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Temperature and strain rate dependences on hardening
and softening behaviours in semi-crystalline polymers:

Application to PEEK

Abstract

Semi-crystalline polymers often present a complex non-linear behaviour that

combines thermo-viscoelastic and thermo-viscoplastic contributions associated

to different deformation mechanisms. During the initial deformation stages,

the process is influenced by the rupture and reorientation of crystalline phases

while, during the final deformation stages, the process is mainly governed by

the mobility and orientation of the amorphous molecular chains. Moreover, the

level of reorientation of crystalline and amorphous phases is strongly affected

by variables such as temperature and strain rate. This work focusses on the

role of such mechanisms in the mechanical behaviour of poly-ether-ether-ketone

(PEEK) within its different thermal-behaviour regions: initial glassy region,

glass transition and final rubbery region. To this end, samples of PEEK are

subjected to large deformations under uniaxial tension at temperatures from 20

to 240 ◦C, and strain rates from 0.0001 to 0.1 s−1 (covering both isothermal and

adiabatic conditions). In addition, a constitutive model is proposed to comple-

mentary explain the experimental observations by means of entropic strain hard-

ening due to reorientation of polymer chains influenced by thermo-viscoelastic

effects, as well as thermo-viscoplastic behaviours defining the material yielding

by means of crystallites deformation and breaking. These results provide new

insights into the deformation mechanisms of semi-crystalline polymers below

and above glass transition, which are significantly relevant for thermoforming

processes of biomedical prosthesis.
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necking, constitutive model

1. Introduction

Thermoplastic polymers have drawn the attention of a wide variety of in-

dustrial sectors due to their attractive mechanical properties, rapid processing

and relatively low manufacturing cost [1, 2, 3, 4]. In this regard, poly-ether-

ether-ketone (PEEK), a semi-crystalline thermoplastic polymer, is one of the

few polymers considered for metal replacement in high temperature conditions

including automotive, aerospace, oil & gas and space applications [1, 5, 6, 7].

In addition, PEEK polymers have experienced an increasing interest in the

biomedical industry for both direct used [8, 9, 10] and as matrix material in

biocompatible composites [8, 11]. There are many structural biomedical devices

within the aforementioned applications such as cranial implants and dental or

acetabular prostheses [12, 8, 13, 11]. Although 3D printing technologies are

called to be the main manufacturing process for these implants, thermoforming

is still the usual manufacturing technique due to its low cost and effectiveness

[14, 15]. Thermoforming processes are carried out at low strain rates and high

temperatures usually above the glass transition temperature of the polymer.

The non-linear mechanical behaviour of semi-crystalline polymers presents sev-

eral complexities such as rate, pressure and temperature dependencies as well

as the coupling of viscoelastic and viscoplastic behaviours [16]. In this regard,

temperature and strain rate have a critical influence on the mechanical per-

formance of these polymers. Higher temperatures result in greater mobility of

polymer chains at the micro-scale, leading to thermal softening at the macro-

scale by means of elastic modulus and yield/flow stress [17, 18]. Oppositely,

higher strain rates result in hardening and a loss of ductility in terms of elas-

tic modulus and yield/flow stress [19, 18]. These two variables are intrinsically

coupled at medium and high rates of deformation where adiabatic heating is

expected and there is a competition between hardening effects due to strain

rate sensitivity and softening due to temperature sensitivity [20, 21, 9, 3]. In
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addition, the mechanical behaviour of semi-crystalline polymers becomes even

more complex at large deformations due to possible micro-structural changes

such as cross-linking, molecular weight and crystallinity degree [22, 23].

From a micro-structural point of view, semi-crystalline polymers can be under-

stood as the combination of two phases: crystalline regions (lamellae or crystal-

lites) which govern the material response in the early stages of deformation; and

amorphous regions (fibrils or amorphous polymer chains) that control the lat-

ter stages of deformation [24, 15]. The deformation process of semi-crystalline

polymers can be physically explained in different stages. First, a viscoelastic de-

formation is caused by elongation of amorphous tie chains and also by reversible

increase of lamellar crystallite thickness [25, 26, 24]. Then, yielding occurs due

to tiling of lamellar chain folds and by separation of crystalline block segments

[25, 26, 27]. During the following stage and as a consequence of the stress in-

duced, the larger crystalline domains are split and entanglement of amorphous

chain is released leading both to material softening [20, 24]. Finally, the amor-

phous regions and crystalline block segments are reoriented along the loading

direction resulting in a continuous entropic hardening [3, 9]. Moreover, the ac-

tivation and relevance of these different mechanisms are strongly influence by

temperature and rate of deformation. Thermal effects are of significant relevance

especially when comparing the responses below and above glass transition.

