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1. INTRODUCTION

This paper presents a constitutive modeling and a numerical investigation
of aluminum alloy AW5083 using a large-strain thermo-elasto-plastic model
that incorporates internal heat sources and temperature-dependent material pa-
rameters.

Various large strain thermo-elasto-plasticity models can be found in the liter-
ature. This work is focused on thermodynamically consistent models presented,
e.g., in [1, 2], derived based on the first and second laws of thermodynamics.
Such an approach leads to a formulation that involves internal (often called
structural) sources of cooling or heating in the analyzed material. In particular,
thermo-elastic coupling related to the Gough—Joule effect, typically associated
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with entropic materials such as polymers [3], manifests itself in aluminum as
cooling in tensioned samples in the elastic regime, whereas the thermomechan-
ical coupling in plasticity results in temperature increase due to plastic dissi-
pation. The crucial quantity in these formulations is the Helmholtz free energy,
which can include a reversible part (related to elasticity and thermal expansion),
a plastic part, and a purely thermal part [2].

Constitutive modeling of an aluminum alloy undergoing large strains at ele-
vated temperatures requires the introduction of temperature-dependent material
parameters. Such models are included in some papers, e.g., in [4], presenting
a small-strain constitutive model for case-hardening steel, or in [5] related to
thermo-elasto-plasticity of metals with material properties being linear func-
tions of temperature. In this work, the material model based on [2] is enhanced
with dependencies of material properties on temperature, based on [6, 7]. More-
over, the study focuses on two distinct models of the plastic part of the free
energy: one that accounts for temperature-dependent material parameters in
the free energy formulation and another that assumes temperature-independent
hardening in plasticity.

The goal of this research is to develop and test a comprehensive constitu-
tive framework capable of accurately predicting the response of aluminum alloy
AW5083 under mechanical loads at different temperatures, ranging from 20°C
up to 500 °C. The research is a continuation of the work presented in [8], which
was restricted to room temperature. The following assumptions are taken into
account in the research. The material is initially isotropic, also regarding hard-
ening in plasticity, and associative plastic flow is applied. The model repro-
duces the quasi-static case; thus, it does not include viscous effects in elastic-
ity or in plasticity and the inertial term in the balance of linear momentum
is dropped. The thermomechanical coupling incorporates thermal expansion,
temperature-dependent parameters, internal heat sources and the influence of
geometry change on the heat flow in the material, i.e., it takes into account
Fourier’s law in the deformed configuration.

This advanced and strongly non-linear model is implemented and tested uti-
lizing symbolic-numerical packages AceGen/AceFEM of Wolfram Mathemat-
ica [9]. Simulations are performed for a uniaxial tension test and for a dogbone
specimen typically used in experimental conditions [10]. By comparing the se-
lected models, the paper aims to show the influence of temperature-hardening
coupling on the mechanical and thermal behavior of the material. The key phe-
nomena of thermo-elastic cooling and heat generation due to plastic dissipation
are analyzed in detail. Through numerical simulations of the dogbone speci-
men, the study explores the effects of temperature-dependent parameters, mesh
refinement sensitivity, and thermal boundary conditions on the specimen’s re-
sponse. The results highlight the significance of thermo-plastic coupling in the
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plastic part of the free energy in reducing self-heating and softening effects,
particularly in the temperature range from 200 °C to 300 °C. The paper also ad-
dresses different forms of localization.

The research presented in the paper can be applied to advanced numeri-
cal simulations of structures and elements made of aluminum alloy AW5083,
which is widely used in shipbuilding, railroad cars, pressure vessels, and many
other fields, under various mechanical and/or thermal loading. The development
of a formulation valid at elevated temperatures enables simulations under fire
conditions.

The paper is laid out as follows. Section 2 presents the formulation of the
thermo-elasto-plastic material model based on the laws of thermodynamics. Sec-
tion 3 contains functional dependencies of material parameters, both the me-
chanical and thermal ones, with respect to temperature. The core part of the
paper is Sec. 4 including the description and results of numerical simulations,
whereas conclusion and final remarks are provided in Sec. 5.

The notation used in the paper is as follows: round brackets introduce argu-
ments of functions, whereas square brackets specify the sequence of operations.

2. MODEL OF MATERIAL

2.1. KINEMATICS

The material description developed in the paper is based on a thermo-elasto-
plastic model presented in [2]. The model is based on the decomposition of the
deformation gradient into a reversible part F”, related to elastic deformation
and thermal expansion, and an irreversible (plastic) part F? in the following
form:

(2.1) F =F'F”.

