Universidad
Carlos 1T de Madrid - r C VO

Institutional Repository

This is a postprint version of the following published document:

D. Garcia-Gonzdlez, R. Zaera, A. Arias. A hyperelastic-thermoviscoplastic
constitutive model for semi-crystalline polymers: application to PEEK
under dynamic loading conditions, in: International journal of plasticity 88
(2017), pp. 27-52

DOI: https://doi.org/10.1016/].ijplas.2016.09.011

© 2016 Elsevier Ltd. All rights reserved.

Qoce)

This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License.



https://doi.org/10.1016/j.ijplas.2016.09.011
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

A hyperelastic-thermoviscoplastic constitutive model for
semi-crystalline polymers: Application to PEEK under
dynamic loading conditions

D. Garcia-Gonzalez', R. Zaera, A. Arias
Department of Continuem Mechanics and Structunal Analyss, University Carlos 0 of Madrid, Awda de ko Universidad 30, 28911 Lepanés,

Madrid, Spain

Keywonds:
Semi-crystalline polymers
High strain rate
Temperature dependence
Large deformation

FEEK

ABSTEACT

In this work, a hyperelastic-thermoviscoplastic constitutive model including thermo-
mechanical coupling is presented to predict the mechanical behavior of semi-orystalline
polymers. The constitutive model is based on the original approach developed by
Polanco-Loria and coauthors (2010) and it accounts for: material hardening due to strain
rate sensitivity, temperature evolution during the deformation process due to heat gen-
eration induced by plastic dissipation, thermal softening and thermal expansion of the
material. The parameters of the constitutive model have been identified for polyether-
ether-ketone (PEEK) from experimental data published by Rae and coauthors (2007). In
order to analyze the predictive capacity of the model under dynamic conditions, the
constitutive model has been implemented in a FE code within a large deformation
framework to study two different problems: low velocity impact test on PEEK thin plates
and dynamic necking on PEEK slender bar. These problems involve large and irreversible
deformations, high strain rates and temperature increment due to plastic dissipation. The
analysis determines the interplay between strain rate and thermal effects in the material
behavior, The constitutive model presented herein reproduces ad equately the medhanical
behavior of PEEK under different thermal and loading conditdons, demonstrating the
importance of considering the coupling between temperature and strain rate,

1. Introduction

Due to their attractive mechanical properties, rapid processing and relatively low manufacturing cost, thermoplastic
polymers are used in a large range of industrial sectors. Because of the increasing interestin, and use of, these polymers, itis
fundamental to understand their behavior under different loading conditions. There are many devices employed in auto-
motive, aeronautical and biomedical applications which are exposed to impact loading conditions. Such devices like car safety
system, leading edges in aircrafts or cranial replacements can be subjected to high strain rates which result in a complex
behavior. On the other hand, in the design and manufacturing process, the estimation of temperature evolution leading to
thermal softening and thermal expansion is essential.
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Nomenclature

{Qo, Q, Q 2} initial, dilated, dilated relaxed and current configurations
{e, eo, €} specific internal energy per unit volume in Q, Qo and Q
{q, Q, Q} heat flux per unit volume in Q, Q, and Q

{r,R, R}

{n. M}
C

heat source per unit volume in @, Q, and Q
specific entropy per unit volume in Q and Q
heat capacity per unit volume

{0, Oref, Omerc} current, reference and melting temperature
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temperature-dependent function

Helmbholtz free energy per unit volume

gradient with respect to the material point X in Q,
gradient with respect to the spatial point x in Q
Langevin function

Identity matrix

determinant of the deformation gradient

determinant of the thermal deformation gradient
determinant of the mechanical deformation gradient
determinant of the network deformation gradient
determinant of the intermolecular deformation gradient
determinant of the intermolecular elastic deformation gradient
deformation gradient

thermal deformation gradient

(FM FM FY} mechanical deformation gradient contributions
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network elastic deformation gradient

intermolecular elastic deformation gradient
intermolecular plastic deformation gradient

network elastic right Cauchy-Green tensor

intermolecular elastic right and left Cauchy-Green tensors
velocity

velocity gradient

network elastic velocity spatial gradient

intermolecular elastic velocity spatial gradient

thermal velocity spatial gradient

plastic velocity spatial gradient

symmetric part of the velocity gradient

symmetric part of the network elastic velocity gradient
symmetric part of the intermolecular elastic velocity gradient

symmetric part of the thermal velocity gradient

symmetric part of the intermolecular plastic velocity gradient
skew part of the velocity gradient

skew part of the thermal velocity gradient

skew part of the intermolecular plastic velocity gradient
Cauchy stress tensor

network Cauchy stress tensor

intermolecular Cauchy stress tensor

first Piola-Kirchhoff stress tensor

network second Piola-Kirchhoff stress tensor

intermolecular second Piola-Kirchhoff stress tensor in Q and Q
network Mandel stress tensor
intermolecular Mandel stress tensor in Q and Q

average total stretch ratio
stress invariants of the intermolecular Mandel stress tensor

Rhagava equivalent stress
plastic potential




gradient of the plastic potential

Ff viscoplastic multiplier

g thermal expansion coefficent

{ho, po} classical Lamé constants

E Young's modulus

{Erer, By} Young's modulus at the reference temperature and a material parameter
{orn om} vield stress in uniaxial tension and its value at reference temperature
pressure sensitivity parameter

volumetric plastic strain pammeter

reference strain rate

rate sensitivity pammeter

temperature sensitivity pammeter

initial elastic modulus of the network resistance

locking stretch

network bulk modulus

characteristic timescale
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The nonlinear behavior of thermoplastic polymers reflects its time, pressure, strain rate and temperature dependencies
and the coupling of viscoelastic and viscoplastic behaviors (Krairi and Doghri, 2014), In addition, their behavior becomes more
complex when large deformations are reached that influence structural parmmeters such as crosslinking, molecular weights
and crystallinity degree (Ayoub etal., 2010), Particularly relevant is the consideration of thermal and strain rate effects on the
material behavior. There is a strong relationship between thermoplastic polymers behavior and temperature, with thermal
softening as the temperature increases. In addition, the yielding and plastic flow behaviors are influenced by strain rate
resulting in a loss in ductility and a continuous hardening as strain rate increases ( Rae et al,, 2007; Serban et al,, 2013; El-
Qoubaa and Othman, 2016), This relationship becomes more complex at high strain rates of deformation where material
hardening, induced by strain rate effects, is in competition with the significant thermal softening induced by adiabatic heating
{Mohagheghian et al., 2015). This coupling between the thermal and mechanical behavior of thermoplastic polymers also
affects the relaxation or transition temperatures at which the material suddenly changes its behavior { Caymans et al., 2000;
Jordan et al., 2007; Srivastava et al,, 2010; Masraoui et al., 2012), The transition temperatures delimit the different behavior
regions, highlighting the glass transition and the beta transition, which are related to a ductile-to-brittle change in the
material behavior (Gaymans et al., 2000; Garda-Gonzalez et al., 2015a),

The complicated behavior of thermoplastic polymers makes it challenging to predict their mechanical response and
performance when designing products made from this kind of materials. Therefore, reliable models able to describe the
different aspects of thermoplastic polymers behavior, including the variables which govern their mechanical response, is of
both theoretical and practical interest. In these terms, the constitutive modeling of thermoplastic polymers has been widely
investigated and constitutive models have been developed genemlly relying on two main approaches: phenomenological and

sical.

PwFu:upeIar et al. (2004) developed a phenomenological approach to describe the behavior of semi-crystalline polymers,
proposing a nonlinear viscoelastic model based on the Schapery (1984) viscoelasticity theory. Subsequent researchers
developed constitutive models including viscoplasticity (Colak and Dusunceli, 2006; Zairi et al., 2008), Halabi et al. (2011)
applied a homogenized phenomenological model to study thermoplastic cranial implants and more recently, phenomeno-
logical approaches, based on models developed for metal, have been used to consider the viscoplastic behavior of thermo-
plastic polymers (Louche et al, 2009; Garcia-Conzalez et al,, 2015b, 2015¢; El-Qoubaa and Othman, 2016).

