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Abstract

This work examines the influence of kerosene flame exposure on the residual mechanical behavior
(tension and compression) of hybrid quasi-isotropic composite laminates consisting of carbon/glass
fibers and a PEEK thermoplastic matrix. The influence of a kerosene flame exposure (116 kW/m? and
1100 °C), on the composites structural integrity was examined as a function of exposure time (5-10-15
min). The changes in the tensile and compressive properties (axial stiffness and strength) were
compared with respect to the virgin materials (experiencing no prior flame exposure). The discussions
on fire- and mechanically-induced damage mechanisms are supported by fractographic analysis of
specimens. It is therefore possible to better understand how the fire-induced damages within the
laminates micro- and meso-structures modify the mechanical behavior of flame-exposed laminates.
Regardless the exposure time, the kerosene flame exposure involves in-plane and through-thickness
temperature gradients, which ultimately create two well defined areas within the laminates: an
extensively delaminated one (the one close to the exposed surface) and a relatively well preserved one
(close to the back surface). From the present work, it is possible to conclude that the mechanical
properties in tension are severely affected (-50% in stiffness and -70% in strength) by prolonged
exposures to kerosene flame (15 min) with respect to as-received specimens. When compared to the 5
min case, flame exposure time (ranging from 5 to 15 min) seems to have little very influence on
tensile properties and the effect is moderate on compressive properties. The barrier formed by an
extensive thermally-induced delamination contributes to relatively preserve the structural integrity of
the plies close to the back surface. The mechanical loading is taken up by the 0° fibers in non-
delaminated areas of the specimens, resulting in preserving the residual mechanical in tension and in

compression.
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1. Introduction

While there is increasing demand for Polymer-Matrix Composites (PMCs) in aeronautical
applications, their use is limited by their structural susceptibility to fire conditions. Thermosetting (TS)
polymers have been the mainstays of aerospace composites since their introduction to aircraft [1].
Over the past thirty years, thermoplastics (TP) based composites represent a promising alternative in
aeronautics. The recent development of TPs with improved temperature and solvent resistance fosters
the interest for applications in several engineering fields, where they are considered as matrices in
high-performance composites [2-3]. They are characterized by a few attractive properties such as
repeatable processing and recyclability, excellent impact toughness and low water uptake. These
qualities make TP polymers attractive as a matrix in fibers reinforced PMCs. The main drawback of
high-performance thermoplastics (like PEEK, PEKK and PPS) concerns their process ability, which is
more difficult than the one of thermosetting composite systems [4]. Significant efforts have been
devoted to developing melt-processable solutions and high compatibility with carbon fibers [5-6].
However, high-temperature resistance and impact toughness are the two most important technical
requirements for practical applications of thermoplastic composites especially in aerospace [3][7]. The
recent air disasters have revealed that the issue of fire is at the heart of the concerns of the aeronautics
industry. The use of polymer matrix composite materials in aeronautic applications is today confronted
with ever more demanding safety standards to which it is imperative to provide reliable and
measurable answers [8-15]. Therefore, it is essential to enable manufacturers to understand/predict the
thermomechanical response of composite materials in different configurations of use and, ultimately,
of their parts and assemblies. The demand for experimental characterization means representative of
critical conditions in service is therefore strong from industrialists who have identified a technological
barrier in the fire resistance of polymer matrix composite materials [16]. When composites are
exposed to high temperatures, the organic matrices start to decompose with the release of heat, toxic
volatile and smoke. Therefore, it is very important to understand the structural properties of TP-based
composites under fire and to assess their residual mechanical properties. Thus, the changes in both
physicochemical and mechanical behaviors due to the interaction of fire on TP-based composites still

need investigations.

1.1 Polymer Matrix Composites (PMCs) under fire conditions

Aircraft-powerplant certification guidelines require large-scale fire tests to assess the ability of
materials to act as firewalls. In their work, Chavez et al. developed a small-scale screening method
[19]. Bare and protected carbon/epoxy specimens were exposed to an 1100 °C flame for 15 min, in
accordance with service conditions met in aviation regulations. Thus, in order to test the fire resistance
of PMCs, several standard tests specific to aeronautical applications are commonly used [20]. In

particular, two different types of burner are described in the international standards for civil aircraft



