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Abstract

This paper presents a numerical modelling methodology to investigate the thermo-mechanics of carbon
reinforced thermoplastic-based laminates in the situation of mechanical loading combined to thermal gradients.
It concerns in particular the case of thermal irradiation on one face of the laminate, where temperature varies
both from point to point of the laminate and through time, and ranges from the ambient to the temperature of
matrix decomposition onset. Temperature is the key variable to determine the physical state and the properties of
each phase of the composite. Particular attention is therefore paid to identifying the respective material
properties according to temperature. The developed numerical model is based on an explicit representation of the
yarn-matrix spatial arrangement within a representative volume element of the considered laminate. From this
model the influence of the heterogeneous matrix thermal degradation on the macro-scale thermal dependent
properties of the composite is discussed. Such a modelling requires the consideration of a wide range of
phenomena (modification of physical and mechanical properties) and a comprehensive set of thermal boundary
conditions (heterogeneous distribution of heat flux density on the sample surface, convection, radiation). The
proposed model provides a very good prediction of the laminate’s stiffness evolution according to temperature
up to the onset of thermal decomposition temperature. It further enables to analyze the gradual efforts take up

between the plies when a constant mechanical loading is combined to a heat exposure.
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Nomenclature
Variables t Time
T Temperature £ Strain
q Heat flux Y Stress
Parameters = Subscripts
p Volume density bf Back face of the exposed plate
C Specific heat capacity D Constituent (d=cp ,m, fb)
A Thermal conductivity cp Composite plate (macroscale)
Coefficient of variation of A
G(Tl - Tz) m Matrix
between T ;and T,
h Convective heat transfer coefficient | fb Fiber bundle (yarn)
€ Emissivity
0 Absorptivity Superscript
s
\% Volume fraction p Planar (macroscale plate)
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Through-the-thickness (macroscale

H Hooke tensor z

plate)
E Young’s modulus or stiffness ax Axial (mesoscale fiber bundle)
% Poisson’s ratio r Radial (mesoscale fiber bundle)
o Thermal dilation coefficient L Longitudinal (macroscale plate)

1  Introduction

Under critical service conditions (such as an aircraft engine fire), aeronautical structural parts made of polymer
matrix composite materials can be subjected to simultaneous heat flux and mechanical load. Research on the fire
performance of composite materials began at the end of the 1970s, in parallel with their development for
aerospace applications. As composite parts were starting to be integrated in positions where their role was also to
shield against heat, the emphasis was then focused on analyzing their integrity under the exposure of intense
thermal stress. In the mid-1990s, the first studies on the mechanical strength of a composite material subjected to
both mechanical loading and thermal stress (more or less representative of fire conditions) were published [1].
Most publications dealing with the fire behavior of polymer matrix composites are related to thermosetting
matrices [1-11], which have been used for almost 40 years in these sectors (carbon/epoxy, carbon/phenolic,
glass/vinylester or glass/polyester). From the end of the 1990s, the use of thermoplastic matrix composite
materials has been developed in many industries. The motivations are numerous: easier implementation, higher
production rates, environmental regulations and better fire-performance. However, their thermomechanical
behavior has been far less studied than the one of thermosetting-based composites (TSCs) and this has hindered
their development for structural applications [3-12]. Even though they display interesting mechanical properties,
TSCs also present undeniable drawbacks, such as the need for low-temperature storage, a hard-to-control cure
process, a very long curing process, and handmade draping, which causes most of the irreversible defects of the
manufacturing process. High-performance thermoplastic resins (e.g. PEEK and PPS) offer a promising
alternative to TS resins. Indeed, the material consolidation does not involve exothermic curing reactions,
resulting in shorter autoclave cycle times, although the temperatures involved are generally higher than those for

TSCs. The meltability of thermoplastics is also an advantage for recycling purposes.

Thermomechanical coupling in C/PPS laminates

PolyPhenylene Sulfide thermoplastic polymer (PPS) is a good candidate for applications in aeronautics. It is a
semi-crystalline polymer and it is thus strain-rate or cooling rate sensitive. The glass transition temperature of
PPS is typically Tg =98°C and its melting temperature Tm=280°C [13]. The degree of crystallinity of PPS
matrix is close to 30% and the initial porosity ratio is very small (less than 2%). To better understand the
concomitant changes in the thermal and mechanical behaviors of PPS-based composites under fire exposure, the
first step classically consists in investigating the influence of temperature under isothermal conditions [13,14],
before extending to the case of heterogeneous temperature fields [15-19]. A specificity in [16-18] was to
combine the thermal aggression to the mechanical loading (in tension or compression) and to make simultaneous
measurements of temperatures and mechanical response through time, up to temperatures above the onset of
polymer matrix decomposition. This allowed to clearly delineating the dependencies of the laminates mechanical
behavior to the thermal conditions at play, could they be isothermal or anisothermal and transient.
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In the prior analyses presented in [14], stable and homogeneous temperature conditions were applied by means
of a tube furnace composed of 3 heating zones and positioned between the grips of the mechanical testing
machine. From the tensile tests which were carried out on quasi-isotropic carbon fibers reinforced PPS at
temperatures ranging from ambient to 520°C, it appeared that the retention of the laminate’s longitudinal
stiffness remains relatively high (about 70% of its initial value) beyond the temperature of polymer
decomposition onset. At the same time, the ultimate strength dramatically decreases (about 25% of its initial
value). The obtained results show that matrix transformations are instrumental to rule the tensile behavior of
quasi-isotropic C/PPS laminates. Matrix melting significantly influences the damage mechanisms within the
laminate and matrix onset decomposition leads to porosities growth within the laminates, ultimately contributing
to the degradation of the mechanical properties.

In the extension of the analyses to heterogeneous and transient thermal conditions, the purpose was to analyze
the temperature distribution and the related thermal decomposition phenomena within a plate of laminates
exposed to a medium-intensity heat flux (typically 50kW/m?) [16-18]. Such heat fluxes lead to significant
thermal gradients within composite structures, leading to (i) a gradient in both thermal and mechanical
properties, (ii) a gradient of chemical composition and (iii) thermally induced damages. By comparing the
temperature profiles on both exposed and back surfaces of C/PPS laminates subjected to a 50kW/m? heat flux,
the through-the-thickness temperature gradient has been shown to be significant (about 320°C in the steady
state). As the onset of decomposition temperature is reached on the exposed surface but not on the back surface,
a consequential gradient of the chemical composition is also obtained through the thickness. For heat fluxes
ranging from 20 to 50kW/m?2, a prior fire exposure3is highly detrimental to the compressive mechanical
properties as the residual strength and stiffness decrease by 75% and 55%, respectively. Ultimately, the
contribution of laminates’ plies to bear the mechanical load is directly correlated to their decomposition state,

adversely affecting their structural capabilities in terms of strength and stiffness.

Modelling of thermomechanical coupling in polymer-matrix composites

Over the past twenty years, many models have been developed to account for the coupling of thermal and
mechanical phenomena within composite materials [20-27], with a particular attention paid to fire modelling
[28-46]. In the early eighties, Pering et al. have developed an analytical model to account for the degradation of
tensile and shear properties of a composite exposed to fire or high temperature [31]. Similarly, Chen et al. have
simulated the failure of carbon/epoxy laminates subjected to combined thermal and mechanical loading [32].
This model is based on the prediction of the through-the-thickness temperature obtained by using a one-
dimensional finite difference code. The effects of ablation, degradation of thermo-physical properties at elevated
temperatures, and radiation and convective heat losses are included in the formulation as well as the temperature-
dependency of mechanical properties. Considering a similar approach, Griffis et al. have developed an analytical
procedure for predicting the loss in integrity of composite structures subjected to simultaneous intense heating
and applied mechanical loads [33]. These authors have considered a nonlinear two-dimensional finite difference
thermal analysis associated with a mechanical model based on the Mindlin theory coupled to a maximum stress
failure criterion. In 1995, Gibson et al. proposed a 1D thermal model considering the three main thermal
phenomena which occur in a composite material exposed to fire (through-the-thickness conduction, matrix

decomposition and convective mass transfer of volatiles) [34]. It has been subsequently used in many studies on



