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In this essay, a constitutive model for nearly incompressible elastic be-
havior is extended to the case to thermal effects. First, the use is made
of the multiplicative decomposition of the deformation gradient into a
thermal and a mechanical part. The thermal part is purely volumetric.
Additionally, the mechanical part is multiplicatively decomposed into a
volume-preserving and a volume-changing part so that the final stress
state shows the influences of the temperature-dependence. The propo-
sed model is carefully studied in view of the thermo-mechanical coupling
effects. Second, the model is implemented into a time-adaptive finite
element formulation based on higher-order Rosenbrock-type methods,
which is a completely iteration-free procedure so that really fast com-
putations are available. The article concludes with a three-dimensional
numerical simulation of a representative elastomeric tensile specimen.
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1. Introduction

The incorporation of thermo-mechanical coupling effects starts with the de-
composition of the deformation gradient F(X,t) = Grad xz(X,t), into a
thermal and a mechanical part F = Fy;Fg, where & = ¥ R()Z ,t) defines mo-
tion of a particle X occupying the place & at time t. This proposal of Lu and
Pister (1975) is taken up in a number of papers (see Miehe, 1988; Holzapfel
and Simo, 1996b; Lion, 1997; Heimes, 2005). An additional decomposition of
the mechanical part into a volume-changing and volume-preserving part goes
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back to Flory (1961). There, a particular assumption of the free-energy yields
a clear assignment of kinematical quantities to the hydrostatic and deviatoric
Cauchy stress state. Since the thermal deformation is purely volumetrical, this
approach is of particular interest for thermo-mechanical deformation proces-
ses as well. References with similar approaches are given by Simo and Miehe
(1992), Miehe (1995), Holzapfel and Simo (1996a).

In the case of isothermal problems, it was found out that for Rivlin-
Saunders type models, see for a detailed investigation in Hartmann (2001a,b),
it is not possible to show the existence of a solution if the models are exten-
ded to the case of nearly incompressibility (see Hartmann and Neff, 2003).
Accordingly, Hartmann and Neff (2003) proposed a new class of strain-energy
functions, which are based on invariants of the unimodular right or left Cauchy-
Green tensors. One additional aspect lies in the fact that nearly all hyperelasti-
city relations, which are based on the decomposition into volume-preserving
and volume-changing parts, show non-physical behavior in the tensile and
compression test, see Ehlers and Eipper (1998) as well. However, in Hartmann
and Neff (2003) it is shown that this essentially depends on the choice of the
parts in the free-energy. Since thermo-mechanical coupled problems essentially
depend on the volume-change, at least resulting from the volumetric tempe-
rature expansion, the investigations have to be extended to thermoelasticity,
which is done in this paper.

In contrast to Miehe (1995) and Holzapfel and Simo (1996a) other func-
tions of the free-energy function are applied, and the derivation of the heat
equation is based here on the proposed decomposition of the deformation
gradient. The latter leads to a consistent representation leading to an exact
expression of the thermo-elastic coupling term and the specific heat capacity.
This strict derivative has only be carried out by Lion (1997) for the case of
incompressibility and without any scopes for the numerical treatment, which
results in a different formulation.

