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In this paper we formulate a geometric theory of thermal stresses. Given a tem-
perature distribution, we associate a Riemannian material manifold to the body,
with a metric that explicitly depends on the temperature distribution. A change in
temperature corresponds to a change in the material metric. In this sense, a tem-
perature change is a concrete example of the so-called referential evolutions. We
also make a concrete connection between our geometric point of view and the
multiplicative decomposition of deformation gradient into thermal and elastic parts.
We study the stress-free temperature distributions of the finite-deformation theory
using curvature tensor of the material manifold. We find the zero-stress temperature
distributions in nonlinear elasticity. Given an equilibrium configuration, we show
that a change in the material manifold, i.e., a change in the material metric will
change the equilibrium configuration. In the case of a temperature change, this
means that given an equilibrium configuration for a given temperature distribution,
a change in temperature will change the equilibrium configuration. We obtain the
explicit form of the governing partial differential equations for this equilibrium
change. We also show that geometric linearization of the present nonlinear theory
leads to governing equations that are identical to those of the classical linear theory
of thermal stresses. © 2010 American Institute of Physics.
[doi:10.1063/1.3313537]

I. INTRODUCTION

Classical elasticity theory quantifies the amount of stretch in a body by using a specific
configuration as the reference configuration. The displacements as measured from the reference
configuration and the strains associated with them are then used to get the stresses via constitutive
relations. This viewpoint works nicely when there is a relaxed, stress-free configuration that can be
used as the reference configuration. However, this is not always the case. A body may have various
sources of residual stresses, e.g., defects such as dislocations and disclinations, in which case there
may not exist any stress-free configuration. One can observe the existence of these residual
stresses by cutting pieces from the body when there are no external forces and see that the pieces
relax upon being cut. One can deal with these residual stresses in the classical theory5 but we will
use a different approach in this paper; that of geometric elasticity, and the notion of a space that
describes the intrinsic properties of a body with a residual stress distribution.

Temperature enters free energy density as a state variable. In classical linear theory of thermal
stresses,” it is assumed that there exists a reference temperature 7, at which the body is stress free.
Free energy is then expanded about 7() and only linear and quadratic terms are kept. The governing
equations of this theory consist of those of linearized elasticity and heat conduction with some
coupling terms. Given an equilibrium configuration of the body at temperature 7, a change in
temperature will change the equilibrium configuration due to the coupling terms. Similar ideas are
used in the nonlinear theory by looking at thermal stresses as a coupled nonlinear elasticity/heat
conduction problem.

“Electronic mail: arash.yavari@ce.gatech.edu.

0022-2488/2010/51(3)/032902/32/$30.00 51, 032902-1 © 2010 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http:/jmp.aip.org/jmp/copyright.jsp


http://dx.doi.org/10.1063/1.3313537
http://dx.doi.org/10.1063/1.3313537

032902-2 A. Ozakin and A. Yavari J. Math. Phys. 51, 032902 (2010)

In this paper, we study thermal stresses geometrically by considering a material manifold that
explicitly depends on temperature. Material manifold is endowed with a Riemanian metric G. We
assume that given a reference temperature distribution 7, when the body is unloaded in a Rie-
mannian manifold (53, Gy) it is stress free. Change in temperature changes the metric. For similar
ideas in the case of dislocations see Refs. 4, 13—16, 18, and 17. We should emphasize that here we
assume that temperature distribution is given. A geometric formulation of the coupled elasticity/
heat conduction will be discussed in a future communication.

As a motivation for our viewpoint, consider a piece from a thin, elastic spherical shell being
forced to lie on a plane, e.g., by being squeezed between two flat surfaces. This constraint will
induce stresses on the shell. Let us for the moment imagine that we are observing this shell from
the two-dimensional (2D) viewpoint of the plane, ignoring the third dimension. When we cut
pieces from the shell (all still forced to lie on the plane), we will observe that the former relax by
a certain amount, demonstrating the “residual stress” on the body. The 2D, planar viewpoint
dictates that there is no stress-free configuration for this piece of material. However, if this same
shell is “forced” to live on the surface of a sphere of appropriate radius, there will be a stress-free
configuration, which may then be used as the reference configuration for measuring the amount of
stretch, etc. The surface of the sphere is intrinsically two dimensional, in the sense that it can be
described without any reference to a third dimension, by using only two coordinates, and an
intrinsic measure of distance, e.g., by using the spherical coordinates

ds* = R*(d @ + sin® 6d¢?). (1.1)

This suggests a generalization to three dimensions: given a body with residual stresses with no
apparent stress-free configuration, could it be possible to find some abstract three-dimensional
space in which it would be stress-free? As stated, this is a very general question, and the answer
depends on the source of the residual stresses for the case at hand and the notion of “space” one
is considering.

In this paper, we answer this question affirmatively for a specific source for residual stresses:
that induced by the thermal expansion due to a nonuniform temperature distribution in a solid
material. Our analysis is constructive; given a temperature distribution on a previously stress-free
material, we construct a Riemannian manifold (to be defined shortly) in which the material under
consideration with the given thermal profile would have a stress-free state. This construction is not
of purely academic interest, since given the appropriate constitutive relations, it allows us to
calculate the stresses in an elastic body in a given thermal setting, and is not restricted to a linear
response. The appropriate way to quantify deformations for a body with residual stresses is by
considering a map (“the configuration map”) from the “material manifold” to the three-
dimensional spatial space that the body lives in. The constitutive relations are then written in terms
of this map.

In the remaining of the paper we study the effect of changes in the material manifold on
equilibrium configuration. We do this in a general setting when the material manifold is Riemann-
ian. We also consider the case where the change in metric is small enough so that a linear
approximation would be enough. In the case of small changes in material manifold we obtain the
governing equations of evolution of the equilibrium configuration as a function of changes in the
material manifold.

Let us pause here and explain the main ideas and conclusions. Suppose we have a flat, 2D
elastic material on a plane. If we heat this material in a nonuniform way, it will tend to bend out
from the plane and take the shape of a curved surface. If we then force this curved surface to live
in the flat plane by perhaps squeezing it between two flat, rigid surfaces, we will induce some
stresses on it. This suggests that for a given nonuniform temperature distribution, there may be a
curved, stress-free shape that an “originally flat” elastic material wants to take. When we force this
material to live on a flat plane, we induce “thermal stresses.” Of course in real life, we have
three-dimensional elastic bodies, forever bound to live in flat, three-dimensional Euclidean space.

Here is the main idea: given a material metric G describing the stress-free state of an elastic
material at constant temperature and a spatial metric g (for simplicity, both of these metrics can be
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taken as flat, three-dimensional metrics), we claim that a nonuniform temperature distribution on
the material should be represented as a change in the material metric G. In particular, for a
material with isotropic thermal properties, we claim that the required change in G is just a
pointwise rescaling (i.e., multiplying the metric with a scalar function on the material manifold),
and the way the scaling factor depends on the temperature is determined by the physical properties
of the material. Nonisotropic thermal expansion will also be considered.

We believe this is an example where a change in the material manifold can be clearly under-
stood conceptually. This may be very helpful in understanding the role of the change in material
connection in defect mechanics, where one has to consider not only a change in the metric but also
the “torsion part” of the connection. In particular, we have the hope that an analogy with thermal
expansion will help clarify the often encountered (and, in our opinion, confusing) discussions of
decomposing the deformation gradient F into “elastic” and “plastic” parts. The analog of a plastic
deformation in our case is a change in the temperature, resulting in a change in the material
connection. Such a change in the material connection may induce stresses on a previously stress-
free configuration, and as a result, change the equilibrium configuration. The resultant stresses in
the new equilibrium configuration should be explored with the “usual” geometric elasticity.

This paper is structured as follows. In Sec. II we motivate the connection between thermal
stresses and changes in material metric. We do this by looking at the example of a 2D disk and
study the possibility of the existence of a relaxed configuration embedded in the three-dimensional
Euclidean space for an arbitrary radial temperature distribution. We also study the stress-free
temperature distributions in nonlinear elasticity. In Sec. IIl we present the main ideas of a geo-
metric formulation of thermal stresses. We study the effect of a change in material manifold on the
equilibrium configuration. In Sec. IV the geometric linearization of the nonlinear theory is pre-
sented. Conclusions are given in Sec. V. To make the paper self-contained, we briefly review the
basic concepts of differential geometry, parallelizable manifolds, and geometric theory of elasticity
in Appendix.

Il. THE MATERIAL METRIC AND NONUNIFORM TEMPERATURE DISTRIBUTIONS

Motivation. Suppose we start with a stress-free isotropic material with a uniform temperature
distribution 7' and free boundary conditions and increase its temperature to 7,. The material will
expand, and the original distance JL; between two neighboring points A and B in the solid body
will increase to SL,. The quantity (8L,—8L,)/ 8L, turns out to be independent of the two points,
i.e., the expansion is uniform. Note that

OL, — 0L,
T1=a(T2—T1), (2.1)

where « is the coefficient of thermal expansion. Let us now assume that we use a Lagrangian
coordinate system, X 1 X%, X3 (the superscripts denote coordinate labels), i.e., assume that the same
material points have the same coordinates before and after the expansion. Then, the distance
between the two points A and B is given approximately in terms of the metric tensor G;; as
follows:

8l = NG (X — Xi) (X} - X)), (2.2)

where the components G;; are evaluated at a point between X, and Xp. This shows that G;; should
somehow depend on temperature. In other words, this suggests that, in this Lagrangian setting, we
should be using different metric tensors for 7 and 7,. Note that this relation between the La-
grangian coordinates and the material manifold works only because the material is in a relaxed,
stress-free state in both temperatures. Otherwise, the distance that the material metric G measures
would not be the spatial distance.