The physical approaches introduce features of the microstructure in the mathematical development of the constitutive
model. The physical assumptions take into account two key factors: firstly the crystalline regions in the microstructure which
govern the material response in the early stages of deformation; and secondly the amorphous phase during which plastic
deformation is related to relative movements between the molecule chains that control the later stages of deformation. In this
regard, models developed for amorphous polymers can be employed to define the amorphous regions in semi-crystalline
polymers. Haward and Thackray (1962) proposed a one-dimensional description incorporating both yielding and strain
hardening; and numerous researchers proposed three-dimensional models inspired by the latter { Boyee et al, 1988; Amuda
and Boyce, 1993; Wu and van der Giessen, 1995; Ayoub et al, 2010), Mulliken and Boyce (2006) proposed a model which
captures the transition in the yield behavior and also predict the post-yield large strain behavior. Based on this approach,
Sarva et al. (2007 studied the impact behavior of polycarbonate considering large strain rate-dependent elastic-viscoplas-
ticity. More recently, Polanco-Loria et al. (2010) developed a hyperelastic-viscoplastic material model for semi-crystalline
polymers which includes pressure dependence, volumetric plastic strain and strain-rate sensitivity. Following the thermo-
mechanical constitutive models of amorphous polymers (Boyce and Armada, 2000; Srivastava et al,, 2010; Billon, 2012) and
the non-gaussian statistic appmach of entangled polymer network (Edwards and Vilgis, 1986), Maurel-Pantel et al. (2015)
developed a thermo-mechanical large deformation constitutive approach for semi-crystalline polymers.

In relation to semi-crystalline polymers, despite the abundant literature on their mechanical behavior under isothermal
conditions, only a few studies focus on thermomechanical modeling and these are limited to loading tests where low strain



rate values are reached (Bergstrom etal., 2003 ; Maurel-Pantel et al, 2015), Moreover, there is a critical strain rate at which the
system is expected to behave adiabatically depending on thermal properties and loading conditions (Kendall and Siviour,
2013; Kendall and Siviour, 2014). This effect introduces a change in the material behavior related to the temperature
increment due to plastic dissipation and the associated thermal softening. The thermomechanical coupling must be taken
into account by the constitutive model to obtain successful results in dynamic conditions. This consideration is especially
relevant at high strain rates where plastic mechanical deformation leads to important local temperature increases,

The objective of this paper is to provide a constitutive model which takes into account thermal softening, strain rate and
pressure sensitivities and temperature evolution. The model follows the formulation proposed by Polanco-Loria et al. {2010,
who developed their model assuming isothermal conditions. Moreover, the formulation has been developed under the as-
sumptions of large deformation within a thermomechanical fmmework. The constitutive model developed herein allows for
predicting the mechanical behavior of semi-crystalline polymers not only under isothermal assumptions but also providing
the evolution of temperature due to plastic dissipation, being this one of the key contributions of the present work. This point
is quite relevant since at high strain rates the change in temperature due to adiabatic heating can lead to important changesin
the polymer behavior. These changes in the deformation mechanisms are controlled by transition temperatures and,
therefore, the temperature prediction provided by the model is essential for evaluating if the material is working between the
ductile-to-brittle and the glass transition temperatures. This is an important point since these polymers show a considerable
loss in ductility and increase in stiffness and yield stress below their ductile-to-brittle temperature, In the case of exceeding
the glass transition temperature, they show a marked reduction in stiffness and yield stress and also an increase in ductility.
The constitutive model presented herein provides reliable predictions from the ductile-to-brittle transition until the glass
transition, the temperature range within the assumptions of the model are valid.

The model has been applied to describe the behavior of the semi-crystalline polymer polyether-ether-ketone (PEEK) in a
wide range of strain rates and testing temperatures. Its pammeters have been identified from experimental data of uniaxial
compression and tensile tests published by Rae et al. (2007). In order to analyze the predictive capacity under dynamic
conditions, the model has been implemented in a FE code to study two different problems: low velocity impact teston PEEK
thin plates and dynamic necking on PEEK slender bar. In addition, both dynamic applications determine the interplay be-
tween strain rate and thermal effects and demonstrate the capacity of the model to analyze the thermomechanical behavior
of semi-crystalline polymers.

2. Description of the constitutive model

According to different authors (Haward and Thackray, 1968; Boyce et al, 2000), the stress-strain behavior for thermo-
plastic polymers can be interpreted as a response to overcoming two basic forms of resistances to deformation:

« Intermolecular resistance (I): an intermolecular barrier to deformation which is increased by the development of strain-
induced crystallization,
= Network resistance (M): an entropic resistance caused by molecular orientation.

The intermolecular resistance is taken to increase due to the strin-induced crystallization and results in the initially stiff
behavior as well as the ate and temperature dependence of initial flow. The network resistance resulting from molecular
alignment provokes the strain hardening (stiffening behavior, Based on the additive definition of stress state understood as
the combination of both resistance contributions, Polanco-Loria et al. (2010) developed a constitutive model restricted to
isothermal conditions. The Polanco-Loria model can exhibit a limitation when, upon the deformation process, a temperature
variation is expected. However, the present model takes into account notonly the material hardening due to strain ate effects
but also its coupling with thermal effects which results in a competition between hardening due to strain mte sensitivity and
softening due to temperature sensitivity. This effect is espedally relevant for semi-crystalline polymers which exhibit a strong
dependence of their mechanical behavior on temperature, Specifically under dynamic conditions, plastic dissipation can
cause a considerable temperature increase,

The work presented herein proposes a hyperelastic-thermoviscoplastic material model which takes into account ther-
momechanical coupling. The additive definition of stress state as the combination of resistance contributions under
isothermal or adiabatic conditions, { Fig. 1a), allows us to configure the rheclogical scheme of the constitutive model, (Fig. 1b).
The rate and temperature-dependent part (Intermolecular resistance, denoted by 1) is taken to originate from an intermo-
lecular barrier to deformation. A Neo-Hookean hyperelastic model was selected for describing the elastic spring character-
izing the initial elastic contribution due to intemal energy change, denoted by I;. The thermoviscoplastic behavior is taken
into account by a nonlinear viscoplastic dashpot capturing the rate and temperature dependent behavior of the material. This
component has been defined in parallel to a friction element which activates the nonlinear viscoplastic dashpot when a yield
function is satisfied. In this regard, the constitutive elements must be understood as a physically motivated choice butnotas a
faithful representation of the polymer microstructural response. The set of elements composed by the nonlinear viscoplastic
dashpot and the friction element is denoted by L and defines the shape of the thermoviscoplastic contribution to the
intermolecular resistance stress-strain curve. The equilibrium part of the stress-strain behavior (Network resistance, denoted
by M) acts as the backbone of the overall material stress-strain behavior and originates from an evolving entropic resistance
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Fig. 1. (a) Stress contributions from intermolecular and netwaork resistances and their decompositions; (b ) rheological scheme of the present constittve model.

due to molecular orientation. This part is composed of a unigue spring which implies a purely elastic contribution to the
stress-strain behavior. Moreover, thermal expansion is taken into account by the addition of an element denoted by T. Details
of constitutive relations defining each element will be given next.

2.1. Kinematics

Asshownin Fig. 2, four configurations have been established in order to define the kinematics of the model, going from an
initial reference configuration {1, to a final loaded or current configuration (1. Two intermediate configurations have been
added allowing us to define the constitutive equations of both branches of the model. The first one is referred to as adilated
configuration T1 in which only thermal deformation is accounted for, and the second one is referred to as a dilated relaxed
configuration {1 in which both thermal and plastic deformations are considered.

Taking X as an arbitrary material point in the undeformed or reference configuration (ly, it is possible to reach the current
configuration £}, through the mapping x = y(X.t), from which the deformation gradient (F), velocity (v) and velocity gradient
(1) can be derived as

F:vxx;U:i;lzva:FF_‘ (1)
respectively, where ¥, denotes the material gradient and ¥y, denotes the spatial gradient.