A second important aspect treats the implementation of the constitutive
model into a finite element program. Commercial programs have the difficulty
that the heat equation does not offer the possibility to incorporate an arbi-
trary process-dependent heat source so that a real thermo-mechanical coupled
problem is not able to be computed. Moreover, staggered schemes, which have
their advantages in the application of two independent codes (a pure thermal
and a pure mechanical one), cannot guarantee to follow the exact solution.
Moreover, these are time-integration methods of the order one. Accordingly,
an efficient fully monolithic finite element approach has to be developed. In
this context, we pick up a very efficient finite element concept developed in
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Hartmann and Wensch (2007), Hartmann and Hamkar (2010) for the case of
isothermal problems. Due to the fact that both the discretized heat equation
in the finite element framework represents a system of ordinary differential
equations and the discretized weak formulation of the equilibrium conditions
(or principle of virtual displacements), which define a system of non-linear equ-
ations, are coupled, Rosenbrock-type methods are applied to the resulting sys-
tem of differential-algebraic equations (DAE-system). This is done in this work
for the first time. Because of the superior behavior of Rosenbrock-type me-
thods on the case of smooth problems, which lead after the time-discretization
of the DAE-system only to the solution of a linear system of equations within
each point in time (see Hartmann and Wensch, 2007; Hartmann and Hamkar,
2010; Lang, 2000) in the context of finite elements, very efficient and consi-
stent computations are obtained. Moreover, the use is made of higher-order
time-integration methods and a time-adaptive procedure (step-size control).
The paper is organized as follows: first, the thermo-mechanically coupled
constitutive model is developed. Afterwards, the resulting DAE-system is de-
rived showing the coupling aspects. Finally, a numerical example using the
fully iteration-free method for a problem with different time-scales is conside-
red. The notation in use is defined in the following manner: geometrical vectors
are symbolized by @, second order tensors A by bold-faced Roman letters, and
calligraphic letters A define fourth order tensors. Furthermore, we introduce
matrices at the global level symbolized by bold-faced italic letters A.

2. Constitutive assumptions

In order to develop the constitutive model, the multiplicative decomposition
of the deformation gradient F into a thermal Fg and a mechanical part Fy;
according to the proposal of Lu and Pister (1975) is assumed

F =FoFy (2.1)
Additionally, the mechanical part
Fr = FyFoy (2.2)
is decomposed into a volume-preserving part Fys and a volume-changing part
Fys according to Flory (1961)
Fy = (det FM)1/31 det Fyy = det Fyy

_ _ 2.3
Fur = (det Fry)~V/3Fy detFpy =1 (23)
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The thermal part is assumed to be purely volumetric
Fo = ¢'/*1 = @O0 —6g) = @) (2.4)

where ¢(0) = 1 should hold and the temperature difference ¥ = ©—6) is defi-
ned. O is the absolute temperature and ©g defines the reference temperature.
The determinant of the thermal deformation is obviously given by

det Fo = 4(© — 6g) = (V) (2.5)

describing the volumetric deformation caused by the temperature change 19,
which is chosen to be linear in view of observations in elastomers

PO —6y) =1+a(@—-6)) =1+ad (2.6)
see Treloar (1975). In view of the total deformation
det F = det(FoFys) = (det Fg)(det Fay) = ¢(© — O)(det Far) (2.7)

holds. Accordingly, we have

~

. P = F)'/31
F_FF with {0 — (pdetFu) (2.8)
F —=Fu

with F = (det F)~'/3F. Sometimes it is useful to introduce the abbrevia-
tion for the determinants J := detF = JgJy, Jo := detFg = ¢ and
Jyr = det Fyy = J/¢ which are used later for short notational purposes.
Using the imagination of a fictitious thermal unloading, similar to the case
of the multiplicative decomposition of the deformation gradient into an elastic
and a plastic state (see Haupt, 1985), the mechanical Green strain tensor

. 1+
Ey = él_)HlOE = §(FMFM -1 (2.9)
is defined, where
1
E = 5(FTF ~-1) (2.10)

is the Green strain tensor itself. This motivates the thermal part of the Green-
Lagrange-type

1 1
Eo =E-E) = 5(FTF—FA}FM): 5(C—Cu) (2.11)
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or vice versa the additive decomposition
E:EM—I—E@ (2.12)

The push-forward operation FJ\}TEFA_/[1 yields the decomposition

=1y +1o (2.13)
with
I =F; EF; = l(FTF —F;; F;Y) = l( 281 B = ﬁ/3(1 -B™
M M ~ 5\Fete M M o \¥ M 3
Ty = Fy, EyFy = %(I ~F,,'F') = %(I - B;}) (2.14)
o = By BoFy,! = L (F4Fo 1) = 5(Co — 1) = (¢ — 1)1

where f‘, f‘M and f‘@ measure the strains relative to the mechanical interme-
diate configuration Bj;. Here, the right and left Cauchy-Green tensors

