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Abstract

In this paper we formulate a geometric theory of nonlinear thermoelasticity that can be used to calculate
the time evolution of temperature and thermal stress fields in a nonlinear elastic body. In particular,
this formulation can be used to calculate residual thermal stresses. In this theory the material manifold
(natural stress-free configuration of the body) is a Riemannian manifold with a temperature-dependent
metric. Evolution of the geometry of the material manifold is governed by a generalized heat equation. As
examples, we consider an infinitely long circular cylindrical bar with a cylindrically-symmetric temperature
distribution and a spherical ball with a spherically-symmetric temperature distribution. In both cases we
assume that the body is made of an arbitrary incompressible isotropic solid. We numerically solve for the
evolution of thermal stress fields induced by thermal inclusions in both a cylindrical bar and a spherical ball
and compare the linear and nonlinear solutions.

Keywords: Geometric mechanics; nonlinear elasticity; nonlinear thermoelasticity; thermal stresses; coupled
heat equation; referential evolution; evolving metric.
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1 Introduction

Following the seminal work of Fourier [1822] on thermal conduction, Duhamel [1836, 1837] was the first to
study the thermo-mechanical behavior of solids. He considered the superposition of the uncoupled elasticity
and thermal conduction problems and in this framework solved for radial temperature fields in the spherical
and cylindrical geometries. The linear heat conduction problem in solids—uncoupled from elasticity—has
since been studied extensively and several exact solutions have been found, in particular for the spherical and
cylindrical geometries (see for example [Carslaw and Jaeger, 1986]). Biot [1956] derived the governing equations
for coupled linear thermoelasticity by combining the elasticity governing equations with the first and the second
laws of thermodynamics. He also proved a variational principle based on his generalization of the definition of
the free energy to nonuniform systems [Biot, 1955]. Boley and Weiner [1960] presented an extensive account
on the theory of linear thermoelasticity and its applications. They introduced the coupling between thermal
conduction and elasticity by considering the temperature dependence of the free energy and using a power series
expansion of it in terms of strain invariants and temperature. Limiting the expansion to quadratic terms, they
derived the coupled linear thermoelasticity equations. By extending this expansion to the cubic order, Dillon Jr
[1962] derived a nonlinear version of the theory including the deviatoric components of strain and solved for
the temperature field resulting from the torsion of a bar through the thermoelastic coupling. Jaeger [1945]
numerically solved for the thermal stresses in circular cylinders.

Based on the contributions of Green et al. [1970] on thermo-mechanical constraints, Trapp [1971] studied an
incompressible elastic solid reinforced by inextensible cords and obtained several exact controllable solutions for
stress and displacement fields. Later, Erbe [1974] introduced a temperature-dependent incompressibility condi-
tion to study the thermoelastic behavior of rubber. In this paper we will discuss this modified incompressibility
condition in our geometric formulation.

Petroski and Carlson [1968, 1970] explored universal/controllable states of elastic heat conductors and pro-
vided a few exact homogeneous solutions to the equations of nonlinear thermoelasticity under steady-state
conditions in the absence of body force and heat supply. For this class of solutions, Petroski [1975a,b] studied
the deformation/heating of spherical sectors and the torsion/radial heating of a cylinder. Rajagopal [1995]
and Rajagopal et al. [1996] investigated inhomogeneous deformations in non-linear thermoelasticity and found,
for a generalized neo-Hookean material with elastic properties that depend on stretch and temperature, exact
solutions that exhibit a boundary-layer structure (i.e., the deformation in the core is homogeneous (or inhomoge-
neous) while in a layer adjacent to the boundary it is inhomogeneous (or homogeneous)). Tanigawa and Takeuti
[1982a,b] and Tanigawa et al. [1983] studied the three-dimensional linear coupled thermoelasticity and carried
out numerical computations for hollow spheres and cylinders. Jabbari et al. [2010, 2011] studied coupled linear
thermoelasticity and gave exact solutions in the case of a radially-symmetric problem in both spherical and
cylindrical geometries. Shahani and Nabavi [2007] and Shahani and Bashusqeh [2014, 2013] analytically solved
the steady-state and the dynamical problem of uncoupled linear thermoelasticity in a thick-walled cylinder and
a sphere.

Under non-uniform temperature fields, thermal stresses may arise. Because a body cannot leave the three-
dimensional Euclidean ambient space, it is therefore constrained to deform in its Euclidean geometry and this
can lead to thermal stresses. In the context of nonlinear thermoelasticity, the study of thermal stresses goes
back to Stojanovié¢ et al. [1964] and Stojanovié [1969]. They suggested a multiplicative decomposition of the
deformation gradient F' = F.Fp based on a conceptual stress release of the material configuration from its



current state under a non-uniform temperature field to a local stress-free state. F' is decomposed into a thermal
relaxation Frp followed by an elastic deformation F, . For an orthotropic material, they gave a formula for Fp
that then allows for the calculation of thermal stresses for a static temperature field [Stojanovié¢, 1972; Lu and
Pister, 1975; Vujosevi¢ and Lubarda, 2002; Lubarda, 2004]. However, to the best of our knowledge, there has
not been any previous study in the literature on the evolution of thermal stresses in nonlinear thermoelasticity.
We should also mention that the decomposition of deformation gradient is not uniquely determined and makes
use of a mathematically ambiguous hypothetic relaxed state of the material. Ozakin and Yavari [2010] for-
mulated a geometric theory of thermal stresses by considering a temperature-dependent material configuration
through a metric that explicitly depends on temperature. This geometric framework interpreted the imaginary
intermediate relaxed configuration for non-uniform temperature fields as a Riemannian manifold not necessarily
embedded in the Euclidean ambient space and allowed for a mathematically meaningful formulation of the mul-
tiplicative decomposition of deformation gradient. It also provided a systematic approach to finding stress-free
temperature fields in non-linear thermoelasticity.

In this paper, following the idea of Ozakin and Yavari [2010], we formulate a geometric theory of nonlinear
thermoelasticity by considering an evolving material metric that explicitly depends on temperature and the
thermal expansion properties of the medium to study the coupling of heat conduction with elasticity (see
[Yavari, 2010; Yavari and Goriely, 2013] for other examples of an evolving material metric). In Section 2, we
establish the connection between the evolution of the geometry of the material manifold on the one hand and the
temperature field and the thermal expansion properties of the medium on the other hand. We explicitly write the
temperature-dependent material metric and generalize it to the thermally inhomogeneous and anisotropic case.
Then we discuss a systematic approach following from Riemannian geometry to find the stress-free temperature
fields in nonlinear thermoelasticity. In Section 3, we establish the theoretical framework for geometric nonlinear
thermoelasticity. In doing so, we review the kinematics of nonlinear elasticity and derive the governing equations
of motion in the scope of our theory. We also derive the response functions for the hyperelastic constitutive
model and find the generalized nonlinear thermoelastic coupling equation based on the laws of thermodynamics.
In Section 4 we illustrate the capability of the proposed geometric theory by solving for the thermal stresses
induced by an arbitrary radially-symmetric temperature field in both a circular cylindrical bar and a spherical
ball in the case of an incompressible isotropic elastic solid. We also numerically solve the generalized heat
equation and show the evolution of thermal stresses induced by radial thermal inclusions in both a circular
cylindrical bar and a spherical ball in the case of an incompressible neo-Hookean solid.

2 The material manifold in nonlinear thermoelasticity

2.1 The material metric

Let B be a three-dimensional body identified with a three-dimensional Riemannian manifold (B, G)—the ma-
terial manifold. Also, let (S, g) be a three-dimensional Riemannian manifold—the ambient space manifold. We
adopt the standard convention to denote objects and indices by uppercase characters in the material manifold
B (e.g., X € B) and by lowercase characters in the spatial manifold S (e.g., z € S). Let {X4} and {2%} be
local coordinate charts on B and S, respectively. Also, let 94 = 8&% and 0, = 8% denote the local coordinate
bases corresponding to {X“} and {2}, respectively, and let {dX“} and {dz®} denote the corresponding dual
bases. We also adopt Einstein’s repeated index summation convention.

In the theory of elasticity, the stress is obtained through a constitutive equation relating it to some measure
of strain that quantifies the deformation of the body with respect to a stress-free reference configuration.
However, such a configuration does not necessarily exist in the physical three-dimensional Euclidean space. In
particular, in the case of thermoelasticty, a non-uniform temperature field may lead to a configuration of the
body that cannot be relaxed in the physical space resulting in thermal stresses. Assuming the existence of a
hypothetic intermediate relaxed (stress-free) configuration, Stojanovié et al. [1964] proposed a multiplicative
decomposition of the deformation gradient F' = F,Fp, where the elastic deformation gradient F, is evaluated
with respect to the intermediate configuration in order to compute the thermal stresses. As was discussed in
the introduction section, the decomposition F' = F,Fp is not unique and assumes a mathematically vague
notion of an intermediate stress-free configuration. In this paper, for the purpose of formulating a geometric
theory of nonlinear thermoelasticity and coupling heat conduction with elasticity, following Ozakin and Yavari
[2010], we model the thermal expansion of the medium by keeping the material manifold B fixed and defining



a material metric that explicitly depends on the temperature field T = T'(X,t) and the thermal expansion
properties of the material, i.e., G = G(X,T), such that the Riemannian material manifold (B, G(X,T)) is an
evolving stress-free reference configuration. Let Gy be a metric for the configuration of B corresponding to a
given stress-free temperature field To = To(X) (cf. Section 2.2). The manifold (B, Gg) is flat and by Riemann’s
theorem there exists a local coordinate chart {Y4} in which the metric is Euclidean, i.e.

Go(X)=06pdYA @dY P . (2.1)

In order to represent the thermal expansion properties, we introduce three real-valued functions of temperature
and position {wa(X,T)}, A = 1,2,3, to describe the thermal expansion properties of the material in the
directions {OYLA} at every material point X . Following Ozakin and Yavari [2010], we define the temperature-
dependent material metric as
G(X,T)=> XN ayK gayX. (2.2)
K

Let (k) : I — B (where I C R is an interval and K = 1,2,3) be a curve in (B3, G) such that, in the coordinate

chart {Y 4}, we have (((x))?(s) = (6%k)s, for s € I. At a point X = {()(s), the arc length of the curve (k)
3

5y® - 1t is given by (no summation on K)

measures the length in the direction

dL[Cr)](s,T) \/G(C(K)(S)aT) (é(K)(S)aé(K)(S))dS

2.3
—\/Crere (G (#). Tds 23
—evr (X T g
Therefore ddLw])
(K) WK
= .4
and one can read the linear thermal expansion coefficient of the material in the direction WLK as
ar(X,T) = 25 (x 1) (2.5)
g\ A4 =5 A1) .

Note that for the stress-free temperature field Tp , there is no stretching of the material and hence wg (X, Tp) =0
for K =1,2,3. Therefore, G(X,Ty) = Go(X) . Following (2.2), one can equivalently represent G in {Y“} as

d 0
GX.T)=> 62“’"5KLayK @dy" =" e%KaY—K ®dY¥. (2.6)
K,L K

Let the change of basis between {X“} and {Y“} be written as

0 0
K _ 7K J _q-1\I
Then
0
— —1\I 2wk gK J
G(X,T) = <;(A M K A J> FxT @ aX7. (2.8)
Let w be the (})-tensor with the following matrix representation in {Y4}
w1 0 0
W= 0 wp O . (2.9)
0 0 w3
Now its representation in {X“} reads off as
why=> (AN g A¥ (2.10)
K



and e* has the following representation in {X“}

(62w)IJ _ Z(Ail)IKeszAKJ ) (2.11)
K
Therefore 5
_ (20 J
G(X,T) = (e*) TaxT ®RdX7. (2.12)
Hence
2w\ K I J
G(X,T) = (Go)rx(e*) 4dX' @dX”, (2.13)
where (Go)7x are the components of G in {X4}. It finally follows that
G(X,T) = Go(X)e>*XT) (2.14)

As noted earlier, for the stress-free temperature field To(X) we have G(X,Ty) = Go(X), which corresponds to
w(X,TH(X)) = 0. The Riemannian volume form associated with this metric is

dV(X,G) = Vdet GdX* AdX? NdX3 = \/det Gy e XD gXE A dX? AdX3 = @D gy (X)), (2.15)

where dV} is the Riemannian volume form associated with the metric Go. Thus

d _ 0tr(w(X,T)) tr(ew(x.1)) _ O(tr(w(X,T)))
TAV(X,G) = Z= e dVp(X) = STV (X, T). (2.16)
Therefore, the volumetric thermal expansion coefficient 5(X,T) of the material reads
13}
BX.T) = S lir(w(X, )] (217)

If one further assumes that the material is thermally isotropic, the matrix w reduces to a scalar function w
times the identity matrix, and one recovers the metric introduced for the isotropic case by Ozakin and Yavari
[2010], i.e., G(X,T) = Go(X)e**(XT) | The Riemannian volume form associated with this metric is

dV(X,Q) = XD avy (X)), (2.18)
and the thermal expansion coefficient a(X,T') reads
1 ow(X,T)
== =20 1

o(X,T) = 1p(x,T) = 242 (2.19)

Therefore T
w(X,T) :/ a(X,T)dr. (2.20)

To

Remark 2.1. The material metric G is defined in such a way to include the thermal expansion properties
of the material in order to capture any change of shape due to the temperature field. In other words, the
geometry of the material manifold explicitly depends on the material thermal expansion properties and the
temperature field; it is not purely kinematic. This is in contrast with the material manifold of solids with
distributed defects, which is purely kinematic and only depends on the density of defects [Yavari and Goriely,
2012a,b, 2013, 2014a,b].