the mechanical behavior under fire exposure [35]. Feih et al. combined it with a modelling of the material
softening to predict the time-to-failure of laminates supporting a static tensile or compressive stress during one-
sided heating. To do so, the average strength of the material is calculated from the integral over the thickness of
the local temperature-dependent strengths and compared to the material strength. The accuracy of the model has
been tested using time-to-failure of woven E-glass/vinyl ester laminates exerting a combination of fire exposure
and compression loading [29]. A few years later, the influence of carbon fiber oxidation on the tensile properties
was added in the model to study the resistance of unidirectional carbon/epoxy composites exposed to fire [30].
More recently, Swanson et al. considered an empirical model to extrapolate and predict failure times using a
stretched exponential function, based on mechanical preload heat flux, and material thickness [41]. In Bhat et al,
the collapse of basal fiber laminates upon compression loading combined to thermal irradiation has been studied
[42]. The developed model provides the softening rate and the failure stress of the laminates by accounting for
the mechanisms of global buckling and material failure. All these thermo-mechanical models are useful to
estimate the failure time of loaded composite structures exposed to high temperature or fire. However, these
references are limited to the thermo-mechanical macro-scale behavior of composite laminates. They do not
predict the progressive stress redistribution between the plies resulting from the heterogeneous thermal
degradation of the polymer matrix. They are thus not able to predict how the residual strength evolves through
time in this very rapidly varying and case-sensitive situation of a fire exposure. To reach this goal, it is necessary

to account for an accurate degradation of the properties through the thickness.

Identification

Modelling the behavior of laminates exposed to fire requires the consideration of various phenomena. Due to the
heterogeneous and anisotropic nature of these materials, the number of parameters and properties needed to
achieve this is a priori very large. Ideally, each property (and its evolution with temperature) would be
determined through dedicated experimental analyses enabling to separate the involved physical phenomena.
However, this approach comes up against material constraints, especially for physico-chemical properties: each
of them generally requires dedicated facilities which are not necessarily designed for such high temperature
levels. Several approaches can be considered to deal with this problem. It is possible to consider fewer
phenomena, by determining empirically which ones play the dominant roles on the response of the material, or
through sensitivity analyses [43]. Reverse identification methods can also be used. Their objective is to find the
set of parameters allowing an optimal reproduction of experimental results. In their seminal work, Lautenberger
et al. pointed out that one of the impediments to improving thermal simulation results was the lack of methods
for making appropriate use of data from standardized tests such as those performed with a cone calorimeter [44].
Using a genetic algorithm, they identified the parameters of a heat transfer and of a pyrolysis model, which
enable to reproduce the front face temperature and mass loss rate measured during tests performed with a cone
calorimeter. Such methods were used in several other studies dealing with fire behavior of composite materials
[45]. One of the drawbacks of identification methods applied to a large number of parameters is the
compensation effect between parameters. For example, if two parameters affect the thermal response in the same
direction, the error on one can be compensated by changing the other, resulting in a large number of

mathematically correct parameter sets, but incorrect from a physical standpoint. To deal with this, Lattimer et al.



studied the influence of properties on the thermal response (surface temperature during the transient phase for

example) and separately identified the homogenized properties of a composite material subjected to fire [46].

Novelty of this study

Previous investigations on thermally irradiated thermoplastic-based laminates [16-17] have enabled to identify
the complexity of the physical interactions at play in the scenario of a fire exposure: (i) the temperature field is
characterized by both high gradients and rapid evolution through time; (ii) even for reasonable incident heat
fluxes and times of exposure (few tens of kW/m2 and seconds), the range of encountered temperatures includes
the three transitions of the polymer matrix (glass transition, melting and decomposition); (iii) the capacity of the
laminate to sustain a load remains considerable along the process of polymer matrix degradation and becomes
detrimental only when the polymer is fully decomposed in all its thickness.

In this context of a fire scenario, where the rate of degradation of the laminate’s mechanical properties is the key
controlling factor, accurate descriptions of the transient thermal transfers and of the mechanical properties
temperature dependencies are two main requirements for the development of a predictive model. As the two
constituents of the laminate -polymer matrix and fiber bundles- have contrasted thermal and mechanical
properties, their spatial arrangement in the laminate can be inferred to play a prominent role. The novelty of this
study lies in the fact that it combines all the pre-identified characteristics involved in the fire scenario: (i) an
explicit representation of the meso-structure constituted by the woven fiber bundles and the polymer matrix in a
representative volume element, (ii) a variation of the thermal and mechanical properties according to
temperature, from the ambient to the onset of polymer matrix decomposition, where its mechanical stiffness is
quasi-completely degraded.

Consequently, the developed model calls upon a considerable number of temperature dependent material
parameters which need to be determined. Given the difficulty of identifying each of them one by one from pre-
established and straightforward experimental analyses, an identification methodology of the thermal properties
has been developed. It corresponds to the first main challenge of the study. The quality of the parameters’
identification is discussed by confronting experimentally measured temperatures to simulated ones in three cases
of one face heat exposure. This identification is then validated on the thermomechanical ground by comparing
the simulated evolution of the plate longitudinal stiffness to the experimental one under isothermal conditions
from the ambient to the onset of matrix decomposition. Then the thermomechanical model is used to study the
progressive efforts take-up of the respective fiber bundles in the case of a one face thermal irradiation. The
proposed model is driven by the chosen material (C/PPS laminates) and the experimental thermomechanical set-
up used for the identification. However, it can be extended to any kind of carbon or glass reinforced laminates
subjected to a combined heat flux and moderate mechanical load. The multiscale approach and the identification
methodology will remain the same.

The manuscript is organized as follows. Section 2 defines the considered physical problem: the studied material,
the hypotheses used to build the Representative Volume Element (RVE), the conditions it is exposed to,
conforming to the experimental set-up, the hypotheses on the involved physics and the resulting mathematical
problem to solve. Section 3 presents the different experimental means employed in this study. Section 4 provides

a comprehensive description of the identification procedure. Section 5 presents firstly the validation of the



thermomechanical model for tensile isothermal conditions and secondly the multiscale analyses on the

thermomechanics of the laminate under combined heat flux and mechanical loading.

2 Physical problem

2.1  Studied material

The composite material is a stacking of carbon fabric reinforced laminates consisting of a semi-crystalline high-
performance PPS supplied by the Ticona company. The woven-ply prepreg, supplied by SOFICAR, consists of
5-harness satin weave carbon fiber fabrics (T300 3K 5HS) whose weight fraction is 58%. It corresponds to a
volume fraction of 50%. The fabric is balanced in warp and weft directions such as each ply consists of the same
mass fraction of fibres oriented at 0° (warp direction), and at 90° (weft direction). The prepreg plates are hot
pressed according to a quasi-isotropic stacking sequence [(0,90)/(£45)/(0,90)/(x45)/(0,90)/(£45)/(0,90)]. The
consolidated laminates were obtained from hot pressed prepreg plates according to cycles presented in [47]. The

void volume fraction is very small (less than 2%) [48].

As illustrated on the cross section of Figure 1, the edge microscopic observation of these laminates shows a large
number of matrix-rich regions, resulting from the non-planar inter-ply structure of woven plies. As the material
is exposed to fire, it is suspected that the thermal decomposition of these plain matrix regions will play an
important role on the mechanical stresses’ distribution within the laminates’ plies. The characteristic
temperatures of the solid-state modifications within a PPS polymer are reported in Table 1 [13]. They are
directly related to the transformation within the matrix since for carbon fibers, the first thermally induced
transformation occurring upon heating is the oxidation and it happens at a temperature significantly higher than
the range of presently studied temperatures. At this stage of the presentation, the transition temperature is given

within an interval since it significantly depends on the studied PPS.
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Figure 1 : Through-the-thickness optical microscopic observation of C/PPS quasi-isotropic anminates showing

the carbon fiber bundles distribution in warp and weft directions (carbon fibers woven fabrics) and matrix-rich

areas
Glass transition temperature T' g Melting temperature T, Decomposition temperature T 40
90-100°C 220-295°C 450-500°C

Table 1 : Characteristic temperatures of solid-state transformations within C/PPS [13].



