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Abstract

This work aims at identifying the behavior of polyamide 66 (PA66) under different Relative Humid-

ity (RH) conditions using a phenomenological model that accounts for viscoelastic and viscoplastic

rheology coupled to ductile damage. An experimental approach is designed considering different

loading conditions, namely: monotonic at several strain rates, loading-unloading, creep-recovery,

and cyclic tests. These experiments are chosen to discriminate the various active mechanisms gov-

erning the nonlinear behavior of PA66. The thermodynamic background of the phenomenological

model, the evolution laws, and the accompanying RH-dependent material parameters are presented

and discussed. Using the experimental findings, an optimization algorithm is adopted to identify the

model parameters. The latter are investigated with regard to the relative humidity, leading hence to

the development of a model that accounts for the effect of RH on all inelastic mechanisms and duc-

tile damage. Validation through experimental data for RH=0%, 25%, 50%, 65%, and 80% reveals

that the current model captures the effect of RH and yields mechanical responses in good agree-

ment with experimental findings, notably at higher RH levels. The current numerical-experimental

framework presents a unified model for a wide range of humidity conditions and provides a better

insight into material properties and rate-dependent inelastic mechanisms under humidity exposure,

which typical models do not provide. In addition, the present constitutive law is easily adoptable

in micromechanics schemes for the study of polymer based composite materials and structures.
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viscoplasticity, ductile damage.

1. Introduction

Polyamide 66 is one of the most popular and widely used polymers in various industries, such as

the automotive, aerospace, and energy industries, thanks to its compatible mechanical properties

and low cost of production. In the automotive industry, glass reinforced polyamides can be used in

clutch pedals, seat frames, door structures, cooling fans, air filter nozzles, etc. (Pivdiablyk et al.,5

2020; Obeid, 2016). This wide range of applications is accompanied by a variety of environmental

conditions, of which moisture is of great importance. Variation in the material water content leads

to changes in the mechanical behavior from glassy to rubbery. With this in mind, predicting the

mechanical response of polyamide 66 using numerical models depending on the water uptake level

is an important challenge in the industry. Polyamide 66 is often used in industry in the form of10

glass-reinforced composites. Studying the moisture effect on composites by considering nonlinear

inelastic mechanisms and ductile damage can be quite challenging using a multiscale framework.

Therefore, in this research, an attempt was made to study polyamide 66 by itself, for which the

resulting framework can be integrated into a composite model later. It should be noted that in

composites, since glass fibers do not allow for large deformations before failure, the model is based15

on small deformation theory.

Polyamides have amide groups in their chemical structure that allow them to absorb water up

to their saturation limit, depending on the temperature. Many studies have investigated the re-

versible and irreversible reactions that occur in polyamides due to water absorption and their effect

on properties (Kauffman, 1988; Brydson, 1999; Venoor et al., 2021).Water content has an inverse20

relationship with the glass transition temperature of polyamides and, to some extent, polysulfones,

and its increase can cause the glass transition temperature to drop below room temperature, result-

ing in a change in physical properties such as Young’s modulus and yield strength (Apinis et al.,

1975; Reimschuessel, 1978; Pramoda and Liu, 2004; Ishisaka et al., 2004; Bellenger et al., 2006;

Broudin et al., 2015; Le Gac et al., 2017; Obeid et al., 2018; Venoor et al., 2021). This has been25

reported as the ”water-induced plasticizing” effect in the literature (Sambale et al., 2019; Venoor

et al., 2021). In other words, the behavior of the material can change from glass-like to rubber-like

at room temperature due to the change in the glass transition temperature. The plasticizing effect
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also amplifies inelastic mechanical responses, in which plasticity plays a more important role in the

damage mechanism.30

To model the diffusion of moisture in polyamide 66, the Fickian and non-Fickian models are

employed. According to Fick’s law, the rate of diffusion is proportional to the water concentration

gradient in the material and the diffusion process is completely reversible. However, non-Fickian dif-

fusion does not follow either of these assumptions (Post et al., 2009). Zhang et al.(Zhang et al., 2015)

studied the effect of temperature-humidity coupling on the diffusion process. Although polymers35

often exhibit non-Fickian diffusion behavior, they used the Fickian diffusion model by considering

short-term moisture exposure. Parodi et al. (Parodi et al., 2018) conducted an experimental study

to explore the effect of moisture and temperature on the mechanical responses and glass transition

temperatures of polyamide 6, and they modified the Ree-Eyring equation by including the glass

transition temperature to predict the yield strength and plastic strain rate at different moisture40

levels. Vidinha et al. (Vidinha et al., 2022) presented a numerical model to predict the mechanical

responses of glass/epoxy composites exposed to seawater by considering humidity induced damage.

They modeled damage by the degradation of lamina strength as a function of water concentration

based on the Fick’s law. As mentioned, many attempts have been made to predict the effect of

moisture on the behavior of polymer composites. However, for polyamide 66, depending on the45

water content, time-dependent nonlinear inelastic mechanisms must also be considered. This leads

to complexity when incorporating Fickian or non-Fickian models to capture the effect of RH on the

active mechanisms. Accordingly, here, as another approach, the model parameters can be obtained

as functions of relative humidity through a numerical-experimental framework. In this respect, it

is necessary to ensure that all active mechanisms that determine the mechanical behavior of the50

polyamide are carefully considered. In the following, the polyamide 66 active mechanisms and the

available rheological models are briefly discussed.

