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Abstract
This paper presents an experimental and theoretical study conducted on a PolyPhenylene Sulfide with 40 wt.% of short 
glass fibers (PPS GF40) and its matrix. Widely used for under-the-hood applications in the automotive industry, this 
material is subjected to high temperatures and to the ageing effects of the cooling liquids. Therefore, the consideration 
of those conditions is essential to design mechanical parts. Thus, an experimental campaign in the tensile mode was 
carried out at different temperatures and for various glycol proportions in the cooling liquid, under monotonic and 
cyclic loadings on neat and reinforced PPS. The results of these tests enabled us to highlight some of the main physi-
cal phenomena occurring during these experiments under tough hydrothermal conditions. Following this analysis, a 
visco-elasto-pseudo-viscoplastic model is proposed. Moreover, this model enables the consideration of the effects of 
the cooling liquid and its constituents using a temperature/humidity equivalence. This model also takes into account 
the consequences of the glass transition on the mechanical behavior of the material. Its accuracy was confronted to 
that of an artificial-intelligence-based model, so as to know what the physically possible maximum accuracy is. Finally, 
the evolution of the model parameters was studied with the adjunction of short glass fibers and for various orientation 
distributions of those fibers.

Keywords Polymer matrix composites · Thermomechanical · Ageing · Analytical modelling · Mechanical testing · 
Sequential model

1 Introduction

Environmental issues are one of the main problematics 
to take into account for new industrial developments and 
especially for car manufacturers aiming at reducing costs 
and  CO2 emissions. One way to respond to these chal-
lenges is to reduce the weight of the parts [1]. In order to 
take into account industrial, economic and environmental 
issues, the use of short-glass-fiber-reinforced thermoplas-
tics is considerably increasing, including in the design of 
under-the-hood components. These parts are subjected 

to elevated temperatures that can reach 130 °C and are 
fully immersed in the cooling liquid when activated. 
Those conditions have a strong impact on the mechani-
cal properties of plastic composites such as polyamides 
[1–4]. Even though polyamide is one of the most common 
matrix used in the automotive industry, this material may 
not be strong enough for some dynamic parts supporting 
important loads within this environment. That is why the 
study presented in this paper was conducted using a PPS, 
which has more resistance to chemical products and to 
temperature [5, 6].
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PolyPhenylene Sulfide (PPS) is a semi-crystalline poly-
mer classified as a high-performance thermoplastic and 
is thus used for applications in a wide range of fields, 
from electronics to chemical sectors and aerospace, due 
to its tribological properties and its easy injection [7–15]. 
PPS parts are commonly blended with short fibers to 
improve their mechanical behavior [16, 17]. In order to 
design the parts in hydrothermal conditions and to build 
a predictive model, the complexity of the material and 
of the environment has to be fully taken into account. 
The adjunction of fibers induces more complexity in the 
understanding of the material’s properties since the fiber 
ratio and the orientation of these fibers influence the 
mechanical behavior of the composite [18]. As some of 
the main phenomena are occurring on the matrix, its 
behavior must be closely monitored. Indeed, the tem-
perature and the ageing process have amplified effects 
on unreinforced materials compared to reinforced mate-
rials [19], thanks to a structural modification appearing 
in the polymer. This is due to an intensification of the 
molecular chain motion as the temperature increases. 
This modification is even higher above the glass transi-
tion temperature Tg, which is a reference temperature 
that constitutes a limit for many constitutive models. The 
mechanical behavior of polymers is so different under 
and above Tg that some authors developed constitutive 
models for neat polymers, that are valid either below or 
above this temperature [20, 21]. The influence of the rel-
ative humidity on the mechanical response is known to 
be very strong on polyamides and their derivatives [22, 
23] due to the “plasticizing” effect of water [24]. Indeed, 
water molecules are absorbed by amorphous phases 
[3], which induces a variation of the glass transition 
temperature [25]. Then, considering our fully immersed 
environment and the large range of temperatures to 
factor in, the cited phenomenological models [2, 20, 
21, 23, 26–28] are presenting some limitations for our 
applications. Indeed, those models cannot deal with the 
extrapolation of mechanical properties of aged materials 
immersed in a two-constituent liquid. Hence, the com-
parison by extrapolation is not possible. Some models 
can deal with the influence of the temperature but they 
are developed in the framework of micromechanics. The 
micromechanics-based models are dealing with micro-
parameters like the molecular chain motion. This kind of 
parameters calls for specific tests and cannot easily be 

performed in an industrial context. It is therefore beyond 
the scope of the study.

This paper aims at defining the characterization and 
a phenomenological model for a neat PPS, taking into 
account the thermal and ageing effects using a rheo-
logical scheme with the minimum parameters, in order to 
define an easier way of dimensioning PPS parts in industry. 
Moreover, as this study takes place in an industrial context, 
the experimental data are extracted as much as possible 
from tensile tests, which can be reproduced with indus-
trial equipment quite easily. Monotonic and cyclic tensile 
tests were therefore performed on aged samples and at 
different temperatures in order to study the evolution of 
the coupled viscosity-damaging impact through cycles 
and temperatures and to prove that the parameters of 
the models are linked to physical phenomena. Finally, the 
model was applied to composite experimental data and a 
quick study of the evolution of the model parameters as 
a function of the fiber ratio and the fiber orientation was 
performed.