fire resistance [19-20], one type of burner using propane as fuel [15] and the other type using kerosene
[21]. Chazelle et al. have compared the degradation induced by kerosene and propane flames
providing the same heat flux (110 kW/m?2). They concluded that the mass loss rate is slower with the
kerosene flame [22]. The maximum temperature value at the back surface is lower (about 150 °C)
compared to the value obtained with a propane flame. A high amount of soots is observed in the
laminates exposed to a kerosene flame. It results in the formation of a char layer on the exposed
surface, which may contribute to reduce the heat transfer between the impinging flame and the
specimen surface. Similarly, Le Neve et al. have pointed out differences on the qualification results
depending on the burner type [23]. Even though flame exposure presents multiple advantages, so far,
most of the laboratory scale studies are performed with a cone calorimeter to apply a radiative heat
flux on the sample [24]. However, a direct flame impact is a more realistic thermal stress [25-27] and
heat flux greater than 100 kW/m? can be easily reached for many fire scenarios [28]. The literature
dealing with the fire response of TS-based composites is very rich [16]. But there are fewer references
dealing with TP composites. Most of the results available in the literature on the fire behavior of TP-
based materials have been obtained from cone calorimeter thermal aggression [1-7][28], of a propane
burner on polyphenylene sulfide composites [15], or of a kerosene burner on PolyEther—Ketone—
Ketone (PEKK) composites [26-27]. Thermal degradation analysis based on TGA tests under inert and
oxidative conditions have been conducted by Tadini et al. [29], then Grange et al. [30-33]. They
concluded that PEKK-based composites have a higher thermal performance than phenolic-based
composites. A NexGen burner designed by the Federal Aviation Administration (FAA) was used to
get a standardised flame intended to be a realistic scenario of an in-service or post-impact fire event.
Such device allows the investigations of the burn-through resistance and the thermal behaviour of
C/PEKK laminates [26-27]. These references only focused on the thermal degradation but no
significant attention was paid to the residual mechanical properties. Most studies on that subject only
refer to the influence of a prior thermal loading (by means of a cone calorimeter) on the residual

mechanical behaviour (either in tension or compression), as pointed out in the next section.

1.2 Post-fire residual mechanical properties

With respect to TS-based composites, the reason for the superior residual properties of TP-based
composites is not fully understood [16]. It is assumed that TP composites generally have higher
decomposition temperatures, yield high amounts of char, and are less susceptible to delamination
cracking than TS laminates [8][10]. Char formation is expected to influence the residual properties of
laminates, as it is known to retain the structural integrity of a fire-damaged composite by holding the
fibers in place after the polymer matrix has been degraded [34-40]. In addition, melting and
resolidification of the thermoplastic matrix positively affect the post-fire properties by maintaining the
cohesion of the fibers network [9]. As a result, the analysis of the post fire tensile properties shows

that prior severe fire exposures (medium to high heat flux — long exposure time) are more detrimental



to C/Epoxy than to C/PPS laminates. At last, most references dealing with the post-fire mechanical
properties of TP-based composites are focused on the influence of cone calorimeter heat fluxes
(ranging from 20 to 60 kW/m?). However, there are very few studies dealing with the influence of a
kerosene flame exposure on the residual mechanical properties of PMCs [41]. While studying the
tensile behaviour of quasi-isotropic carbon/epoxy laminates exposed to an 1100 °C methane flame and
quenched at different intervals, Chavez et al. observed that the Ultimate Tensile Strength (UTS)
reaches a plateau where loads could not be transferred between axial and transversal fibers due to
matrix absence [19]. Thus, the residual UTS is solely attributed to the axially oriented fibers (0°) that
bore the load until rupture. They also assessed the effectiveness of protective candidate materials by
comparing the temperature distribution on the back surface and the UTS. Their results show good
correlation between temperature reduction and residual strength enhancement. In a study dealing with
E-glass/vinyl ester (VE) laminates and E-glass/VE balsa core sandwich composites, Ulven et al. have
observed the development of char through the thickness of the materials resulting from the
decomposition of the polymer matrix [42]. The residual char is very porous, brittle, and that is
detrimental to the structural integrity of the composite parts. Low velocity impact response of PMCs
was found to decrease after fire exposure (80 kW/m?2, 800 °C) even for short periods of time (i.e. <100
s). Ultimately, very little work has been done in the literature to investigate the post-fire residual

mechanical behaviour of TP-based composite materials. This is what motivated the present study.

1.3 Objectives of the work

The present work was aimed at investigating the influence of the kerosene flame exposure time (5-10-
15 min) on the fire behavior and the residual mechanical behaviour (tensile and compressive) of
hybrid Carbon Glass fibers reinforced PEEK composite laminates (CG/PEEK) composite laminates.
These investigations are intended to examine the effect of thermal degradation due to flame exposure
on the composites structural integrity by comparing the changes of the mechanical properties (axial
stiffness and strength) with respect to the virgin materials. The discussions on fire- and mechanically-
induced damage mechanisms are supported by fractographic analysis of specimens. It is therefore
possible to better understand how the fire-induced damages within the laminates micro- and meso-

structures modify the mechanical behavior of flame-exposed laminates.