A multiplicative split is used to break down the deformation gradient into thermal, F¥, and mechanical, FM, parts (Yuetal,,
1997; Kamlah and Tsakmakis, 1999; Lion, 2000; Li and Xu, 2011; Chen et al,, 2014; Ge et al,, 2014)

Fig. 2. Kinematics of the model showing the reference or initial configuration £, the dilated configuration 7L the dilated relawed configuration I and the
current or lnaded configuration 0L



F = FMp® (2)

The mechanical part of the deformation gradient, F¥, is equivalent to the intermolecular resistance, B, and to the network
resistance, B, according to the theological model

M- -R (3)

Thus, the same volume change represented by the Jacobian, [M, has been associated with both mechanical parts of the
model given as the determinant of each part of the deformation gradient

M =i = Iy = der(¥) (4)

where | is the Jacobian associated with intermolecular resistance and |y is the Jacobian assodated with network
resistance, The total volume change can be represented by the total Jacobian composed of both mechanical and thermal
contributions

1= =det(F) (3)

The mechanical deformation gradient of network resistance is defined as purely elasticFl = Fy. The intermolecular
resistance describes the thermoviscoplastic response of the material. The deformation gradient B! can be decomposed into
the component B! associated with the Meo-Hookean hyperelastic spring and the component F}! associated with the
nonlinear viscoplastic dashpot (Kroner, 1960; Lee, 1969),

Y Y ®

The kinematics of the model can be defined in terms of the deformation gradient decomposition for the intermolecular
resistance as

B =K (7)
= (8)

where Ff represents the elastic part due to reversible elastic mechanisms of the intermolecular resistance, and F represents
the inelastic part due to irreversible mechanisms.
Combining Egs. (2) (3) and (6) makes it possible to obtain the following expression for the total deformation gradient

F=FFF =FF (9)

where Fyrepresents the elastic part due to reversible elastic mechanisms of the network resistance. The intermediate dilated

configuration T%, can be obtained from (1 by mapping through F™, In case of the dilated relaxed mnﬁgumﬁnnﬁ it can be
obtained from (i by mapping through F;®,

The velocity gradient 1, in terms of the kinematics associated with the intermolecular resistance elements, can be written
using Eq. (9] as

1=FF' =1 + KL K ® + FEPLF, PR ® (10)

where If = F:F. ® is the elastic component of the velocity gradient in the current configuration, T’ — F°F? is the thermal
component of the velocdty gradient in the dilated configuration and the plastic component f..' can be defined in the dilated
relaxed configuration Qas

O-HgR" (1)

This velocity gradient can be decomposed into its symmetric and skew parts by f.' = [=J|' + ﬁ.’ In this work, {1 is assumed

to be invariant to the rigid body rotations of the cumrent configuration, that is ﬁ.’ =0, and therefore [=.'l|. = fl. (Boyce et al,
1988; Curtin and Anand, 2005}, Regarding the thermal component of the velodty gradient, it can be also decomposed



into its symmetric and asymmetric parts I:r}.rT.ﬂI -+ W According to Bouvard et al. {2013, the thermal contribution to the
deformation gradient is assumed to be isotropic. Therefore, F¥ is spheric and it is possible to assume W —o.

The total velodity gradient can be likewise defined through the kinematics of the network resistance using Eq. (9) as

1=FF ' =15 + FAL Fy® (12)
where [ — FyFpe.
22, Decomposition of stress

According to the stress decomposition shown in Fig. 1 (left) and the armngement of the rheological model elements
depicted in Fig. 1 (right), the total stress is determined by the contribution of the intermolecular and the network resistances.
The total Cauchy stress a in the polymer is given by the sum of the Cauchy stresses of the intermolecular resistance oy and the
network resistance ay

G0 =0) + 0Oy {]3}
where the contribution of the intermolecular resistance oy is equal to both the Cauchy stress oy, associated with the Neo-

Hookean hyperelastic spring and the Cauchy stress oy, associated with the nonlinear viscoplastic dashpat in parallel with
the friction element

ﬂ'|:ﬂ|':ﬂ|2 {]4}

The spring of the intermolecular resistance provides the initial stiffness and therefore the initial slope of the stress-strain
curve depending on temperature. Once the yield stress is reached, the contribution of the dashpot starts which introduces a
temperature softening if temperature increases, At the same time, the model takes into account the contribution of the spring
presented in the network resistance which describes a hyperelastic entropic resistance originally proposed as the eight chain
model by Arruda and Boyee {1993 ), This model determines the network response considering eight orientations of principal
stretch space, allowing it to simulate a true network response of cooperative chain stretching.

23, Thermodynarnics

In this section, the thermodynamic consistency of the model is imposed by the constitutive relations and an expression
establishing the temperature evolution is obtained from the first and the second thermodynamics princples. Although most
authors carmry out this development in the dilated relaxed configuration ( Bouvard et al., 2013; Maurel-Fantel et al,, 2015), here

the process has been developed in the dilated configuration @1 as it is the common intermediate configuration of the two
constitutive branches. The local form of balance energy and Qausius-Duhem inequality expressed in the dilated configuration

{1 can be obtained as (see Appendix A for more details)
E+Etr(ﬁﬂ]| W :D® 4+ My :D° 45 PTAS My D’ 4+ 5y PGP -V Q 4R (15)

where E is the specific internal energy, @ is the heat flux per unit area and R is the heat source per unit volume in L 5 is the
second Piola-Kirchhoff stress of the intermolecular resistance expressed in T as 5 = ME Moy ™ and M = FEMS, is the
Mandel stress in T 5y and M are the corresponding stress tensors of the network resistance,

= R 1 1

T4 (D°) - 5+ 5% - 5 TWH0 = 0 (16)
where T is the specific internal entropy per unit volume and 8 is the current temperature,

The Helmholtz free energy per unit volume in £, ¥, is defined as a function of the internal energy and entropy by

T=2-67 (17)
and expressed in rate form

[ (18)

The Clausius-Duhem inequality can be alternatively expressed by using Eq. (17) and substituting the expression for R from
Eq. (15) into Eq. (16)



T G- t[-ftr( )+ My :D° 4 My : D’ + My :D° +5;: PTAM 4 Sy - TSP - ﬁ?ﬁgn (19)

Th.E' Helmholtz free energy function was assumed to be the combination of both deformation resistance contributions as
T_T .0+ Tfﬂ((ﬁ} (Reese, 1998; Vladimirov et al., 2010; Brepols et al, 2014), These components of the Helmhaoltz free
ENeTgy fum:ncm are directly related to the stress contribution of the Meo-Hookean spring in the case of the intermolecular
[Fﬂlm“ﬁ-‘ T (Ct.6), and to the stress contribution of the modification of the 8-chain model in case of the network resistance,

{C}). Both functions can be found elsewhere (Bergstrom, 2015; Anand, 1996). Therefore, the Helmholtz free energy
function was assumed to depend on the tensors Cf = FTF and G, = i Fy and temperature as ¥ = W(CF, C}. 0) (see
Appendix B for more details). Thus, the rate nfq-rcan be calculated as

T T aw aw
w_a(_'f't:+a(_‘ﬂ't;+¥g (20)

The first terms of the right hand side of Eq. (20) can be written as

I:a}w -5 (F"F'+F"F"‘]| rfw TR _2_ FTdeEe

— (21)
(b}ﬂ—ﬁzcﬁzﬂ—ﬁ:(F:Fﬁ+Fﬁtfﬁ]|=2F§a(—ﬁ T RS _2— ETagE,
Assuming F? isotropic, D’ = ffh can be expressed in terms of a temperature-dependent function fj, as Bouvard and co-

authors proposed (2013), and then m:[.'l } = 3fyb. Substituting these terms and Egs. (20) and (21) in Eq. (19), the Clausius-
Duhem inequality can be rewritten as

FISET -2 _) KTAfE 4+ Sw-22 )rﬁ'clﬁF'+ _g_aﬁ_m
fo (My + W) :I)E—gﬁ"xﬂzﬂ

(22)