2.2 Riemannian geometry and the stress-free temperature fields

In the following we tersely review some elements from Riemannian geometry about linear connections and
curvature on a manifold. For more details see [Hicks, 1965; do Carmo, 1992; Lee, 1997]. A linear connection
on a manifold B is a map V : X(B) x X(B) — X(B), where X(B) is the set of vector fields on B, such that
VX,Y,Z € X(B),Yf,g € C(B), we have

Vx(Y—I—Z):V)(Y-i-VXz, (2.21&)
VfX_;,_ng = fVxZ +¢gVyZ, (2.21b)
Vx(fY)=fVxY + (Xf)Y. (2.21c)



The vector field VxY is called the covariant derivative of ¥ along X . In a local chart {X“4}, we have
Vo,0p € X(B), and hence there exist scalars I'C 45, called the Christoffel symbol of the connection, such that
Vo, 0 = TC 450c . We define the Lie bracket of two vector fields X and Y as the vector denoted by [X,Y]
such that Vf € C*°(B), we have

X, Y]f =X (Yf)- Y (X]). (2.22)

A linear connection is said to be compatible with a metric G on the manifold if
X(GY,2)=G(VxY ,Z)+G(Y,VxZ). (2.23)
It can be shown that V is compatible with G if and only if VG = 0, which in components reads

oG
Gapjc = 8)?03 —T¥caGrp — T cpGak =0. (2.24)

The torsion of a connection is defined as
T(X,Y)=VxY - Vy X - [X,Y]. (2.25)

In components T4pc = ' e — ' ¢p. V is said to be symmetric if it is torsion-free, i.e., VxY — Vy X =
[X,Y]. It can be shown that on any Riemannian manifold (B, G) there is a unique linear connection V that
is both compatible with G' and is torsion-free. This result is the fundamental theorem of Riemannian geometry
and such a connection is called the Levi-Civita connection. It can be shown that Christoffel symbol of the
Levi-Civita connection associated with the metric G reads

1
FABC == ZGAK (8CGKB +0GKc — 8KGB(7) . (2.26)

2
K
We denote in the remainder of the paper the Levi-Civita connections of the material manifold (B, G) and the

ambient space (S,g) by V and V, respectively. The curvature tensor R of a Riemannian manifold (B, G) is
given in terms of the Levi-Civita connection V by

R(X,Y)Z =VxVyZ-VyVxZ-VixyZ, (2.27)
for X,Y,Z € X(B). In components

A A

RApep = dXA(R(d¢, 0p)dp) = agX@B - agX%B +T4ckT¥ pg —T4pxT¥ 0. (2.28)
In order to study the stress-free temperature fields of a body, let the material manifold B be given an
arbitrary temperature field 7' = T(X) and let ¢ be an embedding of the material manifold into the ambient
space. The embedded configuration lies in the spatial manifold and hence distances are measured by the metric
g . As noted earlier, any change in the temperature field affects the geometry of the material manifold, and a
configuration of the body is stress-free when no stretch occurs as a consequence of such a temperature field if
embedded in the ambient space. A measure of stretch is provided by the right Cauchy-Green tensor, which is
the pull-back of the spatial metric by the embedding, i.e., C” = p*g. Therefore, a temperature field is stress
free when the material metric agrees with the pullback of the spatial metric by the embedding of the material
manifold in the ambient space, i.e., the material manifold is isometrically embedded in the ambient space. Since
the ambient space is flat, its pull back has to be flat as well. Therefore, a temperature field is stress free only
if the temperature-dependent material metric is flat. A classical result from Riemannian geometry states that
a Riemannian manifold is locally flat if and only if its curvature tensor vanishes identically (see for example
[Lee, 1997]). Therefore, a temperature field is stress-free only if the curvature tensor R of the temperature-
dependent material metric G' is identically zero.! Note, however, that following a theorem on uniqueness of
constant curvature metrics (see for example [Lee, 1997]), in a simply-connected body, a temperature field is
stress-free if and only if the temperature-dependent material metric is flat. We can therefore find all the stress-
free temperature fields of a simply-connected body by solving for T the tensorial equation R(T(X)) = 0. See

[Ozakin and Yavari, 2010] for a more detailed discussion on stress-free temperature fields.

I Takamizawa and Matsuda [1990] realized that, in the context of growth mechanics, a stress-free configuration implies a vanishing
Riemannian curvature tensor.



3 Geometric nonlinear thermoelasticity

3.1 Kinematics of nonlinear elasticity

We review in the following some elements of the geometric formulation of the kinematics of nonlinear elasticity.
For more details, see [Marsden and Hughes, 1983]. A configuration of B is a smooth embedding ¢ : B — S.
We denote the set of all configurations of B by C. A motion of B is a smooth curve t € RT — ¢; € C that
assigns a spatial point z = ¢(X,t) = p¢(X) at any time ¢ to every material point X . For a fixed X € B we
write px (t) = ¢(X,t). The material velocity of the motion is defined as the mapping

V :BxR" =TS such that V(X,t) = dipx [gt} €Ty )S- (3.1)
The spatial velocity is defined as the mapping
v:@i(B) x RT = TS such that v(x,t) = V(g; *(2),t) € TS . (3.2)
The material acceleration is defined as the mapping
A:BxRY - TS such that A(X,t) = Vy(xyV(X,t) € Tyx)S. (3.3)

In components, A% = % + ’y“bCYbV‘:, where 7%, denote the Christoffel symbols of the connection V in the
local coordinate chart {x}, i.e., Vg,0. = 7%0, . The spatial acceleration is defined as the mapping

a:¢i(B) x RT — TS such that a(z,t) = A(p; *(2),t) € TS . (3.4)
The deformation gradient F' is defined as the tangent map of p; : B — S, i.e.
F(X,t) =dpi(X) : TxB = Tyx)S . (3.5)
The adjoint FT of F is defined by

FT(X,t): Tyx)S — TxB,

. (3.6)
V(W,w) € (TxB x T,,x)S) : g(FW,w) = G(W, FTw).

In components, (FT)4, = g, F?sGAP . The Jacobian of the motion .J relates the material and spatial Rieman-
nian volume elements dV (X, G) and dv(zx,g) by

dv(pi(X),9) = J(X, 01, G,g)dV (X, G). (3.7)

It can be shown that [Marsden and Hughes, 1983]

det g _ det g
=/ det F = ¢ @& D) [ 2 det F. .
J det G ¢ € det Gy ¢ (3.8)

Remark 3.1. In our geometric framework, the deformation gradient F' is purely elastic and any temperature
evolution of the body is reflected in the geometry of the material manifold through the temperature dependence
of G. As a matter of fact, in the framework of the multiplicative decomposition F' = F,Fr introduced by

Stojanovi¢ et al. [1964], F, = FF, ! corresponds to our purely elastic deformation gradient. For thermally
a(X,r)dr

T
isotropic materials, Lu and Pister [1975] suggested Fr = /7o I, which gives an equation identical

T
to (3.8), i.e., det F, = e ™3 m «XTAT gt B Given the purely elastic character of the deformation gradient
in our formulation, the incompressibility condition is simply written as J = 1. In terms of the flat metric

G, the incompressibility condition reads di‘:tgo det F = e"@XT) | which is similar to the condition for

incompressible thermoelasticity introduced by Erbe [1974] written as det F' = ﬁ, where g(T) # 0 and is

identical to the incompressibility condition suggested by Lu and Pister [1975] in the case of thermally isotropic

T
materials, i.e., det F = ¢~ Jy 3edX,mydr



The right Cauchy-Green deformation tensor is defined as
C(X,t)=F (X, t)F(X,t): TxB — TxB. (3.9)

In components, C4p = GAKFe, F¥pg,., . We note that C? agrees with the pull-back of the spatial metric g
by ¢, i.e., C* = ¢,*g, where * denotes the flat operator. The material strain tensor is defined as the difference
between the pull back of the spatial metric and the material metric, i.e.

1, 1
E=3(p'g-G)=5(C"-G) (3.10)

In components, Exg = % (Cag — Gap).

3.2 The governing equations of motion

Conservation of mass. We start by revisiting the transport theorem for the case of the temperature-
dependent metric (2.14) considered in this paper.

Lemma 3.1 (Transport theorem). If f is a real-valued smooth function of position x € p¢(B), temperature T,
and time, i.e., f = f(z,T,t), and U is an arbitrary open set in B, then

d / of afor
dt fd”:/ [++dw fo)|dv, 3.11
) ) LOt 0T Ot (fv) (3.11)

where div denotes the spatial divergence operator.

Proof. We have by a change of variable z = ¢;(X)

d

d
5 g [T 0009 = G [ F(0X).T0I(X,00().G.g)av (X, )

- %/ (X)), T, 1)V det C*dX* A dX? A dX?
u

b
-/ [gﬂwwﬂdﬁmlfﬁ@ (dc)} Jav
Lot 2

oT ot dt
_ of , 91T ,
= /w(u) [é)t + 5T ot + (df,v) +fd1vu} dv,

where df(x) = (%fa dz® is the differential of a function, trgs is the trace taken with respect to the metric C?,
(., .) is the natural pairing of a one-form and a vector, and where we have used the identity

% [det A(t)] = det A(t) tr [A_l(t)th(t)] :

O

Let p and g, respectively, denote the material and spatial mass densities. For any open set U in B,
conservation of mass can be written as
/ de:/pdV. (3.12)
e (U) u

By applying the change of variable X = ¢, *(z) to the right hand-side of (3.12) and by the arbitrariness of U,
we find that conservation of mass is equivalent to

p=Jo. (3.13)

Note that even though both p and dV can be time dependent, the material mass form dM = pdV is time-
independent, and since dV = dV (X, G), it follows that the material mass density should depend on the position
and the material metric as well, i.e.

p=p(X,QG). (3.14)



Note also that since J = g:ttg, det F = J(X, s, G, g) it follows from (3.13) that?

0= Q(X7 Sot(X)?G7g)-

Equation (3.12) along with the fact that dM is constant yield

4 (/ de> =0.
dt \ Jo. )

Using (3.11) and arbitrariness of U, (3.16) is equivalent to

do 0T
— — +di =0.
T Bt +div(ov) =0
Combining (3.13) and (3.17), the conservation of mass in the material manifold reads?
dp

It follows that )
p(X,G) = pO(X)e—tr(w)(X,T) — pO(X)e—Etr(G)(X,T) 7

where for the stress-free material metric Go(X) we have
po(X) = p(X, Go) .

Balance laws. The balance of linear and angular momenta read?*

4 pVdV = / pBdV + [ TdA,
u

dt Ju ou

d
< prVdV:/prBdV+ X x TdA,
dt Jy u au

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21a)

(3.21b)

where B is the body force per unit undeformed mass and T is the traction at the boundary. Assuming the
conservation of mass (3.18), the governing equations of motion follow by localization of (3.21a) and (3.21b) and

read [Marsden and Hughes, 1983]

DivP + pB = pA,
PFT=FP",

(3.22a)
(3.22b)

dp _ 9p . 8G

2Note that both p and ¢ depend implicitly on temperature via the material metric G'. Therefore, we write 52 =

aT
do _ 9o .9G

dT .~ 080G ' 9T °
3Note that from (3.12) and (3.16), we have

dt Ju

Therefore

But since

L (z—ﬁ) = 2 e (X, 1)) = 8,

the material conservation of mass (3.18) follows.