2.2 Object of study, thermal and mechanical loading
As described on Figure 2, the object of study is a finite-size plate of the considered composite. It is subjected to

an in-plane mechanical load (imposed stress or strain) combined with an exposure to an incident heat flux
g, on its front face. The heat transfers on the opposite face (back face) are governed by natural convection
with the surrounding air at temperature T ,,, and radiation transfers with the environment (air and outer

faces of the laminates), also at the temperature 1 ,,,. On lateral faces, either adiabatic conditions (g=0)

ext*
or imposed temperature fields Timp are set. The heat flux absorbed on the exposed face (4 ps0rbed) 15

assumed to be proportional to the incident heat flux @, as defined in Eq. 1, where 6 is the absorptivity of

the plate surface:

qabsorbed: 9 . qi (1)

The radiation heat transfers at the back face are described by the Stefan-Boltzmann's law [49]:

@)

_ 4 4
qradiant—€ - K ( be_ Text

T pf 1s the temperature of the back face, € is the emissivity of the composite material face and is considered to be
homogeneous and K is the Stefan-Boltzmann constant. Under the assumption of a grey body, absorptivity and
emissivity are considered to be equal: € = 0.

The convection heat transfers at the back face are described by Eq. 3:

=h.[T,—T 3)

q convection ext

h is the coefficient of heat transfer by convection.

Fire exposure

¢ Planar
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Figure 2 : Schematic of the thermal problem

2.3  The representative volume element and its meso-structure

The incident heat flux is of the order of few tens of kW/m? whereas the environment is typically at the ambient
temperature. In this context, high thermal gradients occur, especially through the thickness of the plate. Given
the range of temperatures at stake, dramatic changes are caused on the physical properties of the thermoplastic

matrix whereas the carbon fibers are much less affected and remain in the same solid state. These thermally



induced changes in the physical properties of the matrix are known to affect considerably the mechanical
behavior of C/PPS plates [16-18]. If, as mostly often considered in the literature, the conditions are isothermal,
then the properties of the matrix are presumably uniformly distributed within the plate. It is then possible to
construct macroscale elasto-visco-plastic laws with very good capabilities to reproduce the mechanical behavior
of the plate up to the matrix glass transition temperature [51-53]. However, in the present case of severe three-
dimensional thermal gradients with the matrix co-existing at highly contrasted states depending on its location in
the plate, it is necessary to account for the actual 3D spatial arrangement of the matrix within the plate. This
justifies to base the thermomechanical modelling on an explicit representation of the three-dimensional woven
meso-structure over a Representative Volume Element of the plate. This RVE should at least have the thickness
of the plate in order to set boundary conditions corresponding directly to those on the front and back face of the
plate. The in-plane size of the RVE is that of the elementary cell of the in-plane periodic structure.
A first assumption is then made: given the small volume fraction of matrix in the fiber bundles (17%), and since
fibers are unidirectional within a fiber bundle, a fiber bundle is assimilated to a homogeneous material with
thermal and mechanical properties defined as those of an equivalent isotropic transverse homogeneous medium
in the sense of homogenization theories.
A representation of this RVE is provided in Figure 3. Its characteristic dimensions are given in Table 2. To sum
up, it consists of two homogeneous phases whose spatial arrangements reproduce the woven meso-structure of
the considered laminates:

¢ the matrix which is considered as an isotropic material from both thermal and mechanical standpoints,

¢ the fiber bundles, with isotropic transverse thermal and mechanical properties which are defined locally

(on the mesoscale of the RVE) according to the orientation of the fibers with respect to the global frame
of the RVE.

The meso-structure of the RVE is built using the Texgen software [54]. It allows the design of any type of woven
meso-structure by controlling parameters such as weaving, layering, strand dimensions and spacing, ply
thickness, etc. The parameters used to model the RVE of the quasi-isotropic laminate have been determined by

Daggumati et al. on the same material [55]).
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Figure 3 : Woven meso-structure of the RVE: (a) as generated with Texgen, (b) as meshed for the finite elements
analyses. In the meshed RVE, each color corresponds to a fiber orientation (0°, 90°, 45°, -45°)

RVE thickness Fiber bundle Fiber bundle Gap between

Parameter RVE sides
(7 plies) width thickness fiber bundles

Dimensions (mm) 7.4 x 7.4 2.18 a 1.31 0.162 1.46

Table 2 : Characteristic dimensions of the woven meso-structure in the RVE

By definition, spatial averages over the whole RVE provide the effective properties of the Homogeneous
Medium it is Equivalent to (HEM), i.e. the macroscopic properties of the composite material seen as a
homogeneous material. Alternative uses of the RVE thermal effective properties and of a macroscale
thermal modelling of the composite plate will be made in the process of identification of the thermal
parameters. In accordance with the description of the composite woven meso-structure, and given the
strong isotropic transverse character of thermal conduction in fibers, the thermal conduction of the plate
is itself isotropic transverse on the macroscale. Other thermal properties are isotropic. With a similar
reasoning, the macroscale mechanical properties of the plate can be considered to be isotropic transverse.
The finite element method is used for solving the thermomechanical problems on both scales. To this
purpose, the RVE is discretized into an unstructured mesh of 2351777 4-node-tetrahedral elements. The
macroscale homogeneous composite plate is meshed into 180000 8-node-hexahedral elements with full

integration. Simulations are performed with the software package Z-set [56].

24  Weak thermo-mechanical coupling hypothesis

A priori, all the physical properties (solid-state, thermal and mechanical) of the RVE constituents are dependent
on temperature. The main challenge of the modelling is precisely to have an accurate description of this
temperature dependence for each material parameter. As classically done for thermo-mechanical problems with
quasi-static medium range mechanical loads, we assume that the temperature at a point affects its mechanical
state (thermal dilation) but there is no reciprocal effect. This corresponds to the hypothesis of a weak coupling

between heat transfers and mechanics. It allows the thermal modelling and the mechanical modelling to be

chained at each time increment At of the simulation according to two successive steps: given the temperature
field T(t) at the instant t,
1. the thermal state at (t+ At) is determined, accounting for the updated thermal parameters at (t + At ),

2. the mechanical state at (t+At| is deduced from the temperature field T (t+At| and from the

mechanical boundary conditions, accounting for the mechanical parameters updated at |t + At].

2.5  Macro-scale and meso-scale thermal modelling
The identification procedure of thermal properties relies on two scales of simulation:
¢ the macroscale of the considered plate, where the composite is considered as a homogeneous isotropic
transverse material,

e the meso-scale as described in the RVE.



At both scales, first the heat conservation equation is solved, then the mechanical balance equation. Let us note
@ the index defining the considered homogeneous phase: @ =cp ,m, fb respectively for the composite plate on

the macroscale, the matrix and a fiber bundle.

Taking the Fourier law to describe the relation between temperature and heat flux, the heat conservation equation

for the constituent @ reads:

oT

' 3
pq,.c@.E:V(A(DVT)

where Py is the volume density, C4 is the specific thermal capacity, )\q, is the conductivity and all of them a

priori depend on temperature.

All properties are isotropic except the conductivities of the plate and of the fiber bundles. Hence all parameters
are scalars except Acp and )\ﬂ,. As described in Eq. 4, they are second-order tensors. )\Cp is defined in the global
plate framework represented on Figure 3b. The indexes p and to z refer to the in-plane and out-of-plane
directions respectively. A p is defined in the local framework of a fiber bundle (common to the global framework

for 0° oriented fibers). The indexes ax and r refer to the axial and radial directions respectively.

A0 o0 000 @
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2.6  Meso-scale mechanical modelling

The motivations of this study are to establish the potential of a meso-structure-based approach to describe the
thermo-mechanics of composite laminates in the presence of severe thermal gradients on a large range of
temperature. As a first stage of the development of such a complex approach, where it has been shown
experimentally that thermally induced degradation of the matrix was playing a prominent role, only moderate

mechanical loads are under concern and all constituents are considered to have a linear elastic behavior, a priori

all depending on temperature. This elasticity is isotropic for the matrix, described by the Young’s modulus E,,

and the Poisson’s ratio V,,. It is isotropic transverse for fiber bundles, described by the Hooke tensors H b
Notations for the macroscale elasticity and thermal dilation do not need to be defined in the present study.
Thermal strain is supposed to be isotropic for all constituents and is thereby characterized by their respective

thermal dilation coefficients «.