Following the standard arguments used in the Coleman and Moll method { Coleman and Moll, 1963 ; Coleman and Gurtin,
1967), Eg.(22) must hold for any arbitrary variation of deformation and temperature, Then, the first, second and fourth terms
of this equation must vanish. In this way, the second Piola-Kirchhoff stress assodated with each constitutive branch, and the
spedific intemal entropy per unit volume can be written as

5= Ff'ﬂ—Ff" (23.1)
0T
2 232
i 232
- W
M= g~ 3T +fi(M; + My) : 1 (23.3)

Mow, it is possible to reduce the dissipation inequality to

W, TP Q%6 2 0 (24)
The above equations can be combined to derive the heat equation. The rate of the free energy, Eg. ( 20, is rewritten now as

W RIS 6 408w G (- 36T 4o (W + Ry 1) (25)
Using this expression in Eq. (17) with Eq. (15)

~M,:D® + 6+ 370 + W, -K =0 (26)



From Eq. (23) and the expressions for both Mandel stress components, My = F."(fF.'E and My = Gj;Sy, the rate of the
entropy T can be obtained by

o7 o7 O(FTGH )

31-83(1 B'Eﬁ('e a(-le ‘| :(f— 8 (27)

The heat capacity per unit volume at constant volume T = £ — & (7 4 6T) can be related with the last term of Eq. (27),
using the expression obtained in Eq. (23.3) as C= 05— 3f,T + f;(FF §F : 5, + C§ : Sy). Then, the heat equation is found
combining Eqgs. (26) and (27) as

FIICER -
(T+3fE fi (TG -5+ Gy :By) )6 =T, : E'+E[§f gpﬂ_fw

“(ff?-ff'}] :C}E+E[§f3|u LB(FN a&}] : Gy -V + R

(28)

1
] ta—

The first term of the right side in Eq. (28) represents plastic dissipation and the second, third and fourth terms represent
the temperature evolution due to thermoelastic coupling. Notice that, in the formulation presented, the total plastic work is
assumed to be converted into heat.

24, Thermal expansion

The thermal expansion is assumed to be isotropic, being the contribution of the thermal part to the deformation gradient
defined in the form

= fF% (29)

where f is the time derivative of current temperature and fy — ag is the thermal expansion coefficient.

25, Intermolecular resistance: thermoviscoplasticity relations

This part of the model describes a hyperelastic-thermoviscoplastic response due to intermolecul ar resistance. The second
Piola-Kirchhoff stress tensor in {1 can be obtained from Eq.( 23.1) and the relaﬁc:rnshipa =] J:‘F|'§|F|". This tensor is related to

the Cauchy stress tensor by oy — J; FESiFEY, Therefore, the contribution of the intermolecular resistance to the Cauchy stress
tensor finally reads as

&y = }H]T[r}l+|-'lﬁme_l} (30)

Ay and pg being the classical Lamé constants of the linearized theory depending on the Young's modulus E and the
Poisson coeffident v assodated with the linear spring. Young's modulus E usually varies with temperature in semi-
crystalline thermoplastic polymers (Rae et al., 2007; Brown et al, 2007} In line with Bouvard et al. (2013), we chose
an expression for E(#) with a linear dependence on temperature, which was observed to fit well with the experimental
data

E(f) = Eef + E; (H_Eme} (31)

where Egfis the Young's modulus at the reference temperature fefand E; is a material parameter. The elastic left Cauchy-
Green deformation tensor, Bf, can be written as

B = R (32)
The yield criterion is written as
f]:?eq]—dir:ﬂ {33}

The Rhagava equivalent stress S,q has been employed to include the pressure dependency in the yield function (Raghava
et al, 1973; Raghava and Caddell, 1973)



(o= Dy +/ (@ = 1)1, +12a)y
= 20

(34)

where « is a material parameter describing the pressure sensitivity and 1, = tr M and ] = %ﬁ:“: M, are siress in-

variants of the Mandel stress tensor ﬁ. = (fa expressed in the configuration f1. Polanco-Loria et al. (2010) assume o
constant. In this work, a functional dependence on temperature has been defined for oy toinclude the softening in flow stress
due to thermal effects as

BB |
o= 1- gt ) G

where o is the value of oy at reference temperature in uniaxial tension, mis a temperature sensitivity parameter and By is
the melting temperature of the material considered. By varying the parameter m, it is possible to control the temperature
sensitivity of the material. The expression used in Eq. (35) has been employed in order to define thermal softening in
polymers (Louche et al, 2009; Camia-Conzalez et al., 2015a) and presents a potential dependence on 8 according to the
Stefan-Bolzmann theory.

The plastic component of the deformation gradient is defined from the expression which relates the plastic part of the

velocity gradient, T..' with the temporal variation of the plastic deformation gradient, Ff Eq.(11).In order to define the plastic

velocty gradient on the dilated relaxed configuration Tl a non-associated viscoplastic flow rule is assumed following the
formulation proposed by Polanco-Loria et al. (2010) as

=p =] - ﬁgd
= VI == 36
L in T 3 (36)

¥} being the viscoplastic multiplier and F; the gradient of the plastic potential g; on 0 defined by

g Bl JB= 17+ 128

! % (37
where [ is a parameter which contols the volumetric plastic strain.
The plastic flow direction Ty on 01 is obtained as
= —ilev
= 2B 1M (38)
My
where the functions f; and f> read
-1 - 1%
r‘ :‘;Ti: Bz + I:B 2} 1l {39)
T 2-B/(B- 1)L, + 128}y
f_ 8 3 (40)

P - 1, + 12

The viscoplastic multiplier ¥{, depends on the rate-sensitivity parameters &y and C, and indirectly on the temperature
through o

0 iff<0

) ém{m[%(%‘-—I)]J} if >0 (41)

=

26, Network resistance

As mentioned earier, this partof the model describes a hy perelasticentropic resistance originally proposed by Arruda and
Boyce {1993). The second Piola-Kirchhoff stress tensor in I can be obtained from the strain energy potential defined
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according to Anand et al, (1996), Eq. (23.2), and it is related by oy = |y FnSnFy with the Cauchy stress tensor., Thus, the
contribution of this part to the Cauchy stress is defined as

ON = ;:J—‘L %‘-r‘ %) (B;q - ‘fl} + w (42)

where ! is the inverse of the Langevin function, CR is the initial elastic modulus of the network resistance, y_is the locking
stretch and « is a bulk modulus. The average total stretch ratio % is calculated following Eq. (43)

1 .
= jtr(nﬂj (43)
The distortional left Cauchy-Green deformation tensor, By, represents the distortional part of By, defined by
. . T
By = Fy(Fy) (44)
where

| s (45)

The contribution of the network resistance to the deformation gradient can be obtained from Eq. (9).

The developed constitutive model has been implemented in the FE code ABAQUS/Explicit to describe the thermo-
mechanical behavior of semi-crystalline thermoplastic polymers. Once the constitutive model is defined, it is necessary to
identify the parameters for the material being considered.

3. ldentification of model parameters for PEEK polymer
3.1 Baseline material

In this section, the proposed constitutive model is used to deal with the thermomechanical behavior of polyether-ether-
ketone (PEEK) of grade 450 G. PEEK is a high-performance semi-crystalline thermoplastic polymer with excellent mechanical
and thermal properties as well as good chemical resistance that make it suitable to be used as an engineering material for
high-quality applications. Thanks to these chemical and physical properties, PEEK is nowadays regarded as one of the most
efficient thermoplastics and it is increasingly employed as matrix material for composites or directly unfilled in biomedical,
aeronautic and automotive industries.