The thermal expansion coefficient. Let us now connect the above description of the material
metric in terms of a temperature distribution to the thermal expansion coefficient used in the
classical theory. We imagine a material with a nonuniform temperature distribution for various
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values of the constant temperature. The thermal expansion coefficient is defined by looking at the
equilibrium volume of the material at different temperatures. Let us therefore look at the volume
element of a material at a given constant temperature. We assume that the material metric is given
by

G (X, T) = Hy(X)e> D, (2.3)

where Hj; is independent of temperature and T=T(X). The volume form associated with this
metric is given as

dV(X,T) = \det|H, |V Da"X, (2.4)

where d"X is shorthand for dX' AdX?--- AdX" (note that N=2 or 3). Differentiating with respect
to 7, we obtain

d — Ndo(T do(T
L avx,T) = \udet|H,,|er<T>deﬁ - avx. v (2.5)
T T dT

Thus, we can read-off the thermal expansion coefficient in terms of the temperature dependence of
o(T) (note that for thermally isotropic materials volumetric thermal strain is N times the thermal
strain)

dw(T)

aoh)==1;

(2.6)

Remark: Suppose H;;= 6y, i.e., the initial material manifold is Euclidean. In this case Gy is
conformally flat. It is known that any 2D Riemannian manifold is conformally flat and the function
w is unique.2 See Appendix for more discussions on this.

A. Stress-free temperature distributions

Before we go into the general geometric theory of thermal stresses, we will first demonstrate
an important application of our geometric approach, that of stress-free temperature distributions.

The 2D case. As in Sec. I, consider a 2D shell restricted to live on a flat planar surface
between two rigid planes. We will assume that initially the shell is at constant temperature, and is
stress-free, with no external or body forces. We would like to find the temperature distributions
that will result in equilibrium configurations with zero stress. Changing the temperature uniformly
will result in uniform expansion, and hence no stress. Are there other temperature distributions
with this property? The answer is yes as is already known in the framework of linear
thermoelasticity.5 Due to the nature of our geometric approach, we will also be able to answer this
question in a nonlinear setting. To the best of our knowledge, this has not been done in the
literature.

The spatial distances between material points are measured by the ambient space metric (the
“spatial metric”’), which is Euclidean. A given temperature distribution will result in a change in
the material metric, as described above. A configuration will be stress-free if there is no “stretch”
in the material, i.e., if the material distance between two points is the same as the spatial distance.
This happens only if the two types of metric tensors (spatial and material) agree on the distance
measurements between nearby material points, i.e., only if they are isometric. Since the spatial
metric is assumed to be Euclidean, this means that the material metric, after the change due to a
given thermal distribution, has to be Euclidean.

It is worth emphasizing that one cannot simply set G;;= J;;, the precise requirement is that the
pullback of the spatial (Euclidean) metric by the deformation map ¢ has to be equal to the material
metric. This issue is closely related to the fact that a metric may be Euclidean “in disguise,” i.e.,
one can write the flat 2D metric in different coordinate systems, and it is not always easy to
recognize that the metric is flat by simply looking at its components in a given coordinate system.

Riemann’s original work solves this problem for any dimensionality by defining the curvature
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tensor of the metric: a metric is flat, i.e., it can be brought into the Euclidean form &, locally by
a coordinate transformation, if and only if its curvature tensor is zero (we have collected the
definitions of various curvature-related quantities of interest in Appendix).2

It turns out that in two dimensions, a weaker requirement is sufficient:” a metric is flat if and
only if its scalar curvature (the Ricci scalar) is zero. Let us now apply this condition to a 2D
metric, that is, obtained from a nonuniform temperature distribution on an initially stress-free,
planar sh3e411, ie., Gy=e25;, where Q(X)=w(T(X)). The Ricci scalar for a metric of this form is
given by

R =-2 eV, 2.7)

Thus, R =0 requires V2 =0, i.e., the exponent in the scale factor has to be a harmonic function.
If we assume that o(7T) depends on temperature linearly, we obtain V>T'=0. This is exactly the
same condition encountered in linear elasticity, see, e.g., Boley and Weiner.” This means that for
the case of constant thermal expansion coefficient in two dimensions, harmonic temperature dis-
tributions do not result in any stresses. However, our result is more general: even if the thermal
expansion is nonlinear, we obtain the condition V2Q(X)=V?w(T(X))=0, where w(7) gives the
general, nonlinear dependence of (isotropic) thermal expansion to temperature.

It is worth emphasizing the distinction between local and global flatness and the implications
for stress-free thermal distributions. Even though the surface of a right circular cylinder in three
dimensions looks curved, it is locally, intrinsically flat. For any given point on the cylinder, one
can find a finite-sized region containing the point, and a single-valued coordinate system on this
region, for which the metric has the Euclidean form. Physically, this means that for any given
point, we can cut some finite-sized piece containing the point and can lay the piece on a flat plane,
without stretching it. The surface of a sphere in three dimensions, on the other hand, is intrinsi-
cally curved,; it is impossible to make any finite-sized piece of the sphere, no matter how small, to
lie on a flat plane without stretching it.

Curvature conditions such as R=0 or V?Q0=0 can only detect such local issues. That it is
impossible to make a full cylinder lie in a plane nicely (i.e., without tearing, folding, or stretching
it) is due to the global topology of the cylinder, and local restrictions on curvature are not capable
of constraining the global properties sufficiently.

In the context of thermal stresses, this subtlety is nicely demonstrated by the following
example. Let us specialize to the case where () depends only on the radial coordinate R of an
initially flat annular piece of a material, Ry=R=R,. The flatness condition gives

1 d[ _dOR
V2Q = ——(RL> =0. (2.8)
RdR dR
Solving this gives
> = YR8, (2.9)

where y>0 and B are constants. Assuming T(R,)=T,, and that the coefficient of thermal expan-
sion is a constant «, this solution corresponds to the temperature distribution

T(R) =Ty + 2—3111(5). (2.10)
o RO

Thus, we are concerned with temperature distributions that result in metrics of the form

dS* = R*(dR* + R*d©?), (2.11)

where we have set y=1 by a rescaling of R. It may not be immediately obvious that these metrics
are flat, but a transformation to a new radial coordinate r by R=r"#*! gives
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FIG. 1. Zero-stress deformation of an annulus to a cone.

ds? = dr* + r*d®?, (2.12)

r, ©=0/|c| gives

where ¢=1/(8+1). A further transformation, R= |

ds?=dR?* + R*d©?, (2.13)

which is the flat 2D metric, except for an important subtlety. In the original coordinates, a point
(R,0) was identified with the point (R,®+27). In terms of the new coordinates, this means that

a point (R, ®) needs to be identified with the point (R, ®+27/|c|). The geometric meaning of this
is clear: the metric (2.13), with the proper identifications, is describing an annular piece from a
conical surface, with deficit angle a=2m(1-1/|c|), see Fig. 1.

Now, intuitively, one can guess that it will be impossible to make such a conical surface lie on
the plane without tearing, stretching, or folding it. Thus, if we start with an annular shell between
two rigid planes, a temperature distribution of the form (2.10) will indeed result in stresses,
although the related material metric is intrinsically flat. However, if the material consists only of
a simply connected piece of the annulus (say, R <R<R,, 0< 0, <0 <0, <2m), the temperature
distribution (2.10) will just cause a stress-free expansion of the material, between the two rigid
planes. See Fig. 2.

This issue exists in the classical theory of elasticity, as well, see Ref. 5, p. 256, where a set of
global conditions have been given for stress-free thermal distributions in two dimensions for
multiply-connected bodies. As an application of these ideas, suppose we are given a temperature
distribution 7(X) and are seeking a temperature-dependent coefficient of thermal expansion a(T)
that would result in a stress-free equilibrium state. In general, this amounts to solving the equation

_dadT T, PT

V20 = — M ra———
dT oX* ox® axXA 9 x8

d
3“B=d—;f|VT|2+ aV2T=0. (2.14)

This equation may or may not admit a solution, depending on 7(X), but for the simple case of a
radial temperature distribution T(R), the solution (2.9) dictates that a(7) is given by

FIG. 2. Zero-stress deformation of a simply connected piece of an annulus.
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0
do dR B
n="2_2C_ . 2.15
o= dT " RT'(R) (2.15)
dR

As above, however, this works only for simply connected pieces such as those described by 0,
<O <0, and R; <R<R,, with @,—0,<27. With this in mind, «(T) for some specific radial
temperature distributions are as follows:

ToR, - T\R T, - T, R
T(R) =104 | DR a(R) =y, (2.16)
R, - R, R, -R, R
T\R,—T,R, | RR(T,-T); |1 R
T(R)= 1401 0 0+|: 0 1( 0 1):|_, a(R):aO—, (2.17)
R, —R, R -R, R Ry
In(RTo/RI1 T,-T,
T(R) = (RVR, ) [ L0 1R, a(R) = ay. (2.18)
In(R,/R,) In(R,/Ry)

Let us next consider the case where the 2D material is allowed to bend into the third dimen-
sion, instead of being squeezed between two rigid flat planes. Assume, once again, that we start
with a stress-free, planar piece of material at uniform temperature, and we introduce a nonuniform
temperature distribution. Will the material be able to find a stress-free state by bending into the
third dimension? We will investigate this problem for the special case of a radial temperature
distribution and cylindrically symmetric configurations in three dimensions.

According to our approach, the metric

ds? = TR (gx? + dY?) = **T®)(JR? + R2d6?) (2.19)

describes the natural, stress-free state of the shell, and for a given configuration in the ambient
three-dimensional space, stresses will be due to a different metric being induced on the shell by
the embedding in the ambient space. We will seek embeddings for which the metric induced from
the ambient space is the same as the intrinsic metric, which, as opposed to the case considered
above, is not necessarily flat.