The deformation gradient is defined in the standard form as F = 0x(X,t)/0X
with J = det(F) > 0, where X and x are vectors denoting the referential and
the current placement of a particle in the Cartesian coordinate system, respec-
tively, and the variable ¢ represents time. Based on the decomposition (2.1), the
reversible left Cauchy—Green tensor is defined as follows:

(2.2) b =F"(F")T,  J" =det(b").

The velocity gradient and its symmetric part, called the deformation rate, are
defined as usual:

el 1 T
(2.3) I=FF, d=;(1+1),
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where the dot over a quantity denotes its rate. The plastic velocity gradient is
defined as follows:

(2.4) L? = FP[F?| 7!,
and the plastic deformation rate:

(2.5) dr = % (1P + [1P]T), P = F'LP [F*] .

The Helmholtz free energy is assumed to depend on the reversible left Cauchy—
Green deformation tensor b”, the internal variable « related to hardening, and
the absolute temperature T':

(2.6) ¥ = (b, a,T).

The specific form of the Helmholtz free energy will be given in the subsequent
subsection.

2.2. (GOVERNING EQUATIONS

The first governing equation, i.e., the balance of linear momentum for the
large-strain problem, is written for the quasi-static case with mass forces ne-
glected [11]:

(2.7) div (t/J) = 0,

where the symbol div (-) denotes the spatial divergence of the quantity -, and T is
the Kirchhoff stress tensor. The quasi-static assumption results in neglecting the
inertial term in Eq. (2.7). The model can then be applied to simulate deformation
at low-strain rates. Consequently, viscous effects are also neglected.

The second governing equation is the first law of thermodynamics, i.e., the
balance of energy, which can be written using spatial quantities [2]:

(2.8) pu=7:d— Jdiv(q),

where p is the material density of the undeformed configuration which can be
temperature-dependent, v is the internal energy per unit of mass, and q is the
Kirchhoff heat flux density vector. In Eq. (2.8), an external heat source (per
unit of mass) is not taken into account.

The second law of thermodynamics, i.e., the dissipation inequality, can be
written in the following form [2]:

(2.9) pTn—pi+T:d— %q -grad (T') > 0,
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where 1 denotes the entropy per unit of mass and grad (+) is the spatial gradient
of quantity -. Using the Legendre transformation:

(210) w(braaaT) = U(br,aa"?—UT)7
after some manipulations, the dissipation inequality can be written as

oY oY o . J
b7 b 9o " T grad (T") > 0.

(2.11) [’r —2p } :d+ {2/} bT] :d? — p—
Because inequality (2.11) should be fulfilled for any arbitrary d, the Kirchhoff

stress tensor is equal to:

b
obr’

(2.12) T=-2

The thermodynamic force conjugated to « is defined as

_
= PBa

Now, the reduced form of the dissipation inequality is obtained:

(2.13) B

(2.14) [v: 00— i+ |~7a-grad (7)) 2.
e 7T r
Dmech
Dtherm

It is assumed that both parts of the dissipation, mechanical Dy,ec, and thermal
Dinerm, are greater than or equal to 0. In the latter case, the inequality is ful-
filled by the application of the isotropic spatial Fourier law as the constitutive
relationships for the heat flux density vector, for details see [12],

(2.15) q=—Jkgrad (7T),

where k is the conductivity coefficient, which can be temperature-dependent,
ie., k(T).

Using Eq. (2.10) and Eq. (2.11), the energy balance Eq. (2.8) can be rewrit-
ten in the so-called temperature form, which will be further implemented in
numerical simulations:

(2.16) T = Jdiv (q) + Duech + H + A,
where
0%
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Y L] p
(2.18) H = [%Tambrb] L[ —d?],
%
(2.19) A= pT e~

In Eq. (2.16), there are three internal (structural) sources of heating/cooling,
which can change the temperature of the material even if there are no external
heat sources. Dyecn is related to the heat production during a plastic process and
H to the thermo-elastic source of heating/cooling. The term A is in turn a source
related to the coupling between hardening in plasticity and temperature, which
will further be called temperature-hardening coupling. This term is active when
the plastic part of the free energy function is temperature-dependent.

Note that the internal sources depend on the adopted form of the Helmholtz
free energy which will be specified in the next subsection.