Constitutive models have been proposed to further analyse the experimental and

theoretical observations introduced above. These models, depending on their50

conception, can be classified in: models based on phenomenological approaches

[19, 28, 10, 29, 30]; and models formulated on the basis of physically motivated

interpretations of the deformation mechanisms. The physically motivated mod-

els base the mathematical description of the mechanical behaviour on features

of their microstructure: the contribution of the crystalline phase that governs

the early stages of the deformation; and the contribution of the amorphous

phase controlling the latter stages. The amorphous phase is usually defined

by approaches for amorphous polymers that takes into account the entropic

hardening associated to polymer chains reorientation [31, 32, 33, 34]. These
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models are coupled with crystalline contributions to incorporate transitions in

material yielding, strain rate dependencies and subsequent large deformation

behaviour [35, 36, 37]. More recently, constitutive models have been proposed

to introduce thermal effects in their formulation, allowing for capturing thermal

softening, adiabatic heating and thermal expansion within thermodynamically

consistent frameworks [3, 9, 38, 39]. However, these models often fail at pre-

dicting and explaining the mechanical behaviour of semi-crystalline polymers

both below and above their glass transition temperature, where the mecha-

nisms governing the deformation process can change drastically. Moreover, as a

consequence of the increasing interest of shape memory polymers, which adapt

their shape when going through their glass transition, new models have been

proposed describing material changes below and above the glass transition tem-

perature [40, 41, 42, 43, 44]. Nevertheless, these models are frequently focus on

amorphous polymers and new approaches are needed to further understand the

response of high performance semi-crystalline polymers (e.g. PEEK) at extreme

temperatures above glass transition.

With the aim of analysing the reorientation mechanisms of the crystalline and

amorphous phases during tension deformation of PEEK, we perform uniaxial

tensile tests at different testing temperatures and strain rates. These loading

conditions are selected to study the influence of temperature and strain rate

on the reorientation mechanisms within a variety of deformation scenarios, es-

pecially relevant for thermoforming manufacturing processes. Regarding the

testing temperatures, three thermal regimes are considered: (a) 20 ◦C corre-

sponding to a low temperature regime below the glass transition; (b) 150 ◦C

corresponding to the glass transition regime; (c) 240 ◦C corresponding to a

high temperature regime between the glass transition and melting point. In

addition, three strain rates are studied to cover both isothermal and adiabatic

conditions during tension deformation: (a) 0.0001 s−1 below the critical thresh-

old of the specimen used to induce adiabatic heating (isothermal conditions);

(b) 0.01 s−1 above the critical threshold (adiabatic conditions); (c) 0.1 s−1 far

above from the critical threshold (adiabatic conditions). Finally, a constitu-
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tive model is developed to help at explaining the experimental observations by

means of entropic strain hardening due to reorientation of polymer chains and

deformation mechanisms that govern the yielding. This model is developed for

finite deformations within a thermodynamically consistent framework and takes

into account temperature and strain rate dependencies by the consideration of

thermo-viscoelastic and thermo-viscoplastic contributions to the mechanical be-

haviour of PEEK, as well as temperature evolution due to adiabatic heating.

2. Experimental Methods

2.1. Material

The experiments of this work are performed on specimens manufactured100

from commercial plates of unfilled PEEK 450G, general purpose grade, with a

density of 1300 kg/m3 and dimensions of 130x130x3 mm3. Dog-bone shaped

samples are machined from these square PEEK plates using water jet cutting.

The geometry of the specimens is indicated in Figure 1 following ASTM stan-

dards. Differential scanning calorimetry (DSC) of the samples provides a degree

of crystallinity of 30 % ± 2 %, calculated by integrating the melt endotherm

and relating it to the literature value of 100 % crystalline PEEK [10].

PEEK is a high-performance semi-crystalline thermoplastic polymer with excel-

lent mechanical and thermal properties as well as good chemical resistance that

make it suitable to be used as an engineering material for high-quality applica-

tions. These excellent physical and chemical properties have turned PEEK into

one of the most efficient thermoplastics, resulting in an increasing use of this

polymer as matrix material for composites or directly unfilled in biomedical,

aeronautic and automotive industries, where is one of the polymers considered

for conventional materials replacement in medium/high temperature applica-

tions [7].
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2.2. Mechanical testing

A series of constant displacement rates tests are performed in an Instron

servoelectric testing machine. A diagram of the testing framework is presented

in Figure 1. For the high temperature tests, the Instron machine is equipped

with an environmental testing chamber allowing for testing temperatures from

20◦C to 240◦C. The testing temperature is controlled by a type K thermocouple

attached to the root of the testing specimen. Once the testing temperature is

reached, the specimens were held for 30 minutes before the start of the test to

allow for uniform temperature conditions within the sample. During the test

the temperature is controlled to ±1◦C. The displacement is controlled by the

linear position encoder equipped in the machine. The strain of the sample is

monitored using the IMETRUM digital image correlation (DIC) system. The

samples were painted consistently with a white/black pattern for DIC with high

temperature paint. The load and displacement measurements are fed into the

DIC control unit that produces an unified data file with all the results. Note

that for the high temperature tests, due to the large deformations and high

temperature, the DIC pattern remained in proper conditions only during the

first stages of deformation. Therefore, the strain values were determined using

DIC to track the grips displacement [26, 45].

Three different temperatures are selected according to the three different physi-

cal states of the PEEK polymer: one below the glass-transition temperature cor-

responding to the glassy region (room temperature); one at the glass transtion

temperature (150 ◦C); and, finally, a temperature high enough to deform the

polymer within its rubbery region (240◦). To study the influence of the defor-

mation rate on the mechanical response of the polymer, three different strain

rates are tested from 0.1 /s to 0.0001 /s.

3. Experimental results

The results obtained from the experimental campaign are presented in Figure

2 and further analysed along this section. First, the viscoelastic behaviour and
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yield stress are studied as a function of the testing conditions. Next, we show

the strain rate influence on deformation conditions, evaluating the different

response of the material under isothermal and adiabatic conditions. Finally,

general remarks on the temperature dependence of the overall tensile response150

of PEEK are provided. These results motivate the discussion afterwards and

constitutive modelling presented in the following sections of the manuscript.