Let us begin by writing the induced metric for a given configuration with cylindrical symme-
try, which is best done in cylindrical coordinates (p, ¢,z). Instead of the most general configura-
tion, we will seek a solution of the form

#(R,0)=0, (2.20)
p(R,0) =p(R), (2.21)
Z(R,0) =z(R). (2.22)

For such an embedding, the metric induced from the ambient space is given as

dz \* [dp)?
dS?nducedez[(E) +<5) +p(R)*|. (2.23)

In order for this induced metric to be the same as the intrinsic, material metric given by (2.19), we
need

p(R) =R, (2.24)
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dz\* [(dp)\?
(—Z> + (—p> = 20, (2.25)
dR dR
where we define Q(R)=w(T(R)). Substituting p(R) in the second equation, we obtain
dz \* 20(R) 1(pYI2 — 2UR)
IR +e [1T+RQA'(R)]"=e , (2.26)

which, in principle, lets us solve for z(R). For a region where p(R) is invertible, we can also obtain
the surface in three dimensions as given by z(p), by solving

2
[1 +RQ’(R(p))]2[1 + <£> ] =1. (2.27)
dp
Note that for a uniform temperature distribution T(R)=T,, )’ (R(p))=0, and hence z(p)=z,, which
is what we expect, i.e., in this case the relaxed configuration is planar. Note also that (2.27) has a
solution only if —2/R<<Q'(R)<0. In order to have some insight about the meaning of this
constraint, let us specialize to conical metrics described above in (2.13), 2= yRm. For this case,
the constraint —2/R <)'(R) <0 translates to —2 < <0, which gives, in terms of the deficit angle
a, 0<a<2m. The condition @ <27 is not surprising, but there is nothing wrong with a cone with
negative deficit angle in terms of intrinsic geometry. The lower bound on () is simply telling us
that it is not possible to embed such a cone in R? in a cylindrically symmetric way, which makes
intuitive sense, considering the twisted shape of a saddle.

The three-dimensional case. Let us next consider the three-dimensional case. In three dimen-
sions, a vanishing Ricci scalar is not sufficient to guarantee local flatness, however, a three-
dimensional metric is flat if and only if its Ricci tensor vanishes.” The Ricci tensor Ry of the
metric GuzemGg(J)) is given in terms of the Ricci tensor Rg) of Gg) by the following relation:**

Ry=RY = (n-2)V,V,Q - GNGCHXV,V,Q + (n - 2)V,QV,Q - (n - 2)G NGV, QV,Q,
(2.28)

where 7 is the dimensionality. Now, once again, assume that the initial metric G§2)= S, Rg):O,
and n=3 and replace the covariant derivatives with partial derivatives. This gives

Ry =— ;0,00 = 8,590, Q + 3,00,Q - 8,6 5,0,Q=0. (2.29)

Similar to what is implicitly done in classical linear thermoelasticity, let us assume that the
reference temperature 7, is uniform, i.e., independent of position and that change in temperature
is “small.” This means that 97/dX’ is small. But note that

Q) aT
Xl a(T) Xl (2.30)
Therefore, d,() is small too, i.e., quadratic terms in J;{) can be ignored. This gives us the condition
that all the second derivatives of () have to vanish. This means that ) is a linear function of the
original Euclidean coordinates. If we further assume that w(7) is a linear function of temperature,
we see that temperature itself has to be a linear function of the original Euclidean coordinates.
Therefore, we recover the classical result in linearized thermoelasticity that in three dimensions,
the only stress-free temperature distributions for an initially stress-free material depend linearly on
the coordinates.”

In the nonlinear case R;;=0 is equivalent to the following system of nonlinear partial differ-
ential equations in terms of ():

01,=0,Q,, (2.31)
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Q13=0,Q3, (2.32)
0 ,3=0,03, (2.33)
Q,,+ V20 +05+0%=0, (2.34)
Qo+ VO +05+05=0, (2.35)
Q33+ V2Q+ 0%+ Q5 =0. (2.36)

Let us first look at the following nonlinear partial differential equation for w=w(x,y):

Pw aw dw
=——. (2.37)
oxdy Idx dy
Using the change in variable u=e™", one obtains
&
2o (2.38)
oxdy
Thus, the most general solution is
w(x,y) == In[f(x) + g(y)] (2.39)
for some arbitrary functions f and g. Using (2.31)—(2.33), one can show that
QX X2, %) = - In[f(X") + g(X?) + h(X?)] (2.40)

for some arbitrary functions f, g, and 2. Now substituting (2.40) into (2.33)—(2.36), we obtain

f'(xH=g¢"(x*=h"(X3. (2.41)
Therefore
fXY =coX)? +d X" +ds,
(X% = co(X?)? + d3X* + dy,
h(X?) = co(X3)? + dsX> + dg, (2.42)
for some constants ¢(,d;,...,ds (note that the case cy=d,=d3=ds=0 corresponds to uniform

temperature distributions). Plugging these back into (2.34)—(2.36), we get

3
QXL x%X) =- 1n[c02 = bi)z} . (2.43)

i=1

Shifting the origin X’ — X'+5b', this becomes

QX' X%, X3) = —1n(cyR?), (2.44)

where R=/(X")2+(X2)2+(X3)2
If « is constant, then this corresponds to the following temperature distribution [note that this
is similar in form to the 2D solution (2.18)]:

Author complimentary copy. Redistribution subject to AIP license or copyright, see http:/jmp.aip.org/jmp/copyright.jsp



032902-10  A. Ozakin and A. Yavari J. Math. Phys. 51, 032902 (2010)

FIG. 3. A nonlinear stress-free thermal deformation of a ball. Note that because of symmetry only deformation of a great
half circle of the projected sphere on a plane passing through the center of the ball is shown in this figure.

2
—In(cgRN=a(T-T,) or T-Ty=cy——InR. (2.45)
o

Note that ¢ represents a uniform change in temperature. In order to understand what this solution
represents physically, let us write the metric in polar coordinates

1
ds? = e*Y[dR* + R*(d©? + sin? OdD?)] = W[dRz +R*(dO? +sin”> O@dd?)].  (2.46)
C

Now let us define

~ 1
R=—. 2.47
R (2.47)
In terms of E the metric becomes
dS? = dR* + R¥(dO? + sin®> Od¢?), (2.48)

which is precisely the flat Euclidean metric in three dimensions. Thus, after the thermal expansion,
the metric is still flat, but the radial coordinate in which it is manifestly so is related to the old
radial coordinate by (2.47) (up to a simple shift of origin). This means that particles at the two

radii Ry <R, move to the new radii ﬁl >§2, after the thermal expansion, i.e., the material gets
“inverted.” This may not be possible for a solid ball without tearing it apart, but it is perfectly
possible for a piece from such a ball, as demonstrated in Fig. 3.

B. Connection with multiplicative decomposition of deformation gradient

Geometric study of thermal stresses goes back to the works of Stojanovi¢ and his
coworkers.”®*’ These researchers extended Kondo’s">™° and Bilby’s4’3 idea of local elastic relax-
ation in the continuum theory of distributed defects to the case of thermal stresses. See also Refs.
11, 12, and 20 for similar ideas and Refs 23 and 27 for a review of some relevant works. One
should note that the idea of using differential geometry in anelasticity goes back to an earlier work
in Ref. 6.

Stojanovi¢’s idea is similar in spirit to the approach described in this paper: a nonuniform
temperature distribution, in general, leads to residual stresses essentially because the body is
constrained to deform in Euclidean space. If one partitions the body into small pieces, each piece
will individually relax, but it is impossible to realize a relaxed state for the full body by combining
these pieces in Euclidean space. Any attempt to reconstruct the full body by sticking the particles
together will induce deformations on them and will result in stresses. An imaginary relaxed
configuration for the full body is incompatible with the geometry of Euclidean space.

The approach taken in this paper is to ask the question: which space, as opposed to the
Euclidean space, would be compatible with a relaxed state of the body? We claimed above that the
answer to this question is a Riemannian manifold whose metric is related to the nonuniform
temperature distribution by (2.3). This metric describes the relaxed state of the material, and the
strains in a given configuration should be measured with respect to the relaxed state, i.e., the new
material metric. In this setup, the constitutive relation (e.g., a free energy function) is given in
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terms of the material metric, the (Euclidean) spatial metric, and the deformation gradient F. The
constitutive relation allows one to calculate the stresses induced for a given configuration, at least
in principle.

Stojanovi¢, on the other hand, takes the following viewpoint. Consider one of the imaginary
relaxed pieces described above. The process of relaxation after the piece is cut corresponds to a
linear deformation of this piece (linear, since the piece is small) (this transformation is not nec-
essarily uniquely determined, see below for a discussion of this issue). Let us call this deformation
Fr. If this piece is deformed in some arbitrary way after the relaxation, one can calculate the
induced stresses by using the tangent map of this deformation mapping in the constitutive relation.

Now, in order to calculate the stresses induced for a given deformation of the full body, we
focus our attention to one such particular piece. The deformation gradient of the full body at this
piece F can be decomposed as F=F F;, where, by definition, FezFF}l. Thus, as far as this piece
is concerned, the deformation of the full body consists of a relaxation, followed by a linear
deformation given by F,. The stresses induced on this piece, for an arbitrary deformation of the
full body, can be calculated by substituting F, in the constitutive relation.

Note that F, and F; are not necessarily true deformation gradients in the sense that one cannot
necessarily find deformations ¢, and ¢; whose tangent maps are given by F, and F, respectively.
This is due precisely to the incompatibility mentioned above. However, as long as we have a
prescription for obtaining F, and F; directly for a given deformation map ¢ for the body and a
temperature distribution, we can calculate the stresses by the following prescription.