Considering the importance of environmental effects, the rheological properties and dominant

mechanisms of polymers and composites in different hygro-thermo-mechanical conditions have been

investigated experimentally in many studies (Arruda et al., 1995; Bergeret et al., 2001; Carrascal55

et al., 2005; Arif et al., 2014a,b), and many constitutive laws have been presented in the literature

(Arruda and Boyce, 1993; Launay et al., 2011; Billon, 2012; Krairi and Doghri, 2014; Praud et al.,

2017; Benaarbia et al., 2018a). Polymers exhibit inelastic nonlinear behavior which has been re-

ported as viscoelastic viscoplastic mechanisms in the literature through creep-recovery experiments
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(Arif et al., 2014a; Benaarbia et al., 2014, 2016, 2019). Models that have been proposed to capture60

their nonlinear behavior are mainly developed through macro-molecular network-based (Arruda

and Boyce, 1993; Billon, 2012) and phenomenological approaches (Launay et al., 2011; Krairi and

Doghri, 2014; Praud et al., 2017; Benaarbia et al., 2018a). The constitutive models considering

macro-molecular network-based frameworks require the physical data that are not easily obtainable

through experimental measurements. On the contrary, phenomenological models based on ther-65

modynamic principles use material parameters that can be identified through standard mechanical

tests.

Viscoelastic models of polymers are generally formulated through two major approaches: integral

form and differential form representations (Miled et al., 2011; Krairi and Doghri, 2014). The integral

representation requires the integration of the entire time history to describe the stress-strain relation.70

Green, Rivlin, and Spencer (Rivlin, 1983), Pipkin and Rogers (Pipkin and Rogers, 1968) are some

examples of them. On the other hand, differential representation proposes the linear viscoelastic

models, such as Maxwell, Kelvin-Voigt, Burgers, and their extensions, which are modeled using

rheological elements as linear springs and dashpots. This approach allows simulating the viscoelastic

mechanism using some viscoelastic state variables and their corresponding parameters.75

The modeling approaches for plasticity are categorized in unified and non-unified theories

(Chaboche and Rousselier, 1983; Contesti and Cailletaud, 1989). In the unified theory, the plas-

ticity and creep (i.e. viscosity) are considered as a single rate dependent inelastic variable in the

constitutive model (Chaboche, 2008; Barrett et al., 2013). However, the non-unified theory pro-

poses two separate variables for plasticity and creep which are rate independent and rate dependent80

respectively (Cailletaud and Sai, 1995; Velay et al., 2006). Using the non-unified theory is efficient

when the creep is dominant, which normally occurs at high temperatures (Kang and Kan, 2007).

However, difficulties in finite element implementation have been reported for the models using

non-unified theories (Benaarbia et al., 2018b).

In this paper, the inelastic behavior of polyamide 66 is modeled through a viscoelastic viscoplas-85

tic incremental framework accounting for ductile damage driven by plasticity (VEVPD). This model

has been initially developed (Praud et al., 2017) for predicting the behavior of polyamide 66 at con-

stant RH. In this work, the effect of RH on the nonlinear mechanical response is captured by

identifying the elastic, inelastic and damage parameters as functions of the RH. To this end, an

experimental approach is designed to study the material response under different types of loading90
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with different rates, then an optimization method is adopted to calibrate the model at different RH

using the experimental findings. The novelties of the present work are the formulation of a VEVPD

model whose material parameters are RH dependent, as well as the design of an experimental ap-

proach leading to descriminate the various active mechanisms governing the nonlinear behavior of

PA66. This provides a helpful tool to perform a reliable hygromechanical analysis. It should be95

noted that the constitutive laws have been developed considering small deformations and rotations

and will be implemented in the future in homogenization approaches (full-field and mean-field).

This assumption is due to the fact that the PA66 usually appears in applications as matrix phase in

composites. The latter cannot exhibit large deformations due to the presence of the reinforcement.

With this in mind, it is reasonable to limit the study of PA66 behavior at the small deformations100

regime.

This paper is organized as follows: in section 2, the model with all the thermodynamical back-

grounds and constitutive laws is recalled briefly. In section 3, the experimental protocol is presented

and the obtained data are explored. Then, the optimization framework is discussed and the model

is calibrated and validated using the experimental results.105

2. Theoretical background and numerical modeling

As discussed in the introduction, polyamide 66 exhibits nonlinear and dissipative mechanisms,

such as viscoelasticity, viscoplasticity, and ductile damage (Arif et al., 2014b; Benaarbia et al., 2014,

2016; Praud et al., 2017; Benaarbia et al., 2019). Accordingly, the material behavior prediction re-

quires an appropriate thermodynamic framework considering the mentioned dominant mechanisms.110

Praud et al. (Praud et al., 2017) have presented a phenomenological model and validated the nu-

merical results with the experimental data at RH50. In this study, the parameters of the latter

model are identified at different RH levels and validated with experimental data. In this section,

the corresponding rheological model and the thermodynamic framework are briefly presented.

