 77VG 77\1 TIV‘)’ /
RO 0 )= | ) hate) By | | ) 20
Q/JVG<C) 77ZJV9(C) ,QZ)V’Y(C)

for all C € C and (G, 0,4 6 C’ The intrinsic stress component S of the response

mapping R is given by, usmg and -

S(C,C) =8 (C)+SVQ(C)G’+SV9(C)9’+SW(C)7’ for all C € Cand (G/,¢',~')=C' ('
(29.9)
where A
Sva(C) € Lin(Sym(7,T*), Sym(T*, 7))
Sw(C) € Sym(T*,7T) (29.10)
Se~(C) € Lin(7T*, Sym(T*,T))

for every C € C. The other components of R have similar forms.

Historically the term SvG(C) has had a monopoly on the word “viscosity”. Here it
seems that the word viscosity could be used to describe any term that depends on the rate
of change of condition. Hence, every term in the matrix in is a type of viscosity.
The term SVG(C) can be referred to by a more descriptive phrase, namely, the intrinsic
stress viscosity caused by the rate of change of configuration. Other terms appearing in
(29.8) can be given similar names. For example, the term lAlw(C) can be referred to as the
intrinsic heat flux viscosity caused by the rate of change of the temperature gradient.

Define the mapping T : C x C' — R by

T ) = %vﬁ(c, C) forall (G,0,4)=CeC and C eC. (20.11)

By using the different parts of the intrinsic heat flux, he, hye etc., we can define analogous
different parts of T. For example, Ty(C)G’ := thvG(C)G’

Remark 29.2 When the theory of viscous fluids was originally studied by Stokes in
[TIFF] he limited his analysis by stating that he was “neglecting squares”. In modern
language, his theory is a linear theory. It follows from Theorem [26.8 and the Retardation
Theorem that materials with fading memory can be approximated by a linear theory when
the material is subjected to a “slow” process. Thus, it seems appropriate to give special
attention to this linear case. g
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We now investigate what restrictions the second law of thermodynamics places on R.
Recall the notation introduced in Section[21] Let (o, P) € (X x II¥)g, with P of class C?,

be given. By ([29.5)) we have
Ulpy =@ PY) forall te0,dpl (29.12)

Using the chain rule, one obtains

Uil py = tr [Vb (P PG | 4 Vo) (P P8 + V(P P )3

| . i ’ (29.13)
+V(4)1/J(Pf, P*/)G*/ + V(g,)w(Pf, Pe)ges) + Vi) ¢(Pf Pel)Ae/,
Plugging ([29.13) into and using (29.5), yields
tr [(%S(Pf P*f) — H(GHV (P P'f)> }
—p(G) (Vi (P, P*1) + (P! P )> o° (20.14)

~p(Vigt o (PLPT)FT — H(G)(Viay b (P, PG — p(GI)(V 5o (BT, T o]
—p(G!)(V (o0 (P P‘f)) /TP, P' ) > 0.

~

Since the condition process P was arbitrary, (29.14]) must hold for all condition processes.
Thus, by Proposition [27.1f and (29.11]) we obtain

tr [%S(C,C’)G’—ﬁ(G)V(l)@Z(C,C’)G’J (@) (/(C.C) + Vi (C.C)) ¢
~PG)Vayb(C, C1y = pG)Viwi(C, C)G" ~ H(G)Visyh(C, C)e" (29.15)
—p(G)V6(C,C")y" — T(C,C) >0

for all C € C,(G',0',4') =C' € C" and (G",0",v") € C'.