For an isotropic material, Stojanovi¢ gave the following formula for F; in terms of the
temperature:

(Fp)* = (T) 85, (2.49)

This means that a small piece relaxes by a uniform expansion, whose magnitude is determined by
a function 9(T) that characterizes the thermal expansion properties of the material under consid-
eration. Given this formula for Fy, we can calculate Fe=FF}1 for a given deformation and utilize
a constitutive relation that gives the stresses in terms of F,.

These two approaches seem very different philosophically, and at first sight, F, the “incom-
patible intermediate deformation gradient,” perhaps seems a little mysterious from the geometric
standpoint. However, these approaches are related, as we will demonstrate next. Our discussion
can easily be generalized to other sources of residual stresses; a local relaxation approach and the
Riemannian approach are equivalent for a large class of settings (however, there are cases that will
require a further generalization, namely, cases where the material manifold has a connection with
torsion and nonmetricity).

As mentioned above, Stojanovié‘ﬂ’32 gave (Fp)* B=ﬁ(T)8§ and related the coefficient of ther-
mal expansion a to H(7T) by

dXT
a(T) = 19(T)%. (2.50)
This can agree with (2.6) only if
D = )(T). (2.51)

In order to show the mechanical equivalence of the two approaches by using this identification, we
need to show that for any given constitutive relation for one of the approaches, one can find a
corresponding constitutive relation for the other approach that predicts the same stresses for all
possible deformations when ¥ and w are related through (2.51).

The constitutive relations of the two approaches are formulated in terms of different quanti-
ties: FE=FF}l on one side and G(7) and F on the other. Let us start with our approach, namely,
assume that a constitutive relation is given in terms of G(7) and F. This takes the form of a scalar
free energy function that depends on G(7), F, as well as on the spatial metric tensor g, and
possibly X and T(X) explicitly

Author complimentary copy. Redistribution subject to AIP license or copyright, see http:/jmp.aip.org/jmp/copyright.jsp



032902-12  A. Ozakin and A. Yavari J. Math. Phys. 51, 032902 (2010)

V=V(X,T,G(X,T),F,g). (2.52)

Now, G, F, and g are tensors, written in terms of specific bases for the material space and the
ambient space. Commonly, bases associated with coordinate systems are used. A change in basis
changes the components of these tensors, but W, being a scalar, does not change. Let us consider
a change in basis from the original coordinate basis E, of the material space, satisfying

<<EA»EB>>G =Gy, (2-53)

to an orthonormal basis I:ZA that satisfies

(B4 EG = 8is. (2.54)

The transformation between the two bases is given by a matrix F AB as

E;=F."E,. (2.55)

The orthonormality condition gives
F.F:"Gep= 815 (2.56)

Any F /;C that satisfies this equation gives an orthonormal basis. Given such an F AC, we can also
obtain an orthonormal basis for the dual space by using its inverse. Defining FéD as the inverse of
the matrix F AB, ie., F AB F’%:ﬁg and F AB FéB=5§, we obtain the dual orthonormal basis {I:]A} in
terms of the original dual basis {E*} by

B4 = FA,EP. (2.57)

For thermal stresses, assuming that the initial material manifold is Euclidean, G p
=€2w(T)5CD='8(T)25CD giVeS

FAC= 5§e—w(T) — 551?_1(T), (258)

as a solution to (2.56). Here, 5§ is 1 for A=B and 0, otherwise, i.e., 6%=5§=5§= 1, etc. Note that

(2.56) has other solutions, too, which we will comment on below.
Now let us write the components of the total deformation gradient F in the orthonormal basis

{I:ZA}. The components are transformed by using F
F=F.PFy. (2.59)

Now, using (2.58), (2.51), and (2.49), we see that the components F*; are given precisely by those
of F,, the “elastic part” of the deformation gradient in Stojanovi¢’s approach:

F = F PRy = 8ie o DF = ((1) 7 8,F " = (F7),F5 = (F)". (2.60)

Thus, Stojanovi¢’s F, is nothing but the original deformation gradient, written in terms of an
orthonormal basis in the material space. In passing, we have also shown that there is no need for
a mysterious “intermediate configuration” as the target space of Fy, the latter just gives an ortho-
normal frame in the material manifold, and as such, can be treated as a linear map from the tangent
space of the material manifold to itself. As mentioned above, these ideas can be generalized to
other problems with residual stresses.

Rewriting the constitutive relation (2.52) by using an orthonormal basis for the material
manifold, we obtain
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\P:\I,(X’TLGAB:5AB’FaB:(Fe)aB’gab)' (261)

Thus, given a constitutive relation WR™ in the Riemannian approach, one can obtain a constitu-
tive relation WR in the “local relaxation” approach by simply going to an orthonormal basis by
(2.55) and (2.56) and ignoring the constant terms G45= 3,5 and g,;,=J,, in the functional depen-
dence

\PLR(X» T’ (Fe)aB) = \I}Riem(X’ T’ GAB = 5AB’FaB = (Fe)aB’ 8ab = 6ab) . (262)

Going in the opposite direction is also possible; starting with a free energy function for the
Stojanovi¢’s approach, one can derive an equivalent free energy in the Riemannian approach. This
direction may be slightly more confusing, since the metrics of the material manifold and the
spatial manifold are not explicitly written out initially. One proceeds by first writing F, in terms of
its proper index structure (F,)?; in the Riemannian approach and inserting J,, and &, where
necessary for tensorial consistency, and finally interpreting these as the components of metric
tensors, and performing a change in basis, if desired.

Noncoordinate bases and torsion. Although a coordinate basis {E,=d/dX} is not necessarily
orthonormal, one can always obtain an orthonormal basis by applying a pointwise change in basis
F AB . Moreover, giving an orthonormal basis in this way is equivalent to giving a metric tensor at

each point; the inner product of any two vectors can be calculated by using their components in
the orthonormal basis. We have seen above that in the context of thermoelasticity, this means that
a change in the material metric due to a change in temperature can be given in terms of the
“thermal deformation gradient” of the local relaxation approach.

Given an orthonormal basis {E;}, it is possible to obtain another one, {F:‘/%}, by using an

orthogonal transformation A AB as
E,=A"E;, (2.63)

where A AB satisfies A ACA éD S¢p= 645 Let the relation between the original coordinate basis {E,}

and the new orthonormal basis be given by the matrix F' AB as follows:

E:=F "E,. (2.64)
The relation between F and F’ is given as
FIAB=AACFéB. (2.65)

Going in the opposite direction, one can see that F and F’ represent the same material metric G,
if and only if they are related through (2.65) for some orthogonal matrix A AB . This means that

there is an SO(3) ambiguity in the choice of F, and hence, in that of F.
As opposed to a coordinate basis, the elements of an orthonormal basis do not necessarily

commute with each other; whereas [E,,Ez]=0 for E,=d/9X* for an orhonormal basis I:Z/g
:FABEB, one has™

[Ei.Ez]=c;; Ee, (2.66)
where
¢ ¢ E(?FI;D E‘?FAD
i =Fo\Fixr —=Fi xe ) (2.67)

. . C .
The connection coefficients I’ B for an orthonormal basis, defined through
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B _TCH
VAEB=F/;B?EC7 (268)
are related to the connection coefficients I'$, of the coordinate basis by

=C DEC aFéF ET"F
FA[?:FA F F &XD +Fé FDE . (2.69)

In a coordinate basis, the components of the torsion tensor are given by the antisymmetriza-
tion of the two lower indices of the connection coefficients, i.e. (see Appendix)

T, =TS -T5,. (2.70)

However, for a noncoordinate basis, the components are given by

6. _FC _,..C
T¢ =T -T;.—c;:C. (2.71)

Our formalism is based on Riemannian geometry and, in particular, on the torsion-free Levi—
Civita connection defined by the metric G(7). Thus, the torsion tensor for the material connection
vanishes in both the coordinate basis and the orthonormal basis. Let us show this explicitly for
F AB =1‘}‘1(T)(5§. In the original coordinate basis, the metric tensor is given by G,z=e**D§,p
=9%(T) 8, 5. Thus, the connection coefficients in this basis are

The= 01988+ 53— 9 p8Py0). (2.72)
Using (2.70), we have TABC=0. Next, using (2.67) and (2.69) with

Fly=08), Fl=9"d, (2.73)
we obtain
LI TP PP 2.74
CAB_az AB_BA) (2.74)
and
i¢o_ g, 1wy c (2.75)
AB_,ﬂZAB+l<}ABCDE' .

Using these in (2.71), we obtain Té é/§‘=0. Note that the Riemann curvature tensor has the follow-
ing form:
R 5ep=0712(8 ¢85~ 9 5600 p+ 20 y8ep — ,cIp0) 0 8" + 9 19 6™ (86350 ~ G3bcp)]
+ 070 pp St — O epSp+ (9 cpSpp — O ppScp) 51, (2.76)

which, in general, does not vanish.
Stojanovi¢, on the other hand, calculated a nonvanishing torsion tensor. This discrepancy is
due to the fact that he uses the following connection:

aFIM
axs
13,4

The=F )y (2.77)

Similar connections have been used in other contexts. ™" It can be shown that this connection has
vanishing curvature but has nonvanishing torsion. This is related to the so-called canonical con-
nection in absolutely parallelizable manifolds.”®*® See also Ref. 9, for similar connections in the
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context of inhomogeneities and their geometric representations. In Appendix, we give some details
on absolutely parallelizable manifolds and the above connection.