2.1. Nonlinear mechanisms in polyamide 66115

In this study, the phenomenological model is developed using the Thermodynamics of Irre-

versible Processes (TIP) (Halphen and Nguyen, 1975; Germain et al., 1983), and a viscoelastic

viscoplastic rheological framework is applied to capture the inelastic behavior of the material, in
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which the total strain is decomposed into elementary elastic, viscoelastic and viscoplastic compo-

nents. The viscoelastic mechanism is simulated considering multiple time ranges. To achieve that,120

here four Kelvin-Voigt branches with different characteristic times are defined to capture viscoelas-

ticity. Unified viscoplasticity theory considering isotropic hardening function is adopted to model

the rate dependent plasticity and creep. The viscoplasticity is activated once exceeding the von

Mises yield function, f :

f =
σeq

1−D
−R(r)−R0, (1)

where σeq is the equivalent stress calculated as

√
3

2
σσσ′ : σσσ′, in which σσσ′ stands for the deviatoric125

part of the stress tensor, and D denotes the ductile damage which is defined as an internal variable

to describe stiffness reduction through the well-known effective stress concept (Kachanov, 1958;

Rabotnov, 1968; Lemaitre and Chaboche, 1994; Chaboche, 1997). R0 denotes the elastic limit, and

R(r) is the isotropic hardening function:

R(r) = Hm rHp , (2)

where r is the hardening state variable, and Hm and Hp are the hardening-related model parame-130

ters. The viscoplastic model is introduced through a power law formulation, based on which, the

hardening state variable rate, ṙ, is defined as the following function:

ṙ = ⟨f(σσσ,−R;D, r)

Rvp
⟩P

−1
vp

+ , (3)

where ”⟨ . ⟩+” is the Macauley brackets, and Rvp and Pvp are the viscoplastic resistance and ex-

ponent, respectively. The rheological model can be represented by physical components, such as

springs and dashpots, as illustrated in Figure 1. As observed, the elastic part is assumed as a single135

linear spring under the elastic strain, ϵϵϵe. The ith Kelvin-Voigt branch is described through a linear

spring and a linear dashpot subjected to the ith viscoelastic strain, ϵϵϵvi. The viscoplastic branch is

considered as an assembly of a nonlinear spring, nonlinear dashpot, and a frictional element, which

is subjected to the viscoplastic strain, ϵϵϵvp. In the next subsection, the corresponding constitutive

laws are derived based on thermodynamic principles and the present rheological model.140

2.2. Constitutive laws

Considering the rheological model introduced in the previous section, the thermodynamic po-

tential is defined as Helmholtz free energy which is divided to elastic, viscoelastic, and viscoplastic
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Figure 1: Schematics of the VEVPD rheological modeld. Here, σ̃σσ stands for the second order effective stress tensor.

parts:

Ψ(ϵϵϵ, ϵϵϵvi, ϵϵϵvp, r,D) = Ψe(ϵϵϵ, ϵϵϵvi, ϵϵϵvp, D) +

4∑

i=1

Ψvi(ϵϵϵvi, D) + Ψvp(r), (4)

with145

Ψe =
1

2

(
ϵϵϵ−

4∑

i=1

ϵϵϵvi − ϵϵϵvp

)
: (1−D)Ce :

(
ϵϵϵ−

4∑

i=1

ϵϵϵvi − ϵϵϵvp

)
, (5a)

Ψvi =
1

2
ϵϵϵvi : (1−D)Cvi : ϵϵϵvi, (5b)

Ψvp =

∫ r

0

R(α) dα. (5c)

where Ce and Cvi denote the fourth order elastic and ith viscoelastic stiffness tensors, respectively.

Considering the thermodynamic function, the state laws are derived as partial derivatives with

respect to strain and internal state variables (i.e. ϵϵϵvi, ϵϵϵvp, and r) and are listed in table 1. σσσ, σσσvi,150

R, and Y are the conjugate state variables. Based on the second principle of thermodynamics in

the form of Clausius-Duhem inequality, dissipation is always zero or positive and is derived as the

difference between the strain and stored energy rates:

D = σσσϵ̇ϵϵ− Ψ̇ ≥ 0, (6)

where it is expanded as:

D = σσσϵ̇ϵϵ−
(
∂Ψ

∂ϵϵϵ
: ϵ̇ϵϵ+

∂Ψ

∂ϵϵϵvp
: ϵ̇ϵϵvp +

4∑

i=1

∂Ψ

∂ϵϵϵvi
: ϵ̇ϵϵvi +

∂Ψ

∂r
: ṙ +

∂Ψ

∂D
: Ḋ

)
≥ 0, (7)

and reduced to:155

D =

4∑

i=1

σσσvi : ϵ̇ϵϵvi + σσσ : ϵ̇ϵϵvp −Rṙ + Y Ḋ ≥ 0. (8)
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Viscoelastic elementary components rates, ϵ̇ϵϵvi, are derived by partial derivatives with respect to

their related thermodynamic forces using the set of potentials, Ωvi, which are defined as:

Ωvi =
1

2
σσσvi :

Vvi−1

1−D
: σσσvi, (9)

where Vvi is the viscosity tensor corresponding to the ith Kelvin-Voigt branch, and σσσvi is the second

order tensor of viscoelastic conjugate state variable. Also, the J2-viscoplasticity theory (Chaboche,

1997) is adopted to derive viscoplastic strain rate by defining the identification function, F :160

F = f + fD, with fD =
SD

(βD + 1)(1−D)

(
Y

SD

)βD+1

, (10)

Where SD and βD are the model parameters controlling the damage growth, and Y denotes the

damage conjugate state variable. The latter model has been used primarily for ductile damage in

metals, in which the damage grows slowly in the beginning and very rapidly in the final stages of

loading. However, the damage progression is different in polymers, for whom the damage initiation

is quite rapid at the beginning and then slowly grows thereafter (Detrez et al., 2011). For metals,165

the sign of βD is positive yielding increasing damage rate with respect to plasticity. However, for

polymers, the damage behavior can be captured by considering negative sign for βD (Krairi and

Doghri, 2014). Considering the negative βD in the present model, the damage-related function, fD,

can be negative if βD is smaller than −1, but the dissipation sign is not affected and the dissipation

stays zero or positive (Chen et al., 2023). In other words, thermodynamically speaking, there is no170

restriction about the sign of F as long as the mechanical dissipation stays zero or positive according

to Clausius-Duhem inequality.