2.7  Summary of the physical parameters

Table 3 provides a summary of all the physical parameters involved in the thermomechanical problem at both the
macroscale of the composite plate and the mesoscale of the RVE. The coefficient of convection heat transfer and
the emissivity correspond to wall transfer coefficients, which are not only dependent on the material
thermomechanical properties but also other surface properties. They are supposed to be uniform and independent

on temperature. Other parameters are material parameters and are supposedly dependent on temperature.



Composite plate Fiber bundles Matrix

Physical property
(macroscale) (mesoscale) (mesoscale)
Convection heat transfer h
Emissivity (and absorptivity) £
Volume density Pep P P
Specific heat capacity Cep Cpy Cp,
.. p z ax nr
Thermal conductivity Aeps Ay A s A A,
Elasticity: Hooke tensor or (Young’s
Lfb E. v,
modulus, Poisson’s ratio)
Thermal dilation 10 g, a,

Table 3 : Physical parameters of the thermomechanical problem on the composite plate macroscale and the
RVE mesoscale
3  Experimental analyses means
This section presents the different experimental means employed for the determination of thermal and
mechanical parameters. It concerns both the devices which directly provide measures of the thermal parameters

and the thermomechanical set-ups originally adapted for the tackled problem.

3.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is used to measure the specific heat capacities of the composite and of
its constituents. The methodology and the results are presented in section 4.2. Measurements have been
performed at modulated temperature using a DSC Q2000 (TA instruments) machine. Samples of about 10 mg
were encapsulated in aluminum capsules. The specific heat capacity has been calibrated using sapphire as a
reference. A “heat only” protocol was chosen using the following parameters: heating rate of B, = 2 K.min™,
amplitude Ar= 0.32 K and an oscillated period of T=60 s. The testing temperature ranges from 20°C to 300°C

(maximum temperature allowed by the device).

3.2  Dynamical Mechanical Analysis

The temperature-dependence of the matrix elastic behavior (provided by the storage modulus) have been
characterized with rectangular specimens (35 x 12 x 2 mm) in bending mode using a DMA Q800 (TA
Instruments) machine. Testing temperature ranges from 28°C to 200°C at a heating rate of 2 K.min™ with an

amplitude of 15 pm and a frequency of 1Hz.

3.3  Thermal conductivity measurement

The out-of-plane thermal conductivities of PPS and C/PPS plates have been measured using the guarded hot
plate method. The principle consists in reproducing in a finite size system the steady-state heat transfer in an
infinite plate between two isothermal planes, one warm and the other cold. To do so, a heat flux produced by
Joule effect at the hot plate diffuses in equal parts into the thickness of the samples to be characterized, which are
each in contact with a cold plate. Assuming unidirectional heat transfer in the normal plate direction (infinite

plate hypothesis), the thermal conductivity of the sample is calculated from the variation of temperature across



the thickness. The samples dimensions were 40x40mm? and the measurement zone was a 25-millimeter diameter

disc. The measurements have been realized at the ambient temperature on 4 samples (C/PPS and PPS).

3.4  Heat flux irradiation bench

An experimental bench has been specifically designed for applying a thermal aggression on one face of a
composite plate combined with a mechanical loading [16-17]. The incident heat flux is provided by an electrical
radiant heat source integrated within the so-called cone calorimeter (Figure 4). The power in the electrical
resistance is controlled by a dedicated device, which enables to accurately set the heat flux density. Three heat
fluxes (30-40-50 kW/m?) have been considered in ordélr1 to sweep across a wide temperature range through the
laminate’s thickness (200-600°C). This bench has been used in previous works [16-17] to characterize the
thermo-mechanical behavior of carbon PPS quasi-isotropic plates exposed to a simultaneous heat flux and a
compressive or tensile load. In the present study, it is only used for the identification of thermal properties.
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The specimens are plates of 100x150 mm?, as for the compression tests in [17]. This geometry has been
preferred to the one used for tensile tests ([16]) because of its larger surface: significant in-plane temperature
gradients can then be obtained on the back face, thereby providing reference data which can be harnessed for
both through-the-thickness and in-plane thermal properties identification. As in our previous analyses, a

normalized anti-buckling fixture has been used to fix the plates in the experimental set-up.

A comprehensive set of thermal time-continuous measurements is collected for each test. It is required both for
the thermal boundary conditions of the simulations and to constitute the reference data of the identification
procedure:

(6] The incident heat flux on the front face of a specimen is preliminarily determined from measures
by means of a Gardon gauge on a plate with 24-holes, specifically designed for this purpose. This
measured heat flux is directly used as a boundary condition in the simulations.

(ii) The temperature field on the back face of a specimen is measured by means of infrared
thermography (with a rear mirror). A Thermacam camera PM 575 manufactured by FLIR Systems
has been used. The value of emissivity was set at 0.90, as most frequently set for composite
materials with carbon fibers (see e.g. [31]). The back-face temperature fields constitute the main
part of the reference data for the identification and for the validation of the identification.

(iii) The temperature on the front face is measured at different points by means of type K
thermocouples. A reliable temperature measurement from infrared thermography is indeed virtually
impossible to perform on the front face because of the cone-calorimeter occultation. Yet, were it
possible, the obtained measures would be questionable because of the numerous sources of errors
related to the environment: hot atmosphere, gas pyrolysis, reflection of a part of the radiation on the
surface of the sample. This set of front-face temperature measurements completes the reference
data for the identification.

(iv) The temperatures on the edges of a specimen are measured at different points by means of type K
thermocouples. This set of temperature measurements is used as conductive thermal boundary

conditions in the simulations.
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Figure 4 : Experimental set-up allowing the simultaneous following operations: front-face controlled incident
heat flux (cone calorimeter), back—face temperature field measurement (infrared thermography), localized

temperature measurement on the front and lateral faces (thermocouples)

3.5 Isothermal tensile tests
An MTS electromechanical machine with a load capacity of 100 kN is used to determine the stiffness of the
composite plate at different temperatures from the ambient to the temperature of matrix decomposition

Td,o.

It is equipped with a three-zone tube furnace, which enables to expose the specimen to a homogeneous and
stable temperature over the full range of temperatures of interest in the present study. Because of the
dimensions of the furnace and in order to prevent any thermal damage on the grips of the tensile machine,
specific dog bone specimens are required. Their overall length is 295mm and the gauge length is 200 mm.
A dedicated high temperature extensometer can be adapted to measure the strain in the gauge region. In
accordance with the European standards EN 6035 [57], the elastic longitudinal (in-plane) modulus of the
composite plate is determined from the variation of the force between two prescribed axial strains
(0.025% and 0.05%). Details on this set-up and on the high temperature tensile properties of C/PPS can
be found in [15].

4  Thermal modelling
4.1  Preliminary statements on thermal parameters and their temperature dependence
The following assumptions are made concerning the dependence of thermal parameters to temperature:
e The densities of the constituents, the emissivity and the convection coefficients are independent on
temperature; this assumption is reasonable as long as the material is a continuous medium without

voids, i.e. as long as the material is not decomposed,



¢  The axial conductivity of fiber bundles )\?,;( changes linearly within the temperature range [T, T aol
this is consistent with the observation made on carbon fibers at higher temperatures [58-59],
rad

¢ The radial conductivity of fiber bundles Afb and the conductivity of the matrix A vary linearly

according to temperature within the successive temperature intervals corresponding to the characteristic
solid-states of the matrix: [TO ,Tg] , [Tg, Tm] , [Tm , T, ,o}

e As a consequence, the conductivity of the composite plate through the thickness ( }\ip ( T)) will also vary
linearly within each aforementioned temperatuit8 interval,

e The in-plane conductivity of the composite plate (A fp[T)) is assumed to be governed prominently by

the axial conductivity of the fibers since the out-of-plane crimp regions of the fiber bundles represent a

very small volume fraction of the plate and since the axial conductivity of the fibers is much larger than
that of the matrix. As a consequence, )\fp(T) is assumed to vary linearly within the temperature range

[T460,T, )0,

Let us note a (D(Tl, Tz) the coefficient of variation of the thermal conductivity of the phase @ within the

interval {Tl, T 2], The conductivity of the phase @ at temperature T' can then be written:

AolT|=2g| T\ |+ay|T,, T,).|T,~T|¥T [T, T, )

Given this previously set assumptions, there are 16 parameters involved in the mesoscale thermal modelling over

the range {To , T d,O}- They are listed in Table 4.