2.3. HELMHOLTZ FREE ENERGY

In this paper, the following decoupled form of the Helmholtz free energy is
adopted:

(2'20) = d’r(brv T) + ¢p(a’ T) + Q/)e(T)»

where ¢ is the free energy related to the reversible deformation due to elastic
response and thermal expansion, P is the plastic part, which can be dependent
on the hardening variable and optionally on temperature. The reversible part of
the free energy follows the neo-Hookean formulation, which is a basic approach
for elastic materials in a large deformation framework. The last term ? is the
purely thermal part. The specific form of reversible Helmholtz free energy is
as follows:

YT T —
(221) W 0T) = o

0 () S0 ) -

—3kar(T) [T - Ty In (x/JT)]

The temperature-dependence of the material parameters present in Eq. (2.21) is
now explicitly written. The symbol k denotes the bulk modulus, G — the shear
modulus, and ar — thermal expansion coefficient.

The plastic part of the free energy is related to exponential hardening which
is observed for the considered aluminum alloy, cf. [6, 10]. The form of the plastic
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part of the free energy influences also the source defined in Eq. (2.19). In this
study, two models are compared.

The first one, hereafter called Model 1, incorporates the plastic free energy
function depending on the hardening variable and temperature. The tempera-
ture dependency is achieved by the application of temperature-dependent pa-
rameters: the initial and final yield stresses 0,0 and oy, respectively, as follows:

L
p(T)

1

[0yoo(T) — 0yo0(T)] [a 4= exp(—da)] .

(2.22) (e, T) = ;

The final yield stress represents the saturated flow stress, i.e., the maximum
stress level the material can reach after a large amount of plastic deformation,
when further hardening becomes negligible. Examples of such assumption can
be found, e.g., in [5]. For Model 1, the temperature-hardening coupling is present
and in the energy balance Eq. (2.16) the term 4 in non-zero. The saturation
parameter ¢ in Eq. (2.22) is assumed in the paper as constant.

The second model, called hereafter Model 2, includes a temperature-
independent plastic part of the free energy function:

1
p(T)

and involves the values of the initial and final yield stresses at initial temperature
of the experiment Ty. The temperature-independent plastic part of the free
energy function is used, e.g., in [4].

The thermal part of the free energy is not specified here explicitly. It
is assumed that it has a form such that the heat capacity from Eq. (2.17) is
temperature-dependent in a form given, in the next section.

223) () = s ee(To) — oga(Tol] -+ § exp(-da)].

2.4. PLASTICITY
The yield function is assumed in the following form:
(2.24) F = f(t) —oy(a,T) <0,

where f(T) is a stress measure governing plasticity. Here, the Huber—Mises mea-
sure is applied:

1
(2.25) f(r) =Vt t, t=1— gtr (o)L
The yield stress oy(a,T') for Model 1 is as follows:

(226) Jy(aa T) = UyO(T) + 5(0[, T)
= 0y0(T) + [0yoo(T) — 0yo(T)] [1 — exp(—da)],
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whereas for Model 2 it is as follows:

(2.27)  oy(a,T) = oyo(T) + s(T)B()
= 0y0(T) + 5(T) [oyoo (T0) — 0y0(T0)] [1 — exp(—dar)],

where the thermal softening function s(7") is proposed in the following form to
obtain the same yield stress as in Model 1:

Oyoo (T) - UyO(T)
Tyoo(To) — yo(To)

(2.28) s(T) =

The associative flow rule is adopted in the following form:

1 oF

2.29 ——Ly(b") =4—Db"
(229) SLu(bT) =42,
where the Lie derivative of the reversible left Cauchy—Green deformation tensor
is defined as [2]:

T 9 —1yrp-T T
(2.30) L,(b") = Fa [F b"F ]F )
where 4 is the plastic multiplier, which is related to the hardening variable
through the equation a = /2/35.

The standard Kuhn—Tucker conditions complete the plasticity description:

(2.31) 4>0, F<0, AF=0.

3. TEMPERATURE-DEPENDENT PARAMETERS

The temperature-dependent parameters of aluminum alloy AW5083, related
to both the mechanical and thermal properties are taken from the literature, in
particular from [6, 7]. Paper [6] provides values of the density, Young’s modulus,
heat conductivity, heat capacity, initial yield stress and final yield stress at
selected temperatures in the range from room temperature up to 500 °C, denoted
by red dots in Fig. 1 to Fig. 6. The temperature on the horizontal axes is
given in Kelvins. The blue lines in the figures represent approximations obtained
using the least-squares method for the assumed basis functions. In particular,
polynomial of a selected degree are used for Young’s modulus, density, heat
conductivity, and heat capacity, whereas a logistic function is used for the initial
and final yield stresses.

The diagram of the thermal expansion coefficient in Fig. 7 is prepared based
on the information provided in [7].
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The specific formulas describing the temperature-dependent parameters are
given in Table 1. The proper values of the parameters are obtained for tem-
peratures given in Kelvins. The resulting units are provided in square brackets.
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TABLE 1. Material parameters depending on temperature.