The evolution laws of the present VEVPD model are derived using the dual potential and

identification functions defined earlier and listed in Table 1. For the sake of brevity, the full

formulation and demonstrations are not expressed here, but further details along with the numerical175

implementation can be studied at (Praud et al., 2017).

As discussed in the introduction, the influence of material moisture on nonlinear inelastic mech-

anisms and ductile damage must also be included in the phenomenological framework. To this

end, there are two different approaches: i) using new parameters through Fickian and non-Fickian

diffusion models (Wang et al., 2016; Arhant et al., 2016), ii) using the model parameters as a func-180

tion of RH. In the present study, the second option is adopted and the parameters are determined

for different relative humidity levels. These parameters can be divided into elastic, viscoelastic,

viscoplastic, and damage-related, listed in the Table 2.
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Table 1: State and evolution laws for the viscoelastic viscoplastic material (Praud et al., 2017) (λ, ΛΛΛvp, and ΛD are

viscoplastic multiplier, plastic flow, and damage direction respectively.)

State variable Conjugate variable Evolution laws

strain tensor, ϵϵϵ σσσ=
∂Ψ

∂ϵϵϵ
-

Viscoelastic strains, ϵϵϵvi −σσσvi =
∂Ψ

∂ϵϵϵvi

= (1−D)Cvi : ϵϵϵvi − σσσ ˙ϵϵϵvi =
∂Ωvi

∂σσσvi
=

(Vvi)−1

1−D
: σσσvi

Viscoplastic strain, ϵϵϵvp −σσσ =
∂Ψ

∂ϵϵϵvp
˙ϵϵϵvp =

∂F

∂σσσ
λ̇ = Λvpλ̇

Hardening state variable,r R =
∂Ψ

∂r
ṙ = λ̇

R = Hm rHp

Damage, D −Y =
∂Ψ

∂D
Ḋ =

∂F

∂Y

λ̇

1−D
= ΛDλ̇

Table 2: RH dependent parameters of the VEVPD model that need to be identified through suitable experimental

approach.

Mechanism Parameters

Elastic E

Viscoelastic {Evi, ηvi, τvi}i=1,4

Viscoplastic Hm, Hp, Rvp, Pvp

Damage SD, βD

9
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3. Calibration and validation of the VEVPD model against experimental results

As mentioned before, polyamide 66 exhibits different mechanisms depending on the environ-185

mental conditions. The behavior of semi-crystalline polymers with the glass transition temperature

Tg and at the temperature T can be classified through the glass transition criterion (T − Tg). Ac-

cordingly, for T − Tg < 0, the material shows mostly glassy response, whereas for T − Tg > 0 it

exhibits viscoelastic rubbery-like state. However, when T − Tg ≈ 0, the material demonstrates vis-

coelastic (time-dependent) response. These effects considering the latter criterion are schematically190

illustrated in the Figure 2. Furthermore, the relation between glass transition temperature and

relative humidity is illustrated in Figure 3. Such tendency has also been reported in the literature

by Launay et al. (2013). In this view, it becomes clear that the RH impacts the glass transition

temperature, which in turn affects the overall response of polyamide. Consequently, the proposed

model should be able to predict the different types of rheological response with regard to the RH195

through proper choice of the material parameters. Thus, the VEVPD model, presented in the

previous section, requires to be calibrated through mechanical tests at different RH levels. In the

following sections, the methodology and experimental setup is expressed in detail.

Figure 2: Material behavior state versus the temperature and the glass transition criterion (schematic representation).

3.1. Model parameters identification strategy

A proper experimental approach is designed to capture all mechanisms and identify the related200

parameters at different RH, namely RH0%, RH25%, RH50%, RH65%, and RH80%. To investigate

the effect of RH, considering the correlation between the viscoelastic parameters, the model pa-

rameters must be identified in constant viscoelastic characteristic times, τvi. Here, four viscoelastic

10
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Figure 3: Variation of glass transition temperature of PA66 versus RH estimated through Dynamic Mechanical

Analysis (DMA) tests.

branches are considered with constant characteristic times of 0.8 s, 8 s, 80 s, and 800 s. This

assumption allows comparing the effect of RH on the viscoelastic moduli, Evi. The viscoelastic205

modulus, Evi, the characteristic time, τvi, and the viscosity, ηvi, for the ith branch, are related to

each other through τvi = ηvi/Evi. This means ηvi is derived automatically using the other two

parameters, Evi and τvi.

For the model calibration, it is sufficient to define a cost function, Cr(p), between the numerical

and experimental responses:210

Cr(p) =

Np∑

k=1

wk

[
mnum

k (p)−mexp
k

mexp
k

]2
, (11)

where p is the parameters values set, Np denotes the number of data, mnum
k and mexp

k are the

numerical and experimental quantities that have to be compared, respectively, and wk is their

corresponding weight in the kth point. To minimize the cost function, Nelder-Mead approach

(Nelder and Mead, 1965), which is briefly described in section 3.4, is used as the optimization

algorithm. In what follows, the designed experimental process is first described, then the model215

calibration strategy and methodology are introduced in detail.