Let (C,C’) € C x C’ be given and set #” = 0 and 4" = 0. There is a mapping
f:C xC" — R such that (29.15)) can be written in the form

—p(G)V @y (C,CNG" +£(C,C') >0 forall G” € Sym(7,T*).
This is possible only if V(4)¢(C, C’) = 0. In a similar way it can be shown that V(5)¢(C, C) =
0 and V(G)@E(C, C’) = 0. Since (C,C') € C x C' was arbitrary, the specific free energy can-
not depend on the rate of change of the process, i.e.
Yy = 0. (29.16)
Using these reductions ([29.15)) now reads

tr [38(C, C)G' — H(G)Vu¥(C, C)G | - i(G)
—H(G)V#(C,C') - T(C,C) >0
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for all (G,0,v) = C € C and (G',0',7') = C' € C’. As in the last section, we will reduce
this inequality to a polynomial inequality. Define several mappings from C x C' to R by

A(C,C) = tir | (8e(C)G) G|

B(C,C) i= —p(G)ii(C)(¥)

C(C,C) = btr [Su (G| - p(G)ie(C) GO

D(C, Q) = ftr | (S, (C)y)C

E(C,C) == —p(G)ip, (C)Y¥ (29.18)
F(C,C) = tr [(18:(C) — H(G)V () ihe(C >) } T (C)G

G(C. Q) = (@) (i(C) + ¥ }(C) To(C)e

H(C.C) i= —p(G)Vaie(C1y — Tor(Ch

for all (G,0,7) = C € C and (G',0',y') = C' € C'. 1t is clear that given x,y,z € R,
(29.17) remains valid when G’, " and 4" are replaced by *G’, y8" and z+/, respectively By
inserting the parts of the components of the response mappings given in and (| -

into ([29.17) one can see that (29.17) is equivalent to
A2 +By? + Cxy + Daz+Eyz + Fe+ Gy +Hz+1>0 forall z,y,z€R,  (29.19)

value-wise with respect to C x C’. Using Proposition from Section [33] and observing
(129.16|) we obtain the following theorem.

Theorem 29.3 A thermoelasto-viscous element satisfies the second law of thermody-
namics if and only if the following conditions are hold:

AA

)i > AG? + BE? — CFG.
This theorem invites several comments.

1. The equations D = 0 and E = 0 mean that the intrinsic stress and the specific entropy
do not depend on the rate of change of the temperature gradient, i.e., Sy, = 0 and
Nyy = 0.

2. The equation H = 0 means that the specific free energy determines how the in-
trinsic heat flux depends on the rate of change of the temperature gradient, i.e.,

p(G)V 31e(C) = —T,,(C) for all (G,0,~) =C € C.
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3. Let us consider what the inequalities in the above theorem tell us when there is no

temperature gradient across the element, i.e. 4 = 0. In this case, by (29.18) and
(29.11)), I = 0. Hence by (T2.6), G = 0. This means that, using ([29.7)),

V(2)7ﬁp = _ﬁpa

which is refereed to as the entropy-relation. Also by (T2.5) we have F = 0. This can
be used to obtain

Sp - QﬁV(l)zﬁp,
which is equivalent to (5.4) in [CNP] and is refereed to as the stress-relation.
4. The inequality (T2.3); says that

r (SVG(C)G’)G’] >0 forall CeCand G € Sym(T,T),

i.e., Sy¢(C), when viewed as a bilinear form on Sym(7,7*), is positive symmetric
for all C € C. This agrees with equation (5.7) of [CNP].

5. The inequality (T2.3), says that

ne(G,0,v) <0 forall (G,6,v)€C.
6. The inequality (T2.3)3 says that
1 -
T.(C) = gfyhe(C) <0 forall (G,0,v)=CeC.

This is the same as (28.8)) and hence is equivalent to flp =0 and 'yflT(C) < 0 for all
(G,0,v) €C.

Remark 29.4 At this time it may help the reader if we reconcile the results of this section
with those found in [CNP]. The constitutive laws specified in (29.1]) defines a material that
contains one proposed in [CNP] as a special case. It is for this reason that the restrictions
found above are weaker then those in [CNP]. To see that this is the case, suppose that all
of the terms in the matrix are zero except S,. and all of the constitutive laws, except
the one for the intrinsic heat flux, do not depend on the temperature gradient. Then R
defines the same set of constitutive laws as in [CNP], except here they are frame-free. In

this case ([29.18]) reduces to:

