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ARTICLE INFO ABSTRACT

Keywords: The double yield (DY) phenomenon observed in a wide variety of semi-crystalline polymers
Constitutive model (SCP) adds difficulties in the material characterization. In this paper, a constitutive model, termed
Semi-crystalline polymers as explicit semi-crystalline polymer (ESCP) model, is proposed to study DY phenomenon as well
Double yield as the rate- and temperature-dependent thermomechanical response below the glass transition
Strain rate sensitivity temperature. The underlying yield kinetics due to the morphological changes of the spherulite
Self-heating micro-structure is represented by a rheological analogue described by a physically-based

amorphous intermolecular resistance and a rate-independent crystalline interlamellar resistance.
Independently-identified viscoelastic response and network resistance are also implemented to
complete the model description. The activation and disclosure of the crystalline component
depend on the saturated state of amorphous phase. The proposed model is validated against ex-
perimental data obtained from different authors for three commonly used SCPs: nylon 101, LDPE
and PA6. A straightforward parameter identification procedure, requiring a minimum number
of calibration tests, is presented to illustrate the model usage. The thermomechanical-coupled
analyses provide satisfactory predictions using simulated models of a cylinder compression and
dogbone tensile tests at different rates, where the self-heating and thermal softening effects are
naturally captured by the model.

1. Introduction

Over the last decades, fibre-reinforced polymer composites have been widely used in multiple engineering
applications thanks to their lightweight, high strength and design flexibility attributes. By using a thermoplastic
(TP) polymer as matrix in these composites, the recyclability is added as an advantageous attribute. However, the
usage of TP-based composites as load bearing components is still very limited due to the lack of understanding of
the behaviour of the TP matrices under different temperature, moisture content and loading speed [1-6]. A semi-
crystalline polymer (SCP) is a common type of thermoplastic that possesses a complex microstructure that can suffer
morphological changes hindering enormously its thermomechanical characterization [7-9]. SCPs are typically formed
by the packing of spherulites in which the amorphous phase and the crystalline lamellar nanoblocks are randomly
distributed [10, 11]. The interaction between the amorphous and the crystalline phases at both micro- and nano-scales
can lead to significantly different yield kinetics compared to purely amorphous polymers. This interaction is sensitive
to temperature as well as to the rhythm of deformation and it can generate a double yield point remarkably visible in
Macroscopic stress-strain curves.

The double yield (DY) phenomenon has been reported for polyamide (PA) [3, 12—17], polytrimethylenetereph-
thalate (PTT), polybutyleneterephthalate (PBT) [18] and polyethylene (PE) [19-22]. Fig. 1 presents a typical stress-
strain curves for nylon 101 with two clear yield points [12]. The first yield point (o) is located at a strain around
5%. Researchers have proposed that oy is related to the amorphous phase [10, 12, 20]. Parodi [16] studied the
yield stress verifying whether the internal resulting plastic strain rate equals the applied strain rate. Rozanski and
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Galeski [23] examined the first yield in SCPs by modifying the swelling in the amorphous phase and they confirmed
that plastic yielding of this phase was greatly affected and a stress reduction of the yield point was observed. Krajenta
and Rozanski [24] also investigated the effect of the physical state of the amorphous phase on the thermo-mechanical
properties of polypropylene (PP) introducing modifiers into the amorphous phase regions. The second yield point (o ;)
at the strain around 30% can be explained by the crystallographic slip mechanisms of the intra-crystalline nanoblocks
or shear bands formation in the inter-crystalline domains. Bartczak and Galeski [25] studied the plastic deformation
process and the crystallographic slip mechanisms (fine chain slip, coarse chain slip and interlamellar shear) under
tension and compression. They pointed out that both amorphous and crystalline phases are strongly connected, leading
to a simultaneous and consistent deformation of both phases. Also, the crystalline phase is highly affected by the
partially reversible shear deformation of amorphous layers. The shear on the crystalline blocks and the influence on
the yield mechanisms of PE were analysed by Plaza et al. [26]. As SCPs is monotonically deformed, the morphological
changes accompanied with the rearrangement of the spherulitic structure into the form of parallel microfibrils occurs
till the final rupture [20, 25, 27]. G’sell and Dahoun [28] have investigated the microstructural transformations induced
by the deformation for PE and polyetheretherketone (PEEK) with certain crystallinity degrees. The underlying DY
phenomenon can be clearly observed within a SCP with a specific diameter of spherulite [11] and under certain
conditions, for instance, high strain rate, low temperature [29] or low moisture content [15]. Also, Luo et al. [13]
studied the effect of water and thermal treatment on the DY phenomenon of PA6 blends and neat PA6 in tension. Nitta
and Kuriyagawa [30] studied DY phenomenon of a metallocene-catalyzed HDPE in tension using catastrophe theory.
The initiation and propagation of necking were explained by the microstructure rearrangement of locally-formed cluster
units of the single chain. To prevent any nonlinear geometrical effect (e.g., necking) on the appearance of the second
yield point under tensile tests, cylindrical samples in compression are generally recommended [19]. To study the yield
loci of SCPs, Farrokh annd Khan [31] developed an empirical pressure- and rate-dependent initial yield criterion for a
macroscopically isotropic SCP nylon 101. Hachour et al. [32] proposed a micromechanics-based two-phase criterion
for yielding of SCPs considering the effects of different crystallinities. Polifiska er al. [33] recently proposed a method
to determine the modulus of interlamellar amorphous phase of SCP with an illustration of HDPE. They observed that
there exists a linear increase in the modulus of interlamellar amourphous phase with the increase of crystallinities
thanks to the decrease in "deformability" of the amorphous phase.
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Figure 1: True stress-strain curves in nylon 101 under uniaxial compression exhibiting the DY phenomenon (Adapted from
Ref. [12]).

Constitutive models for SCPs have been developed either via phenomenological or physically-based approaches
focusing on the large deformation of polymers, where macroscopic pre- and post- yield were studied. A phenomeno-
logical approach usually adopts a function to mathematically describe the flow stress in terms of both temperature and
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strain rate. Generally, the behaviour of amorphous and crystalline phases are considered explicitly. With microstructural
considerations, Lai et al. [34] formulated a nonlinear viscoelastic model for SCP under small strain and isothermal
conditions, where a perfectly elastic response of crystalline phase was assumed. Ayoub ez al. [35] modelled the
contribution of amorphous and crystalline phases acting in parallel to study the large deformation behaviour of HDPE
at room temperature by adopting the viscoplasticity theory based on overstress (VBO) [36-38]. Khan et al. [39]
characterized and modelled ultra high molecular weight polyethylene (UHMWPE) using the modified VBO. The
modified model was developed to capture the rate-reversal behaviour in creep and relaxation due to the loading history.
Alternatively, Drozdov and Christiansen [40] assumed the SCP as an effective isotropic homogeneous medium instead
of formulating a physical model including all possible micromechanisms. Similarly, Khan and Zhang [41] combined
a viscoelastic standard solid model with a viscoplastic component to describe polytetrafluoroethylene (PTFE) under
quasi-static and dynamic loads. Balieu et al. [42] formulated a new phenomenological elasto-viscoplastic damage
model with pressure-dependent yield surface for mineral filled PP and validated with uniaxial tension and compression
tests. Balieu et al. [43] also proposed a damage characterization method for SCPs under high strain rates using digital
image correlation (DIC). This method was compared to the classical damage characterization by the loss of stiffness
and it proved suitable for measuring ductile damage. Readers are referred to these approaches without considering
micromechanisms [4, 5, 44-46].

On the other hand, a physically-based approach generally considers the material macromolecular structure
with some idealized assumptions. Therefore, the identified material parameters possess physical meanings. These
approaches can be divided into micromechanical, two-phase analogue and effective amorphous ones:

Micromechanical approach is inspired by composite inclusions to construct multiscale models where the internal
structure is explicitly described. A pioneer model was proposed by Lee et al. [47, 48], where the amorphous layers
and crystalline lamellae were idealized by a plate-like structure. This model made it possible to study the texture
evolution of HDPE under different loadings. Similarly, Nikolov et al. [49, 50] proposed a multiscale model with high
crystallinity degree and it was validated with HDPE within a temperature range above the glass transition temperature
at small strains. Their results confirmed that shear in the amorphous phase is the dominant deformation mechanism
under small strains. Inspired by the elasto-viscoplastic inclusion model developed by van Dommelen et al. [51],
Sedighiamiri et al. [20] studied the DY phenomenon observed for uniaxial compression data of HDPE. Several
micromechanical models have been compared in terms of Young’s modulus vs. crystallinity by Bedoui et al. [52]
for three widely used SCPs: PP, PE and polyethyleneterephthalate (PET). Shojaei and Li [53] formulated a new
viscoplastic constitutive law for the glassy amorphous phase of SCP provided with pragmatical calibration procedure.
The multiscale approach and the new viscoplastic model combing with the crystal plasticity were validated for
polymeric material systems considering the morphological texture changes. Uchida and Tada [54] developed a
micro-, meso- to macroscopic computational model using FE-based homogenization method to investigate HDPE.
Voyiadjis et al. [55] characterized the microscale mechanical response of glassy SCP for microstructural applications
using a rate-dependent plasticity theory with strain gradient effects, where kink mechanisms of molecular chains in
crystalline polymers were studied using non-local gradient plasticity approach from metals.