56 o7 and

4Note that the balance laws in the form of equations (3.21a) and (3.21b) make sense only if we consider a Euclidean ambient
space. One should note that integrating a vector field is meaningless in a general manifold, but we can make sense of it in a
Euclidean space by using its linear structure. In Appendix B, we present an alternative approach for deriving the governing
equations of motion for nonlinear thermoelasticity (3.22a) and (3.22b) for a general manifold by using the Lagrangian field theory.
The covariance of the balance of energy can also be used in a general manifold [Green and Rivlin, 1964; Marsden and Hughes, 1983;

Yavari et al., 2006; Yavari and Marsden, 2012].



where P(X,t) denotes the first Piola-Kirchhoff stress tensor P = J(F~1)4,0% | o is the Cauchy stress tensor,
and Div denotes the material divergence operator. In local coordinates

8PaA

: _ paA _
DivP =P |A8a— (W

+ T4, 5PE ¢ yachbApcA) Dy - (3.23)

Writing (3.22a) and (3.22b) in components, we find

pA” = pB® + P, , (3.24a)
PUAFY = PPARa, (3.24b)

3.3 The first law of thermodynamics

The first law of thermodynamics postulates the existence of a state function, namely the internal energy that
satisfies, in the case of a static material metric, the following balance of energy [Truesdell, 1952; Gurtin and
Williams, 1967; Gurtin, 1974; Marsden and Hughes, 1983; Yavari et al., 2000]

d 1
i)’ (5 +59(V. V)) av = /up (g(B,V)+R)dV + /au (g(T,V)+ H)dA, (3.25)

where £ is the material specific internal energy, R(X,t) is the heat supply per unit undeformed mass and
H(X,t,N) is the heat flux across a surface with unit normal N . Now, because we have a time-dependent
metric (implicit time dependence through the temperature dependence), the energy balance must be modified
to include the rate of change of the metric as a variable that contributes to the rate of change of internal energy
in order to capture possible changes of shape due to the temperature field and its energy contribution. The
energy balance is therefore modified to read (see [Epstein and Maugin, 2000; Lubarda and Hoger, 2002; Yavari,
2010] for the modified energy balance in the case of growing bodies).

jt/up<€—|—;g(V,V)) de/up<g(B,V)+R+ %;c’:) dV+/8u(g(T,V)+H)dA7 (3.26)

and in localized form, the material balance of energy reads

pé:S:D—Din+pR+pg—5:G, (3.27)

where a doted quantity denotes its total time derivative, e.g., &= %, S is the second Piola-Kirchhoff stress
tensor, in components S48 = J(F~1)4 (F~1)B,0% D = %Cb(X, t) is the material rate of deformation tensor,
Q = Q(X,t) is the external heat flux vector per unit area, where DT = OT_dXA . In local coordinates, we

. . oxA
write the divergence of @ as

o4

o T4na". (3.25)

DivQ = Q%4 =

3.4 The second law of thermodynamics

The second law of thermodynamics postulates the existence of a state function, namely the entropy that satisfies,
in the case of a static material metric, the material Clausius-Duhem inequality [Truesdell, 1952; Gurtin and
Williams, 1967; Gurtin, 1974; Marsden and Hughes, 1983]

d R H
— dV > —d —dA 2
pr upN V_/upT V+ o, T (3.29)

where N' = N (X, T, C’,G) is the specific entropy. In the case of a time-dependent material metric, the
Clausius-Duhem inequality needs to be modified to include the rate of change of the material metric. The
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Clausius-Duhem inequality in our geometric formulation reads (see [Epstein and Maugin, 2000; Lubarda and
Hoger, 2002; Yavari, 2010] for the modified Clausius-Duhem inequality in the case of growing bodies®).

d ON
dv > —d —dA —:Gd .
7 pNV / V+/W +/ aGGV (3.30)
and in localized form, the material Clausius-Duhem inequality reads
./V'>p§7D1V (Q>+ ZgG (3.31)

3.5 The response functions

Free energy. By considering the Clausius-Duhem inequality as a restriction on the constitutive behavior of
the material, Coleman and Noll [1959, 1963] derived the response functions for entropy and stress. We prove in
the following a version of this result in nonlinear thermoelasticity with a temperature-dependent metric inspired
by the proof given in [Coleman and Noll, 1963; Gurtin, 1974]. In thermoelasticity, the (hyperelastic) constitutive
model is given by the specific free energy function

U =9(X,T,C°,G), (3.32)

such that the specific internal energy £ is the Legendre transform of —W¥ with respect to the conjugate variables
T and NV, i.e.

E=TN + 7, (3.33a)
ov
N = o7 (3.33b)
It follows that the specific internal energy £ is such that
o€ o oV o€ ov
=&(X ’ — =T, —=m—, =——r=—7r. 34
E=EXN,C.G), ON T 9G  9G’ 9C  act (3:34)

In the following, we investigate the restrictions imposed by the Clausius-Duhem inequality (3.31) on the
constitutive equations. By using (3.27) and (3.34) in (3.31), we find
oV ON ON .
:C° + pTN — pT——:C* — pT——-T — §:D + — (DT, 3.35
5Note that in [Yavari, 2010], there was a typo in the modified Clausius-Duhem inequality (Eq. (2.37)), which should read

d R dpo oG SN
dv > —dV —dA —_— —potr dv —_— GdV
2 ), PN /'DOT +/au +/ [ + ro (61%)] T Ju"oc

where in the last term % was mistakenly written as g—é . This correction leads to a few changes in Section 2.4 of [Yavari, 2010]

without affecting other sections of the paper. Eq. (2.38) should read
dN R Q ON
— >po—=—D —.G.
PO =P W( )+p oG
Consequently, Egs. (2.40),(2.41), and (2.43) should, respectively, read

po dE  po AU T R Q ON 0G
e PO = (E— W) > po— — Di ox .=
Ta 1T a 2 Y)zeop D MRS TeRrY
d\I/ ov oG . 1
P:VoV — 2T pNT > —DT.Q,
0 @ TMaa o Nt 2 PR
ov o 1
N T 2 _P):VoV+ -~ (DT,Q)<0
PO(BTJr ) +(p08F ) 0 +T( Q) <
Therefore, the entropy production inequality (after Eq. (2.44)) is reduced to read
1
—DT.Q<0.
T Q<
Also, in Equation (2.60), 2 8G W should be substituted by : 68? , and in Equation (2.62) and what follows, gg %—? should
be substituted by gg %? .
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Therefore, recalling that D = %C’b , we can rewrite (3.35) as

ov oN ., 1
<2pacbS):D+pT8G:G+T<DT,Q>§O~ (3.36)

The above inequality holds for all deformations ¢ and metrics G. In particular, if we choose ¢ to be

time-independent, (3.36) reads

ON ., 1

Note that DT and G = %T can be chosen arbitrarily and independently. Let T' be homogeneous, i.e., DT =0,
then g—g G < 0 must hold for every G. Therefore, we must have

N

g =0 (3.38)

Now we assume that temperature is homogeneous and time-independent. Thus, the inequality (3.36) reads

(2'038; — S> :D <0, (3.39)
and must hold for every D . It follows that
S = Qp% . (3.40)
Consequently, the energy balance (3.27) reduces to
pTN = pR — DivQ. (3.41)

Remark 3.2. Note that for a material with an internal constraint of the form «(C,T) = 0, we have

ov q Ok
N = o7 — o , (3.42a)
w(Cc,T)=0 P K(C,T)=0
ov ok
S=2p— +2¢— , (3.42b)
oc” k(C,T)=0 oc” x(C,T)=0

where ¢ is the Lagrange multiplier corresponding to the constraint . In the case of incompressibility we have
k(C,T)=J—1 and q = —p, where p is the pressure field due to the constraint of incompressibility.°

Heat conduction. It follows from (3.41) that the entropy production inequality (3.35) reduces to
(DT, Q) <0. (3.43)

For an arbitrary isotropic solid the heat flux response function has the following representation [Truesdell and
Noll, 2004]
Q= (¢0C~ '+ 611G+ ¢C) DT, (3.44)

where ¢p = ¢op(X,T,DT,C,G), k = —1,0,1, are scalar functions.” If we set K4% = —(¢o(C~HAB +
$1GAB + $2CAB) | then by (3.43), K is a positive semi-definite symmetric material (3)-tensor and we can write

a generalized version of the Fourier’s law of thermal conduction Q@ = —KDT'. In components, Q = Q494 =

AB 9T
—KAB T 5,

6Note that the pressure field —p is the Lagrange multiplier corresponding to the incompressibility constraint and is, in general,
different from the mean stress ~tr(co) .

"Truesdell and Noll [2004] gave the spatial version of the heat flux response function ¢ = (YoG + ¥1B + ¢2B2) dT', where
B = FF7 is the left Cauchy-Green tensor and dT denotes the derivative of T'(z,t) with respect to the spatial variable 2. One can
easily find (3.44) by using the Piola transform Q = Jy:*q and setting ¢, = Ji, k =0,1,2.
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3.6 Coupled nonlinear thermoelasticity

We substitute (3.33b) and (3.40) into (3.41) and obtain

v, . 108 .
DivQ = p——TT + -T-~:C’ 4+ pR. 3.45
Q=rap T+ 3157 p (3.45)
The specific heat capacity at constant strain cg is defined as the quantity of heat required to produce a unit
temperature increase in a unit mass of material at constant strain (C” = 0), i.e.

DivQ = —pcgT . (3.46)
Comparing (3.45) and (3.46) at constant strain and without external heat supply (R = 0), we find

0?w

CE:_T8T2 .

(3.47)

Remark 3.3. Note that the partial derivative with respect to temperature in (3.45) and (3.47) is a partial

derivative with respect to temperature with C' and G being fixed, i.e., % = 6%' ca-

We can now rewrite (3.45) as

. 1 .
DivQ = —pcgT + iTg—i:Cb +pR. (3.48)
Along with the boundary conditions for ¢ on 9B (prescribed in terms of displacement or traction), the bound-
ary conditions for T on OB (prescribed in terms of temperature or flux), and the initial temperature field
T(X,t =0) = Tinit(X) , the equations (3.18), (3.22a), (3.22b), and (3.48) constitute the governing equations for
the general nonlinear thermoelastic problem.
By using the generalized Fourier’s law of thermal conduction for an arbitrary isotropic solid (cf. (3.44)),
(3.48) takes the form of a second-order nonlinear partial differential equation that is a generalization of the
classical heat equation with the following extra forcing terms arising from the thermoelastic coupling:

.1 .
Div (K DT) = pcgT — §T‘3—§ :C” — pR. (3.49)

Remark 3.4. Note that the left hand-side of (3.49) can be written as®
Div(KDT) = K : AT + (DivK, DT) (3.50)

where DivK = KAB|B<9A , KAB|B = KABVB +TA5c KB + TB o KAC | and A denotes the Hessian operator,
ie.

0T c orT ) B
In components, (3.49) reads
0T or or . 1,088 .
K | ras T agie | + K g = peet — (T Can—pR. (852)

Linearization of the generalized heat equation. In the following we linearize the generalized heat equation
for a thermally isotropic material without external heat supply. The generalized heat equation in this case reads®

(k GABE)((ST)) . 1,_0SAB .
|A

OXB = pcgT — §T87TCAB . (3.53)

8Recall that K is symmetric.