Quantity Formula
Density [kg/m?) p(T) = 2724.97 — 0.219593 T' + 1.58929 x 10> T*>
Young’s modulus [Pa] | E(T) = 7.7915 x 10*° — 7.98531 x 107 T+ 273938 T2 — 358.197 T3
Thermal expansion . -5 -8
coofficient [1/K] ar(T) =225 x107° +2 x 1078 T
Heat conductivity 5 2
k(T) = 80.2766 + 0.165482 T — 8.03571 x 10° T
W/ (m - K)]
Heat capacity 5 2
c(T) = 807.914 + 0.355393 T + 5.35714 x 10° T
3/(cg - K)) @
Initial yield 8 2.51535 x 10®
T) = 2.83973 x 10° —
stress [Pa 7u0(T) % 1+ exp(13.769 — 0.0262T")

3.19238 x 108
1+ exp(13.827 — 0.027T)

Ultimate yield

J— 8 _
stress [Pa Oyoo (T') = 3.55575 x 10

It is assumed that Poisson’s ratio is constant and equal to v = 0.3. The bulk
and shear moduli present in Eq. (2.21) are calculated on the basis of Young’s
modulus and Poisson’s ratio in the standard way:

E(T)
21+ v)’

E(T)

(3.1) G(T) = T

K(T) =
The value of the saturation parameter is assumed to be equal to § = 19.618,
see [10].

4. NUMERICAL SIMULATIONS

4.1. IMPLEMENTATION

The numerical verification of the presented models of the aluminum alloy
AW5083 with the temperature-dependent parameters is performed using the
finite element method. The model is implemented within symbolic-numerical
packages of Wolfram Mathematica called AceGen/AceFEM, see, e.g., [9]. The
finite element (FE) code is developed for 3D hexahedral FEs with the linear
interpolation of temperature and displacement fields and the so-called F-bar
modification [13], preventing the volumetric locking that occurs in Huber—Mises
plasticity. The implementation of large-strain plasticity can be found in [9],
whereas the implementation of the coupled thermomechanical model is pre-
sented in [14].

Numerical tests include two elongated specimens: one cubic FE in a uniaxial
tension state and a dogbone sample which is used commonly for experiments in
laboratory, see [10]. For the former sample, the elastic stage is analyzed firstly,
followed by the plastic one occurring under greater loading.
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Attention is focused on the internal heat sources and their influence on the
sample behavior at room temperature and at elevated temperatures up to 500 °C
(i.e., 773.15K).

4.2. UNIAXIAL TENSION TEST

A simulation of a single FE in uniaxial tension is conducted. The cubic spec-
imen has dimensions L = 10mm, W = 10mm, H = 10mm. The visual repre-
sentation of the FE in 3D space can be seen in Fig. 8. Mechanical boundary con-
ditions are assumed in such a way that uniform deformation is reproduced, and
free transverse deformation is allowed. Insulation is applied as thermal boundary
conditions.

Fi1c. 8. Visual representation of a single FE in 3D.

4.2.1. ELASTIC REGIME ANALYSIS

Firstly, the sample is subjected to an enforced elongation of AL = L/180 =
0.056 mm, applied over a time t = 10s. Such elongation allows for the simulation
of the sample in the elastic range of as well as the beginning of the plastic
deformation phase.

In Fig. 9, the reaction diagrams versus the enforced displacement for different
initial temperatures Ty = (20, 100, 200, 300, 400, 500) °C, are presented. With
the increase of the initial temperature, the stiffness of the sample decreases. This
phenomenon manifests itself in the graph as a decreasing slope of the gradient.
It is shown that the material subjected to elongation enters the plastic range
of deformation at different values of AL depending on the initial temperature
Ty of the sample, which is an effect of dependence of the initial yield stress on
temperature. As the temperature rises, the yield stress decreases. Through the
numerical analysis, it is found that the elastic deformation range is the shortest
at an initial temperature Ty = 400 °C. Although the initial yield stress is lower at
temperature 500 °C, the elastic stiffness is significantly smaller and this causes
the onset of plasticity to occur later.
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F1G. 9. Sum of reactions vs. enforced displacement for different initial temperatures.

In Fig. 10, the change in the temperature of the sample vs. applied elongation
is shown, for the analyzed initial temperatures. In the elastic range of deforma-
tions, a decrease in temperature of the sample is seen, and the Gough—-Joule
effect is observed, which manifests itself as thermo-elastic cooling. An upward
tendency of the curves starts at a point at which the behavior of the sample
changes, and the material enters the plastic range of deformations. The results
of the test presented in Fig. 10 show that depending on the initial temperature
the sample enters the state of irreversible deformations at different stages of
elongation. It is noted that the biggest thermo-elastic cooling effect is observed
at an initial temperature Ty = 200 °C.