Two-phase analogue approach considers the contribution of amorphous and crystalline phases regardless of the
interaction between both phases. Ahzi et al. [56] proposed a model by adopting the same physically-based glassy
amorphous model in both the crystalline and the amorphous phases, following the intermolecular resistance modified
by Boyce et al. [57]. Based on this work, Makradi er al. [58] proposed a constitutive model for large deformation
behaviour of PET above the glass transition temperature. Ayoub et al. [59] also proposed a modified version based on
these prior works to study PE under large deformation with a broad range of crystallinities. Abdul-Hameed et al. [60]
revised and extended the two-phase model applying for the PE-based materials to describe the influence of different
crystallinities. In their approach, the macroscopical hyperelastic—viscoplastic response corresponding to the network
and intermolecular resistances considers the coupling of crystalline and amorphous phases. This new extension
combining with a parameter optimization fitting procedure reproduced good results for HDPE, LDPE and ULDPE.
Cayzac et al. [61] proposed a multi-mechanism (MM) constitutive model incorporating damage and crystallinity to
investigate PA6. Popa et al. [62] used a homogenization approach with a representative mesostructure of a convex
polyhedron element and the micromechanics to describe amorphous and crystalline phases. They introduced a new
phenomenological evolution law for the athermal shear strength in the constitutive model used for the amorphous
and which is combined with a elastoplastic microscopic crystalline model. The model was validated with isotactic
polypropylene (iPP) under quasi-static and dynamic loads. Recently, Ayoub et al. [63] developed a physically-based
approach to model the mechanical and fracture response of LDPE with ageing effect through the acceleration of
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ultraviolet radiation (UV). The UV ageing effect was incorporated by the alteration of the molecular weight, which
updates the evolution of the crystal content, network and intermolecular resistances.

Effective amorphous approach is used when the amorphous phase dominates the global mechanical response
of SCPs. Maurel-Pantel er al. [64] extended the visco-hyperelastic constitutive model developed by Billon [65] to
a three-dimensional constitutive formalism within a thermodynamic framework for PA66. Garcia-Gonzalez et al. [2]
proposed a hyperelastic-thermoviscoplastic constitutive model for a high performance thermoplastic PEEK at different
strain rates using thermomechanical-coupled (TMC) analyses.

To cover a wide strain rate range, it is essential to conduct a TMC analysis to account for the self-heating and
thermal softening effects observed at elevated strain rates [66]. Anand et al. [67] developed an amorphous model with
TMC theory accounting for the large deformation and Ames et al. [68] applied this theory to capture the intrinsic rate-
and temperature-dependent features as well as the self-heating effect on the temperature rise using FEM. Jena et al. [69]
further apply the TMC constitutive model developed by Srivastava et al. [1] to simulate the fabrication of microfluidic
devices using cyclic olefin copolymers (COCs) in a wide temperature range. This numerical simulation-based design
enables to estimate appropriate processing parameters instead of classical trial-and-error techniques. Bouvard et al. [70]
developed a fully TMC model for the glassy amorphous polymer using physically-based internal state variables
considering the entanglement points and material hardening. Amorphous polycarbonate (PC) was validated with the
rate-, temperature- and stress state-dependent constitutive model under different loading conditions. The temperature
rise due to the plastic dissipation at an elevated strain rate was captured. A predictive model covering in a natural way
a wide range of thermomechanical responses (e.g., from isothermal to nearly adiabatic) is still needed, and only few
models can partially be used under non-isothermal conditions [2, 4-6, 71-73].

To authors’ best knowledge, the DY phenomenon can only be captured by few micromechanical models [20, 54].
However, there is a lack of constitutive models enabling to quantitatively predict the DY phenomenon for different
types of SCPs. In this paper, we proposed a different approach to capture the DY phenomenon considering different
deformation regimes of the amorphous and crystalline phases. This approach is practical and efficient, particularly
suitable for engineering applications.

In this work, a double yield model, termed as explicit semi-crystalline polymer (ESCP) model, is proposed below
the glass transition temperature. This paper is organized as follows. Section 2 and 3 present an overview of the
thermomechanical behaviour of general thermoplastics and the double yield kinetics in SCPs. Section 4 presents a
double yield constitutive model and it is illustrated with the microstructural morphological transformations. The finite
strain kinematic framework and the constitutive model are presented in Section 5. Section 6 presents the dissipation and
the heat balance equation. The details of the numerical implementation are documented in Section 7. Section 8 presents
the validation procedure of the model for nylon 101, LDPE and PA6 covering the full range of thermomechanical
scenarios. The parameter identification procedure and sensitivity analyses are provided in Appendices.

2. Overview of the thermomechanical response of thermoplastics

The mechanical response of thermoplastic polymers has been widely investigated under different testing conditions,
and the experimental results show that they highly depend on loading type, loading speed, temperature, relative
humidity, or ageing, among others. Some of these effects are summarized as follows:

e Rate dependency: thermoplastics exhibit a viscoelastic and viscoplastic response as Fig. 2 shows. This rate-
sensitivity is resulted from the molecular bases of relaxations. Particularly, it leads to produce an increase of the
young modulus and peak yield stress when the applied strain rate is increased [29, 74].

e Pressure sensitivity and tension-compression asymmetry: higher stress levels can be observed in compression
compared to tension due to the effect of hydrostatic pressure. Meanwhile, a sudden drop is commonly observed
in tension due to the necking effect induced by geometrical nonlinearities in the specimen. Therefore, true stress-
strain curves are always recommended to characterize the intrinsic material behaviour. Besides, a compressive
test is recommended to minimize the effect of micro voids and crazing [19].

e Thermal softening and self-heating: the stiffness and strength of thermoplastics are very sensitive to temperature.
In general, an increase of temperature can reduce drastically all the mechanical properties [2, 66]. Also, under
high strain rate, self-heating takes place, which is caused by the dissipated plastic energy that can not be
released sufficiently fast to the environment but it is internally retained. Fig. 1 shows that these effects can
raise temperature, leading to a clear thermal softening (for € = 1 s7h.

P. Hao et al.: Preprint submitted to Elsevier Page 4 of 34

184

185

186

187

189

190



Please cite this article as:
P. Hao, V. Laheri, Z. Dai, F.A. Gilabert.
"A rate-dependent constitutive model predicting the double yield phenomenon, self-heating and thermal softening in semi-crystalline polymers".

International Journal of Plasticity (2022), DOI:TBD
Received: 17 Nov 2021, Revised: 12 Jan 2022, Accepted: 20 Jan 2022. . .
A semi-crystalline polymer constitutive model

e Relative humidity: an increase of relative humidity produces a similar effect as the increase of temperature. This
was recently investigated in PA6 under uniaxial tension [3]. This research proves that the humidity can be treated
as an "apparent temperature" when a Ree-Eyring behaviour is assumed to govern the plastic deformation.
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Figure 2: Experimental stress-strain curves of different semi-crystalline polymers (PA6 [3], PBT [18], and LDPE [21])
exhibiting DY phenomenon and measured using different standards.

3. Physics of deformation of semi-crystalline polymers

3.1. Double yield phenomenon
A SCP contains spherulites with crystalline lamellae embedded in the amorphous media. Apart from the features

described before, the interaction between the crystalline and amorphous phases complicates the understanding of the
evolution of the mechanical response, from which, a double yield point emerges. The DY phenomenon has been
reported for different SCPs regardless of the stress and strain measures adopted by other authors (Fig. 2) and it is more
prominent when several conditions are met: at relative low moisture level, low temperature and high strain rate. These
conditions inherently have influence on the mobility of the polymer chains altering the intermolecular resistance. For
instance, in PA the DY is typically not observed from stress-strain curves when the relative humidity is 50% [5, 14, 15].
However, DY occurs inherently due to the interaction of two phases in the microstructure. The first yield may be hidden
under certain testing conditions or simply being very subtle in some materials. For example, no remarkable "hump"
can be observed when the relative humidity is unintentionally included.

A commonly used definition of yield point in polymers relies on checking whether the internal plastic flow rate
equals the applied strain rate, what it leads to a local maximum in the stress-strain curves [16]. However, this definition
is not sufficient for SCPs with a double yield point. By increasing the temperature, the first yield becomes less
pronounced and the sharp transition disappears (see the o,y at 55°C in Fig. 2(c)). Some polymers experience total
elastic recovery after unloading beyond this yield point. However, other SCPs experience clear permanent plastic
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deformation even prior to this point. Brooks ef al. [19] proposed an alternative definition of yield for PE and residual
strain experiments, confirming the existence of two yield points. The DY was correlated to the gradient changes
in residual strain-applied strain curves. The results suggested that both points are connected to the details of the
evolution of the internal blended microstructure, where amorphous and crystalline phases can interact at different
strain levels [29].

Draw direction
(Tension)

Engineering stress (MPa)

0.8 1.0 12 1.4 1.6 1.8 2.0
Engineering strain (-)

Figure 3: In-situ AFM study of polybutene under tensile drawing where white doted lines indicate the alignment of the
crystal fragments from 50° to 40° along the tensile direction (Adapted from Ref. [11]).

3.2. Double yield kinetics

The investigation on the texture evolution performed by Sedighiamiri ez al. [20] confirms that the DY phenomenon
arises from clear morphological changes of the internal structure. The first yield point typically takes place at low
strain (€ < 5%) and it is mainly originated in the amorphous phase [12, 20]. Above the glass transition temperature (6,)
and below melt temperature (6,,,), the first yield vanishes from the stress-strain curve [29] whereas the crystalline phase
remain unaffected. The thermally-activated mechanism of yielding in amorphous polymer was described by Argon [75]
using the physically-based concept of the double kink production process, where movement of the molecular segments
is connected to the irreversible deformation. The second yield point is attributed to the crystalline phase and it
takes place at higher strain levels (¢ 2 10%). It was proved by comparing two different grades of PA6 with different
crystallinity degrees. The second yield is less pronounced for the one with lower crystallinity degree [29].