2. Materials and specimens

The laminates used in this study are obtained by thermo-compression. They consist of a PEEK
thermoplastic matrix reinforced with a continuous carbon fiber fabric (Tenax®-E HTA40 3K),
structured in a 5-harness satin weave. 16 plies laminates with a quasi-isotropic lay-up
[(0/90)v,(0/90),(+45),(0/90),(£45),(0/90),(£45),(0/90)]s have been considered in the present work.
They have two outer plies of glass fabric (5-harness satin weave) and PEEK matrix noted as

CG/PEEK, the 0.08 mm thick (0/90)¢ surface glass fabric is used as corrosion protection and electrical



protection with the aim of reducing the galvanic torque and thus avoiding galvanic corrosion of
aluminum and steel with carbon. The main mechanical properties of the elementary ply are specified
in Tab. 2. The laminates average thickness is about 4.5 mm. Tensile specimens have dog-bone
geometry [8-10], whereas compressive specimens are rectangular plates whose dimensions are
150x100 mm? [13][43-44] cut by water jet from 600x600 mm? plates. Three samples have been tested
in the following configurations:

* Asreceived (referred to as virgin state),

* After a 5 min exposure to a kerosen flame

* After a 10 min exposure to a kerosen flame

e After a 15 min exposure to a kerosen flame

3. Experimental set-up

3.1 Kerosene burner bench

The burner shown in figure 1 is made with a domestic device (Cuenod manufacturer). The kerosene is
injected in a nozzle generating a hollow cone spray with an angle equal to 80° and a maximum flow
rate of 0.3 g/s. This flow rate is controlled with a mass flow meter (MINI CORI-FLOW™,
Bronkhorst), and it can be adjusted. Airflow is also controlled with a mass flow meter (EL-FLOW®
Prestige, Bronkhorst).

The air to fuel ratio has been selected at 0.85 of the stoichiometric value, in order to obtain heat flux
and temperatures values close to the standard values (116 kW/m? and 1100 °C) at the sample location.
The flame at the exit of the turbulator is a wide and turbulent jet. Therefore, a 50 mm diameter steel
tube is installed after the turbulator to channel the hot combustion gases on the exposed area of the
sample. Details of the experimental set-up are presented in figure 1. With this design, an efficient
mixing occurs inside the first part of the flame tube, and in its remaining part, the flow turbulence is
strongly damped. At the flame tube exit, no kerosene droplets are observed and the combustion is
completed. Thus, the thermal stress on the sample is due to the hot gas mixture of the combustion
products [45-46]. The flame tube diameter is chosen equal to the diameter of the sample exposed

surface.

The composite samples described in section 2 are placed on a dedicated sample holder for the test. The
sample holder is presented in figure 2. The composite sample is placed between two insulation layers
and the assembly is clamped by two steel plates. On both sides of the sample holder, an 80 mm side
square aperture is made. On the front side, the sample is facing the burner output. On the backside, the
temperature measurement is performed. This sample holder has two major aims. The first one is to
prevent the surrounding of the sample by the flame. The second one is to maintain the integrity of the

sample border. This is of great interest to perform post-fire mechanical tests. The 80 mm square



aperture is chosen in order to maintain a uniform heat flux on the exposed sample surface while

maintaining at least 50 mm on the sample border.

3.2 Thermal and physico-chemical analysis

Thermogravimetric analysis tests were conducted in a nitrogen atmosphere using a TA Discovery
device. Measurements were performed on samples of about 5 mg with N> flow rate of 25 ml/min from
50 °C to 900 °C. Different heating rates were considered from 10 to 500 °C/min. To improve the
accuracy of the measurement, particularly at high rates, the calibration procedure included a baseline,
a calibration in temperature (Curie point of nickel) and a calibration in mass (reference masses) and

mass loss (calcium oxalate).

3.3 Mechanical testing

After kerosene-flame exposure, monotonic tensile and compressive tests were performed using a
100kN capacity load cell of a MTS 810 servo-hydraulic testing machine in displacement-controlled
mode at Room Temperature (RT). The tensile mechanical properties were determined according to the
European standards EN 6035 [47]. In agreement with the requirements of the Airbus Industries Test
Method (AITM 1-0010), the specimen is stabilized by a 90x130 mm? frame consisting of anti-
buckling knife-edges and clamping blocks as shown on Figure 3 [48].