PEEK is an ideal candidate to be thermomechanically defined by the proposed constitutive model as its behavior depends
on both strain rate and temperature. Reganding temperature sensitivity, the thermal history has a fundamental influence on
its mechanical properties, e.g. yield stress, impact resistance, fracture toughness, etc., since these are highly dependent on the
crystalline morphology and degree of crystallinity (Rae et al, 2007, Carda-Conzalez et al,, 2015a). Another interesting aspect
of PEEK is that adiabatic heating assodated with dynamic processes can induce rapid crystallization on reaching high
temperature increments {Hamdan and Swallowe, 1996), In this regard, temperature tracking upon the deformation processis
quite important since this polymer presents some relaxation temperatures which vary with strain rate (Jordan et al, 2007).
The glass transition of the amorphous phase is found at 422 K, the melting temperature of the crystalline phase at 616 K and
the beta transition temperature, related with a ductile-to-brittle transition (Adams and Caitonde, 1993; Garcia-Conzalez
et al, 2015a), at amund 213 K in quasi-static conditions, Furthermore, its Young's modulus presents dependence with
temperature decreasing as temperature increases (Diez-Pascual et al, 2012},

32 Mdentification process

The identification process to obtain the model parameters for semi-crystalline thermoplastic polymers is based on the
comespondence of the pammeters with the mechanical response of the material in terms of the following blocks:

(i) Linear response: the model parameters Egg Ey and v are related to the elastic contribution to the intermolecular
resistance and determine the initial elastic response of the material depending on temperature, Eq and E; define the
initial slopes of the stress-strain curves depending on temperature and v is the Poisson ratio.

(ii) Yield stress: the parameters org, Cépa and m define the yield stress of the material. C andégs, are assocated with the
nonlinear viscoplastic dashpot of the intermolecular resistance and o and m with the friction element of the inter-
molecular resistance which defines the yield function. Candég, determine the strain rate sensitivity of yield stress and
m the temperature sensitivity.
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(iii) Network response: the network contribution to the stress state is established by the parameters Cg, & and k. Both
parameters O and . are associated with the sErin,g element of network resistance, Cy is related to the initial elastic
modulus of network resistance, The parameter A is related to the maximum (fully extended) stretch that a molecule
can be exposed to and k is a bulk modulus used in applications where the mechanical behavior of the material is only
defined by the network contribution (e.g. rubber modeling).

(iv) Volumetric plastic stroin sensitivity: the parameter i, which defines the plastic potential, must be identified in order to
control inelastic volume change.

(v) Stress state sensitivity: the parameter & must be identified to define the pressure sensitivity of the yield stress.

The parameter calibration of the semi-crystalline thermoplastic polymer considered in this study, PEEK, is based on
reported mechanical chamacterization covering a wide range of temperatures and strain rates (Rae et al, 2007)
Therefore, knowing the influence of the parameters on the mechanical response of the material in terms of linear
response, yielding, network response, volumetric plastic strain and stress state, the identification procedure carried out
is presented next.

The parameters Eper, Eq, v, C, £ga . m, ff and 2 can be directly obtained from the analysis of experimental data, values
depicted in Table 1. From uniaxial stress-strain curves at the reference strain rate and for the range of tempemtures selected,
the model parameters Eer and E; are identified in order to define the initial slope of the curves depending on temperature,
The Poisson ratio (v) is determined from the initial relation between transverse and longitudinal strains.

Using the nominal stress-strain curves at different strain rates and temperatures in compression, the parameters Cand m
are obtained. The strain rate sensitivity parameter C can be found by its relationship with the slope of the yield stress-strain
rate curve, The temperature sensitivity parameter m is determined by its relationship with the slope of the yield stress-
temperature curve. The reference strain rate £p4 is taken as the lowest strain rate used in compression tests for which
experimental data varying the initial temperature are available.

Based on the observations reported by El-Qoubaa and Othman (2014 ) inregard to the volume change of PEEK over a wide
range of strain rates and tempemtures, pammeter f controlling the volumetric plastic strain has been defined as f = 1
assuming volume preserving since they showed that PEEK's (visco)-plastic deformation is isochoric, independently of
temperature and strain rate, Finally, the parameter o was obtained from the relation observed between the yield stresses
reached in uniaxial compression and tensile tests.

A numertical model with the dimensions of the specimens employed in uniaxial compression tests by Rae et al. (2007,
defined with C3D8R elements, was developed in ABAQUS/Explicit. This numerical model was used to identify the parameters
oo, Cg and & from the true stress-strain curves shown in Fig. 3a as the main targets in comparing the experimental and
predicted curves.

In these numerical simulations, temperature evolution has been induded considering uniquely specific energy due to
inelastic dissipation and heat conduction. Thermoelastic coupling is neglected in line with published studies for thermo-
plastic polymers { Bouvard et al., 2013). Therefore, the temperature evolution can be obtained from Eq. (28) as:

. My :D°
b==¢

(46)

=]
&

Regarding the numerical implementation of the heat equation, the term assocated to plastic dissipation was defined by
updating the inelastic energy dissipated in each time increment. Moreover, the heat conduction is solved by the standard
equation implemented in Abagus considering the temperature as an extra degree of freedom.

Following the procedure proposed by Kendall and coauthors (2013; 2014) using equation (47 ), the rate at which the
system is expected to behave adiabatically has been approximated from the size of the spedmen, p, and the thermal
diffusivity of the specimen material, &.

5=Kk/pC (47.1)

Table 1
Material parameters for PEEK.

Initial elastic propertes Intermaolecular resistance

E o4 (GPa) E,; (MPa) v Ean (57') C oy (MPa) m Bt (K] Bnad K) u f

32 -30 [ ] oo 0038 108 06a 296 616 12 1.0

Generl propertes MNetwork resistanoe _

p (kgfm®) T (k) fm*K) o (K1) Cr (MFa) by x

1300 2834 46-10°8 04 55 oo
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e = 2V5 (47.2)

E=1/z (47.3)

k being the thermal conductivity and ¢ a characteristic timescale for thermal diffusion. For PEEK compression specimens, the
values of p and T are shown in Table 1, k = 0.32 W{mK and p; = 6.375 mm. Solving Eq. (47), a characteristic strain rate was
found at = 10-2 5", This characteristic strain rate is assumed as a reference value at which adiabatic heating is expected
(Kendall and Siviour, 2013; Kendall and Siviour, 2014), and in such conditions thermal flow is neglected. Additionally, at strain
rates lower than the characteristic one, isothermal conditions were assumed which permit to neglect the term assodated to
the inelastic dissipation. The pammeters which finally define the PEEK material behavior are depicted in Table 1.

Good agreement between the model predictions and experimental data (Rae et al,, 2007) was found in terms of Young's
Modulus, stress-strain curves, Fig. 3a, and in terms of yield stress depending on pressure, strain rate and temperature sen-
sitivities, Figs. 4 and 5. It can be observed in Fig. 3b that, if isothermal conditions are assumed, the model predictions are
considerably worse than the ones obtained for adiabatic conditions for strain rates higher than é= 10-2 571, Fig. 3a. Moreover,
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Fig. 4 Experimental data (Rae etal., 2007; El-(ouhaa 2014) wersus mode] predictions in terms of: (a) strain rate sensitity; and (b) temperature snsitivity of FEEK
for uniaxial compression tests.
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Fig. 5. Experimental data (Rae et al., 2007) versus model predictions of: (a) strain rate sensitity; and (b) temperature sensitivity of PEEK for uniaxial tensile tests.

as it can be seen in Figs. 4(b) and 5(b), the predictive capacity of the model is limited by the glass transition temperature.
Around this value and thereafter, the degree of crystallinity and also the specific heat are no more constants for semi-
crystalline polymer (Santos et al., 2013).

According to previous observations, the consideration of temperature evolution due to plastic dissipation and its asso-
ciated material softening has been found to play an essential role. Aiming to highlight this effect, a finite element model has
been developed in order to observe the importance of considering temperature evolution due to plastic dissipation, its
associated material softening and its coupling with strain rate. These considerations are essential to achieve a good definition
of the material response. The model is defined by a single element on which tension-compression cycles reaching consid-
erable plastic strains are applied under adiabatic conditions imposing a displacement varying with time, Fig. 6a. This
configuration allows us to isolate the contribution of the inelastic dissipation term in the heat equation, permitting the study
of the coupling between strain rate and inelastic dissipation and the subsequent thermal softening induced. The model
predictions for the evolution of yield stresses reached as the temperature increases due to plastic dissipation during the
tension-compression cycles are showed in Fig. 6b. This loading history allows us to achieve significant temperature in-
crements and continuous thermal softening without reaching failure strain, Fig. 6b.