In order to capture the DY phenomenon in the mechanical modelling, the deformation processes at the different
scale levels of the structure should be understood. The plastic deformation in SCPs under tensile drawing has been
studied at micro- and nano-scales using Atomic Force Microscopy (AFM) [10, 11]. Fig. 3 shows that polybutene
(PB) film with an average spherulite diameter of 20 um presents two clear yield points at room temperature at
strain rate of 1073 s~! [11]. The in-situ images from AFM do not show fibrillar transformation during the loading
period. Instead, all spherulites deformed elliptically up to the rupture, showing a decrease of the tilt angle between
the crystal fragments and the draw direction from 50° to 40° when the applied strain increases from 60% to 150%.
Donnay et al. [76] conducted the in-situ study of the micro-mechanism of PET under tensile drawing using X-ray
scattering. The macromolecular orientation in both amorphous and crystalline phases was clearly examined and
the tilted lamellae along the tensile axis was also observed. This indicates a rotation of internal crystal fragments
accompanied by a continuous yielding of the amorphous region. Postmortem AFM observations on PA6 film showed
that shear bands nucleate and propagate in the amorphous phase [10], where the second yield was not reported as
no crystal slip happened at the investigated strain range. Nevertheless, these AFM-based tests were conducted using
ultra-fine polymer films, therefore, the effects of the thickness on crystal slip could not be discussed. In spite of the
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experimental difficulties to obtain clear images inside of the crystal lamellae, other key mechanisms like damage
(crazing and cavitation) or microfibrillar transformation, have been discussed by other authors [7, 9, 27].

4. Proposed material model

4.1. Description of double yield model

According to the yield kinetics in SCPs, we propose a modular physically-based viscoelastic-viscoplastic double
yield model to quantitatively predict the full thermomechanical response of SCP with double yield point. Rate-
sensitivity, thermal softening and self-heating are also covered at a wide range of strain rates. This model is flexible to
characterize different thermoset and thermoplastic polymers. Fig. 4 schematically represents the proposed double yield
model at two types representative strain rates, considering the experimental observations shown in Fig. 2. In order to
quantitatively incorporate a rate- and temperature-dependent thermomechanical response, we divide the mechanical
response in six stages:

€1> ¢y, 0<0, 2" yield point VI
é 1 Initial yield Crystalline \V4

— ¢ 1%t yield point -

2 v ‘ _-7

- T T~ Hyperelastic
Initial iSf)tropy IH _-" - ‘ region
_ - - Rate independent
_-T plastic region
] - - Apparent linear
o elastic region

Coarse slip
T

Time dependent
competitive region

True stress

Fine sli
h P |

'/ Rate dependent
/ viscoplastic

True strain

Figure 4: Schematic description of true stress-strain response in semi-crystalline polymers at different strain rates and the
corresponding morphological changes.

(I) (Visco)elasticity: Both the amorphous and crystalline phases deform elastically. A more pronounced nonlinear
viscoelasic response is observed at higher temperatures. The deformation is still reversible when the specimen
is unloaded.

(II) Viscoplasticity: The plastic strain rate in amorphous phase evolves to catch up the applied strain rate (i.e. fine
slip). At the end of this stage, a homogeneous plastic deformation takes place, leading to the occurrence of first
yield in amorphous phase without any crystal slips (i.e. coarse slip).

(IIT) Shear bands formation: The morphological changes lead to the formation of shear bands and crystalline lamellar
blocks. The crystalline blocks deform elastically and rotate along the elliptical transformation of spherulites.
The amorphous phase experiences strain softening before reaching a saturated state. The competition between
the crystalline and the amorphous phases results in a sharp or smooth transition at high or low strain rates,
respectively.

(IV) Apparent secondary linear elastic regime: The amorphous phase reaches the saturated state (i.e. constant stress
level) whilst the crystalline phase continuously deforms elastically. The increase of the total stress is contributed
by the crystalline phase. Fig. 3 shows the alignment of the crystal fragments with rigid rotation, providing the
evidence of linear elastic response in the crystalline phase.
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(V) Rate-independent plasticity: The second yield appears due to the crystal slips (coarse slips). It becomes the
dominant mode of plastic deformation, resulting in crystalline lamellar fragmentation at the second yield.
Fig. 2(c) shows the stress-strain curves with a parallel trend after second yield point regardless of the applied
strain rate.

(VI) Hyperelasticity: Network resistance due to polymer chain reorientation at large deformation, which is related to
the molecular alignment and micro-fibrillar transformation before failure (see Fig. 2(d)).

4.2. Rheological representation
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Figure 5: Rheological analogue of the proposed constitutive model and the contribution of the three main components.

One of the most widely used rheological model was proposed by Haward et al. [77]. This model suggests that
there exists two physically distinct resistances under large deformation: (i) the intermolecular resistance that has to
be overcome to initiate the yield and (ii) the network resistance related to the configurational entropy due to polymer
chain reorientation. Following this scheme, Fig. 5 shows the rheological model consisting of three components: (A) an
intermolecular resistance accounting for the fine slip, (B) a crystalline interlamellar resistance representing the coarse
slip, and (C) a network resistance representing the rubbery effect. According to the experimental observations, the
component accounting for the crystalline contribution is assumed to be rate- and temperature-independent. When the
first yield in amorphous is achieved, the activation of the crystalline component is controlled by an embedded "switch"
(see Fig. 5). A rate-dependent characteristic time 7., is introduced to emulate the results from the interaction between
both phases. The stress contribution of the crystalline component before the first yield is assumed to be zero and
the total elastic behaviour is governed by the amorphous phase. There are two reasons for this hypothesis: (1) the
AFM observations of the rigid rotation of the crystalline phase, and (2) the strain-softening followed by crystalline
contribution is capable to be captured with a "hump" (remarkable DY) at a high strain rate. It can be easily identified
and quantified from experimental curves under standard testing conditions.

The proposed model is aimed at being practical, efficient and easy to implement. The material characterization is
straightforward, requiring a small number of tests. The optional features (viscoelastic and hyperelastic response) can
be identified by performing additional calibration tests separately. This model reduces to the glassy amorphous model
if the crystalline module is ignored, which was also used to characterize thermoset polymers [74].

5. Mathematical model formulation

Following the finite strain kinematic framework, the nonlinear behaviour of SCP is modelled in rate form gathering
several material features: viscoelasticity, viscoplasticity, elastoplasticity and hyperelasticity [78]. The breakdown of
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the overall deformation resistance is represented by the schematic analogue into three resistances. An amorphous
intermolecular resistance (resistance A) cooperating with a crystalline interlamellar resistance (resistance B) and a
network resistance (resistance C) are depicted in Fig. 5. These three resistances acting in parallel lead to the same
deformation gradient equating to the imposed deformation gradient F as

F, =F, 1)

where the subscript "z" can be "A", "B", or "C" to represent the amorphous, crystalline and network resistances,
respectively. Following this decomposition, the total Cauchy stress is straightforwardly given by

G =0, + 0 +o0c. 2)

5.1. Resistance A: intermolecular resistance of amorphous phase

The viscoelastic and viscoplastic responses are coupled in this resistance by connecting in series a viscoplastic
dashpot and a Prony series. The imposed deformation gradient F, can be decomposed multiplicatively into two
components as follows

— p
F,=F\F,, 3)
where F¢ is deformation gradient portion imposed on the linear spring and F pA the one for the dashpot. Note that
ve,i
A

therefore, equals to F, . The inelastic deformation gradient F i has to be determined to calculate the elastic deformation

Maxwell branches act in parallel with the linear spring, the deformation gradient F'*' on the i"» Maxwell branch,

gradientby F = F, F i_l. The inelastic deformation gradient F I/; can be updated by considering the corresponding
rate kinematics. The velocity gradient L, of branch A is written as

Ly=F F'=L + L} = LS + FS LA (F)™, @)

where Li is the plastic velocity gradient expressed in the relaxed configuration, described by the rate of the inelastic
contribution and it can be split into symmetric and skew parts, namely the inelastic rate of deformation DpA and the
inelastic spin tensor WpA:

P _ P pP-1 _ P p
LA_FAFA _DA+WA 5)

The amorphous phase is isotropic, leading to a spin-free plastic velocity gradient WpA = 0 (see Ref. [79]). In this
case,

P _ pP gP
F,=D,F, (6)

The Cauchy stress tensor in resistance A is calculated in terms of the elastic deformation gradient F? as follows

N.

1 3l ve,i
o) = ————(Aptr[p ]l +2uphy) + c,, @)
A det [FeA] A A ATA ; A

where A, and p, are the Lamé parameters, I the identity tensor, h, = In( BZ) the Hencky strain with the elastic

Cauchy-Green tensor B§ = F} F CAT and N, is the number of viscoelastic Maxwell branches. The calculation of the

stress contributions of the Maxwell branch o-j:’i is presented in Appendix C. According to the experimental observation

of nylon 101, LDPE and PAG6, the viscoelastic response is not included in the model validation in the present work.
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However, for the sake of completeness of the model, the full model is developed and the effect of the viscoelasticity is
explored with assumed parameters (refer to Appendix C).

Among a wide diversity of glassy polymer models, there are three important ones: macromolecular Boyce-Parks-
Argon (BPA) model [57, 66, 80], Eindhoven Glassy Polymer (EGP) model [81-83] and Oxford Glass Rubber (OGR)
model [84]. Despite of their underlying physical interpretation, these models are equivalent in terms of fitting procedure
for the parameter identification. This research follows a physically-based glassy amorphous polymer model based on
BPA model to describe the viscoplastic response capturing the first yield [85]. The softening and hardening evolution
follow the phenomenological equation postulated in Ref. [74, 85].