C=FTF Co = FJFo = 0?31 Cuy =F}[Fy = ¢ 23C
B=FF' Bo = FoFJ = 0?31 By = FyF), = ¢ 2°B
(2.15)

are introduced. The definition of strain measures (2.14); 3 have the advantage
that they are purely mechanical and purely thermal. For later purposes, the
mechanical deformation is decomposed into volume-changing and preserving
parts, defined by Jy; = det Fy; = (det Cj7)Y/? and the unimodular, mecha-
nical right Cauchy-Green tensor Cj; = (det CM)_I/?)CM7 detCy = 1, is
introduced.

Additionally, strain-rate tensors relative to the mechanical intermediate
configuration Bj; can be defined on the basis of the material time derivative of
(2.9)-(2.11) by the corresponding push-forward operation F]\_/[T( .)F;/'. This
yields the strain-rate measures relative to the intermediate configuration Bjs

=F,, EF,,' =T +Lj,I'+TLy

> D

(Las + L) =: Dy
(2.16)

. b N N 1
v = Fy By Fyt =T + LTy + Ty Ly = 5

A .
f‘@ = F]\_/[TE@F_l = f‘@ + L—AI—/[I‘@ + ToLs
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and implies the additive decomposition

A

S

I'=Ty+To (2.17)
2

The strain-rate I'j; is purely mechanical, whereas the thermal strain-rate re-

lative to the intermediate state can be calculated by

A A
To = =3 (0 —0)O)p V3T +(p*3 — )Ty (2.18)

To
see Egs. (2.16)3, (2.14)3, and (2.16)s.
Next, these strain measures are used within the specific stress power to
develop appropriate stress measures according to the concept of dual variables
(Haupt and Tsakmakis, 1989, 1996)

1 1~ +. 1= 2 1 . 201, 2
p=-T-D=—T-E=—T.(F,I'Fy) = —(FyTF),) - T'= —S, - T

p PR PR PR PR
(2.19)

Here, Eq. (2.16); is exploited and a Kirchhoff-type stress tensor relative to the
mechanical intermediate configuration

Sy = Fy TFy, (2.20)

is introduced. T = (det F)F~'TF~" defines the second Piola-Kirchhoff stress
tensor, T the Cauchy stress tensor and D = (L + LT)/2 the spatial strain-
rate tensor depending on the spatial velocity gradient L = FF~L. Inserting
strain-rates (2.17) and (2.18) into specific stress power (2.19), leads to

1. 2 1. A
p=—Sy -I'= —SM-(FM+F@)
1 o & PO =007 PO®1) .
= —y Sy Ty + (tI‘SM)
PR 3PR

In view of thermo-mechanical processes, the Clausius-Duhem inequality
has to be fulfilled

- yAN -

.. 1 ~ . .. 1 -

—p—Os+—TE—-L.grad® = —)—Os+—Sy P——L.grad® > 0 (2.22)
PR pO PR pO
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where 1) defines the specific free-energy, s is the entropy, and ¢ the heat
flux vector. In the following, the proposals of Lion (2000) and Heimes (2005)
are taken up implying the assumption that the free-energy depends on the
mechanical deformation Ej; and the temperature @

Y(Er, O) = vu(Cur, O) + 9o (O) (2.23)

The mechanical part is assumed to be linear in the temperature

Yr(Car,0) = QQOEM(CM) (2.24)
with
Yu(Cum) = U(JIu) +0(Cur) = U(Jm) + (g, Iig, ) (2.25)

which is decomposed into a free-energy U(Jys) depending on the purely vo-
lumetric, mechanical deformation and a part depending on the isochoric me-
chanical deformation. In the later examples, the use is made of

U(Jy) = %(J?M + 3 —2) 2.26)

w(lg, Ilg) = &I — 27) + cro(Ig — 3) + c01(113§/2 —3V3)

proposed by Hartmann and Neff (2003) as one possibility in the class of po-
lyconvex strain-energy functions. The thermal part of strain-energy (2.23) is
defined by

vo(€) = [((6— 0u) ~ Oln g ) (1~ kyu) ~ 3, (6* - 6})]  (220)

resulting from the experimental observation of the linear temperature-
dependence of the heat capacity (see Heimes, 2005).