Time (s), & = 100 5™ Time (s), € = 100 5"

0 0,005 0,01 0,015 0,02 0,025
5 5 8 X . X K
s 0 0.005 0.01 0.015 0.02 0.025 200 | | : : 40
. T T T T i
L 420
—_ 100
=
E [ 400
- ~ L
] £ L =
5 = - 380 ¢
£ e 2
g : 3
= ] 360 =
ﬁ- - 100 d
- ER o R
5 ) =====True Stress (100 s)
E=- 2N A W A Y A SN SN S S ¥ . _ S ——— -1 [ 320
5 200 True Stress (100s )
= Temperature (1 s'l) 300
“"®--"Temperature (100 s
1,5 : . . . -300 L L 280
0 0.5 1 1.5 2 2.5 [} 0,5 1 L . | 2 2.3
. 2 1 . . ;
Time (s), £€=1s Time(s), £=15s"

Fig. 6. (a) Applied displacement history in the tension-compression cycles; (b) Stress-time and temperature-time curve for tension-compression cycles.
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During the first cycle the compressive behavior follows the same path observed in a single test, Fig. 3a. Moreover, the
evolution of stress and temperature for the following cyces brings forth relevant observations:

» The compressive pre-strain modifies the subsequent tensile stress-strain behavior, and introduces a strain-induced
anisotropy via network resistance, as can be noticed from the different values of tension and compression yield
stresses, Fig. 6b. The stress induced by the spring of the network response then acts as a backstress with respect to the
intermolecular response as Polanco-Loria et al. (2010) observed.

= A continuous increase in temperature, Fig. b, activated just as the material undergoes plastic dissipation. For the
tension-compression cycles imposed, the temperature evolves considerably, implying a continuous softening in the
material behavior. A strong coupling between strain rate and temperature evolution due to plastic dissipation is
observed, leading to higher temperature increments with higher strain rates. Material hardening assodated with strain
rate increases the stress level reached at higher strain rates, resulting in higher values of plastic dissipation and in-
creases in temperature,

4. Influence of thermal effects in dynamic deformation processes of semi-crystalline polymers

In this section, the importance of taking into account thermal effects on the semi-crystalline polymers behavior is
underlined. This consideration becomes more significant under dynamic loading conditions where there is a strong coupling
between strain rate and thermal effects. Therefore, two different dynamic problems are presented: (i) Low velocty impact
test on thin plates and (ii) dynamic necking on slender bar.

4.1. Low welocity impact test on PEEK thin plates

This section details the study and results of impact testing on PEEK plates. This problem was selected because impact
loadings involve large and irreversible deformations, high strain rates and temperature increment due to plastic dissipation.
The analysis considers impact energy (controling both impact velocdty and striker mass), evolution of the impact force versus
striker displacement and testing temperature,

4.1.1. Experimental set-up

A drop weight tower was used to conduct the impact tests, providing a perpendicular impact on the unfilled PEEK
plates. This configuration allows control of both the impact velocdity and the mass of the impactor in order to achieve the
required impact energy. Two testing configurations of 11.25 | and 125 | were selected for the experiments. The first
configuration involves a mass and an impact velocdity equal to 3.6 kg and 2.5 m/s respectively, and the second config-
uration involves a mass and an impact velocity equal to 10 kg and 5 m/s respectively. The lower energy was found to
induce appreciable inelastic deformation and the higher energy was found to be close to the perforation limit. In
addition, a climatic chamber was employed, allowing variations in the initial testing temperature (f;) from 293 K to
J73 K

Square specimens with an area equal to A; = 130 x 130 mm? and a thickness of 3 mm were used. They were clamped by
using screws around a circular active area 100 mm in diameter (Fig. 7a). In order to avoid any perturbation during the test, the
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Hg. 7. (a) Experimental set-up for impact test; and (b) mesh of the numerical model for impact test.
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screws wete symmetrically fixed. The mass of the steel striker is My = 0.70 kg with a hemisphertical nose of 20 mm diameter.
The effective mass (Mg ) was varied from 3.6 kg until 10 kg by adding aditional mass to the setup.

A local cell placed on the striker provides its time dependent displacement &;(t) during the impact process, by integration
of the impact force versus time curve Ft)

t x
F(E) = Mygeal
Bs(t) = [ o —d5‘| dt (48)
[/ ™=

oital

where g is the gravity acceleration.
After the impactand if no perforation of the plate occurred, the striker is hold by an anti-rebound system in order to avoid
multi-hits on the specimen.

4.12. Definition of the numerical model

The experimental tests were simulated with a Lagrangian 3D finite element model developed in ABAQUS[Explicit
(Abagus v6.12 analysis user's manual, 2012). The geometry of the plate was selected to be representative of the active area
of the experimental test specimens ( 100 mm in diameter) with a thickness of 3 mm. Fig. 7b shows the target mesh, where
eightelements were distributed across the thickness of the plate, This is in consonance with the reccomendations reported
elsewhere { Abagqus v6.12 analysis user's manual, 2012), where it is suggested that, when modeling any structure carrying
bending loads, at least four elements should be employed through the thickness. The type of elements used to define the
mesh was tri-linear elements with reduced integration {C3D8R in ABAQUS notation ). The impact zone presents a mesh
refinement composed of 90,000 elements. In order to reduce the computational time, the peripherical zone was meshed
with 64,800 elements increasing progressively the element size until reaching the perimeter of the target. A convergence
study was carried out using different mesh densities until an optimum configuration was obtained. Moreover, the nu-
metical analysis carried out satisfies the energy balance accounting for kinetic energy, external forces and internal forces
(considering both elastic and inelasticcomponents). Regarding the modelization of the striker, it has been defined asa rigid
body since the experimental observations revealed absence of plastic deformation or erosion on its surface after the
impact. The contact striker(plate was defined by a constant friction coefficient p = 0.2 { Borruto, 2010). The constant value
employed for this coefficient is based on the assumption of a approximately constant pressure along the striker-plate
contact zone confirmed by FE analysis of different projectile-target configurmtions {Wang and Shi, 2013). For the
maximum energy simulation at which perforation is reached, a failure criterion based on a constant deformation equal to
& . = 1.2 was assumed consistently with failure values reported by Sobieraj et al. (2009) and Garcia-Gonzalez and

coauthors (2015,

4.13. Results and analysis

The numerical results provided by the constitutive model presented have been compared with experimental data. The
force-displacement curves from the experimental tests and numerical simulations are shown in Fig. 8 depending on
impact energy, Fig. 5a, and testing temperature, Fig. 8b. A good correlation was found between experimental and nu-
merical results, with a maximum emor lower than 10% in terms of maximum force reached and the comesponding
displacement to maximum load, which demonstrates that the model used in this study faithfully reproduces the behavior
of the PEEK polymer under low velocity impact test. The shape of the force-displacement curve is fairly well captured in
both loading and unloading branches. The numerical model predicts the decrease observed in the slope of experimental
force-displacement curves due to thermal softening as the initial testing temperature is increased. The model also re-
produces the increase in the maximum peak of force reached depending on the impact energy and the strain mate
imposed in each test. Moreover, the thermal softening is not only due to the initial testing tempeature but also due to
the temperature evolution induced by plastic dissipation. This effect can be observed in Fig. 9, which shows isothermal
and adiabatic estimations, resulting in a much better prediction for situations in which adiabatic heating effects and
thermal softening are considered. This fact could explain the overestimation of the maximum peak of force reached by
other authors ( Polanco-Lora et al., 2010) who do not consider temperature increment due to plastic dissipation and the
consequent softening.