The explicit solution of the rate of plastic deformation in terms of an effective plastic strain rate £, and direction
tensor N are given as follows

3
DY =, N, N= ! 8
AT EA 206, Oa ®
where the driving stress o-k is the deviatoric part of 64 and the equivalent stress o, is defined by
3
Oeq = 56;‘ .ol )

The effective plastic strain rate £, was explicitly prescribed by modifying the expression in terms of the plastic
strain rate originally derived by Argon [75] for the free energy barrier to release the polymer chain double kinks in
amorphous polymer, which is given as follows

A(s—ay0 O, m
£, = £gexp l-% (1 - <ﬁ> )] , (10)
P

where a;, is the pressure sensitivity parameter leading to tension and compression symmetry, 6 the absolute temperature
and o}, hydrostatic part of Cauchy stress tensor. The constants €(, A and m are the rate-dependent sensitivity parameters
that should be identified from the peak yield stresses at different strain rates. The so-called athermal effective stress s
is related to the temperature-dependent shear modulus, where its initial value s, is given by

8.5~ 1/m _ E(H) Eref
uw) f(l— - HO=30170 2 Ee)

The identification of the parameter f requires the experimental measurements of the elastic modulus E(6) at
different temperatures. For the studied cases, the reference temperature was chosen as room temperature (22°C for
nylon 101 and LDPE, and 23°C for PA6). To capture the post-yield strain softening, the evolution of § has been
modified by incorporating the pressure sensitivity in a phenomenological softening equation [80]. Later, this strain
softening equation was heuristically modified to consider the pre-yield nonlinearity, leading to a redefinition of yield
as peak yielding point. This approach has been validated for Epoxy Epon 862 [74]. The starting point of this pre-peak
nonlinearity was chosen as a stress level at strain of 0.01. The time derivative of the athermal effective stress is built
upon a heaviside function to mirror the post-yield strain softening to pre-yield nonlinear curvature with a different
hardening parameter A;. This form relates the athermal shear stress s, at the pre-defined initial yield stress to s; at the
peak yield stress while remaining the strain softening from s to the saturated state s, (low yield), and it is expressed
as

=P (60— O) - (11)

s':Hl(g)<1—Si> §A+Hz(5)<1—si>éA, (12)

1 2
where the smooth functions H(€) are given by

H,(&) =—h {tanh<6_6p> 1} H,(&)=h {tanh<5_5p>+l} (13)
E) = — _— , E) = .
1 1 fgp 2 2 fgp
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where /| and h, are the hardening (softening) parameters, f the smoothing factor and £, the plastic strain at the peak
yielding point.

The main reason of choosing this BPA-based model is due to the nonlinearity in the pre-yield (o ) stage observed
in semi-crystalline polymers under tension and compression, where this pre-peak nonlinear behaviour is correctly
represented.

5.2. Resistance B: interlamellar resistance of crystalline phase

For nylon 101 [12], LDPE [22] and PAG6 [29] investigated in this paper, a saturated state is established when the
local low stress level is observed following the strain softening after the first yield point. Then, the shape of stress-strain
curves follows the same trend regardless of the applied strain rates, implying that an elastoplastic constitutive model
is suitable to characterize this rate-independent response. The same decomposition scheme of deformation gradient is
applied for the interlamellar resistance of crystalline phase.

Fy=FSF" (14)

The Hencky strain hg = In(4 / B;;) is calculated with the elastic Cauchy-Green tensor B% = FyF eBT. A pressure-

dependent elastoplastic model based on paraboloidal yield criterion is used to describe the yield in crystalline region,
which is given by following Ref. [86]:

_ =2
@ =op— (O'yt - ayc) I — o0y, (15)
where &g is the equivalent von Mises stress 65 = 1/(3/ 2)0‘ 0' 0' is the deviatoric part from the crystalline

contribution, o and oy are the corresponding yield stresses in compression and tension and I} = o : I = =3p s
the first invariant of the stress tensor. The yield stresses are extracted from the experimental hardening curve following
the material identification procedure presented in Appendix A. Here, the mechanical response of crystalline region is
assumed to be temperature-independent, thus according to the Clausius-Duhem entropy inequality for an isothermal
process

where 5 is the time derivative of Helmholtz energy function in branch B. By considering the strain decomposition
into elastic and plastic components, the above inequality can be rewritten as

. . owps | oy’

DA+ hY) | == hy+——=a ) >0 17
B ( B B) ah]e3 B da = an
where a is a strain-like parameter, whose increment Aa is related to equivalent plastic strain increment AP =

\/ 2/ S)Ahg : Ahg. The reduced internal dissipation can be written by defining the variable { = apr /0a as

Dy, =0 : hy—Ca>0. (18)

An optimisation problem is then formulated with this reduced internal dissipation inequality as

Ay

L(og,{,Ay)=-D;,, + — At

19)
where Ay is the Lagrange multiplier. The flow rule for the evolution of the plastic strain Ahg and the internal strain-like
variable a can be computed after solving

9L _y, 2L, (20)
dop o
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The plastic multiplier is the absolute solution of the quadratic equation which fulfils the Kuhn-Tucker’s loading-
unloading consistency conditions. The consistent elastoplastic tangent modulus is the tensorial differentiation of the
updated stress from the radial return mapping derived with respect to associated and non-associated flow rules and
follows

oy oA o{Ce :

B ) 14 {C® : n}

CP = tr,e - {Ce : n} ® tr,e - A)/ tr,e
Oh! ohl! ohl!

) 2y

where 4" order tensors C°P and C® are the elastoplastic tangent modulus and elastic tangent modulus respectively. n
is the flow direction. The ":" operator stands for the double contraction mapping of a 2" order tensor into 2" order
tensor and "®" represents the dyadic product. The trial stress based on the prediction of total strain comprising elastic
part is given by ol = (A tr[hg]I + 2ughy)/ det [F5].

The inelastic deformatlon gradient F g is updated as Eq. (6). The plastic deformation tensor Dg is given as follows

A 0
pb="Lp =2 22)
B Ar doy
This framework is flexible to incorporate any specific crystal plasticity model. In case of rate-dependent behaviour
of Resistance B, The micromechanical model considering crystallographic slip system [20] can be plugged in this
framework to represent the fragmentation in crystalline phase.

5.3. Resistance C: network resistance

The rubbery effect was observed at different temperatures under large strain range in some TP (e.g., PMMA [66],
PET [57], LDPE [22] and HDPE [35]) as well as in thermosets (e.g., Epoxy [74]). This effect, due to the reorientation
of the molecular chains under large plastic deformation, was modelled considering a network resistance. A three-
dimensional rubber elasticity spring system was developed to predict the evolution of anisotropy in an initially isotropic
glassy amorphous polymers [87], then described by the non-Gaussian network theory combining the three- and eight-
chain models [88]. To complete our proposed model (refer to Fig. 5), the mathematical formulation is briefly introduced
below and its effect is studied in Appendix D. Due to the absence of the rubbery effect for the investigated nylon 101
and PAG, it is excluded for these two SCPs.

Recall that F- = F, the internally stored backstress tensor B that represents the network resistance is given by

B=ZB,~ (e ®e), (23)

where e; are the unit eigenvectors of the left Cauchy-Green stretch tensor Vo = FoF g and B; are the principal back
stress components. For the three-chains non-Gaussian network model, B; has the following form

ool () e ()

where /If is the plastic stretch on each chain in the network, & —1 is the inverse Langevin function, and CRand N are
the rubbery modulus and the average number of links between entanglements, respectively.
An eight-chain model was also constructed with the corresponding principal components as

P2 gp2 p
gt = Lory /N2 el 25)
i 3 p N
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with

(26)

The full network model based on the orientation distribution of the individual chains provides the new principal
back stress components and it can be represented combining the aforementioned three-chains and eight-chains models
as

B =(1-x)B3 4 B3¢, (27)

where « is a weight factor defined as k¥ = O.SSAfnax /V/N that depends on the maximal principal stretch 1> =

max
max(A°, ,11;, %) (see details in Ref. [88]).

6. Self-heating and dissipation

In this section, the deformation associated dissipation is considered as the heat source to derive the heat balance
equation. The simplified model without viscoelastic response is used. The first thermodynamic principle for the local
energy balance is stated as

pw=0c:D—-V-q+pp, (28)

where the scalars p, w and ¢ are the density, internal energy and external heat source, the vector g represents the
heat flux and o : D is the term of the rate of strain energy density. Noting that the Cauchy stress ¢ consists of three
components (see Fig. 5), Eq. (28) is written as

pi=0,: LS +0, : FSLA(F) ™ +o0p : Ly +og : FRLY(F5) ' +0c : Lc—V-q+pd. (29)

The Clausius-Duhem inequality based on the second thermodynamic principle is given as

. q_r¢
J+V-Z -2 >0, 30
§ 6" 0~ (30)
where J is the specific entropy and 6 is the material temperature. Considering the specific Helmholtz free energy
v = w — 30, the Clausius-Duhem inequality can be rearranged as

—pyr — p36 — %-q+GA D LS 40, FSLN(F) ' +o0p : Ly +op : FRLY(F5) ' +06c 1 Lc >0. 31)

Considering the Helmholtz free energy w = w(C¢, CeB, C, 0) as a function of deformation and temperature of
three branches in the rheological model. After several mathematical transformations, the derivative of y in terms of
the Cauchy—Green tensor C, of different branches can be calculated as follows

W . ¢ —op W
aC, aC,

V4

FI:D,. (32)

The final form of the Clausius-Duhem inequality, therefore, can be written by substituting the above derivation in
to Eq.(31) as
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oy \ oy _
-p <J + %> 0+ <0'A - 2Ff\pace F;T> : DS +o0, 1 FSLL(FS) Ly
A

oy
JC%,

- 4%
<0'B —-2F}p FeBT> : Dy +op FCBLI‘;(FeB) Ly <o‘c - 2FCp—F€> :Dc— ik >0. (33)
Following the constitutive equations fulfilled for any admissible deformation and temperature history, the Clausius-
Duhem inequality in terms of the energy dissipation is obtained as

_ ., Ve
o FSLY(FS) ™ +op : FRLE(Fg) ™' - 5 4 > 0. (34)

The relation represents the viscoplastic energy dissipation in branch A, the plastic energy dissipation in branch B
and the thermal dissipation, respectively.