The evaluation of the material time-derivative of the free-energy v defined
in Eq. (2.23)

9(Bar.0) = (- Puu(Can)6 + © diy(Cu)

. ) .
5. dC.s Cu +vp(0)0  (2.28)

is required in Clausius-Duhem inequality (2.22) yielding, by means of definition
(2.20) and the time derivative of (2.9) expressed by mechanical right Cauchy-
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AN
Green tensor (2.15)3, Cuy = 2F]\T/[f‘MFM

L oong,, 0 9p, WuCrpry §
(pRQD SM 2@0FM dCM FM) FM
|5 - (—1 Ui(Cur) + ¥6(6)) + I 60) trS] 6
6y © 3pR

(2.29)

—

_p% - grad® > 0

Exploiting arbitrary mechanical strain and temperature paths, implies the
three following expressions

_ 2pr QF Ay (Cur)
2230y M dCy,

1 — 1 . .
s =5 0u(Cu) = v6(0) + ——¢ ¢ (0 — B0) trSy
0 PR

Sur F);

(2.30)
qd= —kgrad® k=0

Having particular strain-energy function (2.25), yields for the derivatives
in elasticity relation (2.30);

dU((det Cpp)?) 1

= "(Jy)Coft 2.31
and
do(Cy(Cyy))  [dCy] do 0.32)
dCyy ~ |dCy| dCuy '
with
dCy 1" 1 1
M —1/3[+ _ 1/~-1 _ o283 =1 =
[chl = (det Cr)™H3[Z 5(Ci ® Cu)| = /3|2 5(Caf  Cu)]
(2.33)
In this expression, the identity tensor of fourth order
T-[IR™ = 408 08 ® & ® & (2.34)

is introduced expressed relative to Cartesian coordinates, ZA = A. Obviously,
C]TJl ® Cy = GX/} ® Cjs holds. Caused by the particular dependence on
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the invariants of the mechanical unimodular right Cauchy-Green tensors, the
application of the chain-rule leads to
do ow dIaM ow dlIg "

C.. =+ = (w1 + wol= I — wyC 2.35
dCy; ~ 0lg, dC), ' dllg,, dCy (w1 +wolg, )T —weCpr (2.35)

with
ow ow

wi(Ig,, 11g,,) = pr and wy (g, 1lg,,) = Al (2.36)
M

In other words, we have

W Iu “LU(Jn)Cyf + 2JJ\_/[2/3 {I — §C '® CM} d(év
M M
I G 2 (2.37)
= XU (Ju)Cus + 7 (w1 +walg )T .

_ 1 0
—waCy — 5 (wilg,, + 2uslig, )Chr )

These expressions are used to express the elasticity relation relative to the
current and the reference configuration. First, the push-forward operation of
the second Piola-Kirchhoff tensor T leads to

S =FTF' = F(F,/'SuF;," )F' = FyFo(F;,'SyFy, VFSF) = 0*3S),
(2.38)
where the use is made of decomposition (2.1) and Eq. (2.20). S = (detF)T
defines the weighted Cauchy tensor (Kirchhoff stresses). Comparing (2.38)
with (2.30);, yields

O . dYy(Cu)

e
S =2pr—F F = pr— U (Jar)I
rrg v —ag — Fu = rrg-Ju (Jar)
e _ 1 do
+ 2om o Jy [ @ Bu]™ [T - SCif ® Cu| & (2.39)
@0 d M
e O /= dv =1\P
= I+2 F F
pRQOJMU (Ja)I + PRQO( MG, M)