Physical property Fiber bundles Matrix

Volume density Pp P

Specific heat
capacity
Thermal

conductivity )\;‘;‘

at T,
Coefficients of
a;]lf TO) Td,o)

thermal am(TO’Tg)’am(Tg’Tm)’am(Tm’Td,O)
ap|To, g}, ap( T > T) @ T T

To|,Ap| To) Anl To)

conductivity

variation

Emissivity &

Convection heat

transfer

Table 4 : Full set of physical parameters required for the mesoscale thermal modelling



The determination of these mesoscale parameters will be in part made by considering the heat transfers on the
macroscale of the composite plate. This macroscale modelling calls upon the 8 supplementary parameters
listed in Table 5. Whereas some of them can be directly deduced from mesoscale parameters by means of
a linear mixture rule accounting for the volume fractions of constituents (e.g. the volume density), for the
others the meso-macro relations come from the equivalence of the RVE homogenized properties to the

macroscale properties of the composite plate.

Physical property Composite plate (macroscale)
Volume density Pep
Specific heat capacity Cop ( T)
Thermal conductivity at T, Ao TO) AL, ( TO)
Coefficients of thermal conductivity aip(TO ) Tg) , aip(Tg ) Tm) ,dep (Tm: Td,o)
variation afp(To , Td,o)

Table 5 : Parameters of the composite plate required for the macroscale thermal modelling

4.2  Parameters determined from direct measurement techniques
As described in the introduction, each property (and its evolution with temperature) should ideally be determined
separately from a dedicated experimental set-up. Due to technical constraints, only the following properties can

be unequivocally determined from direct measurements:

Volume densities P, and P,

They are taken from the data of the composite supplier (p,=1.76g.c m > and pn=135g.c m).

Emissivity
This property is set at 0.90, as commonly done for carbon-fiber reinforced laminates [31], and as set for the

infrared thermography analyses (see Section 3.4).

Specific heat capacities C (T, Cp ( T] andC,, ( T)

The experimental thermal changes of the matrix and composite specific heat capacities have been obtained from
DSC analyses (see Section 3.1 for the description of the set-up). For technical restrictive reasons, analyses have
been performed up to 300°C for the polymer matrix and 250°C for the composite material. Values have been
extrapolated for higher temperatures. A linear mixture law has been used to deduce the fiber bundle heat
capacity. All the results are presented in Figure 5. The measurements include both the sensible heat (required to
raise the temperature of the material) and the enthalpy of matrix melting, as has been explained in [13]. The
obtained values of these “apparent’’ heat capacities are taken as is to represent the specific heat capacities of

each constituent in the simulations.
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Figure 5 : Evolution of the specific heat capacities of the composite and of its constituents [13] according to

temperature (continuous lines: exp. values from DSC; dashed lines: computed values)

Thermal conductivities )\m(TO) and )\ip(TO)

The values of thermal conductivities measured with the hot guarded plate method (cf. Section 3.3) at the ambient

temperature are given in Table 6.

Parameter A TO) Am(TO)
Average value [W. m™.K"] 0.492 0.241
Standard deviation [W. m™.K] 0.006 0.005

Table 6 : Thermal conductivities measured with the hot guarded plate method

4.3  Thermal parameters identification

According to the preliminary statements on thermal parameters and having the results of direct measurements as

explained in Sections 4.1 and 4.2, and as listed in Table 7, there remains 10 parameters to be determined at

mesoscale, as well as the convection heat transfer coefficient h at macroscale.

Known Unknown parameters Identification step
parameters

€5Pqp h
Macroscale CCP(T) aip(TOJTg)! aip(Tg’Tm)’ajp(Tm:Td,o 1

)\ip(TO) }\fp(TO)’ afp TO: Td,O)

AN(To) af| Ty, Ty o) 2

PP 3Ty 3
Mesoscale Cm(T):Cfb(T,)

Am(TO) am(TO’Tg)’am(Tg’Tm)’am(Tm’Td,o)

@[T, T ), a(Tg, T, 0| T T




Table 7 : List of known and unknown thermal parameters before the identification
Given the numerous possibilities of compensation effects, a large number of solutions of parameter sets could be
obtained to reproduce the reference temperature measurements on the back and front face of the experimentally
tested specimens. In order to limit as much as possib]fGIhis number of potentially valid parameter sets and to
construct an unambiguous and physically reliable model, a physics-driven methodology is constructed. It is
based on the successive use of the macroscale modelling to which pertain reference temperature measures at the
front and back face, and of the RVE mesoscale modelling. This methodology is divided into 4 steps (see Table 7)
described in details in Appendix A. The identification is performed for an incident heat flux of 30 kW/m?. The
resulting parameters are reported in Table 8. They have led to the temperature fields presented on Figure 7, to be
compared to the experimental fields at three characteristic instants of the heat exposure. These identified values

will be further discussed in Section 4.4.

Parameter Identified value
Convective heat transfer h 2.7 W.m2K*!
AT 0492 W. m" K"
Composite plate ) fp (TO) 105 W. m K"
Thermal conductivity Matrix A’"(TO) 0.241 W. m.K
)\;’;‘ To) 87 W. m*.K"
Fiber bundle )\;b ( To) 111 W. mLK?
aip T,, Td,O) 2.1x 107 W.m™".K?
Composite plate . fp T.. Td,o) 32x10° WmK>
am(T o> Tg) 9.9x 10" W.m".K?
Matrix am(Tg’ Tm) -1.3x10° W.m.K?
Coefficients of thermal a, Tm s Td ,0) -2.2x10% Wom™.K*
conductivity variation a ;’bX T,, Td,o) 0.114 W.m*.K?
a;b(To , Tg) 0.00087 W.m™.K?
Fiber bundle ay,(T,, T, -0.0019 W.m™.K?
(T, Ty -0.016 W.m K

Table 8: Final set of parameters for the thermal meso-scale model

The quality of the identification is evaluated from a quantitative point of view by computing the average
difference in temperature over all the comparison points. This average and the associated standard deviation are

given in Table 9 for three different incident heat flux: 30 kW/m? (one of the identification configurations), 40



and 50 kW.m? as supplementary cases to examine the quality of the identification. The very small difference

between, the simulation and the experimental value of the front face temperature (as compared to the differences
on the back side) can be linked to the high weight w associated to this point in the calculation of the cost

function F(P|:w =30 versus w =1 for the other points.

Incident heat flux (kW/m?) Front face error (°C) Back face error (°C)
30 1 20+ 8
40 7 22+ 8
50 6 23+ 8

Table 9: Difference between experimental and simulated temperatures at the end of the step 1 identification
process (on the macroscale composite plate), for the three considered incident heat fluxes. This difference is
averaged through time, during the full history of heat flux exposure. On the back face, it is given in terms of an

average over the 30 comparison points and of the standard deviation.

The identified parameters (cf. Table 8) have led to the time-evolution curves of temperature presented on Figure
8a. The identified set of parameters is further tested for incident heat fluxes of 40 and 50 kW/m?, as presented on
Figure 8b. For these higher heat fluxes, the experiments had been stopped when the front face temperature
reached the temperature of matrix decomposition onset. Above that temperature, the measure of temperature

from the thermocouples is no longer reliable because of the mechanisms of swelling and pyrolysis gas emission.
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Figure 7: Experimental and simulated temperature fields on the back face of the plate at three different instants
of heat exposure with an incident heat flux of 30 kW/m2. Simulations are conducted within the first step of the

identification process and correspond on this figure to the final set of parameters
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Figure 8: Temperature evolutions at the centers of back and front faces as measured experimentally and as
simulated from the final set of identified parameters (reported in Table 8). (a) Case of the incident heat flux used

in the identification process: 30 kW/m? - (b) Extension to incident heat fluxes of 40 and 50 kW/m?