2  Experiments

The experimental protocol starts with the extraction of 
the samples and, for some of them, an ageing process 
was set up before performing the tensile tests, in order 
to study the effect of liquid absorption on the mechanical 
properties.

2.1  Materials and specimen

Two materials were used in this study. One is a semi-crys-
talline polyphenylene sulphide with a 40% massive frac-
tion of glass fiber reinforcement (PPSGF40). The other one 
is its matrix (PPS). Both were provided by Solvay and are 
respectively commercialized under the names Ryton® R-4-
200 and Ryton® QA 200 P. Some of their physical properties 
are listed in Table 1.

100 × 100 × 3.2 mm square plates were molded by injec-
tion at a temperature of 136 °C and then kindly supplied 
by Solvay. Dog-bone tensile specimens were made using 
water jet cutting according to the geometry presented 
in Fig. 1. The locations of the specimens on the plates 
are shown in Fig. 2, in order to prevent end effects such 
as capillarity at the surface of the mold and to obtain 

Table 1  Materials used for the 
experimental study

*These data were provided by Solvay

Material Matrix Reinforcement density(g/cc)* Tg(°C)* Tm(°C)*

Ryton® QA 200 P Polyphenylene sulfide None 1.34 90 280
Ryton® R-4-200 Polyphenylene sulfide 40% short glass fiber 1.68 90 285
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composite samples with different fiber orientations. The 
matrix being more sensitive to end effects than the com-
posite, the matrix samples were cut transversally to the 
moldflow direction, allowing the extraction of three sam-
ples per plate. The highest stiffness of the composite is 
reached when the fibers are aligned with the direction of 
the solicitation. The corresponding samples are then less 
sensitive to end effects, especially as the working length 
 L0 is far from the ends. Consequently, those effects can be 
neglected. Thus, four samples with longitudinally aligned 
fibers can be extracted per plate. Shaded areas are unused 
areas. 

2.2  Ageing method

PPS is often used in refrigeration systems. In the automo-
tive industry, many different cooling liquids are used. Their 
composition and proportions, however, are mostly the 
same. Indeed, those liquids are commonly composed of 
50% of water and 50% of glycol but for cost-saving reasons 
and because of the variety of selling areas, car manufac-
turers can reduce the proportion of glycol. This specific 
constituent is itself composed of about 90% of monoeth-
ylene glycol, the remaining 10% representing the additives 
used by each carmaker. In order to take into account the 
possibility of different behaviors depending on the gly-
col proportion, several configurations were tested on the 
Ryton® QA 200 P matrix. The samples were then immersed 
in containers for 400 h, in a stove maintained at 90 °C, as 
shown in Fig. 3. The cooling liquid in the containers was 
composed from 100% of water to 100% of glycol.

The samples were weighed with a precision scale, in a 
protected environment, with a precision of 0.1 mg. These 
measures have shown that, as glycol has a higher density 
than water, the more the water proportion is high in the 
cooling liquid, the more the material gains mass (Fig. 4).

The evolution of absorption can be described by a Fick’s 
law [29] which can be expressed as follows:

where t is time, h is the thickness of the sample, D is 
the diffusion coefficient and Mm is the maximum liquid 
absorption.

Studying the dynamic of the absorption depending 
on the liquid’s composition shows that the maximum 
absorption reachable Mm is the highest when the liquid 
is fully composed of water (Fig. 5). As the glycol propor-
tion increases, the maximum absorption decreases lin-
early. Additionally, the diffusion coefficient, which also 
decreases as the glycol proportion increases, seems to 
decrease following the Eq. (2):

where D0 is the maximum diffusion coefficient, obtained in 
a liquid fully composed of water, g(%) is the glycol propor-
tion in percentage and a and b are coefficients.

The density of glycol could be responsible for the low 
behavior. Tensile tests were then performed to determine 
if the mechanical behavior of aged samples evolved in the 
same way as the absorption.

2.3  Tensile tests

Tensile loads were applied by an INSTRON™ 5585H 
equipped with mechanical grips, and controlled by a 
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Fig. 1  Specimen geometry
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10kN-capacity load cell. The local strain was measured 
with a video extensometer.

Several environmental conditions were tested. Tests at 
room temperature were performed in standard ISO527-2 
conditions. The tests were conducted in a climate cham-
ber, for temperatures varying from 50 to 150 °C. For the 
tests on aged samples, the specimens were fully immersed 
for 400 h so as to ensure the saturation, and then taken out 

of the container right before submitting them to the ten-
sile test to avoid any loss of cooling liquid in the specimen.