3.1. Strain rate and temperature dependencies on the viscoelastic response and

yielding

The elastic moduli measured for all the tested conditions are shown in Fig-

ure 3 as a function of the testing temperature and the strain rate. Regarding

the sensitivity with temperature, the results show a clear dependence with a

decrease of the elastic modulus as testing temperature increases. These results

are consistent with previous works [46, 26, 18]. Moreover, the strain rate sensi-

tivity is found to depend on the temperature conditions. At room temperature,

the elastic modulus is almost independent of the strain rate and correlates well

with the values reported in the literature [46, 18]. As the temperature increases,

the elastic response in the curves becomes dependent on the strain rate. This

can be explained by the simultaneous activation of viscous mechanisms even at

stresses below the yield point (creep deformation).

The yield stress, understood as the local maximum in the stress-strain curve,

is analysed from Figure 2 depending on temperature and strain rate. In this

regard, temperature is observed to reduce the flow stress resulting in thermal

softening and, in turn, strain rate is observed to increase the flow stress result-

ing in material hardening for a testing temperature of 20 oC (within the glassy

region of the amorphous phase). However, for a high temperature at 240 oC

(within the rubbery region of the amorphous phase), the amorphous phase of

the polymer governs the deformation process leading to a soft transition from

elastic to plastic behaviour resulting in the disappearance of the yield point.

These dependencies of yield stress on temperature and strain rate are shown in

Figure 4, where no data is provided for 240oC as such yield point cannot be
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identified.

Further analysis of the observed dependences of the viscoelastic and yielding

response of PEEK on temperature and strain rate will be presented later by

combining these experimental insights with constitutive/theoretical modelling.

3.2. Mechanical response of PEEK under isothermal and adiabatic conditions

When performing tensile tests on polymer specimens, different combinations

of geometrical features, loading conditions and material properties can lead to

different thermal-testing conditions: isothermal or adiabatic conditions. For low

strain rates, the heat generated by inelastic dissipation mechanisms is not accu-

mulated within the deformed material due to convection and conduction heat

transfer. However, medium and high strain rates result in adiabatic heating

leading to temperature increments within the deformed material due to inelas-

tic dissipation. In such cases, the polymer undergoes a competition between

hardening arising from strain rate effects and softening arising from thermal

effects.

Kendall and Siviour [47, 48] proposed an equation to estimate the strain rate at

which the sample starts to behave adiabatically base on the characteristic size

of the sample µ0 and the thermal diffusivity of the material δ:

δ = κ/ρC (1)

where κ is the thermal conductivity, ρ is the density and C is the specific

heat (note that these parameters depend on the testing temperature). The

characteristic time for thermal diffusion can be expressed as:

τ =
1

ε̇crit
=
(µ0

2

)2 1

δ
(2)

For PEEK, the dependence of C is measured from DSC tests showing a

good agreement with results in the literature [18, 49]. The dependence of κ

on temperature can be obtained from the literature [50]. Finally, the density

can be assumed constant and equal to ρ = 1300 kg/m3. For the temperatures
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tested in this work, C and κ are: (room temperature) C = 2160.1 J/kgK,

κ = 0.29 W/mK; (150oC) C = 2408.3 J/kgK, κ = 0.37 W/mK; (240oC) C =

2497.6 J/kgK, κ = 0.43 W/mK. The sample size is the gauge length µ0 = 0.03

m. According to these parameters, the expected critical strain rate leading

to adiabatic conditions is ε̇crit ≈ 0.0005 − 0.0006 s−1. This means that all

the lower strain rate cases (ε̇ = 0.0001) correspond to isothermal conditions.

Conversely, all the other two strain rates cases fall into the adiabatic region

and, therefore, should present local increases of temperature due to inelastic

dissipation, explaining the observed stress drop. This phenomenon is included

in the formulation of the constitutive modelling and is further discussed next.

3.3. Mechanical response of PEEK within its glassy behaviour region, rubbery

behaviour region and at glass transition

The true stress-true strain curves of PEEK under the testing conditions

considered are showed in Figure 2. The following observations for each of the200

tested temperatures can be extracted:

• Initial glassy region (20◦C): it can observed an initial linear elastic re-

sponse followed by the yielding of the material. After yielding, a smooth

drop of the apparent macroscopic stress occurs for the two higher strain

rates. This can be explained by adiabatic heating resulting in a continu-

ous thermal softening. As the strain rate increases, the heat produced by

plastic deformation is accumulated in the deformed regions producing a

local softening behaviour as indicated in the hardening curves in Figure

5. Note that the thermal history can also play a role in this softening due

to associated lock of free volume during processing.

Finally, the material ruptures abruptly. The strain at rupture reduces

from the lowest strain rate to the higher ones.

• Glass transition (150 ◦C):a completely different behaviour from room tem-

perature is observed here. In this case, there is an initial elastic loading

phase dependent on the strain rate up to a point where the material yields
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(see Figure 2). The stress level reached at this point is also dependent on

the strain rate, being higher as the deformation rate increases. Following

the peak in stress, a softening phase of the macroscopic stress is observed.

This is only observed at the higher strain rates (ε̇=0.1 s−1) and ε̇=0.01

s−1), due to adiabatic heating and, potentially, to a time dependent mech-

anism blocked at higher strain rates which leads to this process. This is

further confirmed in the hardening curves presented in Figure 5 where only

the high and medium strain rate curves goes to negative values. Finally,

the material hardens as observed in the final stage of the strain-stress

curves before rupture occurs.