11
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3.2. Experimental setup and procedure

3.2.1. Materials and sample preparation

The material used in this study is polyamide 66 supplied by DOMO Chemicals, which com-

mercially known as A218 BK. To perform mechanical tensile tests, dog bone samples are cut using220

water jet hyperbar machining process, with the dog bone shape and dimensions shown in Figure

4. In order to control the water uptake ratio, the samples are placed in a conditioning chamber at

Figure 4: a) Dog bone sample; b) sample schematics and the corresponding dimensions (in mm).

the temperature of 80 ◦C under dry environment to extract any residual humidity from the samples

machining process. Figure 5 shows water desorption with respect to the square root of time, in

which a mass reduction is observed until its stabilization. The water content eventually gets around225

0.3% (as the residual value).

To recondition at different RH, the samples are placed in the hygrometric chamber, Memmert

HCP246 (Figure 6), at the corresponding temperature and humidity. The appropriate temperature

and humidity are adjusted depending on the target RH and is performed in two phases: first,

the rapid water absorption with a higher conditioning temperature and RH to accelerate the water230

uptake process, and second, stabilization and homogenization of the humidity along the thickness of

the sample to avoid any humidity concentration gradient, during which the temperature is reduced

as close as possible to the ambient temperature and the considered RH. Different mass measurements

are performed through the conditioning in order to verify the relative humidity evolution. The

targeted RH is reached once the mass evolution is constant. Mass measurements are performed235

using a weighing device with a resolution of 0.1mg. As an example, the mass with respect to

square root of time during the conditioning process at RH65 is plotted and depicted in Figure

12
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Figure 5: Water loss of the samples with respect to square root of time in the initial drying procedure.

7. The conditioned samples are kept in hermetic envelopes to keep their water content constant.

This also prevents undesirable thermomechanical effects by ensuring that the samples are at room

temperature before the test.240

Figure 6: a) Hygrometric chamber, Memmert HCP246; b) dog bone samples in the hygrometric chamber.

13
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Figure 7: sample mass versus square root of time during water absorption for conditioning at RH65.

3.2.2. Mechanical tests

To calibrate and validate the model, several mechanical tests are performed to capture the dom-

inant mechanisms properly. To this end, time-dependent mechanisms are captured by monotonic

tensile tests carried out at three different displacement rates. The evolution of plasticity-induced

ductile damage is identified using the loading-unloading test, and the viscoelastic and viscoplastic245

mechanisms are captured by creep-recovery tests with two different stages of loading at 50% and

70% of the ultimate force, Fult, previously determined by monotonic tests. The load is held for

5min in the creep phase and 5min in the recovery phase. Figure 8 shows the schematic diagrams

of the above mechanical tests used in the calibration procedure. Model parameters identification is

performed in several steps. In each step, the model parameters are identified and then used as the250

initial values for the next step. In each step, experimental data are used as follows:

� 1st step: monotonic loading tests.

� 2nd step: monotonic loading tests and loading-unloading test.

� 3th step: monotonic loading tests, loading-unloading test, and creep-recovery test at 50%ofFult.

� 4th step: monotonic loading tests, loading-unloading test, creep-recovery test at 50%ofFult,255

and creep-recovery test at 70%ofFult.

14
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Figure 8: Schematics of the mechanical tests of the calibration phase: a) monotonic displacement-controlled tests,

b) loading-unloading test with increasing displacement, c) creep-recovery test with 70% of Fult, d) creep-recovery

test with 50% of Fult.

The rest of experimental data are considered for the calibrated model validation. Figure 9 shows

the schematic diagrams of the mechanical tests used in the validation phase. For implementing the

above mechanical tests, the zwick-roell Z050, 50kN machine is employed. To obtain more accurate

experimental data, a sample setting tool is designed to ensure the dog bone sample is aligned with260

the loading axes and avoid any torsional moment (Figure 10). Obviously, this tool is removed

before the actual test initiation. The displacement is measured using an extensometer with the

gauge length of 25mm (Figure 11), based on which the corresponding strain is calculated. It

should be mentioned that engineering stress and strain are considered here. The stress is calculated

based on the original cross-section, and the strain is the displacement of the material per unit265

length.

Since there are often some slight dimensional errors in the production process of polyamide plates

and cutting into dog bone samples, the corresponding cross-section is measured for each sample.

The considered mechanical tests are listed in summary as Table 3, in which monotonic, loading-

unloading, and creep-recovery tests are abbreviated as ”MT”, ”L-U”, and ”C-R”, respectively.270
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Figure 9: Schematics of the mechanical tests of the validation phase: a) creep-recovery test at different steps, b)

cyclic tensile-tensile test, c) loading-unloading test with increasing displacement.

Figure 10: Sample setting tool for keeping the sample aligned with the loading axes.
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Figure 11: Measurement of displacement of dog bone samples using extensometer.

Table 3: Mechanical tests for the calibration and validation phases.