In summary, our geometric approach has a concrete connection with that of Stojanovi¢: in our
approach we use a Riemannian manifold with a temperature-dependent metric as the material
manifold while Stojanovi¢ implicitly used the same metric but in an absolutely parallelizable
manifold that is not Riemannian. Using either approach would be fine and a matter of taste,
however, we believe that our approach is more straightforward as we do not introduce an unnec-
essary torsion in the material manifold. Representing changes in temperature by a one-parameter
family of conformal Riemannian metrics enables us to find the zero-stress temperature distribu-
tions even in finite deformations.

C. Anisotropic thermal expansion

So far, we have assumed that thermal expansion is isotropic, i.e., a change in temperature
results in a change in length independent of orientation. Let us now see how one should modify
the theory when a temperature change results in different changes in length in different directions
and in possibly a change in shape. Even in the case of anisotropic thermal expansion all one needs
is a temperature-dependent material metric G(X,T), but in this case the material metric is no
longer a simple rescaling of the original material metric. The physical idea is the following. Given
any point in the initial stress-free material manifold with metric G((X), there exists a frame field
{E'(X),E*(X),E*(X)} for each material point such that in this frame the material metric is diag-
onal and has the following form:

G(X,T) =21 DE! @ E' + 22VE2 @ E2 + 23 VE3 @ E°. (2.78)

Given a coordinate basis E,:&/ X', we have

E,=A’E,. (2.79)
Thus

GX,7) =2, DA E, © AX Ey. (2.80)
1

lll. GEOMETRIC ELASTICITY WITH TEMPERATURE CHANGES

Material manifold. As mentioned in the previous sections, the material manifold describes the
intrinsic “shape” of the natural, stress-free state of the material. The geometry induced by a given
configuration of the material in the spatial manifold may or may not agree with the intrinsic
geometry. The discrepancy between the two geometries (the induced and the intrinsic) is, in
general, a cause for stresses, which are described by geometric constitutive relations. In this
section, we will describe this framework. Due to our approach to thermal stresses, in this paper,
we treat the material and the spatial spaces as Riemannian manifolds, as in Refs. 24 and 36, and
by “geometry,” we understand the Levi—Civita connection associated with the metric tensor. In
general, the geometry of either of these spaces can be given by a more general connection that has
torsion and/or nonmetricity. Such connections have found use in the literature of defect mechanics.

The motion of an elastic body is described by a possibly nonisometric, time-dependent em-
bedding of the material manifold in the spatial manifold (see Fig. 4). There is, however, another
possible source of time dependency: the geometry of the material manifold itself may change in
time (the geometry of the spatial manifold may also change, but we do not consider this issue in
this paper). A change in the geometry of the material manifold is sometimes known as a referential
change (see Refs. 10 and 26 and references therein), and the precise meaning of this has some-
times been a source of confusion in the literature. In this paper, we have a case where the change
in the geometry of the material manifold is described explicitly in terms of the temperature, and
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FIG. 4. (Color online) Motion of a continuum with temperature changes.

we believe that the conceptual clarity brought by this simple example may provide insights to
other cases of referential changes, such as those that describe the evolution of defects in a crys-
talline solid.

In Sec. II, we proposed to describe the thermal expansion of an isotropic material by a change
in the material metric, given by Eq. (2.3)

G(X,T) = Hy(X)e> D, (3.1)

Here, w(T) is a function that describes the thermal expansion properties of the isotropic material
under consideration. The coefficient of thermal expansion is given by Eq. (2.6)

a(T) = . (3.2)

We assume that the temperature distribution in the material is given. If the temperature depends on
time, then the material metric describing the relaxed state of the material will also depend on time,
through (3.1).

We should mention that evolution of reference configuration in the literature of continuum
mechanics is more or less ambiguous. It is believed that an evolving reference configuration can
model dynamics of defects. However, to our best knowledge, there are no concrete examples in
the literature. We believe that the present geometric formulation of thermal stresses in terms of a
temperature-dependent material manifold can make the role of reference manifold clearer and can
shed light on other more complicated problems, e.g., continuum theory of solids with distributed
dislocations.

Conservation of mass. Let us begin by writing the conservation of mass in this setting. If the
temperature is time independent, the usual material version of the conservation of mass holds: the
material density is constant

po(X,1) = py(X). (3.3)

If, however, temperature changes in time, the material metric will expand or contract, so the
material mass density will change. The evolution of the mass density will then be given by

po(X, T)dV(X,T) = m(X), (3.4)

where dV(X,T(z)) is the volume form of the metric G(X,T) and m(X) is the temperature-
independent (and hence time-independent) differential form representing the mass density (mass
form). This equation tells us that if the material manifold expands due to a temperature change, the
total mass in a material region will not change, and hence the density p, will decrease inversely
with the increase in the volume of that region. Since the volume form is given by
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dV(X,T) = Vdet|H |V DdVX, (3.5)

we can get the density for a given temperature 7 in terms of the density at an initial temperature
T, by using po(X,1dV(X,T)=py(X,Ty)dV(X,T,). This gives

po(X, T) = Me@Tol-eMp (X 7). (3.6)

In terms of the coefficient of thermal expansion a=dw/dT, this can be written as

po(X.T) = po(X, Tp)e M 7,277, (3.7)

Incompressibility. Elastic incompressibility means that elastic deformations cannot cause any
changes in volume. Thus, for a given temperature distribution, the deformation map must preserve
the volume element. The volume elements in the material and spatial manifolds, dV(X) and dv(x),
are related by

dv(x(X)) =J(X,1dV(X,T), (3.8)

B detg
J(X,T)—detF\/—det G’ (3.9)

Thus, incompressibility means that J(X,7)=1. Given two Riemannian manifolds, distance pre-
serving maps, i.e., isometries between them may or may not exist. A similar question may arise for
volume-preserving maps: given two Riemannian manifolds (in our case, the material manifold and
the spatial manifold), does there exist a volume-preserving map between them? Moser”’ answered
this question in the affirmative, so the study of incompressibility in this setting is not vacuous.

Free energy. The free energy, in addition to explicitly depending on temperature, will depend
on the temperature-dependent material metric tensor as well, i.e.

where the Jacobian J is given as

V=¥(X,T,G(X,7),F,g). (3.10)

Therefore, the first Piola—Kirchoff stress, given by

av
P=PX.,T)=g ' —, 3.11
XN =g~ (3.11)
explicitly depends on the temperature-dependent material metric.
Balance of linear momentum. Let us now look at the governing equations for a given tem-
perature distribution T=T(X). We will only study the static case, for which the balance of linear

momentum reads

IPA
DivP=0 or P“,= W+F§3P“B+ Y F PP =0, (3.12)

where I'{; are the connection coefficients for the material metric G, and ¥, are the connection
coefficients for the metric g,;. (The governing equations for the dynamics case are similar. How-
ever, for the dynamic problem one has to consider an evolving temperature distribution governed
by the heat equation. This will be discussed in a future communication.) This is the standard
balance of linear momentum in geometric elastostatics, see, e.g., Ref. 36. For the case of thermal
stresses, the material connection coefficients FXB are those of the metric (2.3), G,(X,T)
=H,;(X)e>*?); they are given in terms of the connection coefficients ng;c of the metric Hy; as™

T4 =T+ (85050 + 850,Q — HygHP Q). (3.13)

Suppose the initial material metric H,p is Euclidean. Then, using Cartesian coordinates, we have
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I =35Q. (3.14)

For a Euclidean spatial metric in Cartesian coordinates, g,,=J,,, we obtain

ot 90
XA +3EP =0. (3.15)

In terms of the thermal expansion coefficient a=dw/dT, this becomes

IpP 3 aT
+
axA 7% oxB

P =0. (3.16)

In the following example, we show that in the geometric framework, some nonlinear problems can
be solved analytically.

Example. Let us consider a 2D, incompressible neo-Hookean material in a flat 2D spatial
manifold. The free energy density of a neo-Hookean material in two dimensions has the form

¥ =W(X,C) = ultr C-2), (3.17)

where C is the Cauchy—Green tensor, or equivalently, the pullback of the spatial metric, Cyp
=F AFb s8ap» and u is a material constant. We will assume that this form holds for an isotropic
material under thermal expansion, and, in particular, we assume that there is no explicit tempera-
ture dependence in the free energy apart from the dependence through C. In components

W = w(FF g, G* - 2). (3.18)

The “2” is of no particular significance: when the material metric is fixed, it just shifts the free
energy by a constant. When the material metric changes as in (2.3), its contribution to the free
energy is proportional to the temperature-dependent material volume, which, for a given tempera-
ture distribution, is independent of the spatial configuration. We ignore this term and use W
=W (X,C)=pu tr C as our definition of the free energy.

Let us assume that initially the material has a flat annular shape R;=R=R, without any
stresses, at a uniform temperature 7,,. We would like to calculate the stresses that occur in the new
equilibrium configuration after we change the temperature in a rotationally symmetric way, T
=T(R). In polar coordinates, the spatial metric and its inverse read

8rr 8ro 10 _ grr ng 1 0
8or 8oo 0 r 8" 8 0 Ur

and thus det g=r>. The only nonzero connection coefficients are

Vog=—T.  Vog= Vo =1r. (3.20)

For the temperature-dependent material metric we have

RR RO
G (GRR Gro ) _ (1 0 )eZw(T(R)) G- (G G ) _ (1 0 )e—Zw(T(R))
Gor Goo 0 R? ’ G%% G99 0 1/R? ’

(3.21)

and thus, det G=R2e**"®) The following nonzero connection coefficients are needed in the
balance of linear momentum:

R.=Q'(R), TRo=—R-R*Q'(R), The=Tgr=1/R+Q'(R). (3.22)

In terms of the thermal expansion coefficient, these are given as
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IR.=al’(R), TRg=—R-RaT'(R), TS =I0r=1/R+aT (R). (3.23)

Given the temperature distribution T=T(R), we are looking for solutions of the form

@(R,0) =(r,0) =(r(R),0). (3.24)
Thus
r'(R) 0 1/r"(R) 0
F=< (R) ) F‘1=< ®) ) (3.25)
0 1 0 1
This gives the Jacobian as
rr’
J= W. (3.26)
Incompressibility dictates that
rr’ = Re**D, (3.27)

This differential equation has the following solution:

R
(R) :f 2820 T @) g 4 r%(R)' (3.28)
Ry

Note that r;(R) is not known a priori and will be obtained after imposing the traction boundary
conditions at r; and r,.