• Final rubbery region (240 ◦C): at higher temperatures, the yield drop

observed at 150 ◦C disappears and two differentiated loading regions are

observed with a smooth transition: an initial elastic region dependent on

the strain rate and a hardening region extending up to true strains above

ε = 1. The dependence of the mechanical response on the strain rate

is minimised compared to the other two temperatures. No softening be-

haviour is observed for any of the three strain rates although the hardening

rate becomes close to zero for the high strain rate case, Figure 5.

4. Constitutive model

This section presents a constitutive model that allows for a further analysis of

PEEK deformation mechanisms under tensile loading. We take a previous work

[9] as starting point to develop the new model. Note that this section focusses

on some specific aspects of the polymer deformation mechanisms. Therefore, we

do not pretend here to develop a complete model that takes into account all the

different deformation mechanisms but to theoretically explain the experimental

observations from the previous section. To this end, we neglect some features

from the previous model such as pressure dependency or thermal expansion

and, in contrast, we introduce new mechanical features such as viscoelasticity,

post-yield softening and temperature-dependent entropic strain hardening due
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to polymer chains network. In addition, we extend the validity of the model to

a wider range of temperatures, allowing for mechanical predictions within the

glassy region (below glass transition), the rubbery region (above glass transition)

and at glass transition.

4.1. Formulation

The mechanical behaviour of semi-crystalline polymers is physically inter-

preted as the combination of overcoming an intermolecular resistance to defor-

mation, related to the crystalline phase, and a polymer network resistance to

deformation, related to molecular chains orientation. Motivated on this decom-

position of the overall response of the polymer, a rheological scheme, Figure 6,

is proposed as the combination of two constitutive branches: the intermolecu-

lar resistance (I), that captures the intermolecular resistance to chain-segment

rotation; the network resistance (N), that models the post-yield kinematic hard-

ening responsible for the entropic resistance to chain-alignment [51]. Note that

such arrangement of the rheological elements is purposely simplified to account

for the main deformation mechanisms observed in the experiments conducted.

A more accurate description of the viscoelastic and viscoplastic components

should be incorporated from the study of cyclic loading as in the work by Li et

al. [52]. Moreover, the principal tendencies and relevance of viscoplastic and

viscoelastic contributions have been evaluated by analysing permanent deforma-

tions after unloading. In this regard and for the loading conditions tested, such

deformations have been mainly identified as permanent or plastic deformations

with viscoelastic recovery lower than 10 % of the overall deformation, showing

the same tendencies and a good agreement with the model predictions.

Regarding the intermolecular branch, this is defined by a temperature-dependent

Neo-Hookean hyperelastic spring in series with a linear viescoelastic dashpot and

a non-linear viscoplastic dashpot. On the other hand, the network resistance

is defined by a temperature-dependent hyperelastic spring based on the eight-

chain model. According to the aforementioned description of the rheological

scheme, the stress state of the material can be defined, by means of Cauchy
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stress tensor σ, as the summation of the intermolecular Cauchy stress tensor

(σI) and the network Cauchy stress tensor (σN ):

σ = σI + σN (3)

According to the kinematics, Figure 6, the deformation gradient F is multi-

plicatively decomposed as:

F = F e
I F

v
I F

p
I = FN (4)

where F e
I is the elastic part of the intermolecular deformation gradient, F v

I is250

the viscous part of the intermolecular deformation gradient, F p
I is the plastic

part of the intermolecular deformation gradient and FN is the network defor-

mation gradient.

Further details on the mathematical description and physically-motivated mean-

ing of the rheological components are provided in the following subsections.

4.1.1. Intermolecular resistance

The intermolecular resistance takes into account the strain rate- and temperature-

dependent elastic response of the material as well as the strain rate and tem-

perature dependences of the polymer yielding. The stress contribution of this

branch is defined by a temperature-dependent hyperelastic spring based of a

Neo-Hookean description [53]:

σI =
λo(θ) ln(JeI )

J
I +

µo(θ)

J
(Be

I − I) (5)

where λo(θ) and µo(θ) are the classical Lamé constants (with θ being the current

temperature), J = det(F ) and JeI = det(F e
I ) are the total and elastic Jacobian

of the intermolecular resistance, respectively. I is the second order unit tensor

and Be
I = F e

I F
eT
I is the left Cauchy-Green deformation tensor. Note that the

Lamé constants can be defined by means of the temperature-dependent Young’s

modulus E(θ) and the Poisson’s ratio ν(θ). According to experimental obser-

vations pointing out a sharp softening around the glass transition temperature

(θg) from this work and from the work of Maksimov and Kubat [54], the Young’s
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moduluscanbephenomenologicallydefinedbyavanGenuchten–Guptabased

modelas:

E(θ)=
(Eref−Eht)

1+
θ

θg

p +Eht (6)

where Eref andEht arethe Young’s moduliatreferenceandathightem-

perature,respectively,andpisa materialparametertocapturethesoftening

transition.Inaddition,atransitionofPoisson’sratiofromν=0.4at20◦Cto

almostincompressibility(ν=0.48)attemperaturesaboveglasstransitionhas

beenobserved.