2
“Note that (kGAB 5T ) 4 =R (5% —TCan ) + (kGAB) |4 3L .
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Let T.(X,t) be a 1-parameter family of temperature fields such that T.—o(X,t) = Tp is a uniform temperature
field and let the temperature variation be defined as

d
IT(X,t)=—| T(X,t). (3.54)
de le=0
The corresponding 1-parameter family of metrics is Ge(X) = G(X,T.) = Go(X)e*(XTe) | Variation of the
material metric is calculated as

_d
_d6 e=0

0G(X) G.(X)=2a(X,T0)dT (X, ) G(X) . (3.55)
Let @, be the corresponding 1-parameter family of equilibrium configurations. The variation of the equilibrium
configuration is a spatial tangent vector [Yavari and Ozakin, 2008]

U(X,t) =0p(X,t) = deps, x [0e]|,_ - (3.56)

u = U o o~ ! can be thought of as the geometric analogue of the displacement field in the classical theory of

linear elasticity. Note that

U4 =F"4u,. (3.57)
The linearization of the generalized heat equation (3.53) is defined as [Marsden and Hughes, 1983; Yavari and
Ozakin, 2008]

2T, T, T, d
AB € _nC € AB L
{kfae <8XA8XB Te“as 8XC> + (kG )AaXB} de le—

d

de

0SAB .
CeaB| -

(3.58)

. 1
€ eTe - 7Te
e=0 0 [p B 2" or

We assume that the ambient space is Euclidean. We also assume that, for a given uniform temperature field
Ty, the material manifold is Fuclidean. Thus, we have in Cartesian coordinates Gg g = dap , and Lo ap =0.
Therefore, the linearized heat equation (3.58) is simplified to read

dk ap 0T, ag 0T
— — — 2koag6T0™" ——=
de le=”  OXADXDB le—g 00 OXADXB | =0
d 0T, d oT. d oT.
k 6AB el Y te | _ % Fec € - k€G€AB €
o (de =0 {8XA8XB} deleo (T 28) 556 | o ) el oo [ Il 55|,
r ‘ 3.59)
d OT. 1 dpcnd)| . dT. (
kEGEAB et _ € Te 7‘
+( )|A e=0de le=0 _3XB] de e=0 e=0 + el de le=0
1., 0847 . 1, [d) asAP] . 1, 084 dC.,
—3IT | ¢ i | £ | Carn| _ — 5T AB|
2 oT e=0 AB e=0 2 0 dele=0 OT AB e=0 2 0 oT e=0 de e=0
Note that the parameter € is independent of time ¢ and position X , and hence
oT, 0Ty 0 0*T. _ 0*Ty —0 d 0T, B 0%5T
0XCle=o  0XC 7 0XA0XBle=o 0XA0XB 7 dele=0 |0XA0XB| 0XA0XB’
kg : : dT, a(8T)
keGP = BT =Ty = | = 3.60
( G )lA e=0 8XA ’ e=0 0 07 de le=0 ot ’ ( )
asAt 95" dCup|  _ d (dCeap
OT le=o 0T de le=o dt \ de le=o/) "
Therefore, the linearized heat equation simplifies to read
a(0T) 6T 1, 95 d (dC. 4
AB = — =T — cAB . .
(ko‘s 0XB )|A POCEOTD ~ 27079 dt \ de leo (3:61)
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Since Cap = F*AFg6a, we find [Yavari, 2010]

dCeAB o dFeaA
de le=0  de le=
= U\ aFo"BOab + Fo" aU" | 5oas

. b - b

= Fo°aFo’ Boapt”|c + Fo" AFo BOabu’|c
c b a c

= Fo"aly pup|c + Fo" aF0" BUalc

b
= 2Fy" AFo’ Bé€ab ,

5ab
e=0

dE.’
Fol By + Fo &
0 d

(3.62)

where €., = %(uaw + up|,) is the linearized strain. At e = 0, we consider a natural embedding such that
Fo%4 =06%4 (Jp =1). Tt follows that

d (dCeap
dt de

0) = 20740 Béay (3.63)

and the Piola transform gives us

(kzoé“‘B %(;?)m = <kz06“b 85()(;{))'& : (3.64)

Furthermore, since SABF ,Fbp = Jo%  at e = 0 we have Sy 289 46" 5 = 0o® . Therefore, the linearized heat
equation (3.59) is simplified to read

9(oT) a(6T) Do
ab™”\" " ) _ _
<k05 axb ) " POCEQ at TO aT €ab - (365)

Recalling that the linearized temperature change is 67", we recover the classical linear coupled heat equation for
a constant thermal conduction coefficient kg [Boley and Weiner, 1960; Dillon Jr, 1962; Hetnarski and Eslami,
2008]

. Do
k()AT = pOCEOT — /T()aiTéab 5 (366)
where A denotes the Laplacian operator in spatial Cartesian coordinates, i.e., AT = (5‘”’% .

4 Examples

As applications of the geometric theory, we study in the following the nonlinear thermoelastic problem in the
case of an infinitely long solid circular cylinder and a spherical ball. We formulate the governing equations
and analytically solve for the thermal stress field for an arbitrary incompressible isotropic hyperelastic solid
with a radially-symmetric temperature distribution. Then, we restrict the problem to the thermally isotropic
and homogeneous solids following the thermoelastic constitutive model for rubber-like materials described in
Appendix A to numerically solve for the static and time-dependent temperature and the thermal stress fields
induced by a thermal inclusion. We will also compare the nonlinear solutions with their corresponding linear
elasticity solutions.

4.1 An infinitely long circular cylindrical bar made of an incompressible isotropic
solid

In this section we consider the static problem (i.e., zero acceleration) in the absence of body forces for an
infinitely long solid circular cylinder of radius R, made of an incompressible isotropic solid under uniform normal
traction on its boundary. Let (R, ©, Z) be the cylindrical coordinate system for which R > 0,0 < © < 27, and
Z € R. In cylindrical coordinates, the material metric for the configuration with the stress-free temperature
field Ty = To(R) reads

1 0 0
Go=|0 R 0 |. (4.1)
0 0 1



We assume a radially-symmetric temperature field T' = T(R,t) and let agp = ar(R,T) be the radial thermal
expansion coefficient and ag = ag(R,T) be the circumferential thermal expansion coefficient. As the cylinder
is infinite in the Z direction any dilatation in the Z direction leaves the cylinder unchanged. We can therefore
assume a zero thermal expansion coefficient in the Z direction, i.e., «z = 0. The temperature-dependent
material metric for the cylinder, as introduced in Section 2.1, reads!®

e2wr 0 0
G= 0 RZe*e 0 |, (4.2)
0 0 1
T(R,t)
where for K € {R,0}, wg(R,T(R,t)) = / ag (R, T)dr . The Christoffel symbols for G are given as
To
awR | O 0
t
= [T, = 0 —e2wewn) (R4 R? 2o |y 0 |,
0 0 0 (4.3)
0 F+ %2l 0 00 0 '
r°=[%p] = 4+ %, 0 0], T=[T7%4]=(00 0],
0 0 0 0 0
where d“K ‘t = a“’K ‘ v T OK gR . We endow the ambient space with the following flat metric in cylindrical
coordinates (r,0 z)
1 0 O
g=10 r* 0 (4.4)
0 0 1
The Christoffel symbols for g read
0 0 0 010 000
PYT = [P)/Tab} = 0 —r 0 ’ 79 - [7 ab] = % 0 0 ; PYZ = [P)/Zab] = 0 00 (45)
0 0 0 0 0 O 0 0 0

Thermal stresses. In the following we solve for the stress field for an arbitrary radial temperature field. In
order to calculate the thermal stresses, we embed the material manifold into the ambient space and look for
solutions of the form (r,0,z) = (r(R,t),0, Z). The deformation gradient reads

or
55 0 0

F = 0O 1 0 ]. (4.6)
0 0 1

For an incompressible solid, we have
det g ror
J= det F = _"or  _ 1 4.7
det G °° Rewrtwe ’ (47)

and hence, assuming 7(0,¢) = 0 (to eliminate rigid translations), we find

(NI

R
r(R,t) = </ 2§ewR(€,T(€,t))+w@(&,T(f,t))d§> ) (4.8)
0
The right Cauchy-Green deformation tensor reads
B e2we 0 0
C = 0 E—Ze’z“’@ 0o |- (4.9)
0 0 1

10Note that because % =ayz =0and wz(R,Tp) =0, we have wz(R,T) =0.
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For an incompressible isotropic solid, the free energy density per unit undeformed volume ¢ = pV¥ is expressed
as a function of I = trC and II = det CtrC~! = %(tr(CQ) —tr(C)?), i.e., v = (R, T,1,II,J = 1). Therefore,
we can write [Doyle and Ericksen, 1956]

o = 2F \FP [(¢1 + 1) GP — i CAP] — pg® (4.10)

where Y1 = %if , Y1 = % , and p = p(R,t) is the pressure field due to the incompressibility constraint. Thus,
the non-zero components of the Cauchy stress tensor are given by

R2 62(.«)(_) ?,.2672(41(_)
o =2 12 {7/11 + (1 + RQ) 7/111] - D, (4.11a)
1 7,,26720.19 R262w@
o — 2 {2R2 [wl + <1 + 12 > wn} p} ) (4.11b)
R2 e2we 7,126720.7@
og%* =9 |:'(/}I + ( -2 + R2 > ¢II:| —p. (411(3)

The only non-trivial equilibrium equation is 6", = 0, which is simplified to read

re WrRTwe

S
70 Rt 0" —ro? =0. (4.12)

This yields

ap a R262we T2€_2w6 ewR Rew@ r26—2w@ R262w@
R Ok {QTQ {% + (1 + R2) ¢H] } - 27 " ( JrZ - ) (Y1 +m).  (4.13)

Assuming that the boundary of the cylinder is under uniform normal traction, i.e., 6" (R,, T(R,)) = —0, , the
pressure field at the boundary is

2 2we 2 ,—2we
p(R,) = {2R :2 [1#1 + (1 + 7"eR2) ¢H] }

+0,, (4.14)
R=R,

and it follows that

R262UJ@ r2€—2w@ Ro r26—2w@ 2620.79
p(R,t) =2 2 [1/11 + (1 + R2> wn} +/R 2T£2€wR+w@ ( 2 8 2 > (Y1 + ) d§ + 0, -
(4.15)

Finally, given a radially-symmetric temperature field T = T'(R,t), the thermal stress field is given by the
following non-zero components of the Cauchy stress tensor

Ro 2 ,—2we 2 2we
o’ = 7\/ 2%GWR+WG) (’I" e ~ . f 62 ) (7/11 —+ 'l/)H) df — 0o, (416&)
R T £ r
1 2 7“2672“’9 RQerJ@
00 __ rr
T TR 7z ( R 2 ) (Y1 +¢m) (4.16b)
R2e2w@ ,,,26—20.1@
o =0"+2 (]. — o) ) (’(/JI + @[JIIm) . (4]_6(3)

Alternatively, the non-zero components of the second Piola-Kirchhoff stress tensor read

r2€—2(w@+w3) R, T26—2w@ 2e2w@
SRR _ T /R QT%BWR‘FUJ(—) ( = _ £ 3 ) (Y1 + Y1) dE + 00| (4.17a)
R2e2(we+w3) ) 7126—20.1@ R2e2w@
06 __ RR
S7F = ™ — o} ( e ) (Y1 + ) , (4.17Db)
R2e2(we+wR) R262we ,,,26—2w@
§2% _ TSRR 492 <1 - > (wl + “’“m) . (4.17¢)
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Heat equation. We assume that there is no external heat supply, i.e., R = 0, and that the heat conduction
in the material is isotropic, i.e., K = kG~!, where k = k(R,T(R,t)) is a scalar-valued function. Therefore,
using (3.19), the coupled heat equation (3.49) reads

) T 0 (we —wgr)| 0T
t

AB
or 1,08
,OR

2 0T

[62T (1 1 Ok

o (e = ) 4.1
7\ 5% R Cap,  (418)

_ k —QwR — o T —we —WR _
oR " OR ] ‘ pocEle

where p,(X) = p(X, G,) is the mass density in the stress-free configuration with uniform temperature 7. If
we further assume that the material is thermally isotropic (i.e., wg = wo = w(R, T(R,t))), then (4.18) reduces

to
ko (LoTY, 0
ROR OR OR
Before solving the problem, we first find the stress-free temperature fields and obtain expressions for wg
and we to explicitly specify the material metric G (cf. (4.2)). A temperature field To(R) is stress-free if and

only if the Riemann curvature tensor of the cylinder is identically zero at T' = Ty . The non-trivially non-zero
components of curvature tensor for the cylinder with the metric G are

or e 9gAB
e
LOR PR T Ty T

Cap . (4.19)

8&]@ awR aLU@ 8&)@ 80.)]{ 52&)@ _
RE0or = —R"ere = R |2 - —=| +R — R 2| | e¥we—wnr) - (4.20
96R ORO { or|,” or |, " or | \Br|, " oR|) " R | " > (4:202)
1 Owe Owpr Odwe Oweg Jwgr O%we
R®rro = —R®ror = — - ——| +R — R—>||. 4.20b
RRO ROR R{ or |, or |, " or | \Br|,~or|) " 9Rr7 |, (4.20b)
Therefore, To(R) is stress free if and only if
(900@ &uR &U@ ( aLU@ 8wR > 82(,0@ :|
2 —| — 5| +R — +R =0. (4.21)
[ OR |, OR |, OR |,\ OR |, OR|, OR? |, (R.To)
If we assume that the material is thermally homogeneous, i.e., for K € {R, 0}, we have ax = ax(T) indepen-
dent of position, then %‘t = aKg—g . Therefore, (4.21) becomes
ATy dTy\° d*T
200 — —_— — —_— —— =0. 4.22
( Qg aR) iR + Rag (a@ aR)(dR) + Rag IR? 0 ( )

We observe that a uniform temperature field is stress-free in the general anisotropic case. In the particular case
of a thermally homogeneous and isotropic material with a constant linear expansion coefficient o, we find two
possible stress-free temperature fields

TQ(R) = TO 5 (4233,)
To(R) =aln R+, (4.23b)

for some constants a and b. We assume in the remainder of this section that the material is thermally ho-
mogeneous and that the metric Gy corresponds to the uniform stress-free temperature field of the cylinder
To(R) =T, (i-e., Glp_p, = Go), where Ty, is the temperature of the outside medium surrounding the cylinder.
For K € {R,©} we write following (2.20)

T(R,t)
wi (R, T(R, 1)) = / ax(r)dr, K €{R,0}. (4.24)

T()

Example 4.1. In this example we solve for the stress field induced by a thermal inclusion in a homogeneous,
isotropic, thermally homogeneous and anisotropic solid cylinder. We then assume that the material is thermally
isotropic to compare with the linear elasticity solution. We consider a thermal inclusion of radius R; < R, :

TR =3, e (4.25)
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Therefore, I and II are constant inside the inclusion.