RH (%) Calibration phase Validation phase

Test Loading rate (mms−1) Test Loading rate (mms−1)

0, 25, 50, 65, 80 MT 0.01, 0.1, and 1 Cyclic 0.1

L-U 0.1 L-U 0.05

C-R 0.1 C-R 0.01
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3.3. Experimental observations

In this subsection, the data obtained through the mechanical tests are studied, and the ef-

fect of loading rate and RH are investigated. The monotonic tests are performed in 0.01mms−1,

0.1mms−1, and 1mms−1 displacement rates (4 × 10−4 s−1, 4 × 10−3 s−1, and 4 × 10−2 s−1 strain

rates considering 25mm gauge length), and the corresponding stress-strain curves are displayed in275

Figures 12 to 14. As observed, the increase in RH leads to a decrease in the stress level, and the

material becomes softer, which confirms the notions in the previous sections about the impact of

RH on Tg (plasticization mechanism due to the increase of the water content). In other words, the

material exhibits glassy behavior at RH0 and RH25 when T − Tg < 0, viscoelastic behavior for

RH50 (T −Tg ≈ 0) and viscoelastic mostly rubbery response at RH65 and RH80 when T −Tg > 0.280

Considering the ambient room temperature at T = 25oC and the glass transition temperatures

given in Figure 3, the behavior of polyamide versus glass transition temperature and relative hu-

midity is roughly estimated as table 4. Moreover, the rate dependent mechanical response of the

material yields higher stress level for faster loading rates (Figures 12 to 14). Creep-recovery tests

also show the same behavior regarding the RH effect. Figures 15 and 16 display stress-time and285

strain-time curves considering 50% of Fult and 70% of Fult, respectively. Since the ultimate force

level is reduced by increasing the relative humidity level (Figures 12 to 14), the corresponding stress

in the creep-recovery tests is also reduced, as expected (Figure 15-a and 16-a). The strain in the

creep-recovery test depends on both the corresponding stress and RH level. Figure 15-b shows

no trend in terms of total strain and plastic strain when the creep loading level is 50% of Fult.290

However, when the creep loading level is 70% of Fult, the plastic strain increases by increasing RH.

The maximum total strain level also increases by increasing RH, except for RH80 which is at the

same level as RH65. This means that the effect of RH is more pronounced than the effect of the

stress level in the creep-recovery results with 70% of Fult. The effect of both stress level and RH

can be also observed together in the stress-strain curves in Figures 17 and 18. Loading-unloading295

mechanical responses are plotted as stress-strain curves and depicted in Figure 19. As observed,

increasing RH decreases the stress level, as expected. In the following section, the stress and strain

values obtained from the present mechanical tests are used to identify the model parameters at

different RH levels.
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Figure 12: Stress-strain curves obtained from monotonic tensile tests performed on the dog bone samples at 4 ×
10−4 s−1 strain rate.
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Figure 13: Stress-strain curves obtained from monotonic tensile tests performed on the dog bone samples at 4 ×
10−3 s−1 strain rate.

19



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

0.00 0.02 0.04 0.06 0.08 0.10
Strain

0

20

40

60

80

St
re
ss
 (M

Pa
)

RH0
RH25
RH50
RH65
RH80

Figure 14: Stress-strain curves obtained from monotonic tensile tests performed on the dog bone samples at 4 ×
10−2 s−1 strain rate.

Table 4: Polyamide 66 mechanical behavior versus RH and glass transition temperature (the values are extracted

from Figure 3).

RH (%) Tg (oC) T − Tg (oC) Material behavior

0 75 −50 glassy state

25 60 −35 glassy state

50 25 0 viscoelastic (VE)

65 17 8 VE, mostly rubbery state

80 5 20 VE, mostly rubbery state
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Figure 15: Stress-time and strain-time curves obtained from creep-recovery tests at different RH levels with 4 ×
10−3 s−1 strain rate and 50% of Fmax.
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Figure 16: Stress-time and strain-time curves obtained from creep-recovery tests at different RH levels with 4 ×
10−3 s−1 strain rate and 70% of Fmax.

21



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

0.00 0.01 0.02 0.03 0.04
Strain

0

10

20

30

40
St
re
ss
 (M

Pa
)

RH0
RH25
RH50
RH65
RH80

Figure 17: Stress-strain curves of creep-recovery tests at different RH levels with 4 × 10−3 s−1 strain rate and 50%

of Fult.
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Figure 18: Stress-strain curves of creep-recovery tests at different RH levels with 4 × 10−3 s−1 strain rate and 70%

of Fult.
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Figure 19: Stress-strain curves of loading-unloading test with increasing strain when the strain rate is 4 × 10−3 s−1.

3.4. Model calibration300

A 0D homemade solver is used to produce numerical data for the calibration algorithm, in

which, the difference between the experimental and numerical variables (stress or strain depending

on the loading conditions) is minimized to find the appropriate parameters for the model at the

corresponding RH level. To this end, the cost function between the experimental and numerical

results is formed as a multidimensional function based on the model parameters, and Nelder-Mead305

method is used to find the appropriate set of parameters minimizing it. Nelder-Mead approach

operates directly by comparing the function values and does not rely on the derivatives. In this

method, for an n-dimensional function, a geometrical shape called ”simplex” consisting of n + 1

vertices is defined in an n-dimensional domain, as Rn, and each vertex represents a set of parameters.

For example, for n = 2, the ”simplex” is a triangle, for n = 3, the ”simplex” is a tetrahedron, etc.310

After determining the initial simplex, at each iteration, the value of the cost function at each vertex

is computed, then the cost function values are sorted and replaced by new values calculated using

the steps defined by the algorithm. This process continues until the standard deviation of the

function values at the simplex vertices gets close to zero as much as possible. More details about

the algorithm and its formulations are given in Nelder and Mead (1965); Singer and Nelder (2009).315

In this study, Nelder-Mead numerical approach is used through a Python standard library.