Asexperimentallyobserved,Figure2,the mechanicalbehaviourofPEEKbe-

foreyieldingisalmostlinearandrate-independentatroomtemperaturebut

clearlynon-linearandrate-dependentathighertemperatures. Thisevidence

suggestsaviscouscomponentintheelasticregime,potentiallygovernedbya

temperature-dependentviscosity.Tothisend,the Williams-Landel-Ferrymodel

andthe Masukoand Magillmodelareusuallyusedtodescribethetemperature

dependencyonviscosityforpolymerswithaglasstransitiontemperature[55].

Here,wemodifyandsimplifythesemodelstoreducethenumberofparameters

fordefiningthetemperature-dependentviscosity,η(θ),as:

η(θ)=ηoθb (7)

whereηoandbare materialparameters.

Therefore,theevolutionoftheviscoelasticflowcanbedeterminedbythedef-

initionoftheviscousvelocitygradient̆Lv
I dependingonthepolymerviscosity.

Weassumenullviscousrotations W̆ v
I =0 and,therefore,L̆v

I = D̆v
I, where

D̆v
I istheviscousdeformationratetensorin̆Ω. Theexpressionfortheviscous

velocitygradientreads[56]:

L̆v
I=D̆v

I =Ḟv
IF v

I =
M̆ dev

I√
2η(θ)

(8)
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whereM̆ dev
I isthedeviatoricpartofthe MandelstresstensorM̆ Iexpressedin

Ω̆:

M̆ I=Je
IFeT

I σIF eT
I (9)

Theplasticcontributionisdefinedbyanon-linearandtemperature-dependent

dashpotwhoseactivationiscontrolledbyafrictionelementrelatedtoayield

function. TheyieldcriterionfI=0isassumedintheform:

fI=σV M−σT −R=0 (10)

whereσV M isthevon Misesequivalentstress. TheescalartermσT captures

theyieldstressdependencyontemperatureandreads:

σT =σref 1−
θ−θref

θmelt −θref

m

(11)

withσrefbeingthevalueofσT atreferencetemperatureθref,θmelt themelting

temperatureandm atemperaturesensitivityparameter. Thistermisessential

tocapturethecontinuoussofteningduringdeformationduetoadiabaticheating

[9].ThelasttermRinEq.(5)introducesthepost-yieldmaterialsofteningwith

theequivalentplasticstrainε̄p
Ias[57]:

R(̄εp
I)=(σs−σT)[1−exp(−Hε̄p

I)] (12)

wherethehardeningorsofteningiscontrolledbythesaturationstress σs =

σT/s,withsbeingamaterialparameter,andthehardening/softeningparame-

terH.Thissofteningisphysicallymotivatedonthereorientationofthecrystal-

lites,splittingofthelargercrystallinedomainsandtheunwrappingofmolecular

chains[24,20]. Notethat,asalltheexperimentalobservationsinthisworkre-

latetotensiledeformations,thepressure/stressstatedependencyofthe model

hasbeenneglectedbysubstitutingtheRaghavaequivalentstressusedinour

previouswork[9]bythevon Misesequivalentstress. Theevolutionoftheplas-

ticflowiscompletedbythedefinitionoftheplasticvelocitygradientL̃p
I. We

assumenullviscousrotationsW̃ p
I =0 and,therefore,L̃p

I = D̃p
I,whereD̃p

I,

whereD̃p
I istheplasticdeformationratetensoriñΩ.

L̃p
I=D̃p

I =Ḟp
IF p

I = ˙̃γp
ĨrI (13)
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where˙̃γp
Iistheviscoplasticmultiplierdefiningthemagnitudeoftheplasticflow,

andr̃Iisasecondordertensorprovidingthedirectionsoftheplasticflow. The

lattercanbederivedfromtheassociativeflowpotentialas:

r̃I=
∂σV M

∂M̃ I

=
M̃ dev

I

4/3J2I

(14)

with J2I beingthesecondinvariantoftheintermolecular Cauchystressand

M̃ dev
I thedeviatoricpartofthe MandelstresstensorM̃ I expressedinΩ̃,and

definedas:

M̃ I=Jev
I FvT

I FeT
I σIF eT

I F vT
I (15)

whereJev
I =det(Fe

IFv
I)isJacobianoftheviscoelasticcontribution. Finally,

themagnitudeoftheplasticflowiscomputingbythedefinitionoftheviscoplas-

tic multiplierdependingontherate-sensitivityparametersγ̃p
o andCas:

˙̃γp
I=






0 if fI≤0

˙̃γp
o exp

1

C

σV M

σT +R
−1 −1 if fI>0

(16)

4.1.2. Networkresistance

Thenetworkresistancetakesintoaccountthetemperature-dependenten-

tropichardeningafteryieldingduetoorientationofthepolymerchainsdur-

ingdeformation. Thisdeformation mechanismisincorporatedintothe model

throughahyperelasticspringdefinedbyamodifiedeight-chainmodel[31,58].