For the incident heat fluxes of 30 and 40 kW/m?2, one can note that simulations underestimate the temperature on
the first part of the experiment and then overestimate this temperature. For a 50 kW/m? heat flux, the inverse
effect is observed. These under- and over-estimations are correlated with the inflection points of the
experimental curves, which are consequences of the matrix melting. The simulation fails at representing these

inflection points. This could be due to the way the transition in heat capacity is represented in the modelling: it

corresponds to a sharp transition at the given temperature T ,, whereas DSC analyses show that it takes place
progressively within a range of temperature. Besides, the way the enthalpy of melting is accounted for in the
modelling (by representing its effect on the measured heat energy consumption, i.e. being included in the
parameter used for the specific heat capacity) could be the object of analyses to improve the representation of the
temperature evolution around the inflection point. Overall, the trends in the time-evolution of temperatures are
correctly reproduced by simulation and the maximum difference between simulation and experiments remains

lower than 10%.

4.4  Discussion on thermal parameters identification

The identified thermal parameters result from a sequential process progressing from the macro-scale modelling
of the composite plate to the meso-scale modelling on the RVE. Each step relies on the preceding one such that
the reliability of the final parameters greatly depends on the quality of the identification at each step. Confidence
may however be found from the richness of the reference data used for the identification: comparisons are made
at different points of temperature measurement on the heat-exposed plate and on the full range of temperature
evolution from the ambient to the temperature of matrix decomposition onset.

The value of h is compared with other values used in the literature for the analyses of heat transfers through a
plate of composite or polymer material exposed to fire. With an inverse method, Cain and Lattimer have
identified a value varying between 8 and 12 W.m™. K" [60] on the back face of a vertical plate. Other studies

found simulations of heat transfer to well match experimental results with convective coefficients on the back



face of both horizontal and vertical plates of the order of 5 W.m? K™ [61-62]. The value identified in the present
study (2.7 W.m2.K™) is of the same order of magnitude as in other studies. A decrease by a factor 2 with respect
e.g. to the value obtained in Li et al [63] is consistent with the respective orientations of the outward normal to
the back face: horizontal in our study, vertical and upward in [63]. Variations from a study to the other might
also be related to the interactions of the back-face transfers with the mid-range environment, typically for
example the anti-buckling fixture used in our study (see [17] for details), which limits a priori the convective

flows.

Concerning )\;b(TO), the relevance of its identified value can be verified indirectly by considering the upper and
lower bounds of the composite plate conductivity )\ﬁp(TO) computed from the linear and inverse mixture rules.
)\ip(TO) is indeed determined only from )\;b(TO) and Am(TO): which itself is determined unequivocally from a
direct measurement. Taking the identified value of )\;b(TO), the related upper and lower bounds of )\ip(TO) are

0.40 and 0.68 W.m™.K"'. The directly measured value of A7,

TO) (0.492 W.m.K™) effectively lies in between

these bounds. The fact that it is closer to the lower than to the upper bound is related to the meso-structure:
through the thickness, heat is transferred alternatively in a fiber bundle and in the matrix, which corresponds

more to a serial model of heat conduction (lower bound) than to a parallel model (upper bound).
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Figure 9: Evolution through temperature of normalized thermal conductivities after identification

As seen from Figure 9, because of the identification process, the conductivities of the constituents follow
different evolutions upon heating:

1. An increase of the axial conductivity of fiber bundles; from the qualitative point of view, it is consistent
with the measurements made in [64] on lignin-based microscale carbon fibers. This increase results in
an increase of the in-plane composite plate. This observation is in line with the fact that fiber bundles
represent a fully connected phase from side to side of the plate and that they have a much larger
conductivity than the matrix.

2. A first increase up to T, then a decrease to Ty for the radial fiber bundle conductivity. Very few
experimental analyses allow to confirm or rebut this peculiar evolution since measurement of radial
heat transfers at the small scale of an elementary carbon fiber requires specifically designed techniques,

e.g. as proposed in Wang et al [64]. Their observations of small non-monotonous evolutions from 77K



to the ambient temperature suggest that an increase on a range of temperature from the ambient to
120°C is plausible.

3. As for the radial component of a fiber bundle, the conductivity of the matrix first increases to T, and
then decreases, which can be related with the change in the polymer structure at the transition
temperature: vibrations of the atoms about their equilibrium position explains the increase up to T, and
after the transition, the increase in specific volume of the polymer -or in the space between atoms-

would explain the reduction of the conductivity [50].
Finally, concerning the value of )\;1 T], one may expect it to lie in between those of Am(T] and )\;b(T) on the

full range of temperatures, such as any micro-macro scale transition scheme would produce. Precisely, the

obtained )\ip(T) does not result from the homogeniza%l%n of meso-scale properties but was determined at an

intermediate step of the identification process and its evolution is directly related to the choice which were then
made to have a single ramp of variation on the full range of temperature, for sake of simplification. Making the

choice of an evolution which is differentiated from an interval of temperature to the other, we then confirm that

)\ip ( T remains within the expected intervals defined by of Am( T|and )\;b[ T, whatever T [64].

5  Thermo-mechanical modelling

5.1 Identification of mesoscale mechanical properties

5.1.1 Preliminary assumptions on temperature dependences

As was explained in section 2.3 and 2.6, the coniigered mechanical behavior corresponds to moderate
mechanical loads and is thereby restricted to the elastic linear behavior of the composite. Subsequently, as
viscosity of the matrix is known not to play any role on the linear elastic response of the composite, the matrix
itself is treated as a linear elastic material. Being an isotropic material, its behavior is exclusively defined by its

Young’s modulus and its Poisson’s ratio. Assuming that the Poisson’s ratio does not depend on temperature and

taking the value V,,=0.36 taken from the experimental analyses in [65], the only parameter to be identified

concerning the elasticity of the matrix is the Young’s modulus Em(T) on the full range of investigated

temperature.

Concerning its thermal dilation, interest is rarely paid in the literature on its evolution according to temperature,

but only for the ambient temperature its value significantly depends on the actually used PPS. This has led us to

set a constant thermal dilation which value is provided by the supplier: am(T)ZSZX 10 °K ' This

assumption also finds its justification from the objectives of the study: to construct a comprehensive meso-
structure-based methodology for the modelling of composite plate thermo-mechanics in the presence of severe
out-of-plane thermal gradients. A concurrent objective is the identification of the involved physical mechanisms
and of their respective contributions to the studied phenomena. Assumptions are then necessary to maintain a
reasonable level of complexity, which settles a favorable ground for efficient realizations of simulation analyses.
The same motivation has led to another simplification on temperature sensitivities: in the fiber bundle, both the

elasticity and the thermal dilation are considered to have negligible dependencies to temperature. The



identification of the properties of each constituent of the RVE is the subject of the following sections, for the

fiber bundles and the matrix respectively.

5.1.2  Fiber bundle

As stated in section 2.3, a fiber bundle is considered as a homogeneous isotropic transverse material with an
orientation given by that of the fibers within the meso-structure. As classically done in meso-structure-based
analyses, a fiber bundle can be assimilated to a composite ply with unidirectional fibers. The equivalence is
made by setting the same volume fraction of matrix in the fiber bundle as that of the unidirectional composite.
Given the volume fraction of matrix within the fiber bundle (17%) and the respective elasticity parameters of the
matrix and of the elementary fibers, the model of Chamis [66] enables to compute the moduli of the isotropic
transverse elasticity for the fiber bundle. Input and output values of the Chamis model are provided in Table 10.
The constitutive laws of the model are defined in Equation 13, where the subscripts “L” and “T” refer

respectively to longitudinal and transverse properties of the fiber bundle (fb):

21
Ep=V,.Ef+V,.E, T_ E,
p E
1=Vl ——';
Ey
G_I_ Gm GTL_ Gm
o fo
Gm N7 Gm (13)
1-V,|1-—=2 1-V | 1-—2
Gy Gy
a a a
V=V v, +V v, n_ Er B
Vb =5gE !
fb
Property Matrix Fiber Fiber bundle
E, (GPa) 2.6
v, 0.36
Et (GPa) 231 193
ET (GPa) 28.0 15.0
G- (GPa) 24.0 11.7
GT (GPa) 10.7 7.5
v 0.26 0.28
Vit 0.30 0.02
Table 8 : Input and output elasticity parameters of the Chamis model: Matrix [65], elementary fiber [58] and
fiber bundle [59]

One can note that given the Chamis closed-form expressions of the fiber bundle elastic parameters according to
those of an elementary fiber and of the matrix, any temperature dependence can easily be introduced on the
mechanical properties of the fiber bundle. Concerning its thermal dilation coefficient, it is assumed to be
described by a linear mixture rule of the fiber and matrix thermal dilation coefficients. In the axial direction,
measurements provided in [59] show that the dilation coefficient varies within the range [-0.6, -0.2] x 10-6 K™

for temperatures up to 450 °C and for different heat treatments of PAN-based fibers. As this value greatly



depends on the actual type of carbon fiber and since it remains negligible as compared to that of the matrix, it is
set at 0. Concerning the radial dilation of a carbon fiber, as noticed in [59], fibers can display radial thermal
contraction at the early stages of heat irradiation whereas the matrix expands. But once again the coefficient for
the elementary fibers is supposed to be negligible and set at 0. Overall, these assumptions lead to an isotropic

thermal dilation coefficient of the fiber bundle which is equal to 17% that of the matrix.