A(C,C) = tr [(8u(C)G) G|

B(C,C') = C(C,C") =D(C,C') = E(C,C') =0

F(C.C) = tr | (38.(C) - A(G)V()i(€) ) G| (20.20)
G(C. Q) = (@) (1(C) + Vied(©))

H(C, C') = —p(G)V(5¢e(C)Y'



Then (T2.5), when v = 0, says F = 0 and so the stress-relation holds and (T2.5) says
G = 0 so the entropy-relation holds. Also, A > 0 is equivalent to (5.7) from [CNP] and
| > 0 is the same as (6.2) from [CNP]. Thus, the above theorem yields the same results
given in [CNP]. A similar analysis can be done to reduce the results of this section to those
of the previous section. J

Remark 29.5 Notice that for a thermoelasto-viscous element the elastic part of the in-
trinsic stress depends on the temperature gradient, while in the thermoelastic case this
dependence is ruled out by the second law. Thus, even in a process in which the con-
figuration, temperature and temperature gradient are held fixed, a thermoelasto-viscous
material in general has a different stress from a thermoelastic material. This is because
processes which are not constant must be considered in order to eliminate the dependence
on the temperature gradient in the thermoelastic case. When one tries to use the same
argument in the thermoelasto-viscous case the viscous terms prevent one from obtaining
the same result. j

30 Thermoelasto-viscous Fluids

Let 7 be a thermoelasto-viscous element. Let a material symmetry A € & be given. In
this case the corresponding permutation on the state space of this element, see ((17.3)), can
be given explicitly. Define a mapping A : C' — C’ by

Ao (G0 ,v) = (ATTG'A™ 0, A7) forall (G,0,~)eC. (30.1)

Proposition 30.1 Let a symmetry A € & of a thermoelasto-viscous element (see Section
be given. Then tp is given by

LA(C,Nccl) = (ACC,NACC(AC’C/)) for all (C,NCC/) €. (302)
Proof: Let (C,N¢cC’) € ¥ be given. Choose P € II* such that
(C.NeC) = (P, NcP*).

It follows from this choice of P that (A¢ o P)/ = AcC and (Ac o P)* = AxC'. Let
o € ¥¢ be given. By (17.13) and ([29.3)) we have

ta((C,NcC')) = wa(é(0,P))
= (o), AcoP)
== ((AC O P)f, (AC o P).f)
= (A(,’CyNAcC(AC’C/))‘

Since (C,NcC') € ¥ was arbitrary, (30.2]) holds.

Suppose we have a thermoelasto-viscous element which is fluid so that & = Unim7 .
Notice that the first component of (S2) from Proposition says that S must satisfy

AS(G,0,~7, G0, v)VAT =S(A"TGA ™ 0, A" Ty, AT TG'A L0, ATTY)  (30.3)
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for all (G,0,~v,G',0',v') € C xC' and A € Unim 7. A
Let us investigate what restrictions 1’ places on S. Start by setting G’, 0" and ~+/

to their respective zeros in (30.3) and use (29.9) to obtain

AS.(G,0,7)AT =S (A" TGA™',0,A ") forall (G,0,v)eC and A € Unim 7.
(30.4)
Using the fact that ATG = GA™" for all A € Orth G and G € Pos™(7,7*) we see that
{D implies that a necessary, but not sufficient, condition on S, is

AS.(G,0,7)GA™' =S.(G,0,A"Ty)G for all (G,6,7) € C and A € Orth(G). (30.5)

Let (G,0) € H (recall that H is the projection of C onto Pos™(7,7*) x P*) be given and
define U : 7 — Sym(7) by

U(v) :=S.(G,0,Gv)G forall veT. (30.6)

By using (30.5)) one can show that U is isotropic with respect to the inner-product induced
by G. Rivlin and Ericksen showed in [SDIM] that isotropic mappings of this form have
the representation