Figures 20 to 34 show the comparison between the calibrated numerical results and the experi-

mental data. As observed, in the calibration procedure, it is tried to conduct the numerical results

as close as possible to the experimental responses. However, the errors are relatively larger in the
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Figure 20: Calibration results for monotonic tests at RH0 under different displacement rates: a) 0.01mms−1, b)

0.1mms−1, c) 1mms−1.

monotonic test with the highest displacement rate (1mms−1), particularly at RH50 and RH65.320

Furthermore, in the loading-unloading tests (Figures 22, 25, 28, 31, and 34), the experimental data

show that the model captures accurately the elastic regime at the first loading-unloading cycles.

At subsequent cycles the experimental results exhibit opening of the hysteresis loops due to the

thermal softening. The latter is not accounted for in the model, which gives smaller hysterisis loops.

A fully coupled thermo-mechanical model, in which the coupling between temperature and inelastic325

mechanisms is accounted for, can partially capture this opening of the hysterisis loops (Felder et al.,

2020). The obtained identified parameters are listed in Table 5 and plotted with respect to RH

as shown in Figure 35. As seen, the viscoelastic moduli have an approximately decreasing trend

by an increase in RH except Ev4 which increases. Some of the viscoplastic and damage-related

parameters, Hp, Rvp, Pvp, and βD can be fitted with increasing or decreasing trend lines. However,330

Hm, SD, and R0 do not follow any certain increasing or decreasing trend.

3.5. Model validation

As indicated before, the validation of the model presented in the previous sections is implemented

through stepped creep-recovery, cyclic, and loading-unloading tests in the small deformation zone

(less than 10%), and the results are plotted and shown in Figures 36 to 40. For RH0, the creep-335

recovery numerical simulation is in a good agreement with the experimental data for 50% and

70% of Fult (Figure 36-a). At 90% of Fult, the model predictions deviate from the experimental

findings. Also, for the cyclic test at RH0, the numerical response loops are more inclined than

the experimental data, which means that the damage is overestimated in the model (Figure 36-b).

For the loading-unloading test at RH0, the model generally provides a good agreement with the340
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Figure 21: Calibration results for creep-recovery tests at RH0 under different loading levels: a) 50% of Fult, b) 70%

of Fult.
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Figure 22: Calibration results for loading-unloading test at RH0.
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Figure 23: Calibration results for monotonic tests at RH25 under different displacement rates: a) 0.01mms−1, b)

0.1mms−1, c) 1mms−1.
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Figure 24: Calibration results for creep-recovery tests at RH25 under different loading levels: a) 50% of Fult, b) 70%

of Fult.
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Figure 25: Calibration results for loading-unloading test at RH25.
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Figure 26: Calibration results for monotonic tests at RH50 under different displacement rates: a) 0.01mms−1, b)

0.1mms−1, c) 1mms−1.
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Figure 27: Calibration results for creep-recovery tests at RH50 under different loading levels: a) 50% of Fult, b) 70%

of Fult.
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Figure 28: Calibration results for loading-unloading test at RH50.
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Figure 29: Calibration results for monotonic tests at RH65 under different displacement rates: a) 0.01mms−1, b)

0.1mms−1, c) 1mms−1.
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Figure 30: Calibration results for creep-recovery tests at RH65 under different loading levels: a) 50% of Fult, b) 70%

of Fult.
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Figure 31: Calibration results for loading-unloading test at RH65.
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Figure 32: Calibration results for monotonic tests at RH80 under different displacement rates: a) 0.01mms−1, b)

0.1mms−1, c) 1mms−1.
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Figure 33: Calibration results for creep-recovery tests at RH80 under different loading levels: a) 50% of Fult, b) 70%

of Fult.
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Figure 34: Calibration results for loading-unloading test at RH80.
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Figure 35: Identified model parameters variation with respect to RH.
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Table 5: Calibrated model parameters at different RH levels.

Parameters RH0 RH25 RH50 RH65 RH80

E (MPa) 3588.99 3577.91 1452.46 1088.50 918.80

Ev1 (MPa) 37935.58 17702.06 18025.02 12116.62 9104.26

Ev2 (MPa) 18202.36 13626.63 2350.54 2375.67 2400.77

Ev3 (MPa) 46065.55 31916.05 17975.70 16002.66 10611.56

EV 4 (MPa) 17947.79 6454.42 63073.45 67036.98 156679.06

Hm (MPa) 515.40 782.34 772.68 703.76 450.21

Hp (−) 0.33 0.48 0.59 0.67 0.60

Rvp(MPa.sPvp) 67.52 59.83 44.67 36.73 33.51

Pvp (−) 0.07 0.09 0.16 0.22 0.26

SD (MPa) 8.87 7.22 13.60 16.57 6.02

βD (−) −2.77 −2.09 −1.28 −1.02 −1.56

R0 (MPa) 20.20 13.89 8.77 11.86 14.08

experimental data, however, the loading-unloading loops obtained from the model are smaller than

those from the experiment (Figure 36-c). Similarly, for the creep-recovery test at RH25, the model

response is not well validated relatively at 90% of Fult (Figure 37-a), and the cyclic test loops are

more inclined (Figure 37-b). Moreover, for the cyclic test, it is observed that the loops obtained

from the model are smaller than those from the experimental data (Figure 37-b). As observed, the345

results are better validated when RH is more than or equal to 50%. However, the numerical results

are closer to the experimental data for RH50 and RH65 (Figures 38 and 39). For RH80, as seen

in Figure 40-b, the cyclic test loops obtained from the model are slightly more inclined than those

from the experiment. The latter indicates that the sample is less damaged than the model predicts,

as also observed at RH0 and RH25. These differences in the validation results stem from the effect350

of the glass transition temperature, and the fact that the material behaves as mostly glassy at low

RH and mostly rubbery at high RH. To account for such effects, the model may need to consider

brittle damage or fewer viscoelastic branches at low RH and more viscoelastic branches at high RH.