5.1.3  Polymer matrix

Bending tests conducted in the Dynamical Mechanical Analyses of the polymer matrix (cf. section 3.2) have

enabled to extract the storage modulus in the range of temperatures| T ,,200°C |. Larger temperatures could not
g g p 0> g p

be tested because of technical restrictions on the experimental set-up. For the range of temperatures
200° C,300 ° C|, we rely on the model proposed by Mahieux et al. [67], which, on the same basis of DMA

provides an explicit expression of the Young’s modulus evolution according to temperature (Em(T)), up to the

polymer melting. This model accounts for the failure mdchanisms occurring at each stage of the degradation of
the polymer to describe the consequences of the phase transitions on the polymer stiffness: failure of electrostatic
bonds at the glass transition temperature and failure of secondary bonds at the melting temperature. This enables

to describe the phenomenology in terms of additive Weibull terms [68], as expressed in Eq. 14:

)m,,, (14)

m,

+E, ,.exp|—

Em(T):(Eg_Erub)'exp -

g m

E gand E., are the characteristic moduli of the polymer matrix in its glassy and rubbery states respectively. m g

26
and M, are the Weibull parameters describing the kinetics of modulus transition at the glass transition and at the

melting of the polymer.
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Figure 10: Evolution of the polymer matrix Young’s modulus according to temperature in the range

T,,300°C } The continuous line refers to both DMA results and Mahieux model. Dots represent predictions

from the Mahieux model in the range of unavailable DMA results

The set of parameters (E Y mg) has been identified in the range of available DMA data | T (,200 ° C | by

minimizing the distance between the reference experimental curve and the Mahieux model. The value of the



Weibull parameter m,, is set equal to that identified by Mahieux for PPS. Figure 10 presents the resulting

evolution of the Young’s modulus according to temperature. This modulus is normalized by its value at ambient
temperature. The continuous line corresponds to both the DMA results and the Mahieux model; the dots
represent the extrapolation of the DMA curve according to the Mahieux model. All the parameters are resumed

in Table 11.

E|GPa] E,|GPa] T °C] T, [°C| m, m,

2.62 0.25 114 283 32 16
Table 9 : Parameters of the Mahieux model identified for the polymer matrix

5.2  Analysis under isothermal conditions
The temperature evolution of the composite plate macroscale longitudinal stiffness has been characterized by

means of isothermal tensile tests conducted with the experimental set-up presented in section 3.5. Six different

temperatures in the range |T;,320°C| have been considered. They have been chosen such as to be

representative of the different stages of polymer transition: at the ambient, close to the glass transition, in-
between glass and melting transitions, just before and after melting. These isothermal tensile tests have been
reproduced with FE simulations on the RVE, accounting for the full set of thermal and mechanical parameters
identified for the studied composite material. Boundar2}73c0nditions on the RVE correspond to a simple tensile
test with imposed longitudinal displacements (along direction 1 on Figure 11a). In order to remove rigid body
motions and to respect the periodicity of the laminate meso-structure, two of the lateral faces -with normals
along directions 2 and 3- are set to remain inside their initial plane whereas the two others are only constrained
to remain plane and parallel to their initial position. The RVE is then macroscopically free to deform in the

transverse direction, as in simple tension.
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Figure 11: Simulations of isothermal strain-imposed tensile tests on the RVE at different temperatures. (a)
Representation of the longitudinal stress field at given strain and 320°C - (b) Temperature evolution of the RVE
apparent stiffness as compared to the experimental macroscale longitudinal stiffness of the composite plate. The

stiffness is normalized by its value at ambient temperature.



Figure 11a illustrates the longitudinal stress field 0 11(T) obtained with an imposed longitudinal strain giﬂlp at

T =320° C. For the sake of visualization, only the fiber bundles are represented. A strong heterogeneity in the
stress field is observed, both inside fiber bundles and from a bundle to another one, depending primarily on its
orientation with respect to the applied load but also on its location inside the RVE. In accordance with the
definition of the RVE, the effective (macroscale) longitudinal stiffness of the composite plate is equal to the
apparent stiffness of the RVE, which is obtained from the volume average of the longitudinal stress field over the

volume V' of the RVE as expressed in Eq. 15:

JoulTldv (15)
L _ 1 \%
Ecp L T ) - V imp
1
To a first approximation, in order to estimate the validity of the model, the predicted value of ECLP at room
temperature (46.1 GPa) is compared to the experimental value obtained on the same laminate (42.0 GPa [66]).

The relative difference of about 10% between the two values can be related to the uncertainties of the

constitutive elements’ properties or the simplifying assumptions of the model. The evolution of Efp according to

temperature is shown in Figure 11b and compared to values from tensile tests conducted under isothermal
conditions by means of a tube furnace [15].

One can note the very good quality of the prediction up to 220°C, i.e. from the ambient to the mid-run rubbery
stage. Between 220 and 270°C, a significant drop is observed, in tight relation with matrix melting. Whereas the
amount of the decrease obtained by modelling is simfifAr to that experimentally observed, the temperature at
which this drop happens is not the same. This difference is presumably related to the hypothesis of a sharp
melting process in the modelling: as indicated by DSC analyses, melting actually takes place progressively
between 220°C and 295°C; this is due to the mechanism of crystallite lamellae destruction, which strongly

depends on the size of these lamellae and which subsequently occurs on a large temperature span.

Once the temperature of 300°C is reached (beyond which the stiffness of the matrix is supposed to remain
constant), the matrix is in its molten state and the stiffness of the composite plate stabilizes at 52% its initial
value against 58% experimentally. The thermomechanical model therefore slightly overestimates the stiffness in
the ultimate stage of the matrix degradation. This can be related to the value attributed to the matrix Young’s
modulus in its molten state. The influence of this modulus on the computed composite plate stiffness can be
analyzed from Figure 12. A proportional relation between the plate stiffness and the logarithm of the matrix
stiffness is observed as the matrix stiffness decreases to 1% its ambient temperature value, which corresponds
approximately to the fully molten state of the polymer. Below this value, i.e. for the fuzzy solid state between
melting and decomposition, where it becomes delicate to describe the constitutive behavior of the matrix as that
of a cohesive continuous medium, the relation progressively transforms into another logarithmic relation. This
transition from a relation to the other highlights the complexity of the role of the matrix on the composite
elasticity as the melting stage is reached for low values. From the quantitative point of view, one may estimate
the importance of the value given to the matrix stiffness in its melting state: taken as 0.2% or 0.002% its ambient
temperature value, a reduction of 47% or 52% of the composite plate stiffness is obtained respectively (Figure
12). This means that the predictions from the thermomechanical model should be considered with caution for

temperatures corresponding to matrix melting: the high uncertainty pertaining to the experimental identification
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of the matrix stiffness at such high temperatures might be the source of uncertainty on the composite macroscale,

yet the value of the matrix stiffness is very low.
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Figure 12: Evolution of the composite plate stiffness according to the polymer matrix Young’s modulus. The

respective moduli are normalized by their ambient temperature value E,, (TO) and ECLP(TO)