T-To K]
1 1 1 1 1 AL [mm]
0.01 0.02 0.03 0.04 0.05
-0.2
-04 — ¢

~ 100 °C

-0.6 > — 200°C
~08 \/ 300 °C

1.0 — 400 °C
-1.2

500 °C

FiG. 10. Relative temperature of the sample vs. enforced displacement
for different initial temperatures.

To investigate the influence of the thermo-elastic cooling on the material
behavior more thoroughly, Fig. 11 is prepared. It presents the relative tem-
perature at the stage of deformation AL = 0.0095mm for the analyzed ini-
tial temperatures. This loading step is the last one at which all tested samples
undergo elastic deformation. It can be observed that the strongest effect of the
thermo-elastic cooling at the analyzed stage of deformation is for the initial tem-
perature Ty = 300°C. As the initial temperature grows from Ty = 20°C up to
Th = 300°C the absolute value of the relative temperature increases gradually.
After reaching the 300 °C threshold, the absolute value of relative temperature
starts to decrease. This is a result of the value of thermo-elastic cooling source
presented in Fig. 12. The observed phenomenon can be explained as follows.
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F1G. 11. Relative temperature at AL = 0.0095 mm for tests conducted
at different initial temperatures.
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FiG. 12. Elastic cooling for tests conducted at different initial temperatures.

In the analyzed model, the thermo-elastic cooling depends on temperature in
two ways, see Eq. (2.18). Firstly, with rising absolute temperature of the sam-
ple, the value of the cooling source due to thermo-elastic coupling increases.
Secondly, the cooling source also depends on the elastic parameters of the mate-
rial, especially on Young’s modulus which decreases with temperature increase,
see Fig. 1. At temperature 623.15 K = 350 °C, Young’s modulus is reduced by
almost half. From this moment on, the second effect dominates, leading to a de-
crease of the source of cooling because of the decreasing stiffness of the material.

4.2.2. PLASTIC REGIME ANALYSIS

The cubic sample is now subjected to an enforced elongation AL = L/5 =
2mm applied over 1s, resulting in plastic deformation. Figure 13 and Fig. 14
depict the relationship between the sum of reactions and the enforced displace-
ment for the sample shown in Fig. 8. Both diagrams present the influence of
the initial temperature on the mechanical response of the material, but they
differ in the type of constitutive model used for testing of the samples. Results
obtained for Model 1 are presented in Fig. 13, and for Model 2 in Fig. 14. The
graphs capture the transition from elastic to plastic deformation, where the sum
of reactions exhibits nonlinear behavior as the displacement increases. Higher
initial temperatures typically reduce the yield stress and hardening modulus of
aluminum due to thermal softening. This can manifest itself as lower reaction
forces for equal displacements for elevated temperatures in Fig. 13 and Fig. 14.
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F1G. 14. Sum of reactions vs. enforced displacement
at different initial temperatures for Model 2.

Comparing the reactions for Model 1 and Model 2, one can see that a visible
difference is present only for two examined reference temperatures: Tp = 200°C
and Ty = 250 °C. In comparison with Model 1, Model 2 shows stronger soften-
ing of the material at Ty = 200°C. A larger softening can also be observed at
Ty = 250°C. After closer examination of the obtained results the differences in
reactions at the end of the process between the two models is equal to 8.2 % for
T() = 20000, and 17.1 %o for T[) = 500°C.

Figure 15 and Fig. 16 illustrate the evolution of relative temperature in the
aluminum sample subjected to progressive elongation, culminating in plastic
deformation. The graphs emphasize the thermomechanical coupling inherent to
plastic work and dissipation, with distinct curves representing different initial
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F1G. 15. Relative temperature in the sample vs. enforced displacement
at different initial temperatures with Model 1.
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FiG. 16. Relative temperature in the sample vs. enforced displacement
at different initial temperatures with Model 2.

temperatures. In the elastic regime, a relative temperature drop is observed, as
expected. In the plastic phase of deformation, a pronounced increase in relative
temperature occurs due to plastic work conversion to heat. The slope of the
diagram of relative temperature vs. displacement increases post-yield, reflecting
greater energy dissipation. For higher initial temperatures 7j the sample exhibits
lower values of T'— T} at similar displacements due to lower dissipation. Model 2
reproduces higher heating of the sample compared to Model 1.