However, the objective of this study is to investigate the effect of humidity on the model parameters

using a constant number of viscoelastic branches and characteristic times.355
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Figure 36: Validation results at RH0: a) creep-recovery test with 0.01mms−1 displacement rate, b) cyclic loading

with 0.1mms−1 displacement rate, c) loading-unloading with 0.05mms−1 displacement rate.
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Figure 37: Validation results at RH25: a) creep-recovery test with 0.01mms−1 displacement rate, b) cyclic loading

with 0.1mms−1 displacement rate, c) loading-unloading with 0.05mms−1 displacement rate.
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Figure 38: Validation results at RH50: a) creep-recovery test with 0.01mms−1 displacement rate, b) cyclic loading

with 0.1mms−1 displacement rate, c) loading-unloading with 0.05mms−1 displacement rate.
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Figure 39: Validation results at RH65: a) creep-recovery test with 0.01mms−1 displacement rate, b) cyclic loading

with 0.1mms−1 displacement rate, c) loading-unloading with 0.05mms−1 displacement rate.
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Figure 40: Validation results at RH80: a) creep-recovery test with 0.01mms−1 displacement rate, b) cyclic loading

with 0.1mms−1 displacement rate, c) loading-unloading with 0.05mms−1 displacement rate.
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4. Conclusions

In this research, an experimental method is presented to calibrate and validate the VEVPD

model for polyamide 66, in which the change of dominant mechanisms from rubbery-like to glassy-

like through moisture absorption is considered and studied. To calibrate the model, first the dog

bone samples are conditioned at different RH levels. Then, considering the dominant active mech-360

anisms, mechanical tests including monotonic, cyclic, and creep-recovery tests with several loading

rates are implemented. The mechanical tests show that time-dependent strain along with creep

and ductile damage depend on the sample water uptake represented by different RH conditioning

levels. The effect of relative humidity on the model parameters is explored, which follows decreasing

and increasing trends in the viscoelastic parameters. In this study, for the first time the VEVPD365

model is calibrated and validated for PA66 at different relative humidity levels, namely: RH0,

RH25, RH65, and RH80. The validation results reveal that the VEVPD model provides accurate

predictions for high RH level namely: RH50, RH65, RH80.

The validation tests reveal that the model captures less efficiently the experimental curves at

RH0 and RH25. This suggests that the model does not capture properly certain active mechanisms370

at low RH, such as brittle damage or almost rate-independent response of thermoplastics at low

extent of water content. This can be addressed by developing an elasto-viscoplastic model with

brittle damage decoupled from plasticity (Brepols et al., 2017; Zäıri et al., 2007; Lemaitre and

Chaboche, 1994). In the present work, the VEVPD model was calibrated for the pure polyamide

66, however the glass reinforced polyamide 66 has a large amount of applications in the industry375

under different operating conditions. The VEVPD model, for constant RH, has been already

extended to the multi-scale frameworks through mean-field and full-field homogenization approaches

depending on the fiber shapes and orientations (Barral et al., 2020; Chen et al., 2021; Tikarrouchine

et al., 2021; Chen et al., 2022). A similar experimental approach can be implemented on the

different types of polyamide 66 composites to evaluate efficiency of the multi-scale models at different380

RH level. To predict the long-term mechanical responses of polyamide 66 and glass reinforced

polyamide 66, other environmental factors must be considered based on operating conditions, such

as contact with chemical solvents, exposure to high or low temperatures, etc. For example, glass-

reinforced thermoplastics used in the automotive industry are in permanent contact with chemical

solvents, such as antifreeze (a mixture of water and ethylene glycol), which affects their mechanical385

behavior, and the nonlinear inelastic mechanisms are strongly affected, resulting in glassy to rubbery
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and less or more time-dependent behavior (Pires, 2000; Chekkour et al., 2023). These operating

conditions are often along with high temperature, such as the composites used in the cooling

radiators (Ledieu, 2010). Thus, further extensions of the model could include more environmental

factors and incorporate to chemico-mechanical couplings.390
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Obeid H, Clément A, Fréour S, Jacquemin F, Casari P. On the identification of the coefficient of

moisture expansion of polyamide-6: Accounting differential swelling strains and plasticization.530

Mechanics of Materials 2018;118:1–10. doi:10.1016/j.mechmat.2017.12.002.

Parodi E, Peters GW, Govaert LE. Prediction of plasticity-controlled failure in polyamide

6: Influence of temperature and relative humidity. Journal of Applied Polymer Science

2018;135(11):45942.

Pipkin A, Rogers T. A non-linear integral representation for viscoelastic behaviour. Journal of the535

Mechanics and Physics of Solids 1968;16(1):59–72. doi:10.1016/0022-5096(68)90016-1.

Pires I. Vieillissement dans l’antigel de matériaux composites polyamide-6, 6 renforcé par des fibres
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Highlights

 The present model considers the effect of relative humidity (RH) on all inelastic 
mechanisms and ductile damage in polyamide (PA66).

 The model parameters are identified for RH=0%, 25%, 50%, 65%, and 80%, and the effect
of RH on the model parameters, for the first time, is studied.

 An innovative experimental approach taking into account different loading conditions is 
designed to capture the various active mechanisms governing the nonlinear behavior of 
PA66.

 Validation of the model responses with experimental data under different levels of RH 
exposure and loading conditions indicates a good agreement between them.
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