U(V) = 84(C)1r +82(C)v® Gv  for all v e T, where C = (G, 0, (Gv)v).
Using (30.6) and the fact that (G, 0) € ‘H was arbitrary we find
Se(G,0,7) = 51 (C)G ™! + 5(C) (G 'y ® G™'), where C = (G,0,v(G™'v)) (30.7)

for all (G, 0,~) € C. The coefficient functions Se1, Se2 : C — R depend on the temperature
gradient ~ only through 4(G™'4), which is the square of its magnitude with respect to
the inner product G. A short calculation shows that this formula for S. satisfies if
and only if the coefficients €., é.o satisfy a condition of the form

f(G,0,49(G™'9) = f(A"TGA™,0,v(G™'y)) forall A€ Unim 7 and (G,0,~v) € C.

(30.8)
It is known, see [FFFE], that this implies that the coefficients only depend on the config-
uration through the mass density, i.e.

Se(G,0,7) = 3:()G ' +802()(GTIy© G ), where &= (H(G),0,7(G ). (30.9)

Here the coefficients are functions from H x P to R, where H is an open connected subset
of P* x P*. However, we use the same notation for the functions as before.

Now set 8" and 4’ to zero in (30.3), with (29.9)), to obtain
AS.(G,0,7)G'AT =S, (AT TGA™ 0, A Ty) (AT TG'ATY) (30.10)

for all (G,0,v) € C, G' € Sym(7*,7) and A € &. This condition implies that S,c must
satisfy R X
AS,(G,0,v)(G)GA™ =S,t(G,0, A" Ty) (A" TG’A™HG (30.11)
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for all (G,0,v) € C, G’ € Sym(7,7*) and A € Orth(G). Let (G,60) € H be given and
define V : 7 x Sym(7) — Sym(7) by

V(v,B) := S44(G,0,Gv)(GB)G for all ve7 and B e Sym(7T). (30.12)
Using (130.11)) one can show that V is an isotropic mapping with respect to the inner-
product induced by G and is linear in its second variable. It was also shown in [SDIM]
that such an isotropic mapping has the form

V(v,B) = 8,61 (C)B + 8,62(C)tr(B) 17 + 8403(C)tr(B)v @ Gv
+8,aa(C) [(Bv) @ Gv+ v ® (GV)B],

where C = (G,0,v(G %)), for all v € 7 and B € Sym(7). Using this representation,
the fact that (G, 0) € H was arbitrary and (30.12]) we find that

S, «(G,0,7)G = G1(C)Gr IG'G™! +SV@2<C)tr(G’_1G’,)G_1
—{—svgg(g) r(G G)(G Iy G™ly)
+80aa(C) [GT'G(GT'y® G y) + (G0 G'y)G'G],
(30.13)
where C = (G, 0,v(G~'~)), for all (G,6,~) € C and G’ € Sym(T,7*). As before, we find
that this form of S, satisfies 1' exactly when the coefficients satisfy a condition of
the form and hence only depend on the configuration only through the mass density.
Using arguments similar to the ones given above, it can be shown that Svo (recall
va = 0) is given by

Sw(G,0,7) = 8m (G +8,m(@)(G 'y ® G 'y), where &= (3(G),0,7(G '),
(30.14)
for all (G,0,~v) € C and ¢ € R. In a similar fashion one can also find the terms making
up h and 7 are given by
h.(G,0,7) = ho(6)G 'y
heo(G,0,7)G = (hue ()tr(G G 1y + flvGQ(E)G‘lG’> Gy

" A (30.15)
hvg(G, 6, "}’)9/ = hvg(é>9/G_1’7
hy,(G,0,7)Y = he1 ()G + hepo(6)7(G™'y)G 1y
’I]e(G, ‘977) = éé(é)
e (GL0,9)G = éya1 (DY (GIG/G 1) + Eyea(O)tr(G1G) (30.16)
vo(G, 0,7)0 = é(¢)0

where ¢ = (p(G),0,v(G™')) for all (G,60,7) € C and (G, 0',7) € C".
One also finds that the mappings 9., V(1)1e and V (21, satisfy isotropic conditions and
so can be shown to have the forms

Ue(G,0,5) = ve(e) A
Vyte(G,0.7) = Ya ()G + Y (6)(Gy® G™1y) (30.17)
Vo) ve(G,0,7) = ¥5(C)
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where ¢ = (p(G),0,v(G 1)), for all (G,0,v) €C.