Thus, for K € {R,0} we have

T;
o (R) = /TD ak(T)dr

0 R > R;.
We substitute (4.26) into (4.8) to find

Re%(wR(qu)-&-we(Ri))

r(®) = (2 (ctentrosontn) 1) 4 o]’

RSR7,7

Following (4.16), the physical components of the Cauchy stress tensor read

<Ria

R>R;.

R, 2, —2we 2 2we
ATT wrtw re €
o :_/ 256( Rt e)( _£T2 )(1/)1+1/)11)d£—00,

52
,,,26—20.1@ R2e2we
R2 T2

R 72

699=6TT+2( )(%-HPH) ,

R R R262w® r26—2w@
JZZ:UTT+2(1_ 2 ) (1/J1+1/1HRQ> .

For R < R;, following (4.9), we have

ewo (Ri)—wr(Ri) 0
C = 0 ewr(Ri)—we (Ri)
0 0

0
0
1

(4.26)

(4.27)

(4.28a)
(4.28Db)

(4.28¢)

(4.29)

As the material is homogeneous and isotropic (i.e.,

¥ = (T,1,II)), the terms 1 and 11 are constant inside the inclusion and it follows that for R < R;, we have

577 (R) = 2 [e@r(R)—we(R) _ o= (wr(Ri)—we (R)]

[799(3) -9 _e(wR(Ri)*we(Ri)) — o~ (wr(Ri)—we (Ri)

57 (R) = 2 [elwn(B)-we(R) _ o~(wr(Ri)—wo ()

=

(1

J o) in(

R;

+ (7o) — men(B)) (o) 4 yyeonR)) 4 5,

where 6. is a constant given by

ol

) (Y1 + Ym) d€ — o, .

)

] (1 + ¥r) 111(

1©
) R’

A
=

> (1 + Ymr) d€ — oo,

> (Y1 + ¥u)

) <1/)1 + Yu TQIE,/QR)) :

+ e,

R)+1}+&c,
)

: (41 + ) 111(

(4.30a)

(4.30Db)

(4.30¢)

(4.31)

(4.32a)
(4.32D)

(4.32¢)

Remark 4.1. Note that in the absence of body forces, for a homogeneous, isotropic, thermally homogeneous and
isotropic infinite solid cylinder with a uniform normal traction on its boundary and with a radially-symmetric
thermal inclusion, the thermal stress inside the inclusion is uniform and hydrostatic. However, if the material
is thermally anisotropic (i.e., wg # we) the thermal stress field has a logarithmic singularity on the axis of the
cylinder. Similar results have been observed for distributed eigenstrains in [Yavari and Goriely, 2013, 2015].



Comparison with the linear solution. Next, we compare the static thermal stress field with the classical
linear elasticity solution. We consider a homogeneous, isotropic, thermally homogeneous and isotropic, and
traction-free infinite solid circular cylinder. Note that the infinite cylinder corresponds to the case of a disk
in plane strain. In classical linearized elasticity, the solution in plane strain for a solid disk with a radial
temperature field and constant p, and «, reads [Boley and Weiner, 1960; Hetnarski and Eslami, 2008]*!

S P I T 1
7 =20, o [ e - 5 [ T(&)Mé‘} , (4330)
A ] 1 R 1 (R
7 = 20,7t o [ e+ g [T - (133D)
67 =v (6" +6") . (4.33¢)

Incompressible linearized elasticity corresponds to ¥ = 0.5, and considering the thermal inclusion (4.25), we
find

ATT ~ ~Azz RZZ

R<R;: 6" =6"=5 2uoaoAiT< R2) :

R

0" = =2uoa o AT <R2 — R2> ,

R2 R2 (4.34)

R>R; : 6—00 = QNJOOQ)AiT (1%; + }%12) ,

R?

0% = ZuoaoAiTﬁ ,

where ;T =T; —T,.

In order to compare the nonlinear solution with the linear one, we consider the thermoelastic model presented
in Appendix A and enforce the incompressibility condition. Hence, following (A.11), we find for the thermal
inclusion (4.25)

1 [(1+20,T,)AT +T,
21 < R
wR)={ 2" { AT +T, } R< R, (4.35)
0 R>R;,
and from (4.28) and (A.7) the thermal stress field reads
00 Ro 7q 53
R<R;: {6”:6 :&ZZ:—O/ (— )d,
bo fo \& 7w )
R 3
o ° (1 S
o = [ ( - ) e,
. & 7@ (139
2 R) R2
R>R,; : 500 _ r ( _ ATT
o :u’O ( R2 TQ(R) + g )
R2
~ZZ ATT
o (1) o
where 1
. 3
{(1+2a0T0)A1T+TO] R R<R,.
AT +T,
r(R) = . (4.37)
AT 2
20,T,~————R? + R? >R;.
{O‘O OAiT+ToRZ+R] f =t

1Eq. (4.33) is obtained by replacing E by % = fﬁfj in equation (9.10.5) in [Boley and Weiner, 1960] to recover the plane
strain solution. Note that a, remains unchanged because we have an infinite cylinder where the thermal longitudinal stretch does
not affect the solution (c.f. discussion in the beginning of this section regarding o, = 0).
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Therefore

2
AT R;
06 ~zz < R; ) Ho |:2050T0 ATHT, (Ro ) t1
=0 = o In|{ — In
R
R

o 2 (14200 To) A T+T, (Ri)2
T AT+, \R.
R S R’L AT ) 2
. Lo 2O‘oT‘om (R;) anToAiT
2 AT R; 2 (1 + QOzOTO)AiT—l- T, ’
20T, 55 () +1
R\2
P £ 4 Bo 200l 575, (R;> +1
= Ho R, 2 20 T AT _ (R 2 r\?
aoloxrim \ R ) T\ 7" (4.38)
2 2
T R; R;
po 20 Tox 7T, (Ra) Lo 20010 X759, (Ro)
+?2TL R1217?2TLT AR E AL
R R (0% oA, T+T, (E) + Qo OAN; T+T, (37) +<E
> hy o

2 2
AT (R R
200To x 77T, (Ro> T (Ro>

For small A;T', we have the following asymptotic expansions:

R? 2 R? R?
ATT ~ 00 22z i i 3 2
6" =6" =67 = —2u, (1 - Rg) aoNiT + i |:aoTo (1 - Rg) +3 (1 - Rf;)} (aoAT)
+o ((Ain) ,
R>R;:
R? R? 2 (R? R? R} R} 9
5TT Mo M , Mo M Mo M ) 4.39
o 2o (R2 Rg) Qo N;T + 11, [aoTo <R2 Rg) +3 <R4 R‘é)] (oA T) ( )
to ((AiT)3> :
R? R? 2 R? R? Rr? Rr?

500 _ Yoy Y T I el Y Y T2 )3

7" =24, <R2 + R%) ao AT Ho |:040To <R2 + R?)) + Ri +3R§} (aoAzT) +o ((ALT) ) »

nas R? R? R R} 9 3

0% = QNOR—gaoAiT — o <aoTo R—g + BR—g + R4> (AT 40 ((AiT) ) .

We have therefore recovered, up to the first order in A;T', the classical linear elasticity solution.

We consider the case of rubber-like solids for which we typically have o, = 6 x 1074 K~ at 300°K, i.e.,
aoT, = 0.18. In Figures 1 and 2, we plot the static thermal stresses for different values of the initial relative
temperature difference dr = % in the thermal inclusion (4.25). We see, in Figure 1, that the two solutions for
the fields 0" and % are very close for small values of d7 (i.e., in the range of validity of linearized elasticity).
However, for larger values of i1, even though linearized elasticity captures the overall stress behavior, it fails
by overestimating the stresses ¢”" and 0% (the relative difference of stress reaches 38% inside the inclusion for
O = 30%). In Figure 2, we show the longitudinal stress field 0% and note that, outside the inclusion, it is two
orders of magnitude smaller than the uniform hydrostatic stress inside the inclusion. We also note that, outside
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Figure 1: Nonlinear and linear solutions for o™ and o%? for % =0.1, aoTo = 0.18 and different values of d7 = AqioT .
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Figure 2: Nonlinear and linear solutions for o** for & L — o, 1, aoTo, = 0.18 and different values of op = ATZOT

inside the thermal inclusion; right: stresses outside the thermal mcluszon)

the inclusion, the nonlinear solution predicts a non-constant ¢** stress field unlike the constant stress predicted
by the linear solution.

Example 4.2. In this example we numerically solve for the evolution of temperature and thermal stress fields
for a homogeneous, isotropic, thermally homogeneous and isotropic, and traction-free solid cylinder for which
we assume the thermoelastic model described in Appendix A. Following (A.11), we find

w(R,T(R,t)) = %ln [1 + 200Tp <1 - T(i;o,t)ﬂ . (4.40)
Thus
r(R,t) = {/OR 2 [1 + 20T (1 - Téb t)ﬂ dg}é = | (1 + 200Tp) R? — 4agTp /OR T(Tg’f )d§] . (441)

Following (4.16) and the free energy density (A.7), the physical components of the Cauchy stress field are given
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Ro 1+ 2a0T; L)) e
— E_ (ot 200t 0= 30)"€) 7, (1.42)
2 Ty 2

~ 006 r (1 + 20[0T0 ( — T)) R T ATT

— - = , 4.42b
7 T A T 20010 (1- 2)) B2 r2 T, "’ (4420)

1+ 2a0Tp (1 — L)) R?

6% = g [1 _ (420 OT(Q ) R TE 67T (4.42¢)

Now, let us find the time-dependent temperature field in order to evaluate thermal stresses by solving the
coupled heat equation (4.19). We assume that the heat conduction coefficient depends only on temperature and
consider the following empirical model for elastomer vulcanizates (cf. [Sircar and Wells, 1982]), suggesting that
the heat conduction coefficient decreases with temperature

k(T (R,t)) = ko [1 = s(T(R,t) — To)], (4.43)
where k, = k(T,) and s is a softening parameter. Therefore, (4.19) reads
19 (. 0T or\? . e 0SAB .
kol —s(T —T, R— ) —k — | = T— —T—Cup. 4.44
=T -T) 53R ( 8R) o <8R> e (4.44)
Following (4.17), the non-zero components of the second Piola-Kirchhoff stress tensor read
2 ,—4w rRo 3o4w(§,T(§,t))
RR re T t) (1 &
= —, - | d£, 4.4
s A ol (b= L 452
R264w T —2w R262w
00 _ RR
oo T g T (2 R, i
R264w T R2 2w
ZZ _ RR 1 _ ) 4.4
S . S —I—,uoTo< p ) (4.45c¢)
Hence'?
asRR
= 4.4
o =0 (4.46a)
85’@(—) Lo 672441 R2 eZw
_ Ho _ 4.4
oT T, ( R? r4 > ’ (4.46b)
aSZZ Lo R2e2w
=—11- . 4.4
or T, ( r2 ) (4.46¢)
The non-vanishing components of C are
: d (Re*\” R\ (. 10r : o or
= — = 2 2 T _ - ANE — — — 2 - 4.4
Crr 8t< r ) ( r ) < r@t)’ Coo = ot (447)
Also, from (4.41), we find
or 2, (B T, 2
— == = T(&, t)d¢ . 4.48
5= [ e () T (1.45)

Thus, the coupled heat equation (4.19) reads

10 (. 0T OT\?>  pocE .-
[1—s(T— T)]RaR(RaR>_S(aR) = kET
_2% TT %_ (1+20[0T0(17T0/T) / gdé_
0 ((1 +200Th) R? — dag T [ gTO/ng 0

(4.49)

12Recall that 8% = B%IC,G is a partial derivative with respect to T' with C' and G fixed (cf. Remark 3.3).
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Figure 3: Temperature field in the cylinder for gi =0.1, y=10, aoT, =0.18, po/poceTo = 0.001 and é7 = 30% at different %

(Solid lines: nonlinear solution; dashed lines: linear solution).