The heat equation can be derived from the first thermodynamic principle and the time derivative of the specific
entropy J is given as

92 . 92 . 92 . %y .
_—I// : eA_—l// : ;_—W : CC__WH‘ (35)
090C2 0(90Cf3 000C

062

Substituting 4 in the relation of b = y + 40 + 46 and using Egs. (29) and (31), the heat equation can be obtained

as
-1 -T
() e )T
pcp9=o'A.FALA(FA) +§ 50 1 Cy
-1 -T
o((Fe)'on(F5)™) | o(FilocFaT)
+ .FeLP(Fe)—l_l_l _C€+1—C cc cC~r=V-g+ (36)
GB ‘ BB B 2 ae * B 2 ag M C q p(l)’
where the specific heat capacity ¢, = —00%y /06? is used. The viscoplastic energy dissipation in amorphous

phase and plastic energy dissipation in crystalline phase are represented by the two terms o, @ F ZL&(F f\)‘] and

op : Fy Lg(F %)‘1 , respectively. The three terms representing the effect of thermo-mechanical coupling on the self-
heating are ignored due to the small contribution compared to the (visco)plastic dissipation according to Ref. [73],
leading to a reduced form by eliminating the external heat source term p¢. The above equation yields

20 _ _ 20
poyor = op L FALA(FY)™ + o« FRLY(Fy)™ -V <—kax>, 37)

v
heat source associated with deformation

where k is the thermal conductivity. The temperature increase is attributed to the plastic dissipation. At every call of
the mechanical model, the rate of plastic dissipation is calculated and fed back to the heat equation, making it possible
to capture the self-heating effects.

7. Numerical implementation

In this section, the proposed model is integrated as user-defined material model for the finite element method
(FEM) considering fully TMC analysis. The activation and disclosure of the crystalline contribution (resistance B) is
also addressed.

7.1. Thermomechanical coupling
Fully TMC analyses were conducted using a single element test, cylinder compression and dog-bone tension
models. The description of these models are presented in Section 8, accompanied with the corresponding results.
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Fig. 6 shows the TMC framework and the activation of the crystalline contribution in the proposed model. Self-
heating and heat transfer are considered in the simulations, where the temperature and the stress fields are determined
simultaneously during every time increment. A user-defined thermal model was implemented along with the user-
defined mechanical model to update the temperature field by solving the energy balance equation in every increment.
The influence of temperature can affect the mechanical response in two ways: (1) temperature-dependent elastic
modulus, which is calibrated with respect to the one at reference temperature and (2) temperature-dependent
viscoplastic constitutive model.

‘ Initialize the thermomechanical problem |

- n=n+l
Time step: 1 =1,
| Mechanical Analysis |-y Thermal Analysis |-------------=--=-=s-<sczczczceas .

| Theenial soflening £ (Fg-10) ‘ —i—»{ Load material thermal properties

|

Update the thermal state:

| Calculate plastic strain rate €a (Eq. 10) |

i
| Store the right stretch tensor Uy;  (Eq. 38) ‘

Internal thermal energy o1/
20

=c

a0
P . L Jx
I Activation of resistance B (Eq. 39) I Variation of heat flux
(‘)—f with g = ﬂ
dg ox

Tl
Yes
| Disclose the crystalline contribution (Eq. 41) |

: Heat flux vector (Fourier’s law) :
3 f=—ko o :

| Solve heat balance equation (Eq. 37) |

—'| Heat generation o : FALY (F) ™ + o5 F;’,L%’,(F‘,g)”l—?— ™

e |Output: new temperature field 6 Ii
Output: 2K * 1, is the time step when first yield occurs

Figure 6: Flowchart of double yield model in a fully coupled thermomechanical analysis.

Three regimes, namely isothermal, coupled and nearly adiabatic, can be identified depending on the ratio between
the approximated thermal diffusion time and the test time at different strain rates [66]. A full analysis covering these
three regimes is essential for SCPs because of the strong temperature dependence of the mechanical response [2].
Chen et al. [72] investigated the temperature evolution for PA6 under uniaxial loading. Under monotonic tensile tests,
the temperature initially experiences a slight drop due to the thermoelastic effect and then follows an increase attributed
to self-heating. At high strain rate of 1 s~!, for instance, the tests generally can be conducted within a short period and
this is insufficient to diffuse the accumulated temperature. Consequently, thermal softening occurs due to temperature
sensitivity.

7.2. Activation of crystalline contribution

In order to quantitatively characterize the first yield and disclose the crystalline contribution, the exact moment to
activate the crystalline phase has to be decided based on a physically-based argument. To control the activation of the
crystalline contribution, the right stretch tensor U is continuously stored (see Fig. 6). Once the condition of first yield
in amorphous phase is fulfilled (at the time t = #;), an internal variable U ; is assigned as follows

Uyt =U,, =R'F. (38)

This internal variable U is adopted to offset the deformation gradient and the new deformation gradient Fy
imposed on crystalline phase is updated by

Fg=R(R'F-U)+1. (39)
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Table 1
Thermal properties of nylon 101, LDPE, polyamide 6, circular compression discs and grips, obtained from the online
material database www.goodfellow.com and www.ensingerplastics.com

p (kg/m’) ¢, J/kgK) k (/s mK)

Nylon 101 1150 1500 0.36
LDPE 919 2600 0.32
Polyamide 6 1200 1700 0.25
Steel 7800 420 52

Itis believed that there exists an internal drag stress or friction stress considering plastic flow as rate-dependent [89].
In SCPs, these stresses can be attributed to the interaction between the amorphous polymer chains and the crystalline
lamellar blocks. According to the stage IIl in Fig. 4, the flow stress of the amorphous phase experiences the
strain softening once the first yield is reached, what it adds a delay before revealing the crystalline contribution. A
characteristic time ¢, is introduced to quantitatively regulate the adjustment between these two phases during this
period. The determination of ¢, is illustrated and validated in Appendix B. The strain €, required to observe the apparent
linear elastic segment of crystalline phase depends on ¢, and the relation €, = ¢, € holds. At a high strain rate, the test
time is short and even a small characteristic time 7, results in a certain amount of strain to establish the equilibrium of
two phases, where a "small hump" is observed in stress-strain curve. However, at a low strain rate, a large characteristic
time 7, may lead to a negligible strain £ between the first yield and the initiation of the crystalline contribution. Once
the internal equilibrium is achieved when the time interval equals 7, the stress contribution of the crystalline phase is
rescaled by a factor . This factor is updated by

OB.,eq ~ Ooff
a=—a (40)
O-B,eq

where o, is the equivalent stress at the disclosure point (1 = 7, + 1) and op ¢, the current equivalent stress. The
investigation of the amorphous phase and the activation of the crystalline phase in nylon 101 are documented in
Appendix B. The updated stress o ., from crystalline phase is calculated as follows

OB.cor — X0B- “4n

8. Results and discussion

Three SCPs showing the DY phenomenon, nylon 101 and LDPE in compression [12, 22] and PA6 in tension [29],
were chosen to validate the proposed model. Tests were conducted under different strain rates, which are suitable
to validate the reliability of the model, as well as the self-heating and thermal softening effects. The parameter
identification (PI) procedure can be found in Appendix A. The TMC analyses were carried out using a realistic cylinder
compression test and dog-bone tension test to validate the response of nylon 101, LDPE and PA6, respectively.

8.1. Response under compression

A 3D finite element model of a cylinder uniaxial compression test at room temperature was developed. An implicit
solver was used to study the full range of the thermomechanical response. A combination of a user-defined mechanical
and thermal material is employed. The thermal properties are listed in Table 1. Fig. 7 shows the setup and the one-
eighth FEM model with the simplifications according to the symmetry. The model was meshed using 8-node thermally
coupled elements. Mesh sensitivity was conducted to check mesh convergence, where an element length of 0.5 mm
and 0.2 mm proved to provide convergent results for nylon 101 and LDPE, respectively.

Frictionless contact and same thermal conductivity were applied between the cylinder specimen and the com-
pression discs. Two steps were introduced to preheat the model to 22°C prior to applying the compressive load. The
displacement control loading along y-axis was applied to the reference point (RP), which was connected to the upper
disc by a rigid constraint. Once the second loading step began, the preheat temperature boundary condition (BC)
was deactivated and a convection film coefficient A = 10 W/(m? C) was imposed on the outer surface in contact
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with the surrounding medium. The true stress-strain curve was obtained from the model using the volume-averaged
homogenized values as follows

:’elim GiI/i

O-homg, =— o-dVNT
el (42)

X eV:

€homg. = V /EdV ~ T

where o;, €;, and V; are the stress, strain and volume of the i-th element and V' is the volume of the one-eighth specimen.

Cylindrical

Compression ;
specimen =

discs

X symmetric 4 \

Y symmetric

(a) (b)

Figure 7: FEM of the cylinder compression test setup: (a) geometry, and (b) one-eighth model, mesh and BC.

8.1.1. Case of nylon 101

The cylinder has a diameter of 19.1 mm and height of 22.9 mm. The model mesh contains 9,637 linear hexahedral
elements. Rubber effect represented by the network resistant C is neglected according to the experimental stress-strain
curves.

Stress-strain curves

Fig. 8 shows the homogenized stress-strain curves of three datasets: (i) symbols, experimental data from [12], (ii)
grey lines, single element (SE) test, used to develop and debug the present model and (iii) black lines, the simulation
results of the cylinder model.

The DY phenomenon is captured by the proposed model with the first yield at a strain around 6% and the second
yield at 16.5%. The rate-dependent oy is generated from amorphous intermolecular resistance A. At this stage the
difference between SE and cylinder results is negligible. The predicted first yield stresses are 79.5 MPa, 99.0 MPa
and 115.6 MPa at the temperature of 22°C when the strain rate increases from 1 x 107> s™! to 1 x 1072 57! to 1 57!
(see Fig. 8(a)). Compared to the experimental results, the errors are 2.71%, 1.59% and 1.50%, respectively. The "small
humps" are disclosed except for the quasi-static case (¢ = 1 x 107 s~1), thanks to the introduced characteristic time
t.. The corresponding predicted strains €, between the first yield and the local lowest stress level are 3.07% and 4.35%
at the strain rate of 1 x 1072 s~! and 1 s~!, whereas the experimental values are 1.5% and 3.0%. The faster the test,
the larger .. The predictions from the SE and the cylinder tests begin to deviate as the plastic strain increases, and
the dlscrepancy appears after the o 1. The self-heating and thermal softening effects are taken into account so that the
oy can be predictable under different thermomechanical conditions.