The conditions (T2.3)-(T2.8) place restrictions on the coefficients listed above. By us-
ing standard arguments in the theory of quadratic forms one finds the following restrictions
on the coefficient functions given above, identified by the condition of Theorem they
come from.

For all (G,0,~) € C, with ¢ := (p(G),0,v(G™'%)),

(T2.3) lj’ut (@) = 8v61(C) + 8ve2(€) + Y(G™1)80a3(¢) + Y(G71)8yaa (),

B(¢) == 2(8ya1(C) + 28va2)(0),

Y(€) = 2(2862(8) + (G 1)8vas(0)),

0(€) := 28v61(6) + Y(Gy)8vca(E). X
T(he):r; (@) > 0, BE) =0, 8(2) > 0, 8e1(@) = 0, 715(@) <0, he(@) < 0 and 4a(6)3(6) >
~v(e)?.

(T2.4) Put €(¢) := 33,01(6) + 38v2(€) — 26(G)ihver (E)Y(G 1Y) = 25(G )ivez(0),
¢(6) == S (€) — 4P(G)77VG2( C).

Then 25(G)i)y(€)a(C) + €(6)* < 0, 2p(G )iy () B() + ¢(6)* < 0 and

4(20(G )iy (0)ax(E) + €(6)*) (26(G )iy () B() + C(€)%) = (20(G )iy (€)7(E) — €(€)(E))*.

(T2.5) Put 1(¢) := ﬁ(G)E e(2) + 15.(8) + 5hvo(@7(G ).

Then 45(G )ij,(2)he(2) 22 > 4(2)2.

(T2.6) Put X(@) := 33a() ~ 25(Q)dr(2) - 2UE Db (),
£(6) = (382(8) — 20(G)the2(€) — 2hyea(€))¥(G 1),
0(2) = 3he(@7(G1). )

Then 20(¢)a(c) + (A(E) + £(¢))? <0, 20(¢)he(¢)B(¢) + 4A(¢)* < 0 and

4 (20(2)a(@) + (@) +£(0))%) (20(2)8(2) +4A(©@)7) = (4N (@) +E(@)AE) — 20(2)7(0)) -
(T2.7) Put 7(¢) := 205 () (6)a(€) + A(E)e(€)(M(E) + £(6)) — A(@)* (@) + H(G )iy () (A(€)

Je()?,
) =8p(G)A(E)* a2 (€) — A(€)*B(8) +4p(G ) () A()* +( (6)*a (¢),
) A(5)(26(6) )JSC( c)(A(e) +£(0))) — 7(5)A(5)2

>

Remark 30.2 The notation p := Syq1, A := 28,¢2 and k = —ﬁe is often used and p
is called the shear viscosity, g,u + A is called the bulk viscosity and x is called the
heat conductivity. The condition p = §,¢; > 0 says the shear viscosity is positive. The
conditions § > 0 and v > 0 together imply that

%5(5) + 27(5) = ;u(é) + \@) + %’y(G‘lv)éVGs(E) >0
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where ¢ = (p(G),0,7(G™ %)), for all (G,0,4) € C. When v = 0 this says the bulk
viscosity is positive; however, in general, this may not be the case. The condition —k =
he < 0 says that the heat conductivity is positive. It would be interesting to find out if the
other inequalities listed above have physical interpretations. g

31 Description in a Frame

Let B be a continuous body system. As discussed in Chapter I, for every point X € B
there is a tangent space 7x of B at X which is a three dimensional linear space. Assume
that every tangent space of B is given the structure of a thermomechanical element, see
Definition [16.1]

Let a frame of reference F, with translation space V, be given. Let a time interval I, as
defined in Section [0, and a motion i : B x I — F, as defined in Section [7], a temperature
process 0 : B x I — P> and a reference placement r, as defined at the end of Section ,
be given.