On the boundary of the cylinder, we consider a convection boundary condition, i.e.

oT

ko [1 — s(T(Ro,t) — Tp)) R

= h’O[TO - T(RO7 t)] 9 (450)
(Ro’t)

where h, is the surface heat transfer coefficient at the boundary of the cylinder. We assume that h, is constant
and introduce the parameter v = h,R,/k,. As an initial temperature field, we consider a thermal inclusion of
radius R; , i.e.

T, R<R;,

(4.51)
T, R>R;.

/Tinit (R) = {

In the scope of the classical theory of linearized elasticity, the thermal stresses are given by [Boley and
Weiner, 1960]:

1 R, 1 R
7" oo, | g5 | T(E0gIE 35 [ T(&t)ﬁdf] , (4.522)
1 R, 1 R
3" = dagp, | 3 | T(e0gaE+ 3 [ TiEneae -7 (452)
577 = % (&rr + 6’90) . (4.52C)

In the classical linear elasticity literature, the coupling term is neglected and the linearized heat equation
problem for the cylinder reads
10 <R8T> _ pOCET,

ROR \" OR ko

T(R,0) = Thnit(R), (4.53)
oT ~y

— = —|[T, — T(R,,1t)].

OR (Ro.t) R,

The solution to (4.53) can be found analytically by using the Dini series expansion (see [Carslaw and Jaeger,
1986; Watson, 1944] for a detailed derivation.)

< (ndo Cnﬁ J1 Cn& R 2¢
T(Rt) = 20T ) <7(2 +R22)>J3<(< >RO) R AT (4:54)
n=1 n n o

where ¢, are the positive solutions of (J1(¢) = vJo(¢) and Jj is the Bessel function of the first kind of order
k=0,1.
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Figure 4: Stress field o™ for 11;; =01, v =10, aoTo = 0.18 and po/poceTo = 0.001 at different % (Solid lines: nonlinear

solution; dashed lines: linear solution).
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Figure 5: Stress field c?? for % = 0.1, v = 10, aoTo = 0.18 and po/poceTo = 0.001 at different % (Solid lines: nonlinear
solution; dashed lines: linear solution).
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Figure 6: Stress field o** for R _ 0.1, v =10, aoTo = 0.18 and po/poceTo = 0.001 at different % (Solid lines: nonlinear
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We consider a rubber cylinder of radius R, = 15cm for which the surface heat transfer coefficient for the
rubber-air convection is h, = 10 W/m2.K. We let T, = 300°K and 67 = AT’—:T = 30% and assume the following
typical values of rubber-like materials: p, = 10%kg/m?, cg = 1800J/kg.m , ko = 0.15W/m.K, s = 0,004 K~ ',
o =6x10"*K™!, and p, = 0.54 GPa. We numerically solve the initial/boundary value problem (4.49), (4.50),
(4.51) for the temperature field T(R,t) and show its evolution in Figure 3 by plotting T(R%z_T“ at different
values of t/7, where T is a characteristic time defined as 7 = p,cgR2/k, . In Figures 4-6, we show the evolution
of nonlinear thermal stresses (4.42). For comparison purposes, we also show the evolution of the linearized
solution (4.52) and (4.54) in Figures 3-6. We observe that the initial irregularities in the initial temperature and
thermal stress fields are smoothed out, and at large times, both the temperature difference 7' — T, and thermal
stress fields tend to zero. The nonlinear and linearized solutions for the temperature field (Figure 3) show a
similar trend. However, we observe a significant difference for thermal stress fields between the linear (4.52)
and nonlinear (4.42) solutions (the maximum relative difference is 38% in the core of the inclusion for 6™, %% |
and %%, see Figures 3-6). We also observe that in the nonlinear solution the maximum thermal stress does not
necessarily correspond to ¢t = 0, i.e. we observe the maximum stress at a later time ¢ > 0.

Remark 4.2. We observe numerically that the coupling term in the nonlinear heat equation (4.49) is negligeable.
In fact, if we neglect the coupling term in (4.49), the resulting solution is only affected in the order of 107¢.
We further note that if we neglect the coupling term and assume a constant heat conduction coefficient, the
nonlinear and linear uncoupled heat equations would be identical in the case of the infinite cylinder geometry (we
will see later in this section that this is not the case in the solid sphere geometry, c¢f. Remark 4.4). Note however
that the stress formulas are not affected by this simplification and that we would still observe a significant
difference in the thermal stresses between the linear and nonlinear solutions.

4.2 A spherical ball made of an incompressible isotropic solid

In this section we consider an incompressible isotropic solid sphere of radius R, under uniform normal traction
on its boundary and ignore body forces. In spherical coordinates (R, ©, ®), for which R > 0,0 < 0 <7, and
0 < ® < 27, the material metric for the configuration with the stress-free temperature field Ty = Tp(R) , reads

1 0 0
Go=| 0 R? 0 . (4.55)
0 0 R2sin’0

We assume a radially-symmetric temperature field ' = T'(R, t) in the ball and let ap = ar(R,T) be the radial
thermal expansion coefficient and ag = ag(R,T) be the circumferential thermal expansion coefficient of the
ball. The temperature-dependent material metric of the ball, as introduced in Section 2.1, reads

e2wr 0 0
G= 0 RZewe 0 ) (4.56)
0 0 R%e?® sin? ©
T(R,t)
where for K € {R,0}, wg(R,T(R,t)) = / ak (R, 7)dr . The Christoffel symbol matrices of G read
To
ow
DR |t 0 0
I = [ ,p] = 0  —eXweomwr)(R+4 R? S| ) 0 ,
0 0 —e?(we—wr) (R + R? %J—ﬁ‘t) sin? ©
0 3+ e 0
R ORIt
re =[] = | b+ Bl 0 N (457)
0 0 —sin © cos ©
1 Ow
0 0w+ 3l
I = [I%45] = 0 0 1/tan © ,
%+ da“’—@ ’t 1/tan © 0



where 85"—]1{ . = %J—f{ | L T Kg% . We equip the ambient space with the following flat metric in the spherical

coordinates (r,0, ).
1 0 0
g=|0 2 0 . (4.58)
0 0 7r%sin’6

The Christoffel symbol matrices for g read

0 0 0 0o 1 0
Y= wl=[0 —r 0 =)=+ 0 0 :
0 0 —rsin?6 0 0 —sinfcost
L (4.59)
0 0 L
1 1/tan®© 0

Thermal stresses. We next solve for the thermal stress field when the solid sphere is made of an arbitrary
incompressible isotropic solid and the temperature field is radially symmetric. In order to calculate the thermal
stresses, we embed the material manifold into the ambient space and look for solutions of the form (r,6,¢) =
(r(R,t),0,®). The deformation gradient reads

or
oR
0
0

[ det g r? ,

3

Fo (4.60)

O = O
= o O

For an incompressible solid, we have

J_

and hence, assuming r(0,7) = 0 (to eliminate rigid translations), we find

wl=

R
r(R,t) = (/ 3£2€WR(§’T(§’t))+2W(-)(fvT(fvt))d§> . (4.62)
0

The right Cauchy-Green deformation tensor reads

B gdwe 0 0
C = 0 Iewe 0 : (4.63)
0 0 e 2we

Following (4.10), the non-zero components of the Cauchy stress tensor are given by

r 4e4w® T2 —20.)(_)
g =2 T'4 (’(/JI + 2wH}22) —p, (4643.)
1 ,,,26—200@ 7,.26—2w(_) R4€4w@
0_99 — ﬁ {2_R2 |:¢I + wH ( R2 + 7’4 >:| _p} 5 (464b)
1
¢p __ 660
g = V5,0 4.64c
sin? 6 ( )

where p = p(R, t) is the pressure field due to the incompressibility constraint. The only non-trivial equilibrium
equation is 0", = 0, which is simplified to read

T.Qe—wR—Qw@

2
2 o r+ ;0" —2ro% =0. (4.65)
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This yields

ap a R4 dwe Qe—Qwo eWR R6 6we 7“26_2“0

— = |2—F 2 —4— 11— . 4.66

9 — IR { vt Y1+ 29 ——05— . 6 Y1+ Yn——ps— (4.66)
Assuming that the boundary of the solid sphere is under uniform normal traction, i.e., 6" (R,, T(R,)) = —0,,

the pressure field at the boundary is

4 4wo 2,—2weg
p(Ro) = {QR (1/11 + 21/1HT c )}

+ 0., (4.67)
R=R,

and it follows that

R4€4UJ@ ,',,26—20.)@
p(R,t) =2 et (1111 + 2¢112)

R, WR 66w@ 2720.19
+/R 4er<1_£r )(1/11+1/1H e )dfﬁLUo.

Finally, given a radially-symmetric temperature field T = T(R, t), the thermal stress field is given in terms of
the non-zero components of the Cauchy stress tensor as

(4.68)

R, eWR §6 6we r2e—2we
57T = _4/ e (1 - ) (wl o ) dé — o, (4.692)
R r 76 &2
1 [r2e—2we R4e4‘”@ r2e—2we 1 ..
90 — 25 ( 7 p > (1/)1 +¢117R2 ) + ﬁUT ) (4.69Db)
1
A p——LL 4.69
7 sin® 90 ( °)

Alternatively, the non-zero components of the second Piola-Kirchhoff stress tensor read

RR 7”4674(41972@'1?, R, eWR 56 6wo 2 72w0
S =- Rt 4/ o <1 G > (ZDI o — & >d£+00 , (4.70a)
R
2 7"2 R4e4w@ ,r2€—2wo R4e4we +2wr
S@@ — ﬁ <R266‘”® — " ) <'(/)I +Yn ) + 6 SRR, (470b)
1
g @S@(—) _ (4.70c)
Sin

Heat equation. We assume that there is no external heat supply, i.e., R = 0, and that the heat conduction
in the material is isotropic, i.e., K = kG~ where k = k(R,T(R,t)) is a scalar valued function. Therefore,
recalling (3.19), the coupled heat equation (3.49) is rewritten as

0*T +(24L Ok

OR? Rk OR|,
where po(X) = p(X,G,) is the mass density in the stress-free configuration with uniform temperature Ty . If
we further assume that the material is thermally isotropic (i.e., wp = wg = w(R,T(R,1))), (4.71) reduces to

k 0 ([ ,0T ok oT FO54
&9 (prdl el ey 472
[RZ R (R 6R> + (aR . > } ¢ = pocsT = Cap. (4.72)

OR 2 or
In order to solve for the temperature and stress fields, one needs to find wr and we to explicitly specify
the material metric (cf. (4.56)). We first look for the stress-free temperature fields for the ball. A temperature
field To(R) is stress-free if and only if the curvature tensor of the ball with the metric G is identically zero at

OT  0(2we —wr)
OR OR

oT .1 _98AB
8R] ke 2R = poepe WRTWOT 2T o7 Cap, (4.71)
t

ow
OR|,
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T =T, . The non-trivially non-zero components of the curvature tensor for the ball (cf. (4.56)) are

RﬂmR:4W%MFJﬁ2%§t—%?t %§t<%§t—%?t>+3§z§jéwewﬂ,@m@

(4.73b)
R®rro = —R°preor = (;2 + 85171;3 t> (11% + 6;7}? t - 68%? t) + %2;;2@ t - %, (4.73c)
R9s00 = ~R%s0s = ll — g?wo—wr) <1 +R 8;—; t>2 sin? @, (4.73d)
R®rro = —R¥por = (; + %%9 t) (; + aa%? t - 85]7; t) + %2;;5 t - %, (4.73¢)
R%600 = —~R%es0 = 1 — 2@o—wn) (1 +R %d—}? t>2 . (4.73f)

The temperature field To(R) is stress-free if and only if all the components of the curvature tensor are identically
zero. In particular, if the material is thermally homogeneous, i.e., for K € {R,0}, we have ax = ax(T),
then a{f—é‘ =« Kg% and it follows that a uniform temperature field is stress-free in any arbitrary thermally
homogeneous anisotropic body. If the material is homogeneous and thermally isotropic, i.e., wgp = wo = w(T),

then Typ(R) is stress free if and only if

dTy dTy B
E <2 -+ OéRdR> (1) = 0 . (474)
Equivalently - . )
0 0
—_— =0 or — =——. (4.75)
AR | (r.m,) AR gy R