The purpose of the study being the definition of a con-
stitutive model able to predict the behavior of PPS under 
any condition throughout the service life of the vehicles, 
a total of eleven different scenarios were tested for the 
composite and for the matrix:

(a) (b) 

100

100

Moldflow
direc�on

(c)

Fig. 2  a Location of specimen cut from injection plates in the flow direction of PPS GF40. b Location for 45° of fiber orientation of PPS GF40. 
c Location of specimen for PPS and transversally to the moldflow direction for PPS GF40
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• Five configurations at room temperature T = 23 °C for 
a dry-as-molded (DAM) material and an aged material, 
fully immersed in multiple coolant liquids (water and 
glycol) composed of 100% of water, 25% of glycol, 50% 
of glycol, 75% of glycol and 100% of glycol respectively.

• Six configurations at a temperature of T = 23 °C, 50 °C, 
70 °C, 110 °C, 130 °C and 150 °C respectively for a DAM 
material;

All of these configurations were studied using differ-
ent mechanical tests illustrated in Fig. 6. Each test was 
repeated three times. The presented results are the aver-
age of the three repetitions. For each test, the deformation 
rate was fixed at 1.10−3 s−1 as specified in ISO 527.

Fig. 3  Samples ageing

Fig. 4  Cooling liquid absorp-
tion by a neat PPS
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Fig. 5  Evolution of Fick’s law parameters as a function of glycol proportions
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2.4  Experimental results and mechanical analysis

2.4.1  Static tensile tests on the matrix

In Fig. 7, the comparison of the mechanical behavior of 
aged samples for different proportions of glycol shows 
that the proportion of glycol has a manifest influence on 
the results. This can be explained by the differences in 
absorption, presented in Fig. 4. The mechanical behavior 
of the material depends on the cooling liquid absorption. 
For high glycol proportions, there is no significant varia-
tion in behavior, contrary to what would be expected in 
the event of a chemical attack.

Despite the very limited liquid absorption, hydrother-
mal ageing has a significant impact on the mechanical 
behavior of PPS. Contrary to the expected consequences 
for polyamide [30], a slight increase of tensile strength 
(about 9%) and a clear drop in tensile strain (about 
36%) are observed with respect to DAM conditions for a 

standard proportion of 50% of glycol and 50% of water. 
With PPS, hydrothermal ageing seems to induce quite 
the same mechanical behavior as observed on long UV-
aged or thermal-aged plastics [31, 32], as the stiffness 
slightly increases (Fig. 8). This can be explained by the 
ageing process, as the stove was maintained at 90 °C, 
inducing a physical ageing, responsible of such increase. 
As the aim of the glycol presence is to regulate the tem-
perature of the liquid, the more glycol there is, the less 
there will be ageing effects on the mechanical behavior.

As shown in Fig. 9, the mechanical behavior of PPS is 
considerably influenced by the temperature, especially 
above the glass transition temperature Tg = 90 °C. Below 
Tg, the material shows an elasto-plastic type behavior. 
Above Tg, the behavior seems fully inelastic due to its 
increasing viscosity for high temperatures, especially 
noticeable by the appearance of a smoother increase 
of the stress and a delay of response linked to damping 
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Fig. 6  a Monotonic and b cyclic mechanical tests for the experimental study
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effects. This is visible at the beginning of the curve for 
temperatures T = 130 °C and 150 °C.

Cyclic tests were then performed in order to clearly 
identify the behavior through the different temperatures 
as well as the physical phenomena inducing these behav-
iors, which is essential to build a relevant and predictive 
model.

2.4.2  Cyclic tensile tests on the matrix

In the industrial application, PPS parts will mostly be used 
at high temperatures and will be submitted to repeated 
loads. Working at those temperatures means having to 
deal with phenomena like viscosity. The objective of those 
cyclic tests is then to characterize the coupled viscosity-
damaging evolution through the cycles and to determine 
the source of the modification in behavior as seen in 
Fig. 9, particularly once Tg is reached. Those cyclic tests 

are load-controlled and load-rate-controlled in order to 
remain in the context of the previous monotonic tensile 
tests, as shown in Fig. 10.

Results shown in Fig. 10 highlight two characteristic 
behaviors that appear under and above Tg respectively. 
The accumulated residual displacement at T = 110  °C 
is about four times greater than the one observed at 
T = 23  °C. This suggests that, above Tg, the mechani-
cal behavior is mostly inelastic and should therefore be 
called “viscoplastic”. In each cyclic test, the more the load 
rate decreases, the more the area of the hysteretic loop 
increases which could be due to short-term viscosity or 
even damage propagation. Those coupled effects lead to a 
cyclic softening, appearing sooner and more pronounced 
as the temperature increases. The slope of the bisectrix of 
each loop determines the computed apparent stiffness.

The previous hypothesis according to which the 
behavior is fully “visco-inelastic” above Tg is well 

Fig. 8  DAM and aged stress–
strain curves comparison
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represented by the difference of magnitude in the 
apparent stiffness between tensile tests under and 
above Tg. For temperatures of 110 °C and 130 °C, the 
apparent stiffness is very low, even at the first loop, 
which means that for these temperatures, there is no 
pure elastic behavior.

The cyclic softening could also be partially caused 
by other phenomena like self-heating. SEM could help 
with assessing the main origin of this cyclic softening.