Figure 17 and Fig. 18 present the relative temperature T'—7Ty measured in the
aluminum sample at the end of the process, i.e., for the enforced displacement
of 2 mm for varying initial temperatures. The graphs compare how temperature
evolution differs for various thermomechanical starting conditions. It is clear that
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Fic. 17. Relative temperature at AL = 2mm for tests conducted
at different initial temperatures for Model 1.
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Fic. 18. Relative temperature at AL = 2mm for tests conducted
at different initial temperatures for Model 2.
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the response of the material differs depending on the type of the computational
model applied.

For Ty = 20°C, the difference is hardly noticeable, but at elevated tem-
peratures the sample tested with Model 1 exhibits a smaller raise in relative
temperature than samples tested with Model 2. The biggest difference in tem-
perature at the end of the process is observed for Ty = 200°C. For Model 1,
the difference is 0.167 K, which means the temperature is almost the same as the
reference temperature. For Model 2 it is 20.766 K, which makes for a 20.6 K dif-
ference between the two applied models. The analysis presented in Subsec. 4.2.1
shows that at Ty = 200 °C, the elastic cooling effect is strong. The heat source as-
sociated with plasticity is balanced by the relatively strong Gough—Joule effect,
but not exclusively. In Model 1, the heat sources arising from plasticity include
not only dissipation, but also the source due to the dependence of material pa-
rameters on temperature in the plastic part of the Helmholtz free energy. In
such case, this effect manifests itself as heat sinking, which additionally reduces
the influence of dissipation. When assuming ¢? as in Model 2, which is inde-
pendent of temperature, the sinking effect is absent, which allows for stronger
heating of the sample. It is also important that in Model 1 the reduced heating
causes smaller thermal softening, which explains why in Fig. 13 the reactions
for Tp = 200°C are much larger in Model 1 than in Model 2. Comparing the
graphs from Fig. 17 and Fig. 18, one can notice that Model 2 provides a regular
distribution of results over the entire range of analyzed temperatures; therefore,
an approximation carried out for the given points decreases monotonously. In
turn, in Model 1, with the increase of the initial temperature, the temperature
at the end of the process decreases to the point marked in brown, then rises
Th = 300°C. Finally, a downward trend line is observed again.

The quantitative analysis of heating (or sinking) sources for Model 1 can be
performed on the basis of Fig. 19 and Fig. 20. The dissipated energy decreases
with increasing initial temperature. In contrast, the temperature-hardening cou-
pling causes heat sinking which increases significantly with the growth of the
initial temperature up to 200 °C and then decreases, and even exhibits heating

Dhnech [W/m 3]

5% 107*/\ —20°C
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4% 107F 150 °C
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3x107F —250°C
2% 107, 300 °C
— 400°C
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L L L L AL [mm]
0.5 1.0 1.5 2.0

F1c. 19. Dissipated mechanical energy at tests conducted for different initial temperatures
for Model 1.
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F1a. 20. Heat source related to temperature-hardening coupling for Model 1.

at 400 °C. Note that for T = 200°C in the middle of the process, plastic heat-
ing due to energy dissipation is counteracted by heat sinking, cf. red diagrams
for AL = 1mm in Fig. 19 and Fig. 20.

4.3. DOGBONE SPECIMEN IN TENSION

To reproduce real experimental testing condition simulations are performed
for a dogbone sample geometry described in [10]. The geometry and dimensions
of the sample are shown in Fig. 21. The thickness of the specimen is 2 mm. The
sample is subjected to maximum elongation of AL = 30mm in time duration
of timax = 4.95s.

246

} 60 | ‘ 102 |

F1G. 21. Dogbone sample — geometry and dimensions (in mm).

4.3.1. TESTS FOR DIFFERENT MESHES

The first set of simulations with Model 1 are performed for three different
discretizations. In Fig. 22, one can find visual representation of the three meshes

F1G. 22. Visual representation of analyzed meshes: a) coarse, b) medium, c) fine.
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used for the tests. The first mesh includes 408 FE, the second 3264, and the third
26 112 elements. In the thickness direction, the coarsest mesh contains one FE;,
medium mesh two FE, and the finest mesh has four FE. For mesh density
analysis, the insulation boundary conditions on all surfaces are assumed and the
initial temperature of the sample is the room temperature, i.e., Ty = 293.15 K.