Fig. 8(b) shows the comparison at the temperatures of 22°C and 66°C. The stress-strain curves at a moderate strain
rate of 1 X 1072 s~ are chosen to present the temperature-dependence. Because the equilibrium between amorphous
and crystalline phases can be easily established at a higher temperature, the 7, equals to zero regardless of the applied
strain rate at 66°C. The proposed model captures well the stress-strain curve with the self-heating and thermal softening
effects. The difference between experimental and simulated ones above the strain 50% may due to the simplified
logarithmic relation between the elastic modulus and the temperature via a constant § (see Eq. (11)), which is unable to
represent the realistic one. Instead, a DMA-based temperature sweep test is highly recommended to obtain a realistic
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Table 2
Three thermomechanical regimes in the cylinder specimen at different strain rates.

£ (s7")  tua/tsr thermomechanical regime

102 202 nearly isothermal

1074 20.2 coupled

1073 2.02 coupled

1072 0.202 coupled, approaching adiabatic
1 0.00202  adiabatic

E,(6). The augmentation of the temperature and the softening of material are controlled by the parameters A and f.
A parametric study along with their underlying physical interpretation is presented in Appendix E.

In addition, the internal temperature field is impossible to be measured experimentally during the test, and it is
highly related to the material state due to the thermal softening. In that sense, the simulation results can provide
valuable insights within the sample.

(a) 140 : : : : (b) 140 : : : :
120 + 120+ et ATSA e =
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. j Exp, €= 1x10% /s . b Nylon 101, ¢ = 102!
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Figure 8: Comparison between experimental results of nylon 101 [12] and the prediction of the proposed thermomechanical
model using a realistic cylinder compression specimen and single element model.

Investigation of self-heating

Fig. 9-11 shows the true stress-strain curves along with the evolution of the temperature. The internal temperature
field is shown on the right by mirroring the one-eighth model. Three strains were selected to investigate the temperature
field: at the first yield, the second yield and a true strain of 75%. The self-heating and thermal softening is examined
numerically in three representative regimes: isothermal, coupled and nearly adiabatic. The three regimes corresponds
to the ratio of the test period (.. = £/¢) and the thermal diffusion time # 4 (see Table 2). This diffusion time can be
estimated using the thermal diffusivity and the characteristic length of the specimen calculated from the centre of the
deforming region to the nearest heat sink [66].

Fig. 9 shows that the average surface temperature remains despite of the wide strain range. The test period under an
isothermal condition with strain rate ¢ = 1 x 107 s~! lasted around 21 hours. This long period allows heat diffusion
that leads to increase the temperature from 22°C to 23.2°C. However, under a coupled condition (¢ = 1 x 1072 s71),
the average surface temperature can reach 49.8°C at 75% of strain. Additionally, the compression discs experience a
visible rise of temperature, as Fig. 10 shows. Under a nearly adiabatic condition (¢ = 1 s~!), the loading time reduces
to 0.75 s, which is insufficient to decrease the temperature rise caused by the self-heating from the specimen. The heat
cannot even be sufficiently conducted to the compression discs as Fig. 11 shows.
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Figure 9: (Color online) Thermomechanical response of nylon 101 and temperature evolution at strain rate of 1 x 107 s7!:

(a) average temperature on the outer curved surface and (b) internal temperature field in the midplane of the sample.
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Figure 10: (Color online) Thermomechanical response of nylon 101 and temperature evolution at strain rate of 1x1072s7!;
(a) average temperature on the outer curved surface and (b) internal temperature field in the midplane of the sample.

In general, higher temperature is found in the core region compared to the one from specimen surfaces (63.1°C
compared to 60.2°C at 75% under ¢ = 1 s~!, Fig. 11). Also, Fig. 10 and 11 show that temperature field within
the cylinder specimen is not homogeneous. As the amorphous intermolecular resistance A is highly temperature-
dependent, the occurrence of thermal softening results to a different thermomechanical response on each material
point due to the inhomogeneous plastic deformation field.

8.1.2. Case of LDPE

Same experimental setup of cylinder compression specimen was adopted to characterize the rate-dependent
mechanical response of LDPE under large deformation [22]. The cylindrical specimen is 5 mm in diameter and length.
Rubber effect can be observed from the macroscopic stress-strain curves. The complete model with three components
is used for the validation. The identified parameters are listed in Table A.1 and A.2. The thermal properties adopted is
provided in Table 1. The eight-chain network model (x = 1) is considered in this Section.

Fig. 12 shows the comparison between the experimental and simulated results at 22°C. Both the rubber effect and
DY phenomenon are well captured for two different strain rates: 0.01 s~' and 0.2 s~!. The first yield occurs around a
strain level of 10 %, while the second yield 40 %. The rubber effect results in a nonlinear stress increase, which is also
predicted around a strain of 80 %. Furthermore, the self-heating and thermal softening effects lead to the drop trend in
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Figure 11: (Color online) Thermomechanical response of nylon 101 and temperature evolution at strain rate of 1 s7!: (a)
average temperature on the outer curved surface and (b) internal temperature field in the midplane of the sample.

stress-strain curve at the strain rate of 0.2 s~1. However, a difference can also be found in cylinder and SE tests. The
average temperature in cylinder specimen is relative lower than in SE model due to the metallic discs attached to the
specimen. The temperature decreases as the heat is efficiently conducted. The inhomogeneous temperature field in the
cylinder specimen alters the mechanical response due to less thermal softening effect. Therefore, higher stress level is

seen in the cylinder test. A parametric study of rubber effect combining DY phenomenon at different strain rates can
be found in Appendix D.
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Figure 12: Comparison between experimental results of LDPE [22] and the prediction of the proposed thermomechanical
model using a realistic cylinder compression specimen and single element model.

8.2. Response under tension

The experimental results for PA6 extracted from Ref. [29] was used to validate the proposed model under tension.
The adopted polymer is mainly composed by a-I phase, from which a dog-bone specimen was proposed and dry-
conditioned. Due to possible necking, the geometrical nonlinearity along with the plastic deformation can magnify the
yield drop [74]. The experimental data is available in the form of engineering stress-strain, however, the PI process
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requires true stress-strain. Therefore, logarithmic strain is adopted assuming constant volume and constant Poisson’s
ratio, the true stress is given by oy, = F/ A - €.

8.2.1. Case of Polyamide 6 (PA6)

In order to compare to the experimental results, a FEM model to simulate the ISO527 standard using a 1BA type
dog-bone specimen was developed. The dimensions of the 1BA dog-bone are presented in Fig. 13(a). This specimen
has a gauge zone of 22 mm X 5 mm and 5 mm thickness. Four rectangular tabs are connected to the specimen using
tie constraints to mimic the attached grips. Contact conduction for the TMC analysis was modelled. Following the
standard ISO527-2, the initial distance between grips was chosen larger than the distance between broad parallel-sided
portions with a difference of 2 mm. To reduce the calculation cost, symmetry along y-axis was applied. Fig. 13(b)
shows the thermomechanical BCs on a meshed geometry with a global element length of 0.25 mm (mesh convergence
was checked). The natural convection coefficient A = 20 W/(m? C) was imposed on the surface between the grips
except for the symmetrical internal surface. A contact conductance of 52 J/s m K was assigned to the contact surfaces.
Two tabs on the left were fixed, whereas tabs on the right were connected to a RP. Equation type constraints were used
to couple their DOF and synchronize the movement. The displacement along x-axis was imposed to the RP. To ensure
that the applied strain rate is consistent with experimental one, the input strain rate is calculated according to the gauge
length. Coupled temperature-displacement element is used with reduced integration and enhanced hourglass control.
The half model is composed of 4,120 linear hexahedral elements and 7,513 nodes.

Convection A

Conductance k&

Eho =5mm . RP

(b)

Figure 13: FEM of the dog-bone tension test setup: (a) geometry, and (b) symmetrical model, mesh and BC.

Stress-strain curves

Unlike Section 8.1, the dog-bone results are based on the engineering values of the stress and strain. The engineering
stress is calculated by the reaction force Fpp from RP divided by the initial cross-section area of the gauge zone (A
= 0.5 mm X 5 mm). The engineering strain is obtained using the gauge length /, = 22 mm as reference. The distance
between two nodes are tracked and divided by /.

Fig. 14 presents the model results under isothermal and fully TMC regimes at different strain rates. It can be noticed
that the stress-strain hump is also clearly captured in this test configuration. The model predicts the oy at strain around
4% and leading to an increase of peak stress from 74 MPa up to 84 MPa as the strain rate increases from 107* s~! to
3 x 1073 s, Under isothermal condition, the stress-strain curves obtained from the model (Fig. 14(a), lines) follow
the same trend at different strain rates, leading to a group of parallel curves. This is due to two reasons: (1) the rate
dependency is carried out only by the amorphous phase, which reaches a clear stable saturated state of plastic flow [74],
and (2) the contribution of the rate- and temperature-independent crystalline phase remains unaltered and only adds
up the plastic hardening.