The adjunction of fibers can modify the mechanical 
behavior as the reinforcement can reduce the sensitivity 
to some phenomena like viscosity. This evolution can be 
observed through the tensile tests performed on the 
composite samples with different fiber orientations.

2.4.3  Monotonic tensile tests on composite

In order to evaluate the modification of the mechanical 
behavior caused by the presence of fibers, monotonic ten-
sile tests were performed in similar conditions as those 
imposed for the neat PPS. As for the characterization of the 
composite, it is required to take into account the fiber ori-
entation within the sample. As shown in Fig. 11, the more 
the fibers are aligned with the loading direction, the more 
effective the reinforcement is.

The influence of temperature was studied for a fiber ori-
entation of 0°, 45° and 90° from the loading direction, as 
it was done for the analysis of the ageing sensitivity. The 
results are shown in Fig. 12.

The glass transition temperature remains clearly iden-
tifiable, whatever the fiber orientation. In addition, for a 
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Fig. 11  Tensile stress–strain 
curve for a PPS GF40 at room 
temperature
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transverse fiber orientation from the loading direction, 
the reinforcement effect is less pronounced at high tem-
peratures, as the matrix becomes much more distorted 
due to viscosity. In that case, the stiffness of the com-
posite will reach the stiffness of the matrix faster as the 
fibers will not be able to compensate for the strain of 
the matrix.

Contrary to the neat PPS, the composite keeps a rea-
sonable strain, even at high temperatures. It is worth 
noting that the fiber orientation has no major impact on 
the decrease of the tensile strength for any temperature, 
has shown in Table 2.

The results at a temperature of 130 °C present a sub-
stantial evolution depending on the fiber orientation. 
The less the fibers are aligned with the loading direction, 
the more the damping effect is important at the begin-
ning of the stress–strain curve. This phenomenon linked 
to viscosity was already observed for a neat PPS, which 
means that the behavior of the composite is similar to 
that of the matrix regarding the sensitivity to the tem-
perature when the fibers are aligned transversally.

In order to predict the behavior of the composite at 
high temperatures, it is essential to build relevant and 
predictive constitutive equations for the matrix, as the 
composite behaves in the same way as the matrix once 
the temperature is elevated.

3  Modelling

3.1  Thermomechanical framework

3.1.1  Rheological model

The objective of this section is to present the formula-
tion of a thermodynamics-based phenomenological 
model including the physical phenomena described in 
Sect. 2. As these data were obtained by means of ten-
sile tests, the uniaxial solicitation can be described by 
a 1D-rheological scheme, given in Fig. 13. This kind of 
rheological scheme is widely used in polymer and com-
posite modelling [23, 26, 33]. The following equations 
have been formulated within the mechanical framework 
of Lemaitre and Chaboche [34], and have been used in 
many other recent studies [26, 35, 36].

The rheological model consists of the following 
elements:

• One single linear spring
• N viscoelastic Kelvin-Voigt branches constituted of a 

linear spring and a linear dashpot mounted in par-
allel to define short-term and long-term viscoelastic 
strains. The consideration of more than two Kelvin-
Voigt branches allows for creep and relaxation effects 
to be taken into account in a wide range of loading 
frequencies [27].

• One viscoplastic branch, constituted of a non-linear 
spring and a non-linear dashpot, mounted in parallel.

The mounting in series of all those elements leads to 
the following total strain:

Fig. 12  Evolution of the tensile 
tests results through tempera-
tures for the flow direction, a 
fiber orientation of 45° and the 
cross flow direction
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For the sake of simplicity in the following equations, the 
Einstein summation convention was adopted, leading to 
the following form:

A Helmholtz free energy expression can thus be written 
as the sum of stored energies:

In order to define the mechanical state at any tempera-
ture, as well as the associated thermodynamic forces, the 
Helmholtz free energy expression is defined by several 
scalar-state variables and parameters:

• The overall strain ε, an outside control variable, directly 
associated to σ

• The viscoelastic strains �vi , including the short-term and 
long-term viscoelastic strains and more if needed

• The pseudo-viscoplastic or “visco-inelastic” strain �vp
• The hardening exponent m
• The hardening modulus R∞ in MPa
• The linear-hardening variable k in MPa
• An Arrhenius-type variable �e , allowing the prediction 

of elastic behavior through temperature
• An Arrhenius-type variable �p , allowing the prediction 

of pseudo-viscoplastic behavior through temperature
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• The coefficient of linear thermal expansion α
• The mass thermal capacity C

The particularity of the presented model is the introduc-
tion of the Arrhenius-type coefficients, as they were used in 
other studies in order to evaluate temperature sensitivity [37, 
38]. As the present model is designed to take into account 
the variation of temperature, the latter is then defined as a 
variable θ, the difference between the current temperature 
T  and the reference temperature T0:

For the numerical application of the law, we chose to 
work with p, the cumulative viscoplastic strain and �e , the 
elastic strain, which is not an internal variable but is conveni-
ent for the equation writing and for the characterization on 
a stress–strain curve.

The combination of the first and second laws of thermo-
dynamics can be expressed by the Clausius–Duhem inequal-
ity [39]:

where q is the heat flux, ρ the mass density and s the 
entropy, the latter always being non-negative.