σN =
CR(θ)

3J

λ̄l

λ̄
L−1 λ̄

λ̄l
B̄dev

N (17)

whereCR(θ)isthetemperature-dependentshearmodulusofthenetworkresis-

tance,̄λlisthelockingstretchand̄Bdev
N isthedeviatoriccomponentoftheleft

Cauchy-Greendeformationtensorofthenetworkbranch,definedas:

B̄N =F̄N F̄T
N (18)

withF̄N = J−1/3FN beingthedistortionalpartofthenetworkdeformation

gradient.
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The term λ̄ refers to the average total stretch ratio and is calculated as:

λ̄ =

√
1

3
tr(B̄N ) (19)

In this work, we define the shear modulus of the network resistance as a temperature-

dependent rubbery modulus in the form:

CR(θ) = CRref

(
θ

θref

)β
(20)

where CRref is the network shear modulus at reference temperature and β is a

temperature sensitivity parameter. Finally, the mathematical operator L −1 in

Eq. (12) is the inverse of the Langevin function, that can be approximated as:

L −1(x) ' x 3− 2.6x+ 0.7x2

(1− x)(1 + 0.1x)
(21)

4.1.3. Temperature evolution due to inelastic dissipation

The model predictions take into account the temperature evolution during

the deformation process arising from thermo-mechanical coupling. In this re-

gard and in accordance with previous works in the matter [59, 9], we neglect

thermoelastic contributions and, therefore, reduce the temperature sources to

inelastic dissipation. To this end, Eq. (22) is computed to account for tempera-

ture evolution due to the inelastic dissipation arising from both viscoelastic and

viscoplatic contributions (both linear and non-linear dashpots) as:

θ̇ =
M̆I : D̆v

I

C̃
+
M̃I : D̃p

I

C̃
(22)

where C̃ is the specific heat capacity per unit volume at constant volume. This

expression is derived from the combination of the first principle of Thermo-

dynamics, the definition of the Helmholtz free energy and the rate of specific

entropy, see Garcia-Gonzalez et al. [2017] for more details of the methodol-

ogy followed. Note that the specific heat C̃ of semi-crystalline polymers is

usually considered as dependent on temperature in a positive linear fashion

[60, 61, 62, 63] or as an average value for glassy and rubbery regions [19, 18, 9].

In this work, the specific heat is considered temperature-dependent and the val-

ues for each temperature condition tested are provided in Section 3.2.
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Although this is not explicitly presented herein, the thermodynamic consistency

of the model has been verified following the methodology presented in [9]. In

this regard, both stress contributions derive from free energy potentials corre-

spondingly, the entropy can be related to thermal derivatives and the flow rules

are consistent with the second thermodynamics principle.

4.2. Model calibration and predicted behaviour

This section summarises the correspondence of the model parameters with

the physically motivated assumptions and the characteristic features of the me-

chanical behaviour of PEEK. Then, these parameters are identified and the

model predictions for the testing conditions studied are presented.

The proposed model presents some relationships between its parameters and

the deformation mechanisms of the polymer that make it easier to identify their

proper values. This correspondence is introduced next for the different compo-

nents of the model:

• Elastic response: the parameters Eref , Eht, p and ν determine the initial

stiffness of the material within the elastic behaviour and introduce the

temperature dependency along the different regions: glassy, rubbery and

glass transition.

• Viscoelastic response: the model parameters ηo and b define the temperature-

dependent viscosity of the material that governs the temperature and

strain rate dependency of the viscoelastic response.

• Yielding: the parameters σref and m introduce the dependence of yield

stress with temperature. Moreover, the parameters ˙̃γpo and C defines the

dependence of yield stress with strain rate.

• Post-yield softening: the parameters s and H define the post-yield soft-

ening due to rotation of the crystalline phases after first ruptures of the

lamellae. In addition, under adiabatic conditions, the parameters σref and

m take into account the progressive softening due to temperature increase

arising from inelastic dissipation.
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• Network response: the contribution of the amorphous phase is established

by the parameters CRref , β and λ̄l. The parameters CRref and β define

the temperature-dependent rubbery modulus and, in turn, λ̄l is related to

the maximum stretch that a molecule can be exposed to.300

Following the correspondence of the model parameters with the mechanical

responses of the material, these parameters are identified to reproduce the me-

chanical behaviour of PEEK under tensile loading within the three temperature-

regimes considered and different strain rates. This identification process is car-

ried out by direct physical meaning of some parameters and the optimisation

methodology used in a previous work for the remaining parameters [64]. This

optimisation process is based on a sequential quadratic programming method

(fmincon, in MATLAB terminology). The final values for these parameters

along with other material properties used in the simulations are provided in

Table 1.

The model predictions for the combination of the different temperatures and

strain rates studied are shown in Figure 7. Note that the model is developed

to better understand different deformation mechanisms and the physical as-

sumptions made. In this regard, more accurate predictions can be obtained by

adding model parameters, but the qualitative results would remain the same.

Further analysis of these results and their meaning in terms of the deformation

mechanisms of PEEK are presented in next section.

5. Discussion

This section presents a more detailed analysis of the experimental results and

provides a theoretical explanation for the different deformation mechanisms and

transitions in the mechanical response of PEEK with strain rate and tempera-

ture.

5.1. Deformation process and deformation mechanisms during tensile tests

The mode of deformation as well as the mode of failure of the different speci-

mens tested are strongly dependent on the loading conditions considered: strain
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rate and temperature.

Strain rate is found to play a critical role in the way the specimen deforms dur-

ing tensile loading. In this regard, the lowest strain rate (ε̇=0.0001 s−1) results

in more homogeneous deformations within the specimen and delays the prop-

agation of instabilities. As a consequence, the necking formation occurs more

slowly and occupies a larger volume within the specimen. On contrary, higher

strain rates induce adiabatic heating within the material leading to temperature

increments and the subsequent thermal softening in localised regions. These re-

gions correspond to the necking zone and experience a concentration of plastic

deformation leading to higher local temperatures and in a more localised neck re-

sulting, in the final deformation stage, in material fracture at lower macroscopic

strains [65, 66, 45]. Moreover, the strain rate sensitivity in the initial stages

of deformation is higher at elevated temperatures but, in turn, its sensitivity

on the latter stages such as yielding decreases with temperature. In addition,

temperature is found as the main variable governing the mechanical response

of PEEK by the determination of different thermal-regions of deformation be-

haviour. In this regard, there is a competition between different deformation

mechanisms where, depending on the deformation stage and if the material de-

forms within the glassy, glass transition or rubbery region, specific mechanisms

govern the process.