The reaction diagram obtained for the analyzed discretizations is presented
in Fig. 23. For the thermo-elastic range the results for all three meshes coincide.
The same conclusion can be made for the plastic range when material hardens,
which takes place until about AL = 10 mm. After the peak point the decreasing
reaction diagrams for different meshes slightly diverge. The descending diagrams
are a result of strain localization due to geometrical and thermal softening.
Although the results do not coincide, the mesh dependence does not seem to
be pathological: the results for the medium and the fine meshes are very close
to each other. It is worth mentioning that heat conductivity present in the
simulations has a regularizing effect, cf. [15].

R [kN]

15F

- = Coarse mesh
Medium mesh

101

Fine mesh

0 ; + y AL [mm]
5 10 15 20 25 30

F1c. 23. Reactions depending on the mesh refinement at the midpoint of the sample.

It is observed in Fig. 24 that the temperature in the elastic range and dur-
ing the hardening phase of plasticity is also the same for all meshes. When
localization of deformations occurs, the temperature starts increasing rapidly,
because the temperature of the sample is read at the center of the specimen,
where plastic deformations are largest. It can also be noticed that the tem-
perature for the medium and fine mesh, starts to decrease at a certain point,
but this is not the case for the coarsest mesh. Such phenomenon is an effect of
the different forms of localization observed in the considered meshes, presented

T K]
380
360 it " - Coarse mesh
: Medium mesh
340 R Fine mesh

320

300

AL [mm]
0 5 10 15 20 25 30

Fic. 24. Temperature depending on the refinement of the mesh at the midpoint of the sample.
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in Fig. 25. For the coarse and medium meshes, necking is visible, whereas for the
fine mesh, shear bands are present. The finest mesh is chosen for the remaining
tests to preserve the accuracy of the obtained results.

a)

]
T
t
T

F1G. 25. Deformed meshes with temperature for AL = 30 mm: a) coarse, b) medium, c) fine.

4.3.2. INFLUENCE OF THERMAL BOUNDARY CONDITIONS

The second set of simulations is performed for Model 1 at room temperature
and different thermal boundary conditions, i.e., for insulation and for convection.
The heat flux density normal to the specimen surface with convection is defined
in the following way:

(41) dn = hconv(T - Too)7

where T is the temperature of surrounding and heony is the convection coeffi-
cient. The parameters used in simulations are given in Table 2. A value hcony = 0
corresponds to the insulation boundary condition.

TABLE 2. Convection parameters.

Property Symbol Value

Temperature of surrounding [K] T To
Convection coefficient [J/(s-K-m?)] | hconv | 0, 10, 100

The results shown in Fig. 27 indicate that for all convection coefficients hcony
taken into consideration, the temperature response in the range of reversible
deformations and in the plastic hardening range coincides. Starting from AL =
20 mm the temperature stops increasing, and the slopes of the curves become
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increasingly different from each other. Such a phenomenon happens because of
the presence of the temperature-hardening coupling in Model 1. With a bigger
convection coefficient, greater temperature decrease is observed. Figure 26 shows
that the reactions are independent of the chosen convection parameter. For the
remaining tests, a convection coefficient hAcony = 10 is chosen. For tests performed
at elevated temperatures, it is assumed that T, = Tp.

R [kN]
15t

-- h=10
h =100

: ‘ ‘ ‘ ‘ = AL [mm]
5010 15 20 25 30

Fic. 26. Reactions independent of the convection coefficient.
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Fic. 27. Temperature difference depending on the value
of the convection coefficient hcony .

4.3.3. MODEL 1 vs. MODEL 2

The third and core set of simulations includes the tests of sample tension for
different initial temperatures. Now, the sample is subjected to an elongation of
AL = L/8 = 30.8mm in time duration of ¢t = 10s.

Figure 28 and Fig. 29 show the reaction force vs. enforced displacement for
Model 1 and Model 2, respectively. For higher initial temperatures, the magni-
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15p — 20°C
[ 100 °C
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—
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F1G. 28. Sum of reactions vs. enforced displacement
at different initial temperatures for Model 1.
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Fic. 29. Sum of reactions vs. enforced displacement
at different initial temperatures for Model 2.

tude of reactions decreases, which is consistent with the analysis performed for
one FE. The biggest difference between the models is observed for Ty = 200 °C,
similarly to Fig. 14. For Model 2, the material softens earlier than for Model 1.
Such behavior is a result of more substantial self-heating in Model 2, causing
greater thermal softening.

Figure 30 and Fig. 31 provide a comparison of temperature change versus
elongation. Differences between the models are seen for all analyzed tempera-
tures. Model 2 reproduces a bigger temperature rise for lower Tj, but a smaller
rise for higher initial temperatures, i.e., Ty = 400°C and Ty = 500°C. A sig-
nificant difference is observed for Ty = 200°C, as in this case the amount of
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Fi1c. 30. Relative temperature vs. enforced displacement
at different initial temperatures for Model 1.
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Fic. 31. Relative temperature vs. enforced displacement
at different initial temperatures for Model 2.
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source sinking due to temperature-hardening coupling exceeds the heat produc-
tion due to plastic dissipation in the central part of the specimen, where the
localization zone occurs. It should also be noted that the results obtained for
Ty = 300°C are not comparable with the remaining results because, in this
case, the localization zone is not at the center of the dogbone specimen where
the temperature is read, see Fig. 32c¢. For this reason, the temperature diagram
shows a decrease in relative temperature as a result of unloading.

a)
E‘. e
— . - T:roa‘
b)
c)
:{ o1

AceFEM

Fic. 32. Deformed mesh with relative temperature at AL = 12.3 mm for Model 1:
a) T() = QOOC, b) T() = 2OOOC, C) To = SOOOC.

Figure 32 to Fig. 35 present deformed meshes with temperature and hard-
ening variable distributions for selected initial temperatures, i.e., 20 °C, 200 °C,
300°C. For Ty = 20°C and T = 200 °C, strain localization occurs in the mid-
dle part of the sample in the form of two shear bands. As it was mentioned
above, the localization for Ty = 300°C appears in two zones in the web. Only
for Model 1 and Ty = 200°C is the highest temperature not in the shear band
areas but outside them. The reason is that thermo-plastic sinking, in this case,
is so strong that the area of active plastic process undergoes cooling. Compar-
ing the temperature and hardening variable distributions, it can be observed that
the temperature field is more diffused due to heat conductivity.
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Fic. 33. Deformed mesh with relative temperature at AL = 12.3 mm for Model 2:
a) To =20°C, b) To =200°C, c¢) To = 300°C.
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Fi1G. 34. Deformed mesh with hardening variable at AL = 12.3 mm for Model 1:
a) To =20°C, b) To =200°C, c¢) To = 300°C.
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Fi1G. 35. Deformed mesh with hardening variable at AL = 12.3 mm for Model 2:
a) To =20°C, b) To =200°C, c¢) To = 300°C.

5. CONCLUSIONS

The research presented a comprehensive numerical investigation of aluminum
alloy AWbH083 under tensile loading, using large-strain thermo-elasto-plastic
models. An important aspect of the constitutive description is the application of
temperature-dependent material parameters valid in the range from room tem-
perature up to 500 °C together with the employment of internal heat sources.
This allowed for numerical simulations of experiments performed at elevated
temperatures. The study of the plastic range of deformation was focused on two
models of the plastic part of the free energy function. The verification of the
influence of temperature-dependent properties on the outcome was performed
through simulations of a single cubic FE and dogbone specimens. The mod-
els successfully captured fundamental thermo-mechanical phenomena, such as
thermo-elastic cooling during elastic deformation and heat generation due to
plastic dissipation.

Simulations at different initial temperatures revealed that the Gough—Joule
effect is strongest at initial temperature of 300°C. The elastic modulus, yield
stress, and hardening parameters exhibit strong temperature dependence, lead-
ing to a reduction of stiffness and earlier yielding at elevated initial temperatures
(e.g., 400°C to 500°C).
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Mesh sensitivity studies show that fine discretization is necessary to repro-
duce properly the localized deformation modes in the form of shear band(s).
Coarser meshes underestimate post-peak softening and misrepresent the local-
ization pattern limiting it to necking. Convection boundary conditions affect the
temperature field. Higher convection coefficient accelerate sample cooling and
reduce thermal softening.

A thorough comparison between models, including temperature-dependent
and temperature-independent plastic free energy, revealed that the largest dis-
crepancies occur between the models at Ty from 200 °C to 300 °C, where Model 2
predicts stronger material softening due to higher temperature increase. Model 1,
including the additional source sinking term resulting from the temperature-
hardening coupling, reduces the effect of plastic heating. Moreover, heat sinking
for Model 1 is particularly significant in the temperature range from 100°C
to 300°C and the observed disturbance in this range does not seem consis-
tent with the physics.

Future work should focus on experimental validation in controlled thermal
environments to calibrate and refine the models. This would provide crucial data
for parameter identification and enhance the models’ predictive capabilities. Ad-
ditionally, extending the framework to include viscous effects, anisotropic behav-
ior, and propagative instabilities such as Portevin—Le Chatelier bands would sig-
nificantly broaden the model’s applicability. Such developments would not only
improve the accuracy of the simulations but also contribute to safer and more
efficient design of components exposed to extreme thermal and mechanical loads.
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