In order to describe the evolution of internal variables and 
the viscoelastic dissipation process, a pseudo-dissipation 
potential is defined:

where τ is the stress relaxation time.
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Fig. 13  1D-rheological scheme of the proposed constitutive model
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The state equations of the problem can then be 
deduced by differentiation of the potential with respect 
to the state variables:

These constitutive relations lead to the equations allow-
ing the modelling of stress–strain curves, for viscoelastic 
parts and pseudo-viscoplastic parts, defined by Eqs. (12a) 
and (14a):

With a yield stress that is also temperature dependent:

And the following yield function, corresponding to the 
well-known von Mises surface f:

Those state laws define the behavior of the material 
under Tg. As it was previously suspected in Sect. 1 and 
observed in Sect. 2, the behavior above Tg is completely 
different. Indeed, it was shown in Sect.  2 that at high 
temperatures, the mechanical behavior of the PPS is fully 
pseudo-viscoplastic. In order to express that phenomenon, 
only a revised version of Eq. (14a) is used for temperatures 
above the glass transition:

These equations describe the mechanical behavior within 
a wide range of temperatures, under and above the glass 
transition. As shown in Sect. 2, hydrothermal ageing has sim-
ilar effects as the variation of temperature on the mechanical 
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behavior. It is then possible to consider the ageing process 
in the model.

3.1.2  Temperature‑humidity equivalence

As it was shown by [23] for polyamides, humidity affects the 
glass transition temperature. Therefore, it is really impor-
tant to be able to estimate the current glass transition tem-
perature to know which model is adapted. In order to take 
into account this variation, the presented model has to be 
adapted. Since the glass transition temperature does not 
appear explicitly in the model, a redefinition of the concept 
of temperature is needed.

The important parameter that reports the mechanical 
behavior of a material depending on the temperature is the 
deviation from the glass transition temperature. Thus, if Tg 
decreases, the difference in temperature increases. It is possi-
ble to increase this gap by passing on this glass temperature 
modification on the loading temperature.

The equivalent current temperature will then depend 
on the percentage of humidity, and can be defined, with 
respect to the equation of [23] and with respect to the exper-
imental results shown in Sect. 2, by the following equation:

where H(%) is the percentage of humidity and �  is the 
slope.

In our applications, the material is always fully immersed. 
Moreover, the ambient liquid is composed of water and gly-
col. In order to evaluate the effect of each part of the cooling 
liquid, the Eq. (17a) was upgraded as follows:

where G(%) is the glycol proportion in the liquid, H(%) is 
the water proportion and � and � are the slopes.

In order to consider the industrial application and the 
worst-case scenario for the mechanical behavior, the study 
was only conducted with a material fully immerged and 
tested at saturation.

The model can be completed to take into account hydro-
thermal effects by introducing Eq. (17b):

• Hydro-thermo-viscoelasto-pseudo-plastic before Tg: 

(17a)Teq = T + �H(%)

(17b)Teq = T − (�H(%) + �G(%))

(12b)

𝜎(𝜀) =
CeCvi

Ce + Cvi

�
(𝜀 − 𝛼𝜃)e

𝛿e

�
1−

Teq

T0

�

− 𝛼𝜃

�⎡
⎢⎢⎣
1 − e−

𝜀e
𝛿e

�
1−

Teq
T0

�

�̇�𝜏

⎤
⎥⎥⎦

(14b)R(p) = [kp + R∞(1 − e−mp)]e
�p

(
1−

Teq

T0

)



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:368 | https://doi.org/10.1007/s42452-020-2160-2

• Hydro-thermo-viscoelasto-pseudo-plastic after Tg: 

3.2  Application

3.2.1  Parameters identification and correlation

As previously presented, for clarity reasons, �e is used. 
Equation 12b can be rewritten as follows:

The first step is the modelling of the stress–strain curve 
obtained at the reference temperature  T0. The mechanical 
parameters can then be found, including �T0

y  , by a least-
squares fitting method. Once the mechanical parameters 
are obtained, the second step is to evaluate the thermal 
shift parameters �e and �p , which express the impact of 
temperature on the mechanical properties. To do so, the 
previous parameters are fixed and the thermal parameters 
can be determined from the shift the stress–strain curve 
obtained at a different temperature. Once those param-
eters are known, this protocol is repeated in order to evalu-
ate the influence of the glycol proportion in the cooling 
liquid on the mechanical properties. The parameters � 
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and � can respectively be isolated on the tensile curves 
obtained for a full water ageing and for a full glycol age-
ing. The curves corresponding to a proportion of 25%, 50% 
and 75% of glycol respectively are thus fully predicted.

As the parameters are fully fixed, the influence of the 
immersion and glycol proportions can be quantified for 
the industrial application, and illustrated by Fig. 14.

This means that the immersion of the PPS in a coolant 
liquid composed of 50% of water and 50% of glycol for 
400 h is equivalent to testing the DAM material at a lower 
temperature. From the industrial point of view, this kind 
of results is interesting because, for immerged under-the-
hood components, the effects of absorption can be repre-
sented in the form of a temperature difference. It can be of 
interest for carmakers and automotive component manu-
facturers to build material libraries with the characteristic 
equivalent temperature of the immerged state.