These deformation behaviours within the different regions are shown in Figures

(8-10), whose corresponding stress-strain curves are shown in Figure 2:

• Glassy region (20◦C), Figure 8: there is an initial homogeneous deforma-

tion (linear elastic response) followed by the the onset of a necking. Plastic

deformation results in adiabatic heating within the necking region. As the350

temperature increases locally, the material softens and the plastic defor-

mation is further concentrated at the necking point producing finally the

rupture at the initial necking point at lower macroscopic strains. This pro-

cess is not happening at lower strain rates where the plastic deformation

is more homogenised along the gauge length and, therefore, larger macro-
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scopic strains can be achieved. However and compared with the response

of PEEK at the other two temperatures, all the strains reached at fail-

ure are quite small. This is explained because, below the glass transition

temperature, there is a reduction of polymer free volume decreasing the

mobility of the polymer chains and, consequently, in a hard and brittle

response. This low free volume also explains the higher resistance to creep

within the glassy regime.

• Glass transition (150 ◦C), Figure 9: at temperatures close to the glass

transition, a change in the overall response of PEEK is observed. In this

regard, there is an initial homogeneous deformation (elastic loading phase)

until neck inception that is dependent on strain rate. The increase of strain

rate sensitivity can be explained by increases in free volume that soften

the resistance to creep. The formation of the neck corresponds to a peak

in stress that is followed by a sudden drop of the macroscopic stress asso-

ciated with the nucleation of a necking point. This neck propagates until

covering the whole length of the specimen. Then, the material hardens

due to a entropic resistance associated to orientation of the amorphous

phase. Finally, a second neck is formed followed by the collapse of the

material and rupture occurs.

• Rubbery region (240 ◦C), Figure 10: at higher temperatures in the rubbery

region, there is a greater mobility of polymer chains and the larger seg-

ments of polymer chain have the ability to reorient. This greater mobility

results in a relevant increase of the free volume that, in turn, leads to rel-

evant creep mechanisms and the subsequent higher strain rate sensitivity

within the viscoelastic regime. In addition, the orientation of the polymer

chains is easier and the entropic resistance associated to the amorphous

phase governs the deformation process over the plastic mechanisms asso-

ciated to the crystalline phase. Therefore, the orientation of the polymer

chains is favoured resulting in a more homogeneous deformation within

the specimen and, consequently, no necking formation is observed.
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5.2. Analysis of the theoretical assumptions and deformation mechanisms by

constitutive modelling

The constitutive model is formulated on the basis of physically motivated as-

sumptions. All the different deformation mechanisms are always present in the

model but, depending on the temperature, strain and strain rate conditions,

one or some of them govern the deformation process. In this regard, Figure

11 presents the different stages of the deformation process, the mechanisms

involved and the rheological elements associated to each of them. Note that

although the deformation mechanisms included in the model are chosen consis-

tently and supported by available experimental and computational research in

the literature, the discussion from this section must be understood as a physical

interpretation but such assumptions need of further experimental validation.

During the early deformation stages, Figure 11(ii), the crystalline and amor-

phous phases start to deform elastically. The viscoelastic response is defined by

the intermolecular hyperelastic spring whose stiffness depends on temperature,400

Eq. (5). This dependence is captured by Eq. (6) that, with a continuous for-

mulation, defines the transition of the Young’s modulus from the glassy to the

rubbery region. In addition, the viscoelastic component predicts the progressive

release of the material resistance to creep with temperature increases, Eq. (7).

Then, the crystalline lamellaes start to break into smaller crystallites leading to

macroscopic yielding, Figure 11(iii). This process depends on the mobility of

the molecules and the associated free volume that is greater for higher temper-

atures and lower strain rates. These dependencies are defined by Eqs. (11) and

(16). Eventually, the rotation of the resulting crystallites can lead to material

softening after the onset of yielding, Figure 11(iv). This mechanism is defined

by Eq. (12). Finally, the amorphous phase governs the polymer response by

an entropic resistance associated to polymer chain orientation, Figure 11(v).

This network resistance becomes more important at higher temperatures and is

defined by Eqs. (17-20).