Recall, see the notation introduced in Section , that 65 : M — P* denotes the spatial
description of the temperature. Let X € B be given. Define

g(t) := VO (u(X),t) and g'(t) := VO (s(X),t) forall tel. (31.1)
Using the chain rule and (7.12)), one can obtain the relations
¥y=M'g and ¥*=M' (L.(X,")'g+8&). (31.2)

Let t € I be given. Let T € Sym) and q € V denote the Cauchy stress and heat flux at
x = u(X), respectively, and let S € Sym(73,7x) and h € Tx denote the intrinsic stress
and intrinsic heat flux at X € B and t € I, respectively. Using M := Vxpu, which is an
isomorphism between Tx and V), see (7.12)), we have the relations (see and (11.5))

T=MSM', q=Mh. (31.3)

Now assume that 7x is a thermoelasto-viscous element, as defined in Definition [29.1]
By using the relations in (31.1)—(31.3) one can construct constitutive laws that depend on
the frame F from the frame-free laws given in Section 29 Recalling that K = Vxx, put

L£:={(F,0,g) €LisVxP*xV|(K'F'FK,§,K'F'g) € C}.

We can define the constitutive laws for the stress and heat flux in the frame F, using the
abbreviation M = FK, by

T(F, 0,g,L,0 g) = MS(MTM, O M'g MT(LT + L)M,¢’, M"(L'g+¢g))M',

- 31.4
q(F,0.g,L,0',g):=Mh(M'M,0,M'g MT(L" + L)M, ¢, M"(L'g +g')), (31.4)

forall (F,0,g) € L and (L, 0, g’') € LinV xRx V. Similar formulas hold for the constitutive
laws for the entropy and free energy. For these two we will use the same symbol to denote
the constitutive law in the frame as we did for the frame-free constitutive law. It is a
simple exercise to show that the constitutive laws defined in satisfy the principle of
material frame-indifference.
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32 Governing Equations for Fluids

None of the mappings listed in the next two sections are in the material description. To
avoid clutter all subscripts “s” are dropped.

Let a continuous body system B and a frame of reference F be given, as in the last
section. Assume that B is a fluid homogeneous thermoelasto-viscous material, so that each
Tx has the structure of a fluid thermoelastic-viscous element and that all of these elements
are materially isomorphic. Then can be used to place all of the terms of the intrinsic

stress, see (130.9), (30.13)) and (30.14]), and the intrinsic heat flux, see (30.15)), into the frame

F. One finds that the stress and heat flux only depend on the velocity gradient through
its symmetric part, D, and that the heat flux only depends on the rate of change of the

temperature gradient g’ throug g :=LTg+g (see (31.2),):

r]::‘e(Fa ‘97 g) = éel <é>1V + §62(~>g ® g,

TVG(F7 97 g)D = 2§VGl( )D + 2SVG2( ) ( )1V + 2§VG3(6)tr(D)g ® g (32 1)
) +25vaa(¢) [D(g ® ) + (8 ® g)D], '
Tyo(F,0,8)0" = 8,61(C)0'1y + 8402(C)0' (g @ 8),

(Ale(F’ Qa g) = he(6>gv R
dve(F,0,8)D = ?hvgl(é)tr(D)g + 2h,42(¢)Dg,
avo(F,0,8)0" = hy(c)0'g,

q,(F,0,8)g = hvgl( £)8' + hyp2(0) (8- 8) 8-

where ¢ = (p(F), 0,|g]), for all (F,0,g) € £ and (D,¢,g') € SymV x R x V.
The different parts of the specific entropy in (30.16)) and the specific free energy in

(30.17]) are given by:

(32.2)

0,8)D = 26,01(6)Dg - g + 2,02(&)tr(D) (32.3)
0,2)0 = é5(6)0'

'(&e(F7 07 g) - dé(é)
1@y + Y@ (g g) (32.4)
Ze (6)

8) = Ve
we(F 0.8) = U
€ L and (D,#') € SymV x R.