The consideration of thermal effects is essential to know if the glass transition temperature is reached. It also provides a
good prediction of the softening induced in the specimen which determines the slope of the force-displacement curve and
the maximum peak of force reached. For all the experimental tests conducted, the final temperature reached after the impact
was numerically predicted. These results show that the glass transition is not exceeded, so it can be concluded that the
numerical predictions are valid and no sudden change in the material behavior occurs, Moreover, Fig. 10 compares, in terms of
force-displacement curves, the model predictions for the previous test of Fig. 9, and when a higher initial temperature (373 K)
is imposed. The difference in terms of thermal softening between both initial temperature conditions is remarkable. It can be
observed that even if the initial temperature is lower than the glass transition temperature, this last one is reached upon the
deformation process due to plastic dissipation. Therefore, the temperature prediction allows for evaluating if the material is
working between the ductile-to-brittle and the glass transition temperatures.
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4.2. Dynamic necking in a PEEK slender bar

Necking is an early indication of failure and, therefore, it is commonly utilized as a reference for evaluating the energy
absorption capacity (Rodriguez-Martinez et al., 2013a). The term necking strain denotes the stage at which full concentration
of plastic flow in the neck region occurs and there is a surrounding zone where plastic flow can be neglected.

Once the predictions of the constitutive model shown a good correlation with experimental data under dynamic condi-
tions, a parametric study has been developed in order to analyze the inertial and thermal effects on the necking and energy
absorption capacity of thermoplastic semi-crystalline polymers (PEEK) by simulating cylindrical slender bars subjected to
dynamic stretching. While this problem has been widely studied in metal materials, it has not been thoroughly investigated in
semi-crystalline polymers. The numerical model presented below provides the localized necking strain g, and specific
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energy absorbed until neck inception, Epeq. These variables are good indicators of the material ductility and energy ab-
sorption capacity, respectively. The localized necking strain, hereafter referred to as necking strain, has been determined in
the numerical computations following the procedure reported elsewhere { Tnantafyllidis and Waldenmyer, 2004; Xue et al,
2008; Zaera et al, 2014), The necking event is assumed to be determined by the condition d2Pdt = 0, where 2 is the
equivalent plastic strain, evaluated within the zone which surrounds the neck,

t
=|&F
= .,[ dr (49)

where £ is the plastic strain rate defined as

f:,i? LDy (50)

Under these conditions, the necking strain is defined as the total longitudinal strain,

B :u.-.(%) (51)

where L is the current bar length and L, the initial one,

It must be noticed that no damage criterion is defined for these simulations. The specdific energy absorbed per unit volume
until neck inception, is defined by the relationship

Uk
f Fdu
Eneckc :"T (52)

where V; is the initial volume of the cylindrical bar, F is the cumrent force applied on the specimen, u is the longitudinal
displacement of the end z=L; and upe is the displacement at localized necking.

42.1. Definition of the numerical model

A cylindrical slender bar with an initial length L, =210 * m and a circular cross section radius 1, = 5-107" m has been
studied. A constant stretching velocty is applied on one side of the bar. The movement of the opposite side is restricted in the
axial direction. The imposed loading conditions can be formulated as V{rLat) = &L, and VA{r.0,t) =0, where tisthe time and
£ the initial strain rate, Following the methodology proposed by Zaer et al. {2014 ), spedific initial conditions consistent with
the boundary conditions have been imposed in order to avoid the propagation of waves along the bar caused by the appli-
cation of these boundary conditions in a solid at rest. Then, the initial axial velocity field is defined following the expression
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VArz0) = é0 z, where zis the coordinate along the axis. The initialization of V; was found suffident to avoid wave propagation,
without including the initialization of stress state and radial velocity. In addition, an initial temperature is imposed on the
whole specimen which evolves or not depending on the thermal assumptions taken into account in the test.

The presented problem was modeled with the Lagrangian 3D FE code ABAQUS[Explicit (Abagus v6.12 analysis user's
manual, 2012). The mesh of the model has been defined involving 3200 tri-linear elements with reduced integration
(C3DER in ABAQUS notation). The numerical mound-off was sufficient to perturb the stress and the strain fields. Therefore,
both geometrical and material imperfections were not introduced into the model (Rusinek and Zaera, 2007; Vadillo et al.,
2012). Moreover, the energy balance has been verified for the numerical simulations.

422, Results and analysis
The results and analysis of this section are focused on the following aspects: inertia, thermal softening and thermo-
mechanical coupling. The term inertia plays a stabilizing mole contributing to delay necking formation and can be defined as

B2Fp
T G

1 (53)

Iy being a characteristic dimension and o, the yield stress. In a dimensionless form of the equation of movement for the
problem formulation of dynamically stretching 1D solids, lis the inertial factor multiplying the acceleration. Strain rate and
material hardening influence necking inception and energy absorption capacity of the material. Actually, inertia plays the
main role in the material stabilization at high deformation rates, being it dominant over the hardening effects (Rodriguez-
Martinez et al., 2013b). To focus exclusively on the effect of inertia, temperature evolution due to plastic dissipation and
thermal flow were not taken into account assuming isothermal conditions, Fig. 11. This figure shows necking strain
depending on initial strain rate at a reference temperature equal to 296 K. A monotonic and non-linear increase in the
necking strain with loading rate is observed in accordance with Eq. (53) since inertia contributes to delay necking for-
mation. The specific energy absorbed, as it occurs with necking strain, increases continuously and non-lineardy whith the
loading rate. This behavior finds agreement with evidences reported for metallic materials (Altynova et al, 1996;
Rodriguez-Martinez et al,, 2013,

Initial temperature influences necking inception and energy absorption capacity of the material. Mow focusing on the
influence of initial temperature, isothermal conditions were considered allowing us to develop a parametric study depending
on this variable, Fig. 12 This figure presents necking strain and spedific energy depending on initial temperature ata reference
strain rate equal to 10" s~! under isothermal conditions, An increase in necking strain and a decrease in specific energy
absorbed with temperature is observed. The first tendency is due to the decrease of yield stress with temperature which,
according to Eq. (53, produces a stabilizing effect through inertia. However, this decrease in ductility does not translate into a
decrease in specific energy absorption. This fact can be explained by the reduction in flow stress, Fig. 3, which is found to be
dominant over the gain in ductility.
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Fig. 11. Localized necking strain and necking specific energy versus loading strain rate for PEEK polymer assuming isothermal conditions.
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In order to consider coupled thermomechanical effects, Fig. 13 presents the comparison between the results for isothermal
and adiabatic conditions. This figure shows the effect of temperature evolution upon the deformation process leading to
material softening in combination with material hardening due to strain rate effects. The importance of taking into account
the plastic dissipation is shown in terms of necking strain and specific energy absorbed. In this regard, Fig. 14 shows the strain,
temperature and plastic strain rate contours of the deformed specimen for adiabatic conditions. This figure allows for
visualizing the localization of the plastic strain rate in the necking zone and the consequent increase of temperature due to
inelastic effects.

Under isothermal conditions, numerical results showed a similar tendency of both necking strain and specific energy
absorbed with strain rate, as well as under adiabatic conditions, Fig. 13a—b. Regarding thermal effects, the predictions ob-
tained under isothermal conditions may mistakenly suggest that necking strain must be greater under adiabatic conditions
due to the temperature evolution since necking strain increases with initial testing temperature. However, under adiabatic
conditions, there is a competition between the stabilizing role played by the decrease in yield stress due to temperature
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increase and the destabilizing role played by thermal softening from that point. Some studies have shown that larger necking
strains are reached as the material hardening is more significant {Chalal and Abed-Memim, 2015; Rodriguez-Martinez et al.,
2015). In this regard, as can be observed in Fig. 3 for strain rates higher than ¢ = 102, while PEEK behaves in a perfectly plastic
way under isothermal conditions, it presents a negative hardening due to thermal softening induced by plastic dissipation.
This fact leads to higher necking strains when plastic dissipation is not considered. In the higher mte regime, the results show
that inertia governs the onset of the localization being dominant over material softening. Regarding absorbed spedific energy,

it is much lower when plastic dissipation is taken into account because of the lower values of force reached due to thermal
softening. Therefore, despite the dominant mole of inertia, temperature evolution must be considered in order to achieve more
realistic results in terms of ductility and energy absorption capacity.