In the particular case of a thermally homogeneous and isotropic material with a constant linear expansion
coeflicient «, we find two possible stress-free temperature fields

TO(R> = TO(RO) ’ (4763‘)
%uaz—%mR+b, (4.76b)

for some contant b. We assume in the remainder of this section that the material is thermally homogeneous
and that the metric Gy corresponds to the uniform stress-free temperature field of the ball To(R) = T, (i.e.,
G|r_g, = Go), where T, is the temperature of the outside medium surrounding the ball. For K € {R,0}, we

have
T(R,t)

wKuaszJD::/g ax (T)dT . (4.77)

Example 4.3. In this example we solve for the stress field induced by a static thermal inclusion in a homoge-
neous, isotropic, thermally homogeneous and anisotropic ball. Next, we assume a thermally isotropic material
to compare with the linearized elasticity solution. We consider a thermal inclusion of radius R; < R, :

ﬂmz{T Fe R (4.78)

Thus, for K € {R, 0}, we have
T
TYT R<R;,
wic(R) = /T axl) - (4.79)
0 R>R;.
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We substitute (4.79) into (4.62) to find

Re%(wR(Ri)'F?We(Ri)) R<R;,
r(R) = 1 (4.80)
[ (elenRt2aot®) 1) 4 B2 R> R
Following (4.69), the physical components of the thermal stress field read
RO ewR 56 6we 2 72&)@
6 = 7/ 4— <1 — ) <w1 b > d§ — oo, (4.81a)
R r 76 &2
. ,],.26720.}@ R4e4w@ ,],.26720.}@ oy
06 _ 2 < R2 — A > ('1/11 + TZ)HR2> +0o (481]3)
5% = 5% (4.81c)
For R < R;, we have
e~ % (Wr(Ri)~we (R:)) 0 0
C = 0 e3 (Wr(Ri)—we (R:)) 0 . (4.82)
0 0 e (wr(Ri)—we(Ry))

Therefore, I and II are both constant inside the inclusion, and because the material is homogeneous and isotropic,
¥ = ¢(T;, L,IT) . Thus, the terms ¢ and 11 are both constant and it follows that for R < R;, we have

677 = 4e3 Wr(Ri)+2we (R:)) (e—Qwe(Ri) _ e—2wR(R7¢)) (1/)1 + wnes(wR(R i)—we (Ri ))) ln( R ) +6 (4.83a)
R,L CcH

5% — 2¢ Z(wr(Ri)+2we (R:)) ( —2we (Ri) _ e—QUJR(Ri)) (¢I + 1/}He§(wa(Ri)—we(Ri))) |:2 ln( R) + 1:| + 6.
R; ’
(4.83b)
5% =% (4.83c)

where 6. is a constant given by

7e= _4/:0 © <1 - ff@) (1/” o 5(25)> e (54

On the other hand, for R > R;, we have

5 = — /R - (45) ( s ) (wl o ) & — o, (4.852)
Aea:z( 2}; - i ) ( )H}M’ (4.85b)
590 _ 500 (4.85¢)

Remark 4.3. Note that in the absence of body forces, for a homogeneous, isotropic, thermally homogeneous and
isotropic solid sphere with a uniform normal traction on its boundary and with a radially-symmetric thermal
inclusion, the stress inside the inclusion is uniform and hydrostatic. However, if the material is thermally
anisotropic (i.e., wr # we), the stress field has a logarithmic singularity at the center of the ball.'?

Comparison with the linear case. Next, we compare the thermal stress field with the classical linear
elasticity solution. We consider a homogeneous, isotropic, thermally homogeneous and isotropic, and traction-
free solid sphere. The classical linear elasticity solution of the sphere problem for constant u, and «a, reads

13Similar results were observed for distributed eigenstrains in [Yavari and Goriely, 2013, 2015].
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[Boley and Weiner, 1960; Hetnarski and Eslami, 2008]

ATT 3)‘ + 2/’60 1 Ho 2 1 " 2

0 o, St | g [ T g [ T (4.86a)

590 — 590 — 9y 0,30 T 2o | 2 /Ro T(E)€2de + — /R T(€)E%de — T (4.86b)
T T e T o | B, R J, '

Incompressible linearized elasticity corresponds to v = 0.5, i.e., A — oo. Thus, in the case of the thermal
inclusion (4.78), we find

- R3
R<R;: 6™ =5%=5%=—4y, (1 ) o\ T,

_ 78
: R} R
6" = —4pu, (R; — R;) N T, (4.87)
. o
R>R;: o R I
67" =6 =2u, <R3+2R3> o N;T

where AT =T; — T,.

In order to compare the nonlinear solution with the linearized one, we consider the thermoelastic model
presented in Appendix A and enforce the incompressibility condition. Hence, following (A.11), we find for the
thermal inclusion (4.78)

1 (14 30,T,)AT+ T,
| < R;
wR)=4{ 3" [ AT 1T, } R< R, (4.88)
0 R>R;,
and from (4.81) and (A.7) the thermal stress field reads
{ 06 o 1 £°
R<R;: 0" =06" =6 =-2 / (1— )d,
b Jr, W@\ ) @
1 ’ (4.89)
67 = —2 / (1— )d, :
to fp v ' o )
R>R; : 00 T2(R) R Arr
o - ,uO < R2 7'4(R) + g ’
a_¢¢ _ 6’99,
where )
1 TONT+T,]3
{( + 3, T,) AT + ] R R<R,.
N,T + T,
r(R) = L (4.90)
AT 3 3]®
e » 22 >R .
{3040T0 AT T, R+ R ] R>R;
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-0.10 -0.05f ~ op = 0.05
i ;'"'\ 5t =0.1
L -0.10}
-0.15F I ™ o7 =02
—0.155=—=
i F ™~ =03
-0.201 -0.20F
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Figure 7: Nonlinear and linear solutions for o™ and o%? stress fields for }1;7: = 0.1, aoT, = 0.18 and different values of d7 = ATET .

For small A; T, we have the following asymptotic expansions:

RSR,L'Z

R3 R3 R} «
~Arr _ A00 _ App 7 o . 2
6" =06" =69 = —4pu, (1 R3> aoN;T + (1 — R3) [4—&- 11 <1+ Ri) aoTo] T (AT)
o((aT))
R > Rl :
R R} R} R} R} R} a, )
g :—4/,LO <R3_ R3>a0AT Mo <R3_R2> |:4+11 (R3’+H3+1> T:| ﬁ(AZT) (491)
0 ((AiT)?’)

R3 R3 R3 R3 R6 R6 «
~00 __ X o . 2
= 2/140 (3 +2 3> CYOA»LT Ho |:2 ( 3 + 3) + (4 6 + 11 6> :| A (AlT)

0((AiT) ) ,

520 = 599

We have thus recovered, up to the first order in A; T, the classical linearized elasticity solution.

We consider the case of rubber-like solids for which we typically have a, = 6 x 107*K™! at 300°K, i.e.,
aoT, = 0.18. In Figure 7, we plot the static thermal stresses for different values of the initial relative temperature
difference 6p = 2L i (4.78). The two solutions for the stress field are very close for
small values of ép D(i.e., in the range of validity of linearized elasticity). For larger values of ér, even though
linearized elasticity captures the overall behavior of 6" and 6% | it fails by overestimating their values (the
relative difference of stress reaches 45% inside the inclusion for ér = 30%).

Example 4.4. In this example we numerically solve for the evolution of temperature and thermal stress fields
for a homogeneous, isotropic, thermally homogeneous and isotropic, and traction-free ball for which we assume
the thermoelastic model described in Appendix A. Following (A.11), we find

w(R, T(R,t)) = %m {1 +3a0Ty (1 - T(? t)>] . (4.92)

Thus

r(R,t) = {/OR 3¢2 {1 + 3aoTy (1 _ T(zéj(jt))} dg}é .

3 052 %
(1 + SCYQT()) R 9Ty /O T(f, )d§] . (493)




Given the free energy density (A.7), it follows from (4.69) that the physical components of the Cauchy stress
field are

e Ro (1 + ?)OéoTo (1 — %))1/3 56 [1 + 30&0T() (1 — %)]2 T

6" = 2, /R . 1-— e idf — 0y, (4.94a)
2 Ty \\—2/3 4 Ty \14/3

00 arr r? (14 3a0Tp (1 — 42)) R [1+3a0Tp (1 — %2)] T

6% =6"" + o 72 o T (4.94b)

5% = 59 (4.94c)

Now, let us find the time-dependent temperature field in order to evaluate the thermal stress field by solving
the coupled heat equation (4.72). We assume the model (4.43) for heat conduction and hence the heat equation

(4.72) reads
1 0 ([ ,0T aT\*
o (For) o (77)

Following (4.70), the non-zero components of the second Piola-Kirchhoff tensor are

{[1 —s(T - To)] R ko %, OT

7 2 . 3w AB
—s(a ) }ewzpocET—e 95 e, (495)

T g /Ro T HETEN) [ g0 0ulET(En) (4.963)
" RY Jp T, r(&1) r6 (&) ’ '
R466w T 1 7,2 R4€4w
06 _ RR
S = 6 S + ,Uzofoﬁ (W‘J - 7A> 5 (496b)
SPP — 12 599 (4.96¢)
sin“ ©
Hence!*
asRR
o - 0, (4.97a)
8596 Lo 1 Riedw
T f, <R262‘*’ -5 ) , (4.97b)
082® 1 0599 (4.97¢)
oT  sin*© 0T '
The non-vanishing components of C are
. 0 [ R*e%v R*ebv . 20r
= — =2 T——— 4.
Crr ot ( rt ) r4 (3a r 8t> ’ (4.982)
. or? or
- —9p— 4.98b
Coeo 5 e (4.98b)
Cos = Copsin® O, (4.98¢)
and following (4.93), we find
or  3a, [P 9 T, 2,
— = —— | T(& t)dE. 4.

1Recall that 8% = B%IC,G is a partial derivative with respect to T' with C' and G fixed (cf. Remark 3.3).
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Thus, the coupled heat equation (4.72) reads

19 ([ ,0T aT\* ar\?| , To

_ T\)2 p4
_PoCBg gl mp| 1 (1+3a0T (1= ) R (4.100)

ko k, R2 2
((1+ 300T) RS = 900T J;* €25 de)

1/3 R §2T
, T2

{[1—3(T T,)]

14 3a0Ty (1 - %)
(1 + 3aoTo) B — 90Ty fy* €25 dé

X

On the boundary of the ball, we consider a convection boundary condition, i.e.

or

o [1 = S(T(Ro, ) = T,)

= ho[To = T(Ro,t)] , (4.101)
(Rost)

where h, is the surface heat transfer coefficient at the boundary of the ball. We assume that A, is constant
and introduce the parameter v = h,R,/k,. As an initial temperature field, we consider a thermal inclusion of
radius R; , i.e.

T, R<R;,

(4.102)
T, R > R;.

ﬂnit (R) = {

In the scope of the classical theory of linearized elasticity, the thermal stresses are given by [Boley and
Weiner, 1960]:

6" = 12u,0,

Ro R

R, R
= 5% = g0, | 7 | T(f,t>§2d§+$ | meneie -ty (4.103b)

In the classical linearized elasticity literature, the coupling term is neglected and the linearized heat equation

problem for the sphere reads
L2 () -,

R2OR OR ko
T(R,0) = Tinit(R), (4.104)
oT ~
— = —[T, — T(R,,1t)].
OR| g, Ro

The solution to (4.104) can be found analytically using a Fourier series expansion (see [Carslaw and Jaeger,
1986] for a detailed derivation.)