Fig. 14(b) shows the model results considering full thermomechanical coupling. In this case, it can be seen that
the curves at the highest ¢ dropped due to a clear thermal softening occurred in the amorphous phase. This result
indicates that the self-heating process cannot be ignored as it leads to an excellent agreement with the experimental

P. Hao et al.: Preprint submitted to Elsevier Page 21 of 34

581



Please cite this article as:
P. Hao, V. Laheri, Z. Dai, F.A. Gilabert.
"A rate-dependent constitutive model predicting the double yield phenomenon, self-heating and thermal softening in semi-crystalline polymers".
International Journal of Plasticity (2022), DOI:TBD
Received: 17 Nov 2021, Revised: 12 Jan 2022, Accepted: 20 Jan 2022. . .
A semi-crystalline polymer constitutive model

(a) 100 : : : : : (b) 100
vy e e L Spr ko) sttt dro by b
R s g%é;j’%f; B Y EO A R L SEL IR ¢ sof - ESe an2e2te i A T EEFLIE R ek
-7 X X P 8 . "y X X
E‘“*““ X ;?#%Nx:xux}x‘xx
< =
& 60 1 & 60+
S =}
gh 40 - PAG6 | b 40 | PA6 |
= Exp. by Parodi et al. 2018 ) Exp. by Parodi et al. 2018
6= 23°C, Isothermal 6= 23°C, Thermomechanical
é Exp. Sim. é Exp. Sim.
20+ Ix107)s  x - - 1 20 1x107!/s -
3x107/s o seeeee 3x1071/s o eeeees
1x107%/s o === 1x107%/s o e
i 3x107%/s = 3x107%/s o —---
0 0.05 0.1 0.15 0.2 0.25 0.3 OO 0.05 0.1 0.15 0.2 0.25 0.3
Eng. strain (-) Eng. strain (-)

Figure 14: Comparison between experimental results of PA6 and the prediction with realistic dog-bone tension specimen:
(a) isothermal analysis and (b) fully coupled thermomechanical analysis.

observations. On top of that, it is worth mentioning that the effect of temperature on the elastic modulus shall also be
properly measured. The crystallization temperature 6, for PA6 is around 170°C and the accumulated temperature via
self-heating during the test cannot reach the crystallization temperature 6. Therefore, the effect of thermal softening on
the crystalline phase is not considered. This fact can facilitate the PI process using an identical crystalline contribution
at any strain rates and temperatures below 6.

Investigation of necking and self-heating

Fig. 15 shows the comparison of isothermal and TMC cases in terms of effective plastic strain and temperature
fields. Necking process is also illustrated where the thermal softening plays an important role. In the present model, four
strains were chosen: 4.4% corresponding to the o1, 22% to the o5y, 36% and 45% (a larger strain to demonstrate the
necking under a well-developed self-heating). Nitta and Kuriyagawa [30] observed for metallocene-catalyzed HDPE
that necking is usually initiated between both yield points and got stabilized at the second yield where the fragmentation
of crystalline lamellar clusters occurs. A locally closed-packed layer structure was formed and an inhomogeneous
plastic strain field was observed in the transition zone between the narrow parallel- and curved-sided portions.

At 4.4%, the amorphous region starts to yield. The temperature field in the gauge zone increased slightly and the
maximum effective plastic strain in thermal coupled analysis is higher. At 22%, the neck is stabilized at the second
yield, showing a more homogeneous effective plastic strain field. At 36%, the temperature continues to increase but
with a relative slow speed due to the preferred thermal parameters (A and ). The maximum effective plastic strain in
the thermal coupled analysis is 0.36, which is quite large compared to the one in isothermal condition (0.30). Besides,
its corresponding contour affected by the temperature field can be clearly seen with more concentrated region within
the gauge zone. At 45%. An obvious macroscopic neck can be observed in the coupled case with a maximum effective
plastic strain of 0.54 (0.39 in the isothermal analysis). The temperature increased more than 4 °C, being sufficient to
speed up the necking.

Kweon and Benzerga [90] investigated the mesh size effect on shear band taking place in a dogbone experiencing
necking under isothermal condition. The viscoplastic glassy amorphous polymer model with a parameter set (s, /s; =
0.61 and s /sy = 1 for a sharp yield point) was used to increase the propensity to shear banding. However, with the
identified parameter set for the PA6, no sharp transition was found around Oy Therefore, shear band is not obvious
in the present model (see Fig. 15). Although the strain softening is mainly characterized by the constitutive model
within the strain range from 4% to 7%, the neck initiation and evolution also affect the predicted nominal stress-strain
curves. In addition, a temperature increase due to self-heating accelerates the necking process affecting even more the
mechanical properties.
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9. Conclusion

The proposed viscoelastic-viscoplastic-hyperelastic model based on three types of resistances is capable to
accurately capture the DY phenomenon and the strain-rate-triggering self-heating. A good agreement has been found
between the experimental and simulation results in a wide strain range. The contribution of this work includes:

e A straightforward and robust PI procedure. The same minimum set of experiments is required as the modified
BPA model and only one hardening curve for the crystalline contribution needs to extracted. The PI process is
used to capture the response of the thermoplastic nylon 101, LDPE and PA6 at different strain rates with high
fidelity.

e The yield kinetics of SCP was reviewed and the morphological changes of the blended crystalline and amorphous
phases was lumped and interpreted with a switch. A characteristic time 7, was introduced to control the activation
and to disclose the crystalline contribution, leading to the formation of "small humps" similarly observed in the
tests.

e The cylinder compression test was simulated for nylon 101 and LDPE under a full TMC regime, where rubber
effect was activated for LDPE. Both SE and cylinder tests generate satisfactory results. The self-heating and
thermal softening triggered by the strain rate were accurately captured. Additionally, the influence of the thermal
parameters, namely the inelastic heat fraction #, temperature-dependent § and convection coefficient A, on the
mechanical behaviour were discussed using a SE analysis. The stress-strain curves move downwards when
increasing # and f, or decreasing h. Further experimental study is required to determine a correct combination
of these parameters by cross checking the surface temperature field.

e A dog-bone tension model was used for PA6 validation to study the initiation and evolution of necking. Results
show that the self-heating and thermal softening effects accelerate the necking process. The temperature fields
were investigated in a full TMC regime, leading to clear inhomogeneous deformation patterns.

e The flexibility of this modular constitutive model was studied that offers the possibility of incorporating
the viscoelastic response. The parametric study shows that the simulated stress-strain curves can be either
used for thermoplastics or thermosets. The advantages of the proposed model lead to less effort in material
characterization that allows for decoupling the viscoelastic response from the others features, whose parameters
can be identified independently. On top of that, more complex loading types is required for the model validation,
for instance, considering the unloading curve of SCPs with obvious nonlinearities and hysteresis loops.
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Appendices

A. Mechanical model parameters

This Appendix summaries the parameter identification stages for the proposed double yield model using the
thermoplastic nylon 101 as example. To characterize the intrinsic response, true stress-strain curves should be used.
For a non-isothermal case with various strain rates, the amorphous contribution follows the exhaustive calibration
steps provided in Ref. [74]. This procedure leads to a unique parameter set accounting for various strain rates and
temperatures, which is briefly illustrated as follows:

140 50
120 - Vxxxxxxxxxxxxxx i
40+ X XX ]
S XS
x% y
10030> X Ocyo ; ; 11
B X ‘ y )
= - g
£ L g Cepi=ei— o
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2]
; X
o 60Fx
g
= X
40 ¢ 4
X
X
20¢ Nylon 101 |
Exp. by Khan and Farrokh 2006
0 x €=1x10"/5,0=22C

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
True strain (-)

Figure A.1: Experimental stress-strain curve at low strain rate 1 x 107 s™!

crystalline contribution.

and its decomposition into amorphous and

1. Baseline curve: The stress-strain curve at the lowest available strain rate (¢ = 1 x 10~ s~!) was chosen as
the baseline. Under quasi-static loading condition, the thermal effect is negligible, therefore the isothermal
mechanical response can be obtained.

2. Decomposition: The stress-strain curve can be decomposed into amorphous and crystalline contributions (see
Fig. A.1). A sub-window with an offset origin is imposed where the transition from the nonlinearity to a linear
elastic response (apparent crystalline initiation) is found.

3. Amorphous contribution: Using the modified BPA model perform the calibration with a set of stress-strain
curves before reaching the apparent linear region. Readers are referred to follow the same procedure as in [74].
In the case of nylon 101, the curve shape was determined according to the one at the strainrate of ¢ = 1x107> 571,
where the parameters E, of, Oreps Vys so,sl,sz,hl,hz,ép, f,m, €, and A were identified with the minimum
required tests (see Table A.1). The temperature-dependent modulus was determined with a logarithmic law via
10g(Eyer /E(0)) = B (6 = O )-

4. Crystalline contribution: Perform the calibration using one single stress-strain curve in the sub-window.
An elastoplastic response was assumed for the investigated nylon 101. The apparent elastic modulus E_ and
initial yield stress o ( can be obtained using a linear relation. The hardening data was generated by imposing
€,i = & — 0/ E, in the plastic region (listed in Table A.2).

5. Activation of the crystalline phase: Once the o, ; in amorphous domain is achieved, the crystalline contribution
must be activated. A rate-dependent characteristic time 7., is introduced to disclose the apparent contribution,
resulting in a curve with a "small hump" at high strain rate (see Appendix B).