All of the material’s parameters necessary to character-
ize and predict the mechanical behavior of the neat PPS 
are listed in Table 3. In order to be more explicit and to 
facilitate the understanding, CeCvi

Ce+Cvi
 is presented as the 

equivalent apparent modulus E, in MPa.
The same methodology was used in order to obtain the 

parameters of the model above the glass transition tem-
perature. A new reference temperature has to be fixed, not 
too close to the glass transition temperature if possible, in 
order to avoid any transition effect between the two states 
of the material.

In the same way, the mechanical parameters are 
evaluated on the curve obtained at the new reference 
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Fig. 14  Modelling of stress–strain curves of the aged PPS

Table 3  Material parameters 
for a neat PPS under Tg

E (MPa) k (MPa) R (MPa) m δe δp τ(s) χ (K) ξ (K)

3216.48 0.00 86.70 73.66 1.73 2.43 2.34 16.99 6.62
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temperature, above Tg. The modelled curve also rep-
resents the basis of future predictions. The next step 
was the determination of the Arrhenius shift factor δ, 
once again with a least-squares fitting method on a 
stress–strain curve obtained at a higher temperature.

The modelling of the mechanical behavior of the PPS 
for a temperate higher than Tg can thus be performed 
with the parameters listed in Table 4.

Figure 15 shows that the reduced number of param-
eters presented in Tables 3 and 4 obtained with fittings 
at 23 °C, 70 °C, 110 °C and 130 °C respectively are suf-
ficient to predict complete tensile curves for the elas-
tic and viscoplastic parts at other temperatures under 
and above glass transition, taking into account viscosity 
effects like damping.

As shown in Fig. 16, the proposed model only needs 
two stress–strain curves per part (under and above Tg), 
and two others to consider the ageing effects in a two-
constituent liquid and to define the equivalent tempera-
tures in order to predict the mechanical properties for a 
wide range of environmental configurations.

The proposed model presents the evolution of the 
mechanical behavior of the material regarding its load-
ing environment, and is able to predict said behavior. 
Nevertheless, even if the constitutive model is relevant 
for the industrial application, it may not be a sufficient 
approach for the entire range of experimental condi-
tions, especially for uploading-unloading tests combin-
ing immersion and temperature [40].

In order to demonstrate the accuracy of these consti-
tutive equations, this model was confronted to another 
model so as to evaluate the possible room for improve-
ment regarding what can be considered the maximal pos-
sible accuracy.

3.2.2  Comparison with a sequential model

In order to evaluate our possible improvement, a sequen-
tial artificial-intelligence-based model was built to fit the 
experimental curves. Artificial intelligence is already used 
in polymer physics [41, 42]. Artificial intelligence algo-
rithms are used in many fields to help making predictions 
from stochastic data. One of the strengths of this method 
is its ability to build a model by training on those data 
with a given number of iterations, by means of a repetitive 
loss reduction algorithm. Hence, the AI-based constructed 
model is not a rigorous mathematical model contrary to 
a mathematical demonstration, but this method enables 
the convergence of some difficult calculations and fittings 
with an extreme precision, providing there are enough 
data and iterations.

From a conceptual point of view, this means that we can 
reach a better accuracy with AI than with mathematical 
models, because AI is not subject to the physical reality 
of the parameters. Thus, even if the training model can be 
improved, it can easily be seen that no rational proposed 
model, pre-existing or not, can present a lower average 
error than the one presented by an artificial intelligence 
model.

Table 4  Material parameters 
for a neat PPS above Tg

E (MPa) k (MPa) R (MPa) m δe δ τ(s)

3.58 26.52 24.63 5.17 26.64
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Fig. 15  Tensile curves predictions under a and above b glass transition temperature
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The aim of the fitting of the tensile curves by a sequen-
tial model is to show the room for improvement of our 
model, compared to the maximal reachable accuracy, 
given by the artificial intelligence results.

In order to work in the same conditions for all the ten-
sile curves, approximately the same amount of data was 
used to feed the sequential model. The number of epochs 
was fixed at 10,000, allowing the stabilization of the error, 
and the model was trained on 5000 couples of input and 
output data points.

A global comparison of the average error of the models 
is then possible, as presented in Table 5.

Even if the presented model can be considered accu-
rate, the precision could be increased by improving the 
reliability of the temperature control system. Indeed, the 
temperature used in the model is the temperature in the 
climatic chamber. Thus, a variation of one or two degrees 
Celsius between the climatic chamber and the real tem-
perature in the core of the sample is possible. Also, the 
phenomenological nature of the presented model can 
error-prone. In order to reach a better accuracy, micro 
parameters are needed, such as molecular chain motion, 
which is induced by the high temperatures. However, 
quantifying this phenomenon can be very difficult, all 
the more in an industrial context, placing these kind of 
parameters beyond the scope of the study. Both models 
are showing different overall errors for the different config-
urations. This can be explained by the shape of the curve 
which can be harder to model for the sequential model, 
especially when damping effects occur.