3.4 Digital Image Correlation (DIC) technique

A two-dimension DIC technique was used during compressive loading to investigate the onset of
macroscopic buckling bands [13]. A DIC pattern is painted on the specimen surface with a non-
periodic texture and without preferred orientation. The use of DIC technique at high temperature
requires the use of a high intensity source combined with a fiber optic light guide that is used to
illuminate the patterns on the surface of the specimen placed into the thermal chamber. A
Grasshopper® high-speed monochrome camera allows digital images to be recorded at full resolution
(1920x1200 pixels), and at a rate of one frame-per-second during thermomechanical loading.
Ultimately, the Green-Lagrange strain field is derived from the 2D displacement field by means of the
VIC-2D correlation software (provided by Correlated Solutions Company).

3.5 Fractographic analysis
Microscopic observations have been carried out by means of a numerical optical microscope Keyence
VHX-5000 to build 3D pictures of damaged areas. Fractographic analysis was conducted on samples

after kerosene flame exposure as well as after mechanical loading.



4. Results and discussion

4.1 TGA results

Before investigating the influence of kerosene flame exposure on the degradation of laminates micro-
and meso-structure, it seems relevant to consider first the influence of different heating rates on the
thermal decomposition of CG/PEEK laminates under a nitrogen atmosphere (Figure 4). The purpose
was here to consider values of heating rates close to the ones encountered during flame exposure, i.e.,
about 600 K/min and to compare the results with those obtained from measurement at conventional
rates. Thus, TGA experiments were performed at rates ranging from 10 to 500 K/min. According to
Figure 4a, the thermal decomposition of CG/PEEK laminates exhibits, independently on the heating

rate, a single step of degradation that was interpreted as the result of random chain scission [16].

For all samples, the thermal decomposition starts at a temperature higher than the processing
temperature of PEEK (350 °C). The thermal degradation of PEEK begins around 550 °C and the
maximum degradation rate is recorded above 600 °C. From this result, we can confirm that the PEEK
is thermally stable up to 450 — 500 °C at least, and therefore it is a suitable material for high-
temperature applications. On the other hand, we observe that the heating rate influences both the onset
of degradation T onset, defined there as the temperature for which the sample mass is equal to 95% of
its initial mass, and the residual mass at 700 °C, consecutive to the one-step degradation (Figure 4b).
When the heating rate increases from 10 to 200 K/min, 7 onset increases accordingly from 583 to 627
°C, that being the expected dependence of characteristic degradation temperatures on the rate of
analysis. However, when increasing the rate from 200 to 500 K/min, T onset starts decreasing from
627 to 610 °C. Such a profile can be explained in terms of thermal lags, as reported and discussed for
calorimetric measurement at similar rates [49]. Those lags exist between the cell and the furnace, the
instrument and the sample, and even within the sample, fairly highlighting the kind of temperature
gradient the material is subjected during a flame aggression. The possibility that different degradation
mechanisms will occur at high heating rates is not excluded either, as the residual mass intriguingly
decreases from 82 to 77% when increasing the heating rate from 10 to 500 K/min. Indeed, although
authors accord themselves in the literature around the thermal decomposition of the PEEK matrix
essentially proceeding by chain scission, this breaking operates randomly, i.e., on various chemical
groups, which is expected to generate different intermediates and decomposition products [50], that

will influence the resulting material properties. Besides, temperature gradients are more likely to be



observed at high rates, thus leading to structural changes at the mesoscale. To investigate these

modifications, the kerosene flame behavior is investigated in the subsequent section.

4.2 Kerosene flame behaviour
When subjected to combined thermal and mechanical loadings, the structural response of PMCs near
or above the pyrolysis temperature is difficult to investigate as it is difficult to dissociate the influence

of thermally and mechanically induced damages on the structural capabilities of the laminates [12-13].

Considering the results of thermal analysis presented in the previous section, the influence of exposure
time on CG/PEEK laminates exposed to kerosene flame is investigated. When they are subjected to
elevated temperatures, PMCs typically experience significant degradation of the polymer matrix
resulting in reduced transverse and interlaminar shear strength and stiffness [34]. PMCs also have
much lower thermal conductivities than metals, which create larger temperature gradients within the
laminates. These temperature gradients lead to significant thermal stresses and degradation gradient in
the polymer matrix resulting in heterogeneous damage modes. The type and the severity of damages
depend on the degree and distribution of thermal degradation as well as the loading conditions (tension

or COI’IlpI'eSSiOIl, stress COIlCCI’ltI'atiOI’l).