6. Thermomechanical coupling: Constant thermal properties of the SCP and compression discs (tension grips)
were assumed (Table 1). The self-heating and thermal softening effects on stress-strain curves were determined
via the parameters h and f (refer to Appendix E for the parametric study). The convection parameter 4 was
approximated at any moderate strain rate under thermal coupled condition.
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Table A.1
Set of mechanical parameters of the double yield model for the amorphous and crystalline components.
Material parameter Unit Description Nylon 101  PA6 LDPE Eqn.
Amorphous
Eqor GPa Modulus at 6, 3.01 2.62 225 (11)
et K Reference temperature 295 296 295 (11)
B 1/K Temperature dependence  0.0022 0.0036 0.0234 (11)
v, - Poisson’s ratio 0.39 0.39 0.42 (11)
So MPa Initial equivalent strength 120 184 28 (11)
5 MPa Athermal peak strength 140 196 34 (12)
Sy MPa Saturation strength 138 193 34 (12)
h, MPa Pre-peak hardening 6270 32351 977 (13)
h, MPa Post-peak softening 5030 14827 648 (13)
g, - Peak plastic strain 0.027 0.009 0.045 (13)
f - Smooth factor 0.3 0.3 0.3 (13)
@, - Pressure sensitivity 0 0 0 (10)
m - Rate sensitivity 0.66 0.80 1 (10)&(11)
£ 1/s Rate sensitivity 329 3.55e+11 6.24e+6 (10)
A K/MPa  Rate sensitivity 115 104 265 (10)
Network (Rubber effect)
CR MPa Rubbery modulus - - 13 (24)&(25)
N - number of rigid links - - 4 (24)&(25)
Crystalline
E, MPa Apparent modulus 210 163 26 (-)
Ve - Poisson’s ratio 0.39 0.39 0.32 )
Cey0 MPa Initial yield stress 22 19 2.3 (-)
Table A.2
Strain hardening data for the crystalline component.
Nylon 101 PAG6 LDPE
ep (%) 6,.0,, (MPa) & (%) o,.0, (MPa) & (%) o,.0, (MPa)
0.0 22.0 0.0 19.0 0.0 2.30
1.8 27.7 0.3 20.9 0.2 2.74
4.4 32.8 0.8 23.4 0.5 3.51
7.7 36.4 1.0 23.9 1.0 4.12
115 38.8 1.3 25 1.6 4.57
15.7 40.4 1.9 26.5 3.1 5.19
20.3 415 2.6 27.9 49 5.60
24.9 42.1 3.1 28.7 6.5 5.80
29.7 42.6 41 30.3 8.5 5.94
345 431 49 315 9.3 5.98
39.2 43.7 5.4 32.4 10.2 6.00
43.9 44.3 5.6 32.8 10.7 6.01
48.5 451 6.0 33.8 13.1 6.02

B. Activation of crystalline phase

The calibration of the characteristic time ¢, was performed on a SE (side length of 1 mm) thermomechanical
analysis. In this Section, the experimental data of nylon 101 at temperature 22°C was used. Firstly, the contribution
of the amorphous phase has to be characterized and validated (see Fig. B.1) following the procedure in Appendix A.
Secondly, the following are two needed steps to determine the activation and disclosure of the contribution of crystalline

phase:
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Figure B.1: The validation of rate- and temperature-dependent amorphous contribution.

1. Activation: Activate the crystalline rheological component when the first yield occurs. The o,y can be
determined by: (a) finding directly the local maximum, if it exists, in the stress-strain curve or (b) verifying
if the equivalent plastic strain rate £, equals the corresponding applied strain rate £ (see Fig. B.2).
2. Disclosure: The characteristic time ¢, is further determined by fitting the required time period passing from
the oy to the one when the apparent elastic segment in stress-strain curves is observed (see Fig. B.3). The
contribution of crystalline phase is then disclosed with a distinct "small hump" at high strain rate.

Fig. B.1 shows the stress-strain curves generated only by the amorphous contribution. The calibration was done
following the third step in Appendix A. The oy of the prediction distributes evenly according to the magnitude of
applied strain rate. The yield stress increases as the applied strain rate increases. In this procedure it is assumed that
the amorphous region achieves the saturated state without strain softening once the oy is reached.
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Figure B.2: Internal equivalent plastic strain rates in amorphous phase and the corresponding o, at different strain rates:
(a) 1x107° s7!, (b) 1x1073 s7!, and (c) 1 s7'.

Fig. B.2 shows the evolution of the equivalent plastic strain rate (dash lines) at three strain rates: 1 X 107 s~1,

1 x 1073 s71, and 1 s~!. The stress-strain curve at strain rate 1 x 107> s

-1

is superposed in all plots. It shows that

the first yield stress can be determined as the equivalent plastic strain equals to the applied strain. A migration of first
yield to the right can be seen at higher strain rates, in accordance with the experimental observation. The crystalline
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Table C.1

Visco-elastic properties of the three Maxwell elements for two study cases.
Case 1 2
k 1 2 3 1 2 3
G (MPa) 250 500 1000 500 1000 1500
tr (8) 100 10 1 100 10 1
n (MPas) | 25000 5000 1000 | 50000 10000 1500

model is activated at this point and the time ¢, is recorded. The underlying crystalline contribution is then disclosed
once t = t; + 1. (see Fig. B.3).
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Figure B.3: Comparison between experimental results and the prediction of nylon 101 using SE with (a) isothermal analysis
and (b) fully thermomechanical coupled analysis.

Fig. B.3 shows the true stress-strain curves from the predictions under isothermal and non-isothermal conditions.
As the strain rate increases from 1 x 107 s! to 1 s™!, the shape of the macroscopic response conforms well with the
prediction of the proposed double yield model. The "small humps" after the first yield in the true stress-strain curves
were also quantitatively predicted. The strain required for the establishment of equilibrium between amorphous and
crystalline phases increases when the strain rate increases. The contribution of crystalline phase takes place at 12 %
strain under 1 s~!, compared to 9 % at 1 x 1072 s~ 1.

Fig. B.3(a) implies that the experimental stress-strain curves with downwards trend experience the thermal
softening effect. Garcia-Gonzalez et al. [2] illustrated the thermal softening effect by representing the isothermal
and adiabatic intermolecular resistances. The temperature increase due to the self-heating can hardly reach the
crystallization temperature. This confirms that the amorphous intermolecular resistance A is affected directly by
the thermal softening rather than the crystalline interlamellar resistance B. Fig. B.3(b) shows three representative
thermomechanical behaviours namely isothermal (¢ = 1 X 107 s™1), coupled (¢ = 1 x 1073 s~!) and nearly adiabatic
(¢ = 1 s71) conditions. The parametric study has shown that the prediction can be brought downwards decreasing h,
which is equivalent to increase the temperature (see Appendix E). The non-isothermal predictions have a satisfactory
agreement compared to the experimental results.

C. Incorporating of the viscoelastic response

The aim of this section is to introduce the viscoelastic response which can be separately identified effortlessly. A
parametric study of the implemented viscoelastic response was also performed with two study cases.
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Fig. 5 presents the model response including a series of viscoelastic elements connected to the linear elastic
component. Each viscoelastic component corresponds to a Maxwell element consisting of an elastic spring and a linear
dashpot. In order to decouple the viscoelastic response from the other nonlinear features, total stress o, obtained from
the linear spring and the Maxwell branches ZZ"? O'/Vf’i
stress (see Eq. (7)). Each linear viscoelastic response is given by o-f’[ = & ¢ with the viscosity ¢ = G g, where G is
the shear modulus and # the relaxation time. Constant parameters were assumed and three Maxwell elements were
chosen for this illustrative study case (see Table C.1). Readers are referred to the implementation of the equivalent
kinematic finite strain framework (see details in Ref. [78]). The rate of deformation for a single viscoelastic element is

given as follows

is passed into the viscoplastic dashpot element as a driving

/ I
. . . c .
D=Dd+Dh=£Zqu+£:‘th=£Zq +5Eq P B
\/Eaeq \/Eaeq
where ézq and éf’]q stand for the deviatoric and hydrostatic equivalent visco strain rates, p is the hydrostatic pressure
and I is the second order identity tensor.

(C.1)
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Figure C.1: Comparison of simulated stress-strain curves with two parameter sets of viscoelastic response

Fig. C.1 presents the simulated results based on the dog-bone test on PA6 (see Section 8.2) assuming the
hypothetical values of the viscoelastic parameters from Table C.1. These values were deliberately chosen to cover
a sufficiently wide range of the relaxation time and elasticity. The elasto-viscoplastic result, grey lines, are plotted as
a guidance in Fig. C.1. Two strain rates, 0.01 s~! and 0.003 s~!, are examined. The results with viscoelastic response
show that first yield move leftwards but maintain the same level of stress, and following the strain softening segment
regardless of the adopted viscoelastic parameter set. The modulus becomes rate-dependent and increases as the applied
strain rate increases. The viscoelastic parameter set with larger shear moduli for the Maxwell elements provides a
higher instantaneous modulus. The advantages of this arrangement are clear: (a) it does not affect the contribution of
the amorphous and crystalline phases, and (b) the parameter identification for viscoelastic response can be separated
from the aforementioned calibration tests using a Dynamic Mechanical Analyser (DMA).

D. Parameter sensitivity analyses of the hyperelastic response

The rubbery effect of the network resistance C contribution on the proposed double yield model was examined (see
Fig. D.1). It was studied with the same parameter set from nylon 101 but adding the rubbery effect (see Table A.1). For
the sake of simplicity, only a three-chain model is illustrated (k = 0). Two parameters, the rubbery modulus CR and the
average number of links N, were studied at the temperature 22°C and under two strain rates namely € = 1 x 107 s~!
and € = 1 x 1072 s~!. The rubbery effect becomes visible under large strain range by decreasing the magnitude of N
or increasing CR.
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Figure D.1: Parameter sensitivity analyses on rubbery effect in double yield model at strain rate (a and b) 1x 1072 s~ and
(cand d) 1 x 107° 571

E. Effect of thermal parameters

To enrich the flexibility of the proposed model, a constant, inelastic heat fraction #, can be introduced to generate
a volumetric heat flux source term partially from the energy dissipation. Unlike fluid-like materials, the stored energy
was a constant fraction of plastic work so that the full heat conversion is unlikely to occur in solid materials (refer
to Ref. [91]). Meanwhile, # is used to mediate the underestimation of heat source associated with deformations, for
instance, the assumption of neglecting some terms while deriving Eq. (37). The # is determined by using adiabatic
condition. Assuming constant thermal properties, the heat equation is extended as follows
pcp% —n(on : FSIR(F) ™ +op : FSLM(FS)™ )+ V.- <k%x>. (E.1)
The convection coefficient & can be experimentally obtained or estimated using a model assuming natural
convection on a vertical surface. In practice, A can be obtained by fitting the stress-strain curves at a moderate strain
rate in the thermal coupled regime. Furthermore, the thermal softening is incorporated by the temperature-dependent
modulus E4(0) via a material constant f.
Fig. E.2 shows the effects of parameters #, f and h using a SE analysis. Nylon 101 at a reference temperature
6 =22°Cand £ = 1 x 1072 s~! was used. The solid line represents the response using the calibrated parameters (see
Appendix A). It can be seen that the true stress-strain curve is brought downwards by decreasing A, or increasing # and

B.
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