The results given by the sequential model being used as 
the reference, it is worth noticing that for the majority of 
studied temperatures, our room for improvement is only 

about 1% or 2% which confirms the good accuracy of the 
proposed model.

4  Discussion

4.1  Physical analysis of the model parameters

Studying the parameters obtained in Sect. 3 can demon-
strate how the mechanical behavior changes depending 
on the temperature and which mechanisms are involved. 
The comparison of the parameters with the experimental 
results of Sect. 2 also offers the possibility to grasp the 

Fig. 16  Global correlation 
depending on the temperature
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Table 5  Comparison of the models’ accuracy

Bold—Completely known

Italic—Partially known

Bolditalic—Completely predicted

T Overall error

Proposed model 
(%)

Sequential 
model (%)

23 °C 2.41 0.93
50 °C 3.93 1.13
70 °C 3.85 2.28
110 °C 0.98 0.18
130 °C 2.76 1.75
150 °C 3.41 2.20
Aged at 0% of glycol 2.40 1.30
Aged at 25% of glycol 3.41 1.27
Aged at 50% of glycol 2.07 0.70
Aged at 75% of glycol 2.17 1.69
Aged at 100% of glycol 1.78 0.93
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physical meaning of the model parameters. Tables 3 and 
4 highlight the transition between the glassy state and 
the rubbery state of the neat PPS. Indeed, as presented in 
Sect.  2.4.2, viscosity becomes the leading factor defining 
the mechanical behavior as the temperature increases. 
The strain of the material increases, thus inducing a 
decrease of its stiffness. This influence is described by 
the parameter δ. Moreover, the presence of viscosity 
implies the presence of damping effects, materialized by 
a delay of the response to a solicitation. This characteris-
tic time is the parameter τ. In Table 3, the leading param-
eters are the mechanical ones, defining an elasto-plastic 
type behavior. However, as shown in Table 4, those pre-
vious parameters are considerably less influent above 
Tg, where the parameters related to viscosity become 
more predominant, which is fully consistent with the 
results of the cyclic tests. The results of those tests and 
the model enable to state that, above the glass transi-
tion temperature, the mechanical behavior of the PPS is 
“visco-inelastic”, also called “pseudo-viscoplastic”.

4.2  Impact of fibers on viscosity

The reaction of a polymer to the temperature is due to the 
molecular chain motion inside the material. Hence, in a 
short-glass-fiber-reinforced plastic, only the matrix reacts 
to the temperature [43]. As shown in Sect. 4.1, each param-
eter of the presented model is linked to a physical phe-
nomenon. This makes it possible to study the influence of 
the fiber ratio and the fiber orientation on the composite’s 
global viscosity by analyzing the evolution of the model 
parameters. As it was shown in [23], this kind of phenom-
enological models can also be applied to composites, as 
long as the fiber orientation remains fixed. In our case, 
applying the model to the composite is only relevant for 
the study of the variation of the parameters, as presented 
in Table 6 and Fig. 17.

Contrary to the neat PPS, the PPS GF40 does not nec-
essarily have values for τ as the presence of fibers seems 
to diminish this damping effect. For δp, just like for the 
composite’s stress–strain curves, and for a certain range 
of temperatures, there is no pseudo-plastic part. Since the 
model parameters are a function of the fiber orientation, 
their evolution can be modelled.

Table 6  Model parameters for 
a PPS GF40: (a) in moldflow 
direction, (b) with a fiber 
orientation of 45° and (c) in 
cross-flow direction

E (MPa) k (MPa) R (MPa) m δe τ (s) E (MPa) k (MPa) R (MPa) m δ τ (s)

(a) Longitudinal before Tg Longitudinal after Tg
 11,781.65 0 165.019 76.34 0.61 0 63.95 87.29 0.52 1.69

(b) Random before Tg Random after Tg
 8721.99 0 103.37 104.91 0.91 0 51.44 68.057 4.85 1.97

(c) Transversal before Tg Transversal after Tg
 8277.97 0 106.39 79.019 1.67 0.56 0 50.13 69.47 5.95 6.24

Fig. 17  Model prediction of 
the stiffness evolution through 
temperature with different 
fiber orientations
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Figure 18 displays the evolution of δ as a function of the 
fiber orientation, with the following normalized notation: 
0 represents the cross flow direction and 1 represents the 
flow direction. Under Tg, there is no significant pseudo-
plastic behavior of the composite; that is why only δe is 
presented for this range of temperatures. Moreover, data 
obtained for the matrix are also displayed in Fig. 18 to 
study the difference between the value for the matrix and 
the value obtained at cross-flow direction. Indeed, it was 
shown in [30] that a composite with fibers mostly oriented 
in the cross-flow direction has a similar behaviour to that 
of the matrix. The possible difference between the cross-
flow and matrix parameters can then be attributed to the 
fiber ratio, all the more in this case because the studied 
composite is highly reinforced, as the glass does not pre-
sent a viscous behavior at any temperature.