Under one-side kerosene flame exposure, the exposed surface is severely degraded whereas the back
surface only experiences little PEEK matrix melting (Fig. 5). This testing configuration is of particular
interest as localized thermal loading (and subsequent degradation) is more likely to happen in an actual
fire event such as compartment fire where damage will occur locally to adjacent structures [34].

In the center of the specimen, thermally induced degradation is the most severe. Carbonaceous char
has formed along with the PEEK matrix pyrolysis. Pyrolysis is completed on the exposed surface as
revealed by the observation of the glass fibers. It is worth noting that the degradation of the exposed
surface is limited due to the protection action of the sample holder (an 80x80 mm? windows) that
prevents the flame from directly degrading it (Fig. 2). The magnitude of temperature and thermally-
induced degradation gradients significantly depends on the exposure time. As expected, the degraded
area becomes larger as the exposure times increases on the exposed and back surfaces. The same
remark can be made when observing the damages within the laminates through-thickness (Fig. 6). It
clearly appears that the extensively delaminated area, resulting from the PEEK matrix pyrolysis
initiated on the exposed surface, has reached half of the laminates thickness after 5- and 10-minutes
flame exposure. After a 15 min exposure, the damaged area has reached about 2/3 of the laminates
thickness. When subjected to fire conditions, the fast temperature increase resulting to the thermal

expansion of matrix polymer and thermal contraction of the carbon fibre [51] leads to fibre-matrix



debonding and delamination that usually acts as barriers for heat conduction [52]. Depending on the
intensity of thermal aggression and the testing environment (oxidative or non-oxidative), PMCs may
also experience pyrolysis and the subsequent removal of the constitutive materials due to thermo-
chemical ablation [34]. The barrier formed by extensive delamination contributes to involve the
separation of the laminates in two well-defined areas: an extensively delaminated one and a relatively
well preserved one. Both laminates areas are separated by a perfect delamination, as shown by the
large space between the upper and lower parts. These damage mechanisms can be discussed along
with the TGA tests conducted at different heating rates. Indeed, we reported that the heating rate
influences the residual mass of the material, which suggests that the material undergo more severe
structural damages. Obviously, the temperature gradient within the sample increases with the heating
rate. Therefore, structural heterogeneity is evidenced at the meso scale. The material is divided into
two areas, a degraded and a preserved one. The higher mass loss, recorded from TGA at high heating
rates, can thus be interpreted as the consequence of severe localized degradation, as revealed by
through-thickness macroscopic observations. As previously discussed, it might also be the
consequence of differences between chain scissions occurring at the molecular scale. Obviously, these
thermally induced damages are expected to significantly influence the residual mechanical behavior
and properties in tension and in compression. More specifically, the structural capabilities (stiffness

and strength) of the damage areas should be affected.

4.3 Residual mechanical behaviour

Localized fire exposure occurs when the composite laminates is subjected to a constant intensity
thermal loading on the laminates exposed face [34]. This type of loading leads to through-thickness
and in-plane temperature gradients in the laminates. As was pointed previously, these temperature
gradients result in degradation and mechanical gradients. They also contribute to involve unique
deformation mechanism within the laminates’ plies depending on the mechanical loading conditions
(tension or compression). Ultimately, along with local thermal loading, laminates experience atypical
failure modes. The purpose of the present section is to investigate the failure mechanisms associated
with local fire exposure in order to correlate these damages with the structural integrity of CG/PEEK
laminates. The same material was tested in the as-received state in tension and in compression at room

temperature (Table 1) in a previous work [53].

4.3.1 Tensile behaviour

In as-received tensile specimens, the mechanical load is primarily borne by the 0° plies, resulting in a
fiber-driven behaviour (Figure 7). The 16 plies CG/PEEK plate with a quasi-isotropic lay-up has been
exposed to a kerosene flame for different exposure times (5-10-15 min).

Depending on the position of the tensile specimen (directly waterjet cut from the plate) and the

exposure time, the macroscopic mechanical response significantly differs from one specimen to



another. From a general standpoint, the mechanical behavior is elastic-brittle in the two specimens far
from kerosene flame (specimens #1 and #5). This macroscopic response is very similar to the one
observed in as-received state (no prior fire exposure). The tensile response shifts to an elastic quasi-
brittle behavior as the distance to kerosene flame decreases (specimens #3 and #4). Specimen #3
seems much degraded with an elastic domain interrupted at 0.3% strain. In addition, the behavior of
specimen #2 seems to join that of specimen #4 for 15 minutes of exposure to the flame. It therefore

appears that the structural capabilities of the most severely degraded specimens dramatically decrease.