AP = A - g(trA)I defines the deviator operator and trA = ai* de-
notes the trace operator of the second-order tensor. Here, the properties
[A®B]™[C®D]=[ACBT ®D] and [C®D][A ®B]™ = [C® ATDB] for
the expression

1 1
[Far @ o] ™ |7 — 5 @ Cu| =7~ 51® 1[Fy © Fu]™  (2.40)
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are exploited. []723 symbolizes the transposition of the second and third in-
dex of the fourth-order tensors, see for further properties (Hartman, 2002,
p. 1464). In conclusion, under the assumption of isotropy and the mechanical
unimodular left Cauchy-Green tensor

By =J "By = (J)@) 2o B = J2*B =B, (2.41)

the Cauchy stress tensor

PR O 20r O (UG P
T= g U+ e ( B) (2.42)

is obtained. Finally, the entropy (2.30)2 results in
1 — 1 .
s =g 0u(Cu) = ¥6(0) + —¢7'/°¢(6 — ) trS
6o 3pR

- éo(U(J) 7(C)) - wé(@H@gww/(i)

(2.43)

using relation (2.38).

3. Boundary-value problem and discretization

In the following the numerical treatment of the underlying equations are di-
scussed. The heat equation in the spatial representation is given by

e(T,t) = — div q(Z,t) + r(Z,t) + p(Z,t) (3.1)

1
p(.t)
with the specific internal energy e, the density in the current configuration p,
the heat flux vector ¢, the volume distributed heat source r, which is assumed
to be zero in the following, and the stress power p defined in Eq. (2.19) (see
Haupt, 2002, p. 124). Frequently, the specific internal energy e is expressed by
e = 1) + Os requiring the time-derivative ¢ = ¢ + Os + O3 in heat equation
(3.1). Accordingly, the time-derivatives of free-energy (2.23), see Eq. (2.28)
as well, and entropy (2.43) are necessary. This leads to the concrete form of
the heat equation

cy(C,0)0 = gdiv grad® — 0(B(C,0)C™' —~E(C,0)) - C (3.2)
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where Fourier’s model for the heat flux ¢ = —kgrad @ is assumed. In this
case, the consistent derivation of the heat capacity reads

¢ 1 1 ; R
e =Tug-2[2(5+ —% - %)U’(JM) — @ IuU" ()] — O05(6) (3.3)
Additionally, we have the abbreviations

5(C,6) = —JM;:DD (1- éﬁ)U/(JM) + " ()
1 dv

J2/30, [I B 5(0 @ C)} dC

(3.4)
=(C,0) =

Heat equation (3.2) is coupled with the local balance of linear momentum
(quasi-static formulation)
divT 4+ pk =0 (3.5)

and vice versa, where k represents the acceleration of gravity. The spatial
discretization of coupled partial differential equations (3.2)-(3.5) using finite
elements leads to a system of differential-algebraic equations

C,(t,u,0)0 =rg(t,u,u, @)

g(t,u,®) =0 (36)

where C, represents a time-, displacement- and temperature-dependent heat
capacity matrix. Here, u € R™** and & & R"®« symbolize the unknown nodal
displacements and temperatures, respectively. Three modifications are used
to solve the problem: first, we are not only interested in the unknown nodal
displacements and temperatures U and @, but also in the nodal reaction forces
and the heat fluxes at those nodes where the displacements and temperatures
are prescribed. According to Hartmann et al. (2008), and the literature cited
therein, the method of Lagrange-multipliers is used in order to obtain the
reaction forces. The method of Gear (1986), with a similar idea, however,
proposed for ODEs, offers the possibility to get the heat fluxes at those nodes,
where the temperatures are prescribed. In both cases all nodal displacements
and temperatures have to be assumed to be unknown, u, € R™e and @, €
R"@a. Here, nyq = Nyy + Nup, Where n,, are the number of prescribed nodal
displacements and ne, = ne, — ney defines the number of prescribed nodal
temperatures. Accordingly, two constraints have to be considered