It is worth noting that the dynamics of evolution 
under and above Tg are completely different. In both 
cases, the more the fibers are aligned with the load-
ing direction, the less the strength is impacted by the 
temperature, i.e. the loss of properties induced by the 
viscosity is sensibly stymied. However, above Tg, the 
fibers have to be aligned with the loading direction for 
the fiber orientation to have more consequences on the 
material’s strength, whereas under Tg, even if the fib-
ers are not completely aligned with the loading direc-
tion, the fiber orientation has a significant impact on the 
material’s strength. Additionally, the stress relaxation 
time does not show any different dynamic variation for 
the entire range of temperatures.

A phenomenological law can thus be proposed to 
quantify the different evolutions, based on the matrix:
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• Evolution of the impact of viscosity on the material’s 
strength as a function of the fiber ratio and the fiber 
orientation under the glass transition temperature: 

where �mat
e

 is the neat PPS parameter, Wt is the mass 
fraction (here 0,4), γ is the impact of the mass fraction 
on �F

e
 , F is the fiber orientation rate with F � [0;1] and ρ 

is the weighting of the fibers orientation rate.
• Evolution of the impact of viscosity on the material 

strength as a function of the fiber ratio and the fiber 
orientation above the glass transition temperature: 

where �mat is the neat PPS parameter, Wt is the mass 
fraction (here 0,4), γ is the impact of the mass fraction 
on �F , F is the fiber orientation rate with F � [0;1], p is a 
corrective parameter and � is the weighting of the fib-
ers orientation rate.

• Evolution of the impact of viscosity on the damping 
of the material values as a function of the fiber ratio 
and the fiber orientation under and above the glass 
transition temperature: 

where �mat is the neat PPS parameter, Wt is the mass 
fraction (here 0,4), �� is the impact of the mass fraction 
on �F , F is the fiber orientation rate with F � [0;1] and ρ 
is the weighting of the fibers orientation rate.

It is also worth noting that in the case of the stress 
relaxation time, under and above Tg, the same rela-
tion is valid with exactly the same parameters values, 
meaning that the glass transition increases the influ-
ence of viscosity but does not affect the shape of its 
curve. The analysis of the evolution of this characteristic 
time at the composite level shows that the parameter 
is far more dependent on the fiber ratio than on their 
orientation. This dependence can be deduced from the 
difference between the cross-flow direction value and 
the matrix value, while no particular dynamic change 
of its evolution was observed depending on the fiber 
orientation. At last, the various effects of viscosity are 
not influenced by the same parameters. As shown in 
Fig. 18, δ is more sensitive to the orientation of fibers 
than to their mere presence, whatever the temperature. 
However, above Tg, viscosity is the main factor affecting 
the mechanical behavior, weakening the composite’s 
strength if the fibers are not aligned with the loading 
direction.

(18)�F
e
= �mat

e
(1 −Wt)�e−�F

(19)�F = �mat(1 −Wt)� + p
(
1 − e�F

)

(20)�F = �mat(1 −Wt)��e−�F

5  Conclusion

This paper reports the study of the influence of the 
hydrothermal environment on the mechanical behavior 
of a PPS and its composite. An experimental study was 
carried out, based on the equipment commonly used in 
the industry in order to characterize the behavior of a 
PPS GF40 and its matrix. It was shown that:

• The behavior of the PPS is considerably influenced by 
the temperature and is sensitive to absorption.

• The more the cooling liquid contains water, the more 
the mechanical behavior is affected, as the PPS shows 
more sensitivity to absorption than to the chemical 
aggressiveness of the cooling liquid.

• Two kinds of behavior were noted: an elasto-plastic 
behavior under the glass transition temperature and 
a visco-pseudo-plastic one above this temperature.

• Viscosity is the leading phenomenon occurring above 
the glass transition temperature for the PPS and can 
also be of great influence under Tg, under cyclic con-
ditions and when the stress rate is low.

• The high temperatures reduce the advantages 
brought by the presence of fibers.

A phenomenological model was then built to take 
into account these experimental observations. It was 
shown that the presented approach enables the descrip-
tion and the prediction of the mechanical response with 
a very good accuracy over a wide range of hydrothermal 
conditions. A temperature-humidity equivalence princi-
ple was highlighted for the PPS, allowing the considera-
tion of the ageing process within the proposed model. 
Then, the maximal accuracy physically reachable was 
determined for all models using an artificial-intelligence-
based model applied to the results of the experiments.

The physical reality of the parameters used in the con-
stitutive equations was verified through experimental 
observations. Therefore, studying the evolution of the 
parameters with the adjunction and the orientation 
of the fibers showed that the fiber orientation has an 
important impact on the mechanical resistance under 
the glass transition temperature and a more important 
impact above this temperature. It was observed that the 
damping of the material, showing the same evolution 
trend under and above Tg, was more sensitive to the 
fiber ratio than to their orientation.

Such results can be of great interest for the non-lin-
ear mechanical characterization of polymers, from the 
matrix to the composite, for a wide range of hydrother-
mal conditions. This analysis is required for the design of 
fatigue models for industrial components.
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