Regardless the exposure time and depending on the position of the tensile specimen cut from the plate
exposed to fire, it also appears that the two specimens far from kerosene flame (specimens #1 and #5)
are not seemingly degraded for all fire testing conditions. With respect to the as-received specimens, it
is therefore expected that the degradation gradient (induced by localized flame exposure) will reflect
on the tensile properties of the specimens. The influence of in-plane and through-thickness
temperature gradients on the decrease in the tensile properties of CG/PEEK laminates is clearly shown
on Figure 8. In specimens #1 and #5, the decreases in both axial stiffness and strength are moderate
(about 15%), confirming that thermal degradation is very limited in these specimens. However, in the
most degraded state (specimen #3), as was suggested by the macroscopic tensile response, the axial
stiffness dramatically decreases by almost 50% and the axial strength loses 70% of its initial value (as-
received state). The kerosene flame exposure time is also instrumental in ruling the magnitude of in-
plane and through-thickness temperature gradients and subsequent mechanical properties. The
decrease in tensile stiffness is similar for all specimens taken from plates exposed to kerosene flame
for 300 to 900 s (Figure 8). Surprisingly, it appears that fire exposure time (in the range of studied
times) has no significant influence on the axial stiffness. Indeed, the latter tends to stabilize after a 300
s exposure though the extensively degraded area increases as exposure time increases (Figures 5 and
6). As far the tensile strength is concerned, the 900 s exposure case slightly differs as Figures 5 and 6
clearly show that the in-plane and through-thickness degraded areas are larger. Ultimately, the tensile

strength of specimens #2 and #4 tends to the value of specimen #3.

These results will be now discussed along with the observations of failed specimens in tension. First,
the failure in tension of specimens far from kerosene flame (specimens #1 and #5) is characterized by
the breakage of 0° fibers (Figure 9), similarly to what was observed in as-received specimens [53].
Furthermore, the specimens localized in the kerosene flame area are characterized by two well-defined
areas: (1) a more or less extensively delaminated (close to the exposed surface) — (2) an area with little
damage (close to the back surface). More specifically, along with the observations of the thermally
degraded CG/PEEK plates (Figures 5-6), the observations of the most degraded specimen #3 after
tensile loading (Figure 10) shows that the exposed surface is characterized by the thermal

decomposition of the PEEK matrix after 300 and 600 s exposure. It results in the formation of

10



carbonaceous char as well as the complete ablation of the G/PEEK outer ply after a 900 s flame

exposure.

From the mechanical behavior standpoint, it therefore suggests that the structural integrity of the
exposed ply is significantly affected. In addition, the adjacent plies underneath the exposed surface
being severely delaminated, it also means that the tensile load cannot be transferred to these adjacent
plies once the breakage of 0° fibers occurs. The barrier formed by extensive delamination contributes
to relatively preserve the structural integrity of the plies close to the back surface. In other words, the
tensile load borne by 0° plies is expected to differ in the two well-defined areas of the quasi-isotropic
laminates, and most of the mechanical load is borne by the less damaged area. Thus, the tensile load is
taken up by the 0° fibers plies in the non-delaminated area (Figure 9). Ultimately, the relatively well-
preserved plies close to the back surface are characterized by the gradual breakage of 0° fibers plies
(Figure 10). These failure mechanisms are also revealed by the successive drops of the tensile load as
evidenced on the stress-strain curves of the most degraded specimens (Position #3 in Figure 7). In the
quasi-isotropic ([(0/90)v,(0/90),(£45),(0/90),(x45),(0/90),(x45),(0/90)]s) laminates investigated here,
one also may notice that the number of drops is somehow correlated to the thickness of the non-

delaminated area and the number of 0° plies.