Cu(t,uq(t)) = 0 —TU(t) = MjUq(t) —T(t) =0

PO (3.7)
Co(t,04(t)) = © — B(t) = MgO,(t) — O(t) =
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The sizes of the vectors are given by U, = {u,d}’ € R™s, u € R"uu,
0 eRmw, @, ={0,0} c R6: O c R and O € R"». (i and @
are those nodal quantities, where the displacements and the temperatures are
prescribed by the functions U(t) and ©(t). The matrices M, = (T
and Mg = [On@pxn@uln@p]
information u, and @,.

The second aspect treats the problem that in Eq. (3.4) the heat capacity
matrix C, is a solution-dependent matrix which might become singular in cer-
tain applications. For this problem, the proposal of Lubich and Roche (1990)
is followed, where the substitution U, = Dy and @a = Dg is introduced.

Finally, it is well-known that the principle of virtual displacements to solve
Eq. (3.6)2 is not appropriate because of volumetric locking effects. Thus, a
three-field mixed formulation proposed in Simo et al (1985) or Simo and
Taylor (1991) (see Hartmann, 2002; Hartmann and Hamkar, 2010) as well, is
applied. To solve the resulting DAE-system

filter the required information from the total storage

u, — Dy

©,—De
. L ga(t7 Ug, @a) + MuAy
F(t,y(t),y(t) = Cp(B@a,Uq)De — ro(t,Uq, Dy, @,) — Mo Ao
Cu(tyua)
C@(t7 @a)

=0 (3.8)

the use is made of a totally iteration-free time-integration method, the so-called
Rosenbrock-type method. It has been successfully studied in the context of iso-
thermal problems in Hartmann and Wensch (2007) and Hartmann and Hamkar
(2010). The scheme offers the possibility to apply high-order time-integration
methods and a step-size control technique (see Hairer and Wanner, 1996). In
each point in time (stage) only a system of linear equations has to be solved.
The classical method, either fully coupled or staggered, require iterations to
solve the entire system. The proposed procedure is embedded in a 3D-finite
element program TASA-FEM, where additional aspects for exploiting line-
ar relations of DAE-system (3.8) a priorly considered so that the resulting
systems of linear equations have merely the size 1., + ngq.

4. Examples

Two examples are studied. First, the aspect of physical relevance in the one-
dimensional tensile and compression case if applying the standard volumetric
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part U(Jys) is discussed. Second, the three-dimensional finite element simu-
lation of an elastomeric specimen using a step-size controlled higher-order
Rosenbrock-type method to solve the fully thermo-mechanical coupled pro-
blem is shown.

4.1. Uniaxial tensile-compression test for constant temperatures

In the first investigation, the uniaxial tensile and compression test is assu-
med with constant temperature. In this case, the deformation gradient has the
representation F = A€ ®@€1+ g (2 ®ex+e3®e3), where A defines the prescri-
bed axial stretch and Ag the unknown lateral stretch in a bar. The determinant
of the deformation gradient reads J = detF = /\)\é and the unimodular left
Cauchy-Green tensor of Eq. (2.41) B = Béy ® €, + Bg (2 ® & + &3 ® €3) with
the abbreviations

B = (M) /32 and Bg = (M) "33

The stress state is given by T = cé; ® €1, which has to be inserted into
thermo-elasticity relation (2.42). This leads with

dv — — — oL s o o
EB = (w1 + TUQIE)B — w2B2 =ae1 ®e1 + CLQ(€2 ® €9 + €3 ® €3)
and the abbreviations
a=(w + 'LUQIE)F — w2§2
= =2
aQ = (w1 + U)QIE)BQ — ’LUQBQ

to the deviator

(%E)D = be\ ® &) —

NS

(52 ® €2 + €3 ® €3) (4.1)

with b = 2/3((w1 + wolg)(B — Bg) — wg(E2 - Eé)) Here, strain-energies
(2.26) with K = 1000MPa, & = 0.00367 MPa, c¢o; = 0.1958 MPa and
c19p = 0.1788 MPa are applied. Additionally, the first and second invariant
of the unimodular left Cauchy-Green tensors have to be calculated