( —1) 1 R . Ri 1 Rz . Ri 7(;231/
T(R,t) = 2A, sz (gn ) Lz D(C”RO> S (C”Roﬂe +T,, (4.105)

where (,, are the positive solutions of (cot{ =1—

We consider a rubber sphere of radius R, = 15cm for which the surface heat transfer coefficient for the
rubber-air convection is h, = 10 W/m2.K. We let T, = 300°K and 61 = % = 30% and assume the following
typical values for rubber-like materials: p, = 103kg/m? , cg = 1800 J/kg.m , k, = 0.15 W/m.K , s = 0,004 K1,
@, = 6 x107*K™", and p, = 0.54 GPa. We numerically solve the initial/boundary value problem (4.100),
(4.101), (4.102) for the temperature field T'(R,t) and show its evolution in Figure 8 by plotting M
different values of t/7, where 7 is a characteristic time defined as 7 = p,cgR2/k, . In Figures 9-10, we show the
nonlinear thermal stresses (4.94). For comparison purposes, we also show the linearized solution (4.103) and

at
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Figure 8: Temperature field in the sphere for }1;1 =0.1,7y=1, aTo =0.18, po/poceTs = 0.001 and é7 = 30% at different %

(Solid lines: nonlinear solution; dashed lines: linear solution).
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Figure 9: Radial stress field for % =01,7=1, asTp = 0.18 and po/poceTo = 0.001 at different % (Solid lines: monlinear

o
solution; dashed lines: linear solution).
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Figure 10: Clircumferential stress field for g:} =01,v=1, aoTo = 0.18 and po/poceTo = 0.001 at different % (Solid lines:

nonlinear solution; dashed lines: linear solution).
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(4.105) in Figures 8-10. We observe that the initial irregularities in the initial temperature and thermal stress
fields are smoothed out; at large times both the temperature difference T'— T, and thermal stress fields tend
to zero. The nonlinear and linear solutions for the temperature field (Figure 8) show a similar trend but we
observe a significant difference for thermal stress fields between the linear (4.103) and nonlinear (4.94) solutions
(the maximum relative difference is of 38% inside the inclusion for 6™ and 6%, see Figures 8-10). We also
observe that in the nonlinear solution the maximum thermal stress does not necessarily correspond to t = 0,
i.e. maximum stress occurs at a later time ¢ > 0.

Remark 4.4. We observe that the coupling term in the nonlinear heat equation (4.100) is negligeable. In fact,
if we neglect the coupling term in (4.100), the resulting solution is only affected in the order of 10~%. However,
unlike the cylinder case (cf. Remark 4.2), even when k is assumed to be constant, the uncoupled nonlinear heat
equation does not reduce to the classical heat equation.

5 Concluding Remarks

In this paper we presented a geometric theory of nonlinear thermoelasticity to study the coupling of nonlinear
elasticity with heat conduction. We assumed that the material metric explicitly depends on temperature and
the thermal expansion properties of the body. In this geometric framework the body is always stress free in the
material manifold and there is no need, in the scope of this theory, to introduce a multiplicative decomposition of
the deformation gradient and the so-called intermediate configuration. We obtained the temperature-dependent
governing equations of motion and presented a modified energy balance equation and Clausius-Duhem inequal-
ity to include the rate of change of the evolving material metric. We derived the governing equation of the
evolution of temperature in the form of a generalized coupled heat equation. We showed that by linearization
of the geometric theory, one recovers the classical coupled heat equation from linearized elasticity. Finally, in
order to illustrate the capability of our method, we considered the cases of an infinite circular cylinder and a
spherical ball made of an isotropic, homogeneous, and thermally homogeneous hyperelastic material (a con-
stitutive model is presented in Appendix A). We showed that for a thermal inclusion, if the material thermal
expansion properties are anisotropic, the stress field inside the inclusion develops a logarithmic singularity but
if the material thermal expansion properties are isotropic, the stress field inside the inclusion is uniform and
hydrostatic. Assuming further that the material is thermally isotropic and initially contains a thermal inclusion,
we numerically solved for the evolution of temperature and thermal stress fields for a rubber-like material and
demonstrated the significant differences between the results of the nonlinear theory and those of the classical
linearized thermoelasticity.
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Appendices

A A nonlinear thermoelastic constitutive model

In this appendix we present, in the context of the proposed geometric theory with a temperature-dependent
material metric, a thermoelastic model for rubber-like materials following the models proposed by Chadwick
[1974], Ogden [1972a,b, 1992], and Holzapfel and Simo [1996].

For a hyperelastic solid, the free energy provides the material constitutive information given by the inde-
pendent variables (X,T,C,G). The free energy density is defined as'® 1) = E — TN (FE is the internal energy
density and N is the entropy density) and the (hyperelastic) constitutive model reads ¢ = (X, T,C,G). The
specific heat capacity at constant strain cg is defined as (cf. (3.47))

PW/p) _ 1 0(N/p) _ (E[p) (A1)

or: ' —ar ~ —ar

CEifT

If we assume that cg depends only on temperature, then we can write!®

E(X.T.C(X,T),G(X.T) - E(X.Ty, C(X.T), G(X. 1)) = p(X. G(X.T) [ Cepmdr, (A2)

To

and T
N(X,T,C(X, T), G(X, T)) — N(X, To, C(X, T, G(X, T)) = p(X, Gr'(X7 T)) / CE(T)C%T . (A3)

We can therefore write

¢(X,T,C(X,T),G(X,T)) = Tzow(X,TO,C(X,T),G(X,T)) — (;; — 1) E(X,TO,C(X,T),G(X, T))
, . (A4)
— p(X,G(X.T)) / ep(r) 2

To

dr .

In the case of an isotropic solid, the specific free energy ¢ depends on I = tr(C), II = det(C)tr(C~1) =

1(tr(C?) — tx(C)?), and J = 4/ ‘fﬁ;t%b , which are the principal invariants of C'. Furthermore, experiments
suggest that for rubber-like materials, the internal energy density depends only on the volumetric part of
deformation [Treloar, 2005], i.e, we can write E = E(T,.J). Note that this confirms the assumption made on
cg = cg(T). Following the works cited above, if we denote by kg, po and By, the bulk modulus, the shear
modulus, and the volumetric coefficient of thermal expansion at Ty, respectively, we consider the following

constitutive model for a homogeneous isotropic rubber-like material

(T, I(X, 1), J(X, 1)) = B2 (I=3) + 22T = 1% E(Th,J) = roBoTo(J — 1), (A.5)

5Note that ¢ = p¥ .
16Note that the material mass density p depends only implicitly on temperature via the material metric (cf. (3.19)), i.e., g—; =0
but % =—fp.
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where I = J=2/31. Tt follows that

W) = (=3 P T = 10 = kb = ) (T =T0) = p [ en(r) T

T—71

dr. (A.6)

In the incompressible case, we have the constraint J —1 = 0 associated with the pressure field p as the Lagrange
multiplier

T
@Z;(T,I,J):&E(I—B)—p/ oM T dr — p(J —1). (A7)
2 1T, T, T

One may now ask if it is possible to find a relation between the function w(T') appearing in the material
metric and the free energy (A.6). The answer is affirmative. Let us consider a homogeneous body modeled
by the free energy density (A.6) and assume that it is stress free at the uniform temperature 7. Now let us
assume that the temperature of the body is changed to another uniform temperature 7'. The body undergos a
purely volumetric deformation and remains stress free. Note that the mean Cauchy stress o = %tr(a) is given
by
e T

g = a7 :KO?O (J—l)—ﬁoﬁo(T—To):O. (AS)
Therefore T
J=1+ BT (1 ~ TO) . (A.9)
On the other hand, note that we have for this deformation
J = et @) (A.10)
It follows from (A.9) and (A.10) that
T
tr(w(T)) =In [1 + BoTo (1 - 1?)} ) (A.11)
and hence!”
Bok
B(T) L (A12)

:1+50T0( -3)

B Lagrangian field theory of nonlinear thermoelasticity

In this appendix we derive the governing equations of motion using a modified Hamilton’s least action principle
for non-conservative systems in the form of Lagrange-d’Alembert’s principle as nonlinear thermoelasticity is, in
general, dissipative. We define the Lagrangian to be a map L : TC x R — R such that for a motion ¢; of B

L((phgbt,T):LE(X,T,(,Q(X),QQ(X),Cb(X,t),G(X,T))dV(X,G), (Bl)

where we assume the Lagrangian density £ = L(X, T, ¢, »,C”, G) is given by

1 a
L=pgarg"d” = p¥(X, T, 0,C",G). (B2)

The action functional is defined as a map S : C x R — R such that for a motion ¢ of B

t1

7Note that we recover the result derived by Ogden [1992], Eq. (102-c).
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In order to take variations, we let . be a l1-parameter family of motions such that'®

<)00,1: = Pt
‘Pe,t|35 = ¢tlop (B.4)
Petr = P17 Pets = Pta -

For fixed X and ¢, we consider the curve ¢; x : € = ¢y x(€) := ¢ +(X), and define the variation of motion as
the spatial vector given by

dp(X,t) = depr x [Oc]

. (B.5)

Let T.(X,t) be a 1-parameter family of temperature fields such that T.—o(X,t) = T(X,t) and for fixed X and
t, we define the variation of temperature as the scalar field

dT,
0 = == B.6
de | _, (B.6)
We write the variation of S as a total derivative along the curve ¢; x evaluated at e =0:
d
55(‘»07T) = ES(@eaTe) (B7)
€ e=0

For a conservative system, Hamilton’s least action principle states that the physical motion ¢ and temper-
ature evolution of B between t; and ts is the critical point for the action functional, i.e., the variation of S at
(¢, T) vanishes

3S(, T)=0. (B.8)

However, nonlinear thermoelasticity is, in general, dissipative. We assume the existence of a Rayleigh dissipation
potential R = R(p, ¢, T,T) such that

F:——Sb and Fp=——r, (B.9)

where F' represent dissipation by damping and Fr represents thermal dissipation. The Lagrange-d’Alembert’s
principle (see [Marsden and Ratiu, 1999; Yavari, 2010]) states in the case of nonlinear thermoelasticity that

t2 t2
/ L(X, T, 0, C", G)dVdt + / / (F.0p + FroT)dVdt = 0. (B.10)
B

It follows by Lagrange-d’Alembert’s principle that

oL oL oL 1 OVdetGL oL
o+ — .0 4+ —:6C° ) ZZ8T | avdt
/tl/B(a@ ¢ g 2L g L OIGE i O )

t G
ta
/ ( O+ (5T> dVdt.
ty

For different values of €, the velocity vector field ¢, lies in different tangent spaces T, (xS . Therefore, the
variation of the velocity is given by its covariant derivative along the curve ¢; x in S evaluated at e = 01?

(B.11)

Do,

Déyp
de '

o dt

8¢ = Vspp = (B-12)

€

Unlike the velocity vector field, the material tensor fields G and C lie in the same space when € is varied.
Therefore, their variations are given by the total derivative with respect to € evaluated at e =0

dG. dG
= —T B.1
b , (B.13)

)G =
G e=0 T

I8For fixed ¢t and €, we let e t(X) := pe(X,1).
9Note that we use the symmetry lemma, See [do Carmo, 1992; Nishikawa, 2002].
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dc’ d d
5C" = —= = — (¢'g. = — (p*prplge =" Ls,g. B.14
g | o= 3 (Prge) > (P pspege) e 509 (B.14)
In components, (B.14) reads
6Cap = F*Agac6@° |5 + F'Bguc09°|a - (B.15)

Let us first consider the variation of motion only, and from (B.11), it follows by Stokes’ theorem and
arbitrariness of d¢p that

oL 1 D Yo or OR
oc 1 D \/m)_g( b ) _ IR B.16
Do /et G dt ( T 9Cap "9 a9 (B10)

For the Lagrangian density (B.1), we have?’

Note that as in (3.40), we write
S = —2% = Qp%, (B.18)
Therefore, (B.16) yields the local form of the balance of linear momentum
pB + DivP = pA, (B.19)
where B = —% — % % is the total body force per unit undeformed mass, and P (X, t) is the first Piola-Kirchhoff

stress tensor P = F'S. Note, however, that we obtain the local form of the balance of angular momentum as a
consequence of (B.18) and the symmetry of the right Cauchy-Green deformation tensor

PFT = FP'. (B.20)
Next, we consider the variation of temperature only, and from (B.11), it follows by arbitrariness of §7" that

oL 1 9/detGL dG  OR

= T — = B.21
T VdetG 090G dr or ( )
Therefore, (B.21) is simplified to read?!
OR ov ov dG
Tr o O B.22
of ~ Tor PoG ar (B.22)
By integration of (B.22) with respect to T, we find that
. ov . ovr .
p, T\ T) = —p—=T — p—: ’ B.2
Rlp, 0, T,T) = —pgrl = 351G +9(¢,9), (B.23)
where g = g(¢, ¢) is an arbitrary function. Therefore
ov ov dG g
p._ 0%, ov dG __9% B.24
T=Por PG AT BE (B.24)

In the case of thermoelasticity we can further assume that dissipation is only due to temperature and take the
Rayleigh potential as a function of G and G only, i.e., g(¢, ) = 0, and hence

ov . ov .
—pa—TT —p=—:G. (B.25)

R(T,T) = 5

20Recall that mass conservation (3.18) can be written as % + %p tr (G—G) =0.

T
21Recall (3.18) as in footnote 20.
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