As indicated in section 4.2, the non-delaminated area represents about half the laminates thickness
after 5- and 10-minutes flame exposure. After a 15 min exposure, the non-delaminated area represents
about 1/3 of the laminates thickness. In the specimens exposed for 5 min, six drops are observed in the
tensile response, what may correspond to the breakage of 6 plies oriented at 0°. In the specimens
exposed for 10 and 15 min, 4 and 2 drops are observed, respectively. The macroscopic tensile
responses of specimens #3 under different flame exposure times (Figure 7) also suggest that once the
0° fibres plies are broken, the +45° plies tends to take up the tensile load. It results in shifting the
fracture behavior from brittle (sudden breakage of 0° fibers plies) to ductile. As exposure time
increases, the gradual failure of most degraded specimens subjected to a tensile loading comes along
with the plastic deformation of +45° plies as well as fiber/matrix debonding and delamination (Figure
11b). Microscopic observations done on the most degraded specimen in central position (Figure 11)
clearly emphasize at small scale the two well-defined areas that play different roles from both thermal
and mechanical responses, as was previously mentioned. A closer look to the exposed surface shows
the influence of flame exposure time on the thermal decomposition of the PEEK matrix. The complete
pyrolysis of the matrix is reached after 15 min and the microscopic observations reveal a network of

dry fibers on the exposed surface.

4.3.2 Compressive behaviour
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The geometry of compressive specimens (100x150 mm?2) complies with the test standard (see section
3.3) aiming at determining the compressive strength after impact of laminated composites [43].
Compressive tests on kerosene flame exposed specimens are therefore derived from the localized
damage induced by impact [13][43-44]. As a result, the compressive mechanical properties (equivalent
stiffness and strength) derived from these tests cannot be relevantly compared to the ones obtained

from the conditions applied along with the compressive test European standard EN 2850 [53]. Indeed,

the compressive axial stiffness and strength are E, =49.25 GPa apq 0 =573 MPa respectively
(Tab. 1). Theoretically, it therefore means that a 260 kN compressive load would be necessary to
observe the ultimate failure of 100x150 mm? specimens. It was not possible to perform this test on our
testing machine as the maximum load cell capacity is 100 kN. From the macroscopic compressive
responses, it appears that CG/PEEK laminates have an elastic-brittle behavior, suggesting that the
compressive load is primarily borne by the 0° plies of specimens with a quasi-isotropic stacking
sequence (Figure 12a). One may also notice that the macroscopic response is not significantly
influenced by the flame exposure time. However, flame exposure leads to damage gradients within the
laminates (Figures 5 and 6), there are virtually no preliminary sign of damage before ultimate failure
in compression. The macroscopic stress-strain curve also suggests that only the 0° plies in the non-
delaminated area are capable of bearing the load. These 0° plies are localized along the specimen’s
edges (Figure 5) as well as on the non-exposed side of the laminates (Figure 5). From the macroscopic
compressive properties standpoint (Fig. 12b), it turns out that flame exposure has little influence on
the axial stiffness (-10%) and a moderate decrease in axial strength after 15 min exposure (-20%). The
influence of flame on the mechanical behavior is now discussed considering the failure modes taking

place in compression.

Failure modes in laminates whose mechanical behavior is driven by fibers (for instance in quasi-
isotropic laminates) typically include breakage of 0° fibers, splaying, wedging, kink bands (buckling at
both microscopic and macroscopic scales). As was discussed in the tensile loading case, the two well-
defined areas induced by flame exposure (Figures 5 and 6) are expected to reflect on failure modes in
compression. In severely delaminated composites laminates (which is the case here) subjected to a
compressive loading, buckling is expected to play a prominent role. Finite Elements calculations were
conducted on the as-received material in a previous study [54], to account for the compressive
response of 100x150 mm? as the ones used in the present work. From simulations, it turns out that the
first buckling mode to appear is the mode 2 buckling (2 blisters of opposite direction) at about 360
MPa and the mode 1 buckling (1 blister) appears shortly after at about 380 MPa (the mode 3 buckling
appears much later at about 500 MPa). A prior flame exposure contributing to create delamination and
out-of-plane displacements of the plies within the laminates (as shown in Fig. 6), one may reasonably
assume that local buckling will appear at lower stresses in thermally damaged plies, though it is not

possible to estimate the corresponding buckling stresses. In addition, one may also recall that the
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present compressive testing is based on anti-buckling knife-edges and clamping blocks whose interest
is to prevent the specimen buckling (Figure 4).

Ultimately, the purpose is to promote the breakage of 0° fibers in compression. As expected, Figure 13
shows that the two well-defined areas induced by flame exposure result in modifying the stress
distribution within the laminates. As the compressive load cannot be borne by the delaminated plies
near the exposed surface, it is transferred to the virtually undamaged areas on the backside of the
specimen as well as along the edges outside the kerosene flame degraded area. Thus, the compressive

load is taken up by the 0° fibers in non-delaminated areas of the specimens.