Ig=Ig= trB=DB+2Bg = (A\3) *(\? +2)3) )
_ _ 4.2
1(I§ —uB%) = 0 (B7) = (W)Y (A 2+ 2032

g =1Tlg = 3
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From Eq. (2.42), expressed by the component representation of the Cauchy
stress tensor and (4.1), the two equations

_ PRO 4prO BB =2 52
o = E (J/cp) + 3)\)\7%(90((’[01 + U)2IB)(B — BQ) — ’LUQ(B — BQ)) (4 3)
_ PRO _, ~ 2pRO BB m2 2 '
0= 5oV 1) = grsegy (w1 + uslg) (B = Bg) — ua(B* - Bo))

result. In other words, for a given axial stretch A and temperature O,
Eq. (4.3)2 has to be iteratively solved to obtain the lateral stretch Ag. In
the second step, the entire true stress, (4.4)1, can be evaluated.

Obviously, the experimentally observed “linear” dependence of the tem-
perature difference becomes obvious in a stress-stretch diagram, see Fig. 1.
It has to be remarked, that the function ¢()) defined in Eq. (2.6) with
a=206-10"*K~! (see Heimes, 2005), has no essential influence in the range
of applications, so that the behavior is close to linear behavior.

10

Ut
T

(=]
T

Engineering stress oy

05 10 15 20 25 30
Stretch A=L/L,

Fig. 1. Simple tension for constant temperatures (@y = 273K). Representation of
the linear temperature dependence. og defines the 1st PK-stress component

As mentioned in Hartmann and Neff (2003), the strain-energy part
U(Jy) = K/2(Jy —1)2, commonly applied in commercial finite element com-
putations, yields in the case of uniaxial tensile tests an increase of the lateral
stretch above a certain amount of the lateral stretch (i.e. the specimen be-
comes thicker in the tensile range). Vice versa, in compression, the specimen
becomes thinner below a certain compressive stress state. Accordingly, the
investigation of the sensitivity of Jy; = J/@(19) is of interest. In Fig. 2a the
expected non-physical behavior is shown. Again, there is no essential influence
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of the temperature-dependence introduced by @(##). All curves are very close
to each other. Proposal (2.26); does not show such non-physical behavior, see
Fig. 2b. Unfortunately, there does not exist an analytical proof guaranteeing
this property. Only computations in a wide range of stretches and parameters
indicate this behavior.
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3] 3]
© analytic 3 analytic
g 4r £ 4
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= —
2F 2F
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Fig. 2. Lateral stretches for various strain-energy functions U(Jyr) = U(J/p) with
K =1000MPa; (a) U(Jar) = K/2(Jar — 1)2, (b) U(Jar) = K/50(J5, + J5° —2)

4.2. Finite element computations

The proposed solution scheme using Rosenbrock-type methods is demon-
strated at one-eights of an elastomeric specimen shown in Fig. 3. The material
parameters are those of the previous example, and for the thermal part we
define kK = 0.26 W/mK and 6y = 293.15 K. Additionally, convection is as-
sumed at the outer surfaces with q(t) = ho(© — O4), hy = 12.5W/m?K
and Oy = 293.15 K. Since the heat flux depends essentially on the surface
deformation (spatial quantity), the numerical treatment of the deformation-
dependent heat flux has to be taken into considerations (this is not discus-
sed here). The mechanical and thermal boundary conditions are described in
Fig. 3. One simplification is the negligence of the first term in Eq. (3.3), which
is very small for J & 1. With the thermal part of free-energy (2.27), one obta-
ins ¢, = cpo(1+ k,0), where cpo = 1.54-10% J/kgK and k, = 3.75- 103 K~ !
are assumed (see Heimes, 2005).