In incompressible elasticity, P* is replaced by P —Jp(F- 1)A,ﬂg“b, where p is an unknown
scalar field (pressure) that will be determined using the constraint J= 1% ie.

PA =2 uFyGAE — p(R)(F')* g (3.29)

Therefore, using (3.27), we get the nonzero-stress components as

2uR r 2p P(R)
pR=E2 _(R)Z e 20TR)  pb _ ZE du(r(r) _ P2 330
r P )R ¢ R? ¢ o ( )
where p(R) is an unknown pressure.
Balance of linear momentum in components reads
gpP
PaA|A=W+F23PGB+PZ7A)/;CFCA=O. (3.31)
For the radial direction, a=r, we have
aPrA aPrR
Py + gl 4 PPy Py = — o+ (Tt Lo PR+ PPy k'
|
=t (1_% + 2aT’(R))P’R -rP®=0. (3.32)
This gives
2uR R’ P
p'(R) = %emmk”{z(l +aRT') - 7e2w<T<R>> - Pe-z‘“(”’”) ) (3.33)

Assuming that p(R;)=0, we obtain
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FIG. 5. (Color online) Motion of a continuum with temperature changes.
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For a= 6, balance of momentum (3.31) gives

R 2 2
(R) = f Z_/Lgezwmg)){z(l +a(§)§T’(§))—§—e2w<T<f”—Lf)e—%(”f)) dE. (3.34)
R;

JP*™ 0 |\ o
P, = o " TAoP% + PRyVF o+ PPyt Flo = (TR0 + T o) PP = 0. (3.35)
i.e., this equilibrium equation is trivially satisfied. Therefore, given the temperature distribution
T(R), we can calculate all the thermal stresses analytically.

IV. LINEARIZED THEORY OF THERMAL STRESSES

In this section, we linearize the governing equations of the nonlinear theory presented in Sec.
IIT about a reference motion. Geometric linearization of elasticity was first introduced by Marsden
and Hughes24 and was further developed by Yavari and Ozakin.” See also Ref. 28 for similar
discussions. Here, we start with a temperature-dependent material manifold and its motion in an
ambient space. Given a reference motion, we are interested in obtaining the linearized governing
equations with respect to this motion. We will assume that the ambient space manifold is Euclid-
ean. This is not a necessary assumption but it provides a natural setting for most practical prob-
lems of interest and will simplify the subsequent calculations. For simplicity, we will restrict
attention to time-independent solutions.

Suppose a given material with a temperature distribution 7(X) and the related material metric
G is in a static equilibrium configuration ¢. The balance of linear momentum for this material
body reads

Div P + p,B = 0. (4.1)

Now suppose we change the temperature of this material by a small amount ST(X). This will
change the material metric to G'=G+dG, and ¢ will no longer describe a static equilibrium
configuration. A nearby equilibrium configuration may be given by ¢’ =¢+ ¢, and the stress in
this new equilibrium configuration will be P’ =P+ 6P. One would like to calculate the change in
the stress (or the configuration), for a given small change in temperature (see Fig. 5).

While the spirit of this setup is familiar from other linearization problems, some care is
needed in interpreting its meaning. P(X) is a two-point tensor (it has components in both the
material and the ambient spaces: P“4) based at X and ¢(X), whereas P’(X) is based at X and
¢'(X). Defining SP(X)=P’—P is nontrivial for a general ambient space metric. This is related to
the fact that subtracting tangent vectors at different points in a manifold is only defined with
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respect to a choice of a path connecting the two points, on which a parallel transport is to be
performed. By restricting our attention to a Euclidean ambient space we sidestep this issue, using
the natural, path-independent parallel transport in Euclidean space. Another issue is the definition
of ¢=¢’'—¢. While one can use coordinate systems to make approximate sense of this equation
for two nearby maps, it is a little troublesome geometrically, since the subtraction of two maps
between manifolds is not defined geometrically.

The linearization procedure can be put to firmer footing if instead of talking about two nearby
configurations and the differences of various quantities for these configurations, we describe the
situation in terms of a one-parameter family of configurations around a reference configuration
and calculate the derivatives of various quantities with respect to the parameter. These derivatives
will capture the behavior of the solution as a function of the parameter for small values of the
latter. Thus, let T(X) be a one-parameter family of temperature distributions on our material
manifold, G, be the corresponding family of material metrics, ¢, be the equilibrium configura-
tions, and P, be the stresses. Let é=0 describe the reference equilibrium conﬁguration.33 Now, for
a fixed point X in the material manifold, ¢(X) describes a curve in the spatial manifold, and its
derivative at e=0 gives a vector U(X) at ¢(X)

deX)

v = de

(4.2)

e=0

Considering d¢= e(de./de), we see that a more rigorous version of ¢ is the vector field U.
Similarly, one has

d
G =e —

G.. 4.3
7| Ge (4.3)

e=0

When the change in G is due to a change in 7, we have

d| o _pde dr

de =0 AT de
where B=2(dw/dT)(dT!dé€)|y=2a(T)(dT/d€) .

Now consider, in the absence of body forces, the equilibrium equation Div P=0 for the family
of temperature distributions parametrized by e

G =G, (4.4)

e=0

Div,P,.=0. (4.5)

Linearization of (4.5) is defined as***’

d
—| miv.p)=0. (4.6)

e=0

Once again, one should note that since the equilibrium configuration is different for each e, P, is
based at different points in the ambient space for different values of €, and in order to calculate the
derivative with respect to €, one, in general, needs to use the connection (parallel transport) in the
ambient space. For the Euclidean case we are considering and a Cartesian coordinate system x¢,
this is trivial. In components (4.6) reads

IP“(e)

X + 1 () PB(e) = 0. (4.7)

Thus, the linearized balance of linear momentum reads

Jd d

P*%(e) =0. 4.8
X de (e) (4.8)

e=0

d d
P (€) + |: — FﬁB(e)}P“B+ FﬁB —
e=0 de e=0 de

Note that
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FaA - gac

s 4.9
o (4.9)

where ¥=V(X,T,F,G,g) is the material free energy density. In calculating dP*(€)/de, we need
to consider the changes in F and G due to the change in the equilibrium configuration, i.e.

dP*(e) P dF’y 9P dGep

- + . (4.10)
de IF’y de  IGcp de
Defining
gp > P a4
A B = =8 — and BACD = = (4.11)
aFt, % OF',9F, Gep  9Gep IFS,

where the derivatives are to be evaluated at the reference configuration e=0 and noting that

dF* aU*
Al =—, (4.12)
de =0 X
we obtain
d aA aA Byb aACD
d_E P (E):A b U ,B+B GCDB‘ (413)
e=0
Using
1 G G G
Iy =—GAD( o= BC) 4.14
S ox¢  oxB  oxP (414
and
dGg*® 9G
—— = GAGPP—E2, (4.15)
de Jde
and plugging into (4.4), we obtain
d 3 9B
—| Tige==—1. 4.16
de| 9= 5 0xm (4.16)
With these results, the linearized balance of linear momentum (4.6) becomes
a. a. 3 (9B a.
(A“PUP ) o+ (BAPG ) 4 + St B=0. (4.17)

Assuming that A and B are independent of X, the linearized equilibrium equations are simplified

to read
FU° B 3B
A9A B +BMACLG = L Z = paB_ ). 4.18
b oxA g xB PoxA ™ 2 9xB (“4.18)
If the initial configuration is stress-free, we have
PUb B
aA B ACD
——==-B*""Gp—. 4.19
b oxA g xB P x4 (4.19)

Let us next show that these results agree with those of classical thermoelasticity. We first consider
a special class of isotropic materials.
Saint—Venant—Kirchhoff materials. Saint—Venant—Kirchhoff materials have a constitutive rela-
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tion that is analogous to that of linear isotropic materials, namely, the second Piola—Kirchhoff
stress S is given in terms of the Lagrangian strain E=%(C—G) as”™

S=\trE)G™' +2uE, (4.20)

or in components

SP = NE 3GBGP + 2uEP = —(C,3G*8 = 3)GP + u(C,zGACGBP - GP),  (4.21)

0 | >

where A=\(X) and u=pu(X) are two scalars characterizing the material properties. This means
that S is a linear function of E. We next show that for this class of materials linearization of our
geometric theory leads to linear governing equations that are identical to those of the classical
linear theory of thermal stresses for linear, isotropic materials. We will show later in this section
that this is true for any elastic material.