Once the compressive strength is reached in these areas, the through-thickness breakage of 0° fibers is
observed (Figure 14), leading to the transverse cracking of the specimen. A Digital Image Correlation
technique is applied to the back surface of the specimen (the less damaged one) during compressive
loading. The evolution of the axial strain distribution with time reveals that transverse cracking comes
along with the formation of a plastic kink band initiated in the delaminated area localized in the
kerosene flame degraded area (Figure 13). This buckling band is associated with the localization of
positive axial strains whereas the upper and lower areas of the specimen are in compression (negative
values of the axial strain). Regardless the flame exposure time, the observations of the right- and left-
hand sides of laminates edges clearly emphasize these damage mechanisms. The formation of the
plastic kink band ultimately results in the breakage of 0° fibers either in the form of wedging or a
shearing band (Figure 14). The dimensions of the degraded area on the exposed surface (Figure 5) and
the extension of delaminated areas within the laminates (Figure 6) gradually increase along with the
flame exposure time. Conversely, the compressive properties gradually decrease as there are slightly
less undamaged areas allowing the 0° fibers to bear the compressive load. However, the reduction of
the compressive stiffness and strength is quite moderate after 15 min (-10 and 20%, respectively) with
respect to the specimens exposed to a kerosene flame for 5 min. To conclude on the structural integrity
of CG/PEEK laminates subjected to compressive loadings, it would be necessary to determine the
reference value in the same testing conditions applied to as-received specimens (no prior flame

exposure).

4.3.3 Post-fire compressive properties

The influence of fire-exposure time on the compressive stiffness and failure strength is shown in Fig.
12b. Very little work has been done in the literature when it comes to evaluate the coupling between
severe fire exposure (kerosene flame) and the residual mechanical properties of thermoplastic-based
composite laminates. Unfortunately, there is no thermal-mechanical coupled simulation available now
to explain the complex changes in fire performance along with tensile / compressive mechanical
behaviours. However, Mouritz and Mathys have used analytical models for determining the post-fire

tension, compression and flexure properties are presented [55]. The potential use of the models for
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making preliminary predictions of reductions to the failure loads of glass-reinforced polyester
composite structures caused by fire is discussed. A few authors have shown that, due to the low
stiffness modulus and high strength, the plate structural integrity is often governed by excessive

deformation criteria or local and global buckling criteria in compression [56-58].

In the present study, the compressive failure of CG/PEEK specimens is mainly due to global buckling.
Compression tests conducted on specimens that were completely charred in the fire tests revealed that
the char layer had no residual compressive stiffness or strength [55]. In other words, this layer is
unable to support a compressive load. Thus, this feature needs to considered to estimate of the ultimate
compressive strength given by the compressive buckling load of a fire-damage laminates. By using the
theory developed on the buckling of thin plates under uniaxial compression [59], it is known that the
critical buckling load P, for a plate with fixed edges is defined by:

K,Dm?
Ocr = th2

Where:
* K, is the restraint coefficient accounting for the effect of constraining the plate’s edges and
whose value depends on the specimen length to width ratio v = a/b. In the present case r =
1.5and K, = 8.33.
o D =Et3/[12(1 — v?] is the flexural stiffness, E is the compressive modulus, v is the
Poisson’s coefficient and ¢ is the laminates’ thickness. The compressive modulus of

CG/PEEK laminates is E = 48.7 GPa and v = 0.04 [54].

Based on these expressions, the critical buckling stress can be re-written as follows:

2
Ter = E%@

In the case of fire-damaged laminates with a charred layer whose thickness is t., the previous equation

2

becomes [55]:
2

K, m? t—t
O =E . ( C)

[12(1—v?)]\ b

This relationship gives theoretical values of the compressive buckling stress at failure that are in rather
good agreement with the experimental values (see Fig. 12b), suggesting that the fire-damaged
laminates can be considered as a bi-layer material with one layer being the thermally-degraded one

(referred to as char layer) and the other layer the underlying “unburnt” material.

5. Conclusions
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For aeronautical certification purposes, the bearing capabilities of composite materials exposed to
kerosene flame aggressions (116 kW/m? and 1100 °C) are required to be preserved for 15 min. Most
references in literature have addressed the influence of heat flux or kerosene flame only in terms of
fire-behavior (thermal response) but not in terms of residual mechanical properties (stiffness and
strength). Thus, the question of coupling between thermal decomposition and mechanical behavior in

polymer-based laminated composites is still widely opened.

Regardless the exposure time, the kerosene flame exposure involves in-plane and through-thickness
temperature gradients, which ultimately create two well-defined areas within the laminates: an
extensively delaminated one (the one close to the exposed surface) and a relatively well preserved one
(close to the back surface). From the present work, it is possible to conclude that the mechanical
properties in