In order to study the step-size behavior, the specimen is loaded sinu-
soidally with 200 cycles in the first 200s. Afterwards, the displacements
u,(t) = —10mm, ¢t > 200s, are held constant, Fig.4a. A step-size control-
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(b) i,

Fig. 3. Evaluations points, mechanical and thermal boundary conditions for a mesh
using eight-noded Q1P0-elements; (a) evaluation points, (b) mechanical boundary
conditions, (¢) thermal boundary conditions, ¢(t) = ho(© — Os)
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Fig. 4. Loading path and the resulting step-size behavior; (a) sine loading path with
200 cycles, (b) step-size behavior of the integration method

led third-order method of Rang and Angermann (2008) with an embedded
method of order two to estimate the local error is applied to resolve the com-
plicated temperature-deformation behavior. The temperature increases in a
non-sinusoidal manner, see zoomed picture in Fig. 5b, which is a known fact
(see Reese, 2001). Moreover, different time-scales (e.g. the final hold-time of
200s) cannot be efficiently solved with constant step-sizes so that a step-size
control technique is recommendable. Figure 5a shows the increase of the tem-
perature in the specimen during cyclic loading which has the tendency to
reach saturation caused by the influence of convection. During the hold-time
200 < t < 400s, the temperature decreases caused by convection as well.
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Fig. 5. Temperature evolution; (a) temperature evolution at marked nodes, see
Fig. 3a, (b) temperature evolution at marked node 5

In Fig. 6 it is shown, at different times, that the heat evolution requires a
good spatial resolution close to the surface, where a finer mesh is used.

(a) t=0s (b) t=100s (c) t=200s (d) t=400s
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20.003

19.998
19.993
19.987

Fig. 6. Temperature evolution for time ¢ = 0,100, 200,400s

5. Conclusions

A consistent decomposition into thermal and mechanical as well as isochoric
and volumetrical effects is applied to the case of thermo-hyperelasticity. A
particular poly-convex strain-energy function based on invariants of the uni-
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modular Cauchy-Green tensors is extended to the thermo-mechanical case.
Even in this case, it is demonstrated that a physical meaningful uniaxial ten-
sile/compression case requires specific strain-energies. These models are incor-
porated in a fully thermo-mechanical coupled finite element program, where a
totally iteration-free third-order Rosenbrock-type method to solve the coupled
DAE-system given by the heat equation and equilibrium conditions offers a
very efficient possibility to solve cyclic loading with different time-scales.
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Teoretyczne i numeryczne aspekty stabo SciSliwego sformutowania
termosprezystos$ci duzych deformacji

Streszczenie

W pracy przedstawiono model niemal niescisliwego, sprezystego zachowania sie
materiatu, rozszerzajac go na efekty termiczne. Na poczatku rozwazan dokonano mul-
tiplikatywnej dekompozycji gradientu deformacji na czes¢ termiczng i mechaniczna.
Cze$¢ termiczna wykazuje charakter czysto objeto$ciowy. Dodatkowo, cze$¢ mecha-
niczna zdekomponowano na element zachowujacy objetosé i element o zmiennej obje-
tosci w ten sposob, ze wypadkowy stan naprezen wykazuje wrazliwos$¢ na temperature.
Zaproponowany model szczegbélowo zbadano w kontekscie efektéw sprzezenia termo-
mechanicznego. W dalszej czesci pracy, analizowany model zastosowano do czaso-
wo adaptacyjnej metody elementéw skonczonych sformulowanej na podstawie metod
Rosenbrocka wyzszych rzedéw. Takie sformutowanie umozliwia uzyskanie procedury
beziteracyjnej, co z kolei pozwala na wykonanie wyjatkowo szybkich obliczen nume-
rycznych. Artykul zamyka przyktad symulacji numerycznej tréjwymiarowej prébki
elastomeru poddanej prébie rozciagania.
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