5.3  Application to heat flux irradiation

This section is devoted to the application of the constructed model in the case of interest of this study: a
mechanical load combined to a heat flux irradiating one face of the composite plate. In the present form, only
stress distributions and stiffness reduction are simulate@bs a function of the temperature. In a forthcoming work,
a failure analysis will be considered in the numerical model. The configuration of study is similar to that the one
used at the step 4 of the thermal properties’ identification process: the simulation is conducted on the RVE,
accounting for the full thermal history of heating up with a heat flux of 20 Kw/m?2, up to the stabilization of front

and back face temperatures. In order to address one of the critical situations of a composite plate in its in-service

conditions of a turbo-reactor nacelle, a constant tensile stress 0 ;=60 MPa is applied during the heat flux
exposure. The purpose of this simulation is to investigate the variations in the longitudinal stiffness of each ply
of the laminates as temperature increases and to examine the concurrent efforts take up between the plies and
their fiber bundles during the polymer matrix degradation. The evolution of the mean temperature in each ply of
the laminate is shown in Figure 13a. The glass transition temperature of the matrix as well as the temperature of
270°C (start of the transition from the rubbery state to the molten state of the polymer matrix) are indicated, as
they correspond to the onsets of the drops in stiffness of the composite plate associated to the matrix thermal
degradation. The apparent (volume average) longitudinal stiffness of each ply is calculated as a function of time
(Figure 13b) according to the expression given in Eq. 14, where V then refers to the volume of the ply. The glass
transition temperature is reached within 13s on the front face and then, with a delay of only 7s, on the back face.
Simultaneously a first sharp, rapid and quasi-instantaneous reduction in the longitudinal stiffness of all the plies
occurs. The drop for 0/90° plies corresponds to 12% their initial value, whereas it is of 37% for +45° plies,

which is approximately the same as the one experimentgl(l)y estimated in [65]: 33%.
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Figure 13: Analysis of the thermomechanical response of each ply within the laminate irradiated at 20 kW/m? on
one face and simultaneously exerting a constant tensile stress of 60 MPa. (a) Time-evolution of the temperature

within each ply. (b) Time-evolution of the normalized longitudinal stiffness of each ply.

The second sequence of drops is spanned over the period of times at which the respective plies reach the matrix
melting temperature. Once again, the plies at +45° undergo the largest reduction in stiffness: their residual
stiffness is 10% their initial value, compared to 73"2AJ in 0/90° plies. This phenomenon is conform to the
observations on the tight relationship between creep prgperties and the orientations of the plies in a laminate:
given the properties of fibers and polymer matrix, creep elongation can only be due to the viscosity of the
polymer matrix; laminates made from a stacking of +45° plies are precisely those exhibiting the largest creep
elongations as compared to other stacking sequences, i.e. those having the largest sensitivity to the matrix

properties, as presently observed.

The time-evolution of the longitudinal macro-scale strain of the composite during the creep test is presented in

Figure 14a. The initial strain 5(1)1 resulting from the mechanical loading has been substracted from the total strain

€1 in order to focus only on the strain caused by the progressive matrix thermal degradation. There are 3 stages:

¢ The first increase corresponds to the period during which the matrix glass transition gradually settles
throughout the plies.

® Once the glass transition temperature is reached all over the RVE and as long as the matrix melting
temperature I’ is not reached, the variation of the matrix stiffness according to temperature remains
small and consequently the strain remains virtually constant.

e Assoon as T, is reached in the exposed ply, the matrix stiffness undergoes a second drop and, in
coordination with the continuous heating up over the successive plies, a second strain increase sequence

occurs until the temperature exceeds the melting temperature at any point of the RVE. Above that

temperature and up to the onset of matrix decomposition Td,O’ the change in matrix stiffness is



negligible and as a consequence the strain stabilizes when the temperature within the laminates is higher

than 300°C.
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Figure 14: Thermo-mechanical response of the composite plate and of its different plies during a tensile
creep test under a 20 kW/m? heat flux (anisothermal temperature conditions): (a) Evolution of the macro-

scale longitudinal strain, (b) Evolution of the longitudinal stress within each ply

Figure 14b presents the time-evolution of the apparent longitudinal stress within each ply during the creep test.
As for the macro-scale strain, an alternation of variation and stabilization regimes is observed. They are
separated by characteristic times corresponding to the occurrence of either the matrix glass transition or its
melting. These characteristic times are delayed in accordance to the distance of the considered ply with respect
to the exposed face. A clear concordance between stress decrease regimes in +45° plies and stress increase
regimes in 0/90° plies can also be detected: as the stress declines within a +45° ply, because of the high
sensitivity of their stiffness to temperature, the stress is 2t&ansferred to 0/90° plies and consistently increases, The
respective contributions of the 0/90° plies to take up the load transferred from +/-45° plies is greatly dependent
on their position with respect to the heat flux. One may note for example that, in the exposed ply, the stress
decreases slightly at t =80 s because of its stiffness degradation, and then increases again because of the
transfer of the load from the underneath +/-45° ply. The consequences of matrix thermal degradation and
ultimately melting -up to the onset of its degradation- on stress and strain redistributions within the laminate can

also be analyzed on the local scale of a ply.
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Figure 15: Views on the longitudinal stress (a,b) and strain fields (c,d) on the front face (0/90° ply) of laminates
exposed to a heat flux (20 kW/m?) under constant tensile stress (60 MPa, horizontal). The left column (a,c)
corresponds to the instant t=10s, where the matrix glass transition temperature has not yet been reached and

the right column (b,d) corresponds to t=230s, where the matrix is fully melted

Figure 15 provides the longitudinal stress and strain fields on the exposed face of the laminate, at two
characteristic instants: at the early stage of the combined heat flux and creep test, before the matrix glass
transition is reached and at the final stage of the test, where a temperature of 350°C is reached on the exposed
face (cf. Figure 13a), which corresponds to a fully molten state for the matrix. One can note the increase through
time of the longitudinal stress in the 0°-oriented fiber bundles, which results from the melting of the matrix and
the concomitant reduction in stiffness of the underneath +45°. This simulation also allows to highlight the
influence of the weave on the localization of the longitudinal strains: as the matrix melts, a significant increase in
longitudinal strain is observed in crimp regions, i.e. in the areas where warp fibers overlap with weft fibers.

6 Conclusions

A meso-macro numerical modelling is proposed to simulate the thermo-mechanical behavior of thermoplastic-
based composite laminates subjected to a mechanical loading under transient anisothermal conditions. The
effects of a one-side fire exposure on the degradation @fthe laminate’s mechanical properties is simulated. The
adopted meso-scale approach consists in (i) representing explicitly each constituent of the laminate -matrix and
fiber bundles- within a representative volume element, (ii) to assign them the appropriate temperature-dependent
properties, and (iii) to have the boundary-value problem of combined mechanical loading and fire exposure
solved by the finite element method under the hypothesis of a weak coupling between thermal transfers and

mechanics.



The first difficulty is to identify the temperature-dependent thermal and mechanical properties which govern the
constitutive behavior the constituents over the considered range of temperatures, from the ambient to the onset of
the polymer matrix decomposition. A methodology is thus proposed to identify, first, the undetermined thermal
parameters for a C/PPS quasi-isotropic laminate. It is based on a step-by-step process involving macro-scale
simulations on a composite plate and meso-scale ones on the representative volume element. The parameters are
identified by comparing front and back face temperature fields to experimentally measured ones, for a heat flux
of 30 kW/m2. The quality of the identification is discussed with respect to theoretical bounds provided by
mixture laws and validated by considering the supplementary cases of thermal transfers (heat fluxes of 40 and 50

KW/m?).

The second difficulty concerns the identification of the mechanical properties of each constituent over the
encountered temperature range. It includes the glass transition of the polymer matrix and its melting, which
result in dramatic changes in its stiffness. The laminates’ anisotropy is accounted for in the three dimensions of
the meso-structured representative volume element: not only to make the distinction between the respective plies
(0°/90° or +45°) but also in the representation of the crimp regions of the weave. By comparison with the
experimental results, the capability of the model to correctly predict the degradation of the longitudinal stiffness
of the laminate up to matrix melting temperature is demonstrated. Finally, the model is tested to evaluate the
consequences of a combined one-side heat flux and longitudinal tension at a constant stress in the laminate.
Though it shows some limitations, the present model provides a solid basis for developing a more predictive

model over a wide temperature range, and to account for different types of combined loadings.

From the presented meso-macro approach, a database of thermal and mechanical parameters was built over a
temperature range up to the thermal decomposition temperature. Hopefully, this work will capture the attention

of the industrial and scientific community to inspire new developments for larger structural application analysis.
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