where ¢ = (p(F), 0, [g|), for all (F,0,g)
Let the mappings

T:M— SymV, #:M—R, qg:M—YV, : M—R,

FM—R, b:M—YV jp:M—R, (32.5)

give the Cauchy stress, specific entropy, heat flux, specific free energy, external heat absorp-
tion, external body force per unit mass and the mass density on M, respectively. These are

3This is the covariant rate of g. It is also known as the Cotter—Rivlin rate or the lower-convected rate.
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related through three fundamental laws: balance of forces (9.3), balance of energy (11.8)
and balance of mass ((10.8))

div T +b =0, (32.6)
tr(TD) + 7p = div q + p(¢ + 76)° (32.7)
p° +div(vp) = 0. (32.8)

The mappings T, 7, q and 1) are determined by p and 6 using the constitutive relations
given in (32.1)-(32.4). The mappings 7 and b are specified by external constitutive laws.
For example, a common set of constitutive laws for 7 and b are

=0 and b= p(f, —v* - (VV)¥V)

where f; is the specific force of gravity on the surface of the Earth. However, inside a
microwave oven or in the presence of intense sunshine 7 # 0. When the frame of reference
isn’t inertial, for example if the frame of reference is determined by the walls of a centrifuge,
then b must include centrifugal and Coriolis forces.

Once all of the constitutive laws have been specified (32.6)-([32.8) is a system of partial
differential equations that involve @, p and v. Explicitly, (32.6) and (32.7) become

(VO @ V) (VTe + 2tr(D)VTyas + 2TvesV(rVV) + 0°VT g2 + TypaVO® + 4T, s AV)
+ (ATyauD + Teoly + Tyg20°1y + 2Ty eatr(D) 1)) (VIAD + VIGV0)
+VT010° + Too1 VO* + 2 ((VO - VT,a)D + (DVO) - VTyealy) VO
+2 (Ty1 AV + DV Tyt 4+ VTveatr(D) + tr(VO¥(VTye))) + VI +b =0
(32.9)
and

(Ter + Tygr60® + 2T,3V0 - DVO) tr(D) + 2 (Tyaitr(D?) + Tyea(t1D)?)
+ (Teo + Typ20°) (VO - DVO) + 4T, s DVY|* + 7p
= [he + 2hyitrD + hyoo(LVE + V6°) - VO] AG
+ [Vhe + 2tr(D)Vhyar + 2(hyet + hyg2) AV + 2DVhyes + 6°Vhy,
+h,gV0* + hygidiv L+ LVhyg + (VO - V0*)Vhyeo] - VO
+(2BVG2[—) + EvclI_J) ' V(2)§ + BvclAé. + Vflv(;l ) Vé.
+hye [(VLVO 4+ VP0*)V0 + VALV + VE*)] - Vo
02 — p8° (7 + 27t |[VO[2 + 2atrD + 7,60°)
—pt [ﬁ; + 28561 [VOP + 4751 VO - VO° + 20855trD + 270t D® + 7%, 0° + 77@9’”]
(32.10)
where Te; : M — R is defined by

Tel = éel o (ﬁu 0_7 VQ_)

and similarly for the other coefficient functions. and are scalar equations
while is a vector equation. These equations generalize other governing equations
that have been proposed, for example, the Navier—Stokes equations.

Before one can attempt to solve the above equations for #, p and v initial and boundary
conditions must be specified. Frequently this is done by specifying the sets B;, t € I, and
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hence the set M. If the fluid is confined to a container then the sets B,, t € I, will all be
the same and be equal to the interior of the container. Of course, specifying these initial
and boundary conditions does not guarantee that the above equations have a solution.