We can obtain the tensor B““48 from S as follows:

J d apPc aseP
BCAB = ( a w) =F (4.22)

9Gu\" 9F'.) 0G| PGy
Using
aGAB
—— =-G"G", (4.23)
we obtain
BUALG p==2 CoynF*s(NGABGMN + 2uGAMGBN) + (BN + 2u) F 3 GAB. (4.24)

The initial metric is Euclidean; in Cartesian coordinates, G, = ;5. Since the ambient space is also
Euclidean, we can choose a Cartesian coordinate system whose axes coincide with the initial
location of the material points along the material Cartesian axis. This will give F*,= 5}, where a
and A both range over 1, 2, 3. This gives

AN+2u
2

BACDG = — &4, (4.25)

Similarly, for an initially stress-free material manifold, we obtain

AaAbB = FaMFL'Ngbc[)\GAMGBN'i' IL(GABGMN+ GANGBM)]. (426)

For the case of an initially Euclidean material manifold with Cartesian coordinates we have

aA B aZUb
A%, XA oxE - N+ W)Uy g+ pUq - (4.27)
Therefore, Eq. (4.19) reads
AN+2u 9B
N+ W)Uy g+ pU, 4, = - (4.28)
2 dx,

Recalling B=2a(dT/d¢) |, and assuming for simplicity that a is constant, we have

Jd d dT
9B _, 9 dr

=2 . (4.29)
x, ox, de| g

Hence
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J dT
N+ @ Upgp+ pUqpp= BN +2u)a— —| . (4.30)
ox, de| g
In the classical theory of thermal stresses, stress-strain relations in the presence of tempera-
tures changes can be written as

0= Cijuley — adyAT), (4.31)

i

where C;j, is the elasticity tensor. In this sense thermal strains are understood as “eigenstrains.’
Equilibrium equations in the absence of body forces read

JAT
Ciju€n;=Cijma— (4.32)

ox;

where once again we have assumed that the elasticity tensor and the coefficient of thermal expan-
sion are constants. When the material is isotropic, C;j=u(8yd;+ 6;0;)+\J;;9, and hence

Cijn€n; = pu; ji+ N+ wu; j; (4.33)
and
JAT JAT
Cijma—=QCu+3N)a—. (4.34)
&.Xj ﬁx,-
Thus, equilibrium equations read
IAT

L

Recalling that dT/de|. is the linearized version of temperature change, i.e., T~ e(dT/de)|
and that U is the geometric version of displacement, it is seen that the linearization of the
geometric theory for Saint—Venant—Kirchhoff materials results in governing equations that are
identical to those of the classical isotropic linear theory.

Let us now see if this holds for more general constitutive equations of the geometric theory.
For a stress-free (Euclidean) initial configuration, the linearized balance of linear momentum is
given by

(/VA/:B Ub,B +B“PspB) A=0. (4.36)
Assuming G,p=6,5 and F*, =&} as above, an identity proven in Ref. 24 becomes
A B = 2(CAPBEC B g = 2CCAPB ST 515, =204, (4.37)
Noting that B=2a(dT/de)| ., (4.36) becomes

(CaAbBUbB+BaACCCY d_T
’ de

) =0. (4.38)
e=0/ A

Identifying superscripts and subscripts, identifying the spatial and material indices (by aligning the
material and spatial Cartesian coordinates as above), and using symmetries of C, we can write

ar ) =0. (4.39)
e=0

(Lljkifki + Bljkka
de J

This is identical to (4.31) if

Bijne == Cpjai O = = Cpjee- (4.40)
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Let us first show that this relation always holds for isotropic materials. For isotropic materials
it can be shown that*"**¢

Al C Al G=0 (4.41)
— - C+—-G=0. .
aC G
Or in components
Y et Gey=0 (4.42)
ICic P 3Gy P '
Note that
%) N s
=—=F—=2F (4.43)

G G dCIG’

Differentiating (4.41) with respect to C and noting that the initial configuration is stress free we

obtain
v C v G=0 (4.44)
. + . = U. .
JdCoC dC oG
Or
1 -
;G- C+3F 'B.G=0. (4.45)

Noting that F*,=6", and Cyp=Gp, (4.45) is identical to (4.40).

We now show that Eq. (4.40) holds even for anisotropic elastic solids. For showing this we
use the fact that if the material is thermally homogeneous (i.e., if the thermal expansion properties
do not depend on position) a uniform temperature change AT does not lead to any thermal
stresses. Starting from a stress-free Euclidean configuration, for a uniform temperature change,
one has

SF'y = U, = aAT&", and &5=0. (4.46)
We also know S=S(C,G), thus

S S »
8S=—.5C+— 8G=C-6C+2aATF'B-G =0. (4.47)
aC IG

But note that’’
8Cap=8urF AU’ 5 + 8apF" pU" s = Oup 04 (AT S}) + 8, S3(aATS}) = 2aAT Sy, (4.48)

Substituting (4.48) into (4.47), one obtains (4.40)! In summary, we have proven the following
proposition.

Proposition: Linearization of the present geometric theory yields governing equations that are
identical to those of classical linear elasticity.

V. CONCLUSIONS

In this paper, we presented a geometric theory of thermal stresses in which the material
manifold is temperature dependent. Given a temperature distribution, the material metric is a
Riemannian metric that is obtained by a (nonuniform) rescaling of a reference metric. In particu-
lar, starting from a Euclidean stress-free reference manifold, a nonuniform temperature distribu-
tion leads to a non-Euclidean material manifold. We studied the stress-free temperature distribu-
tions by looking at conditions that guarantee flatness of a Riemannian metric. We recovered some
known facts from the linear theory of thermal stresses and obtained some new results for finite
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deformations. We showed that, in addition to uniform temperature distributions, there are other
zero-stress temperature distributions. We obtained all such temperature distributions. We also
studied the inverse problem, i.e., given a temperature distribution, what inhomogeneous coeffi-
cients of thermal expansion give zero stresses. In the present theory, there is no need to introduce
an “intermediate” configuration. We made an explicit connection between our geometric theory
and the previous works on multiplicative decomposition of deformation gradient in the presence of
temperature changes. Given a temperature distribution, we obtained the temperature-dependent
governing equations. In order to demonstrate the power of the geometric theory, we solved the
example of an axisymmetric temperature distribution and obtained some exact results. We showed
that the linearization of the present geometric theory about a stress-free configuration results in
governing equations that are identical to those of the classical linear thermoelasticity.

Geometric formulation of the coupled problem of elastic deformations with heat conduction
will be studied in a future communication. The ideas presented in this paper can also be used in
modeling bodies with growing mass. Growth and remodeling in biological systems is an important
phenomenon and a geometric study will shed light on the coupling between growth/remodeling
and elastic deformations.

APPENDIX: DIFFERENTIAL GEOMETRY AND CLASSICAL GEOMETRIC ELASTICITY

In this section, in order to make the paper self-contained, we review some notation from
geometric elasticity. For more details refer to Refs. 24, 1, and 25. By classical geometric elasticity
we mean elasticity of bodies with stationary defects (if any) and a fixed material manifold. We
extended this theory for thermal deformations in Sec. III.

For a smooth n-manifold M, the tangent space to M at a point p € M is denoted 7,,M and the
whole tangent bundle is denoted 7M. We denote by B a reference manifold for our body and by
S the space in which the body moves. We assume that 5 and S are Riemannian manifolds with
metrics G and g, respectively. Local coordinates on B are denoted by {X"} and those on S by {x“}.

A deformation of the body is a C! embedding ¢:B—S. The tangent map of ¢ is denoted
F=T¢:TB— TS, which is often called the deformation gradient. In local charts on B and S, the
tangent map of ¢ is given by the Jacobian matrix of partial derivatives of the components of ¢ as

F=To:TB—TS, Te(X,Y)=(¢(X),De(X)-Y). (A1)

If Y is a vector field on B, then qD*Y=T(p-Y°<p‘1, or using the F notation, QD*Y=F'Y°(,D_1 is
a vector field on ¢(B) called the push forward of Y by ¢. Similarly, if y is a vector field on
©(B)C S, then ¢*y=T(¢!)-yo is a vector field on B and is called the pullback of y by ¢.

The cotangent bundle of a manifold M is denoted T°M and the fiber at a point p € M (the
vector space of one-forms at p) is denoted by T;M . If Bis a one-form on S, i.e., a section of the
cotangent bundle T*S, then the one-form on B defined as

(¢*B)x - Vx= ,sz(x) (Te-Vx) = ,3<p(x) -(F-Vy) (A2)

for X e B and Vg e TxB3, is called the pullback of B by ¢. Similarly, the push forward of a
one-form « on B is the one form on ¢(B) defined by ¢.a=(¢™!)*a.

We can associate a vector field 8* with a one-form B8 on a Riemannian manifold M through
the equation

(B vy = {BE Vo (A3)

where (,) denotes the natural pairing between the one form B, € T,M and the vector v, € T,M and
where ((Bf,v,())x denotes the inner product between B¢ e T,M and vy e T,M induced by the
metric g. In coordinates, the components of 8* are given by B=g8,.