Note again, that the model is developed as simple as possible to capture the
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different mechanisms presented above and the qualitative tendencies observed

in the experiments within the different mechanical deformation regions. In this

regard, within the glassy region (Figure 7a), the model predicts the almost null

strain rate dependency in the elastic region and, in turn, the strain rate sensi-

tivity in yielding. In addition, the model provides a perfectly plastic behaviour

at ε̇=0.0001 s−1, where isothermal conditions can be considered, and the post-

yield softening at higher strain rates due to temperature evolution arising from

adiabatic heating. When the testing temperature is increased reaching the glass

transition region (Figure 7b), the viscoelastic response starts to present certain

strain rate sensitivity and the network resistance starts to govern the deforma-

tion process at large deformation. In addition, post-yield softening is observed

until being compensated by the hardening associated to polymer chains orien-

tation. Finally, if the testing temperature is increased even more, reaching the

rubbery region (Figure 7c), the viscoelastic response presents a clear strain rate

dependency. Within this regime, the amorphous phase governs the deformation

process from early stages and it results in a smooth transition from the elastic

to plastic behaviours eluding a clear yield stress. Some discrepancies can be ob-

served between the model predictions and experimental results. However, these

discrepancies are related to better fitting and not to qualitative tendencies that

would explain the mechanical behaviour of PEEK and its transitions. In this

regard, a better and more accurate fit could be obtained by defining a non-linear

dashpot for the viscoelastic response, Eq. (8), and by defining the parameter C

in Eq. (16) dependent on temperature. The first modification would allow for a

better transition of viscous effects for the different strain rates and temperatures

considered and, the latter, would allow for a more accurate determination of the

temperature dependency on yield stress’ strain rate sensitivity.

6. Conclusions

This work provides experimental and modelling insights into the mechanical

behaviour of PEEK under tensile loading at different strain rates and testing
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temperatures. The loading conditions tested allow for studying the influence

of temperature and strain rate within a variety of deformation scenarios, es-

pecially relevant for thermoforming manufacturing processes. Regarding the

testing temperatures, three thermal regimes are considered: (a) 20 ◦C corre-

sponding to a low temperature regime below the glass transition; (b) 150 ◦C

corresponding to the glass transition regime; (c) 240 ◦C corresponding to a high450

temperature regime between the glass transition and melting point. In addition,

three strain rates are studied to cover both isothermal and adiabatic conditions

during tension deformation: (a) 0.0001 s−1 below the critical threshold of the

specimen used to induce adiabatic heating (isothermal conditions); (b) 0.01 s−1

above the critical threshold (adiabatic conditions); (c) 0.1 s−1 far above from

the critical threshold (adiabatic conditions). The main results and conclusions

of this work are:

• Temperature is found as the key variable determining the deformation

behaviour of PEEK under tensile loading. This variable has a strong in-

fluence on the mobility of polymer chains and the free volume. These

features determine the different responses: stiffer and more brittle at low

temperatures within the glassy region; softer and more ductile at temper-

atures around and above the glass transition temperature. In addition, it

is found a more important role of the network resistance (associated to

the amorphous phase) over the crystalline phase contribution as testing

temperature increases. This effect becomes critical within the rubbery

region where the predominance of the amorphous contribution over the

crystalline contribution results in the disappearance of yielding and neck-

ing formation.

• Strain rate is found as a relevant variable in the deformation behaviour

of PEEK under tensile loading. Strain rate effects are observed (i) in the

viscoelastic region, which are more important for higher temperatures,

and (ii) in the material yielding which, in turn, are more important for

lower temperatures. In addition, this mechanical variable is essential to
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determine if the polymer specimen deforms under isothermal or adiabatic

conditions. If the latter conditions are reached, temperature evolution

during deformation occurs due to inelastic dissipation and results in ther-

mal softening.

• A constitutive model is developed for finite deformations within a thermo-

dynamically consistent framework and takes into account temperature and

strain rate dependencies by the consideration of thermo-viscoelastic and

thermo-viscoplastic contributions to the mechanical behaviour of PEEK,

as well as temperature evolution due to adiabatic heating.

• The model predictions help at explaining the experimental observations

by means of entropic strain hardening due to reorientation of polymer

chains and deformation mechanisms that govern polymer yielding.
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Table 1: Constitutive parameters for PEEK.

General Properties

ρ (Kg/m3) C (kJ/kgK) θg (K) θmelt (K)

1300 2.2 423 616

Viscoelastic Properties

Eref (GPa) Eht (GPa) p (-) ηo (Pa s) b (K−1)

3.6 0.55 45 1×1035 -8.95

Viscoplastic Properties

σref (MPa) θref (K) m (-) s (-) H (-) ˙̃γpo (s−1) C (-)

150 293 0.5 1.1 10 0.0001 0.038

Network Properties

CRref (MPa) β (-) λl (-)

7 0.3 25
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Figure 1: Experimental set-up used for the mechanical testing of the PEEK material and

geometry of the testing samples.
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a)

c)
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Figure 2: Experimental stress-strain curves of PEEK under tensile deformation at different

strain rates at: (a) 20 ◦C; (b) 150 ◦C; (c) 240 ◦C.
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20 ºC

Figure 3: Elastic modulus vs strain rate at different testing temperatures.

20 ºC

Figure 4: Yield stress vs strain rate at different testing temperatures.
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Figure 5: Evolution of tangent modulus against strain during tensile deformation of PEEK

at different strain rates at: (a) 20 ◦C; (b) 150 ◦C; (c) 240 ◦C.
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Figure 6: Rheological scheme and kinematics of the model.
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a)
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Figure 7: Model predictions and comparison with experimental results for different strain

rates at temperatures within: (a) 20 ◦C; (b) 150 ◦C; (c) 240 ◦C.
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Figure 8: Deformation stages of tensile test on PEEK at 20 ◦C and 0.01 s−1.
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Figure 9: Deformation stages of tensile test on PEEK at 150 ◦C and 0.01 s−1.
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Figure 10: Deformation stages of tensile test on PEEK at 240 ◦C and 0.01 s−1.
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Figure 11: Relationship between the deformation stages of PEEK under tensile loading, the

deformation mechanisms involved and the constitutive model formulation.
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