33 Needed Result

Proposition 33.1 Let a,b,c,d,e, f,g,h,i € R be given. Then the following are equiva-
lent:

(i)

ax® + by + cry +drz+eyz + fr+gy+hz+i>0 forall x,y,zcR. (33.1)

(ii)) The numbers a,b,c,d, e, f,g, h and i satisfy the following restrictions:
h=d=e=0,

(
a>0,b>0,1i>0, (
dab > 2, dai > f?, 4bi > g¢°, (33.4)

(4ab — )i > ag® + bf? — cfg. (
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Chapter V
Outlook

This thesis is by no means the final word on frame-free continuum thermomechanics. In
fact, it should only be considered as a starting point. In Section 1, there were listed six
items that were not addressed in this thesis. Each of these issues should be addressed within
the framework presented here. By doing this one would obtain a unified and frame-free
framework for all of continuum physics.

In Chapter II the theory of simple materials was discussed in detail. However, not all
materials are “simple” in that the constitutive laws at a material point may not involve
only the body element (tangent space) at that point. One example of such materials are
materials of grade two. The study of such materials goes all the way back to Cauchy
[EMS], who considered second grade fluids. These kinds of materials were given a rigorous
mathematical foundation and studied in [FMCA]. Unfortunately, this formulation is neither
frame-free nor is it based on the concept of a state space.

In [FC], Noll briefly outlines what kind of mathematical structures would be necessary
to develop such a theory. For materials of grade two, one must consider second order
tangent structures in differentiable manifolds. For a detailed discussion of these structures
see [FC]. Another crucial concept needed for materials of grade two is that of a couple
stress. While such stresses are ruled out for simple materials [PSI], Noll conjectured, in
[FC], that materials of grade two cannot be described with stresses alone but must include
couple stresses.

The treatment of simple materials with memory given in Chapter III has two issues
that should be looked into. In Section a topology on the set of condition processes
is proposed. In this topology, there is no notion of “closeness” for processes of different
duration. Many materials have responses that are similar even when subjected to processes
of different duration. A suitable topology on the the set of processes should capture this
effect.

The other issue deals with the approximation theorem, Theorem [26.8 This theorem
only holds for processes that are of class C? while all of the other material in Chapters II
and III only deal with piece-wise C! processes. It would be much more satisfying if the
C? condition of the theorem could be weakened to only C! or possibly only piece-wise C!.
This may be possible by using a weighted point-wise bounded variation of the process and
its derivative instead of its speed and acceleration. This should be investigated.
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There is also more work that could be done regarding consequences of the second law of
thermodynamics. In earlier work on materials with fading memory, see [TMM] and [TMM2]
for example, it has been shown that in addition to the restrictions found in Section [25| one
finds that the free energy of a relaxed state with zero temperature gradient is minimal over
all states that relax to that state and that the equilibrium response functions obey the
familiar relations of thermostatics. My conjecture is that results of this type should also
hold in the framework presented in this thesis. This conjecture should be verified in the
future.

Given a fluid thermoelasto-viscous material, as defined in Chapter IV, one should design
experiments that will enable one to determine the coefficient functions involved in ([32.9))
and . Due to the large number of coefficient functions this will no doubt require a
large number of experiments to determine all of them.

The equations — are so complex that it is difficult to solve them in gen-
eral. As in the case of the Navier—-Stokes equations, it may be possible to analyze various
special cases of the above equations. An assumption that is appropriate for many fluids is
incompressibility. In this case one assumes that the density is constant and the terms in
give the extra stress, i.e., the traceless part of the stress. It follows from that
we must also have div v = 0. It has also been suggested, see [OBA], to consider the case
where the material is mechanically incompressible but thermally compressible. In this case
div v is not zero, but assumed to be a function of temperature. One could also consider a
no motion case in which v = 0 and the sets By,, t € I, are all the same. This case would
just study the effect of heat transfer through the material. Yet another situation is that of
a steady-state solution. Here one assumes that the spatial time derivatives of v and 6 are
zero, i.e., v* = 0 and 6* = 0, and the sets Bj,, t € I, are all the same.

It is the hope that these results can serve to develop new and better mathematical
models to deal with phenomena such as heat transfer (both by conduction and convection),
heat pipes, heat exchanges, thermosiphons, Bénard cells, heat sinks and thermophoresis.
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