A type (':)—tensor at X € B is a multilinear map
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T:TxB X -+ X TyBX TxBX -+ X TxB— R. (A4)
J

. J -
VT VT

m copies n copies

T is said to be contravariant of order m and covariant of order n. In a local coordinate chart

T(a!,...,a"V,,....,V,) = 7*'1---"»1,.1” . a?l e VAL i (A5)

e n°’

where o e Ty3 and V* e TxB.
A two-point tensor T of type (

m r)

. ) at X e B over a map, i.e. ¢:B—S is a multilinear map,

T:TgB X +++ XTYBXTxBX -+ X TxBXT,SEX -+ X T, SXTSEX -+ XT,S§— R,
- J - J - J . J

g v v v
m copies n copies r copies § copies

(A6)
where x=¢(X).
Let y be a vector field on S and ¢:B—S a regular and orientation preserving C' map. The
Piola transform of y is defined as

Y =J¢'y, (A7)
where J is the Jacobian of ¢. If Y is the Piola transform of y, then the Piola identity holds:
Div Y =J(divy)e° ¢. (A8)

A p-form on a manifold M is a skew-symmetric (2)—tensor. The space of p-forms on M is
denoted by OP(M). If @:M—N is a regular and orientation preserving C' map and «

e VP(p(M)), then
f a=f oa. (A9)
(M) M

Let m:E— S be a vector bundle over a manifold S and let £(S) be the space of smooth
sections of E and X(S) the space of vector fields on S. A connection on E is a map V:AX(S)
X E(S)— &E(S), such that Vf,f,f, € C*(S),Va,,a, e R:

@) Vle1+f2X2Y =f1VX1Y +f2Vx2Y’ (A10)
(i) Vx(aY;+ayY,) =a,Vx(Y)) +a,Vx(Y,), (A11)
(i) Vx(Y) = fVxY + (XNY. (A12)

A linear connection on S is a connection on 7S, i.e., V: X(S) X X(S8) — X(S). In a local chart
V4,95= Yo (A13)

where 3/; are Christoffel symbols of the connection and d,=4d/ dx'. A linear connection is said to be
compatible with the metric of the manifold if

Vx((Y.Z)) =((VxY.Z)) + (Y, VxZ)). (A14)
It can be shown that V is compatible with g if and only if Vg=0. Torsion of a connection is
defined as
TX,Y) =VxY - VyX - [X,Y], (A15)
where
[X.Y](F)=X(Y(F)) -Y(X(F)) VFeCS) (Al6)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http:/jmp.aip.org/jmp/copyright.jsp



032902-28  A. Ozakin and A. Yavari J. Math. Phys. 51, 032902 (2010)

is the commutator of X and Y. V is symmetric if it is torsion-free, i.e.

ViY - VyX =[X,Y]. (A17)

It can be shown that on any Riemannian manifold (S, g) there is a unique linear connection V that
is compatible with g and is torsion-free with the following Christoffel symbols:

(1 kl(a—gﬂﬁi"?—%) (A18)
) axt ox oxt )’

This is the fundamental lemma of Riemannian geometry19 and this connection is called the
Levi-Civita connection.

Curvature tensor R of a Riemannian manifold (S,g) is a (;)-tensor R:TSXTSXT,S
X T, S—R defined as

Ra,wi, W, W3) = a(vwlvwzws - szvwlw3 - V[wl,wz]WS) (A19)
for a e T,S,w,,w,,w;3 € T}S. In a coordinate chart {x*}

ayzd _ &%c

ox°¢ ax?

Rabcd = + %e yZd - ’}/c’le ’yle;c' (AZO)

Note that for an arbitrary vector field w
a a d a
W =W = R eqw + T ,w - (A21)

An n-dimensional Riemannian manifold is flat if it is isometric to Euclidean space. A Riemannian
manifold is flat if and only if its curvature tensor vanishes. A Riemannian manifold (B,G) is
conformally flat if there exists a smooth map f: B— R, such that G=fé, where & is the Euclidean
metric. In isothermal coordinates the Riemannian metric has the following local form:

G =f(X)(dX}+ - +dXD). (A22)

It is know that® any 2D Riemannian manifold is conformally flat and the map f is unique. A
corollary of this theorem in our theory of thermal stresses is the following. Given any smooth
curved 2D solid that is stress free, there exists a unique change of temperature distribution such
that in the new temperature distribution the 2D solid is flat and still stress-free. Equivalently,
starting from a stress free flat sheet, it is always possible to deform it to any smooth curved shape
by changing temperature without imposing any residual stresses.

For a Riemannian manifold (B,G) the Weyl-Schouten tensor is defined as’?

C ViRy—-V,R I(G R G &R) (A23)
WK = VI =Vl =\ O ek = Q1K gy |-

where R;; and R are the Ricci tensor and the scalar curvature, respectively. A necessary and

sufficient condition for a Riemannian manifold (B,G) to be conformally flat is C=0 when

dim B=3.

1. Absolute parallelizable (AP) geometry

In many physical problems in which deformation is coupled with other phenomena, e.g.,
plasticity, growth/remodeling, thermal expansion/contraction, etc., all one can hope to do is to
locally decouple the elastic deformations from the inelastic deformations. This has led to many
works that start from a decomposition of deformation gradient F=F F;, where F, is the elastic
deformation gradient and F; is the remaining local deformation or inelastic deformation gradient.

Given an inelastic deformation gradient, here a thermal deformation gradient, a vector in the

tangent space of X € 3, i.e., W € TxB3 is mapped to another vector W:FTW. Traditionally these
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vectors are assumed to lie in the tangent bundle of an “intermediate configuration.” In the litera-
ture, intermediate configuration is not clearly defined, and at first glance it seems to be more or
less mysterious as was explained in Sec. II B. These are closely related to parallelizable manifolds
[or absolutely parallelizable (AP) manifolds] going back to the works of Eisenhart.”® See also
Refs. 38 and 35. In an n-dimensional AP-manifold M, one starts with a field of n linearly inde-
pendent vectors {E,)} that span the tangent vector at each point. Let us denote the components of
Eq) by Ef 4)- The dual vectors, i.e., the corresponding basis vectors for the cotangent space are

denoted by {E¥} with components {EgA)}. Note that

EVE(; =38 and E/E(, =7, (A24)

One is then interested in equipping M with a connection I‘ﬂK, such that the basis vectors {E,)} are
covariantly constant, i.e. (equivalently, the tangent bundle is a trivial bundle, so that the associated
principal bundle of linear frames has a section on M)

i
Note that
I I I
Ex = Ewxs = RILJKE(LA) + TLKJE(A)\L' (A26)
Thus, (A25) implies that
R'Lk=0 (A27)

i.e., M is flat with respect to the connection I'};. Note that

IE
(4)
E{A)U = * IES). (A28)
Thus
JE!
E{”ﬁ +T! =0. (A29)
Hence

! (@A)
- g B _ oo dE
JK J 1 (9XK .

= (A30)

This is similar in form to the connections used by many authors, e.g., in Refs. 4 and 13 for
dislocations, in Ref. 9 for material inhomogeneities, and in Ref. 31 for thermal stresses.

Looking at local charts {X} and {U’} for the reference and intermediate configurations, we
have

dU"' = (Fp)' ,dx*. (A31)
(Fy)", can be identified with Ef 4)» and hence

a(F;l)AJ

P (A32)

FﬁK =(F T)IA

is the connection used in Refs. 31 and 32. Note that this connection is curvature free but has
nonvanishing torsion.
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2. Geometric elasticity

Let us next review a few of the basic notions of geometric continuum mechanics. A body B is
identified with a Riemannian manifold B and a configuration of B is a mapping ¢:B8—S, where
S is another Riemannian manifold. The set of all configurations of B is denoted C. A motion is a
curve c:R—C;t— ¢, in C. It is assumed that the body is stress-free in the material manifold.

For a fixed 1, ¢,(X)=¢(X,7) and for a fixed X, ¢x()=¢(X,1), where X is position of material
points in the undeformed configuration B. The material velocity is the map V,: B— R? given by

Jde(X,1) d

ViX)=V(X,1) = o d—t<Px(t)- (A33)

Similarly, the material acceleration is defined by

aV(X,1) d
AX)=AX,t)=———=—Vx(?). A34
(X)=AX.1) PP S0 (A34)
In components
ave
A= Py + Y VPV, (A35)

where v}, is the Christoffel symbol of the local coordinate chart {x“}. Note that A does not depend
on the connection coefficients of the material manifold.

Here it is assumed that ¢, is invertible and regular. The spatial velocity of a regular motion ¢,
is defined as

vie(B) =R v,=V,o ¢!, (A36)

and the spatial acceleration a, is defined as

av
a=v=—+V,v. A37
otV (A37)
In components
w  w b
a’= + v’ + 9, 00", A38
at  oax’ e (A38)

Let ¢:B—S be a C! configuration of B in S, where B and S are manifolds. Recall that the
deformation gradient is the tangent map of ¢ and is denoted by F=T¢. Thus, at each point X
e B, it is a linear map

F(X):TxB — T ,x)S. (A39)
If {x?} and {X"} are local coordinate charts on S and B, respectively, the components of F are

de*

Fa®) ="

(X). (A40)
The deformation gradient may be viewed as a two-point tensor

FX):T,SXTxB—R; (a,V)—{(a,Tx¢ V). (A41)

Suppose B and S are Riemannian manifolds with inner products ((,))x and ((,)), based at X
e B and x € S, respectively. Recall that the transpose of F is defined by
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FI.T,S — TxB, (FV,v),={(V,FTv))x (A42)
for all Ve TxB, v e T,S. In components
(FT(X))", = 2,,(X) F’5(X)G*4(X), (A43)

where g and G are metric tensors on S and B, respectively. On the other hand, the dual of F, a
metric independent notion, is defined by

FX(x):TS — TxB, (F*(x)- a,W)=(a,F(X)W), (A44)

for all @ e T,S,W e TxB. Considering bases e, and E, for S and B, respectively, one can define
the corresponding dual bases e and E*. The matrix representation of F* with respect to the dual
bases is the transpose of Fy. F and F* have the following local representations:

Jd
F=F,

ox“

d
®dx*, F*=F"dX"® Pl (A45)
X

The right Cauchy—Green deformation tensor is defined by

C(X):TxB— TxB, C(X)=FX)"F(X). (A46)

In components

Chy= (FT) . (A47)

It is straightforward to show that

C'= ¢(g) = F*gF, ie. Cap=(gum° (P)FaAFbB' (A48)

Let ¢,: B—S& be a regular motion of B in & and PCB a p-dimensional submanifold. The
transport theorem says that for any p-form « on &

d

- a:J Lva, (A49)
dtJ) g p) ¢/(P)

where v is the spatial velocity of the motion. In a special case when a=fdv and P=U is an open
set, one can write

d J
— fdv = f [—f + div(fv)}dv. (A50)
dtJ g (p) ¢ (p) L It
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