5. Concluding remarks

The main contributions of this work are the following:

= A thermomechanical constitutive model for semi-crystalline polymers has been developed accounting for strain rate and
temperature, Moreover, a consistent thermodynamic framework has been established for the model

» The constitutive model has been implemented in a FE code and its parameters have been identified for PEEK polymer from
experimental data from available literature covering a wide range of strain rates and temperatures for both tension and
compression states. Good agreement between numerical predictions and experimental data was found in terms of stress-
strain curves depending on strain rate and temperature, For high strain rates, the consideration of temperature evolution
and thermal softening plays an essential role to obtain accurate predictions. Aiming to highlight these thermal effects,
additional numerical simulations of tension-compression cycles have been camied out. A strong coupling between strain
rate and temperature evolution due to plastic dissipation was found, leading to higher temperature increments and
material softening with higher strain rates.

» The predictive capacity of the model has been evaluated in two different dynamic problems: i) low velocity impact tests on
PEEK thin plates and ii) dynamic necking on PEEK slender bar.
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i) Good agreement between numerical predictions and experimental data was found in terms of force-displacement
curves depending on impact energy and initial testing temperature, Better predictions were found when softening
associated to plastic dissipation is taken into account, which determines the slope of the force-displacement curve and
the peak force reached. In addition, the numerical prediction of temperature evolution is essential to determine if the
glass transition temperature is reached.

ii) A numerical parametric study of the inertial and thermal effects on the ductility and energy absorption capacity of PEEK
was camried out for isothermal and adiabatic conditions. Under isothermal conditions, a dear dependence of both
necking strain and specific energy absorbed on strain rate was found. Increasing initial temperature and strain rate
leads to increasing necking strain and decreasing energy absorption. For adiabatic conditions, despite the dominant
role of inertia, plastic dissipation must be taken into account in order to achieve more realistic results in terms of
ductility and energy absorption capacity and not overestimate them. In this regard, both necking strain and specific
energy absorbed were found to decrease when plastic dissipation is considered in comparison with isothermal
conditions.

The results presented in this paper demonstrate the capacity of the model proposed to predict the thermomechanical
behavior of semi-crystalline polymers and the importance of taking into account the coupling between strain mate and
temperature effects.
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Appendix A. Description of Eqgs. (15) and (16)

According to Holzapfel (2000), the reduced global form of energy balance expressed in spatial description is taken as the
starting point

%f&d\r: f{a:d—vxq+r]nd\r (A1)
]
e being the specific intemal energy per unit volume, q the heat flux per unit area and r the heat source per unit volume in £L

The left hand side term of this equation can be rewritten by taking into account the relation between elemental volumes in
dv), 0{dV) and QOy(dV), namely dv = j”d? = ]dV, then:

%!eﬂv:% /eodV=!(E+Fu(ﬁa))d? (A2)

Oy

where ey is the spedific internal energy per unit volume in {l, and the relation -é:— P r([_.'lﬁ} has been used. Notice that since
the reference volume V is independent of time, the previous expression can be written & j' epdV = j' egdV,
The right hand term in Eq. (A1), can be written in the different configurations as

[e:d-vxqirav=[(P:F-vxQ+R)dV= [(c:d-Veq+ DMV (A3)
0 0y a
where P,  and R respectively are the first Piola-Kirchhoff stress, the heat flux per unit area and the heat source per unit
volume in o

The stress power per unit volume in £} can be expressed using Egs. (10) and (13) and considering the definition of the
velocity gradient | = d + w, as

g:ld=c:(l-w=c:l-c:w=0c:1=0gy: 14+ ay:1 (A.4)

where d is the total rate of deformation tensor and w is the total spin tensor.
Using the velocity gradient decomposition, Eq. (10), it is possible to develop the term assodated with the intermolecular
contribution to the stress per unit volume as
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gi:l=0:f+o1:FLF*+ o : EFLFEPF® =0y :df + o1 :F{D{ F ® + &y MDY (A.5)
Rearranging this equation and expressing it in the dilated configuration {1

a.:l:j'”(ﬁ‘{.:ﬁ'+ﬁ.:ﬁ“+§.:r~"“ﬂ“} (A6)

Using the velocity gradient decomposition, Eg. (12), it is possible to develop the term associated with the network
contribution to the stress per unit volume as

Eﬂzlzm:lﬁ+ﬁﬂzfﬁ[._ﬂrﬁ':ﬁﬂztﬁ+EN:FﬁﬁBFﬁ' (A7)
Rearranging this equation and expressing it in the dilated configuration 1

aN:I:r”(ﬁ_{N:ﬁ“+§N:F""¢|§F“} (A.8)

Using the expressions developed in Eqgs. (A2),(A3), [A.6) and (A.B) into Eq. (A.1), the local form of the balance energycan
be expressed in the dilated configuration {1 as

E4 ar(ﬁ"} =M, : D+ W, : D" + 5, - T + Wi, - D° 4 5 - P - 7,0+ R (A10)
The global form of the Clausius-Duhem inequality, in spatial description (Holzapfel, 2000) is given by
% [r.du + [(vx(%} ~g)dv=0 (A11)
il il

This equation can be also written in local form expressed as

T+ ﬁtr(ﬁ“} _§+%ﬁxﬁ_ %Eﬁxag 0 (A12)

Appendix B. Helmholtz free energy

The explicit expression for the Helmholtz free energy W = Tfl((f,ﬂl} + Tfﬂ((ﬁ} is presented and the constitutive expres-
sions of the model are derived from it

The contribution of the intermolecular resistance to the free energy can be defined through the following Neo-Hookean
potential energy function (Bergstrom, 2015);

T(CF.0) = gho(OInf) — po®)IE) + 310 (0)[tr(CF) - 3] ®1)

Regarding the contribution of the network resistance to the free energy, it can be defined by potential energy function
proposed by Anand (1996

T () =Ty %)‘I“ +%KU“UN]‘}2 (B.2)
The terms g %and ﬁ read as
;’(;"T = Do @)I(F)G® - 2B + 210 O) (B3)
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aﬁ 1 Eqv Ey

3 v =2y ) - 2(1”} In(J7) + 22(1”}[ (@) - 3] (B.5)

Therefore, the constitutive equations for both resistances can be derived by using the stress tensors relations
oy = "EMS T gy — IV Y, one % — P AR BT T, _ 280 ; e & .

=K on = )i By SnFy" and the equations 5 = F, 2555 and Sy =25 Regarding the spedfic internal en
tropy per unit volume, it can be derived by using Eq. (B.5) into the following expression

ﬁ:—%‘r——Bﬁﬁ+ﬁ[ﬂ|+Hﬂ}:I (B.6)

Appendix C. Time-integration of plastic and thermal flows

The plastic deformation gradient of the intermolecular constitutive branch is obtained by integrating the plastic flow rule,

Eg.( 11), following the procedure proposed by van Dommelen et al. (2003, The plastic component of the velocity gradient El.
is assumed to be constant during each time increment. Thus, the plasticdeformation gradient at time level t,,.1 = t+ Atreads
as

FI'l.+1 = Efl exp(ﬁtf:_} (C1)

The tensor exponential can be numerically evaluated by the diagonalization nfﬂ or by the Padé approximation. If Pade
approximation is chosen, the incremental plastic deformation gradient reads as

Pl = exp (At ﬂ.}=(l—%ﬂ.)_'(l+%f.) )

The determinant of the exponential approximation term must be corrected by a straightforward normalization for finite
increments because it may deviate from unity:

Flay = (]pm]l Uﬂ FlincFin (€3)

tEmEJJ ine = det(F} 1 nc )
Regarding the thermal deformation gradient, it can be obtained by integrating Eg. (29):
Fl

ar1 = Faexplfy(B,1 — Oa) (C4)
In this equation, the current temperature at the end of the increment, 8,4, can be obtained from Eq. (29) as
At
Bny1 = Bp + — = p— p— Fn (C5)
(C+ 36 — fo(HaCiaFfa :Sin+ Gia:Snn) )

where Fy, is the sum of the terms associated to inelastic dissipation, thermoelastic coupling, heat conduction and heat sources,
Eg. (C.6), evaluated at the beginning of the increment.

:ﬁ:ﬁ'+ﬁ|i%faff§'wt_ﬁﬂ(wrfi;f:§l]l +%E(Ff§l;lﬂ}‘| :tIIE+'E'|i S (ﬁﬂfﬂj+

s (c6)
3 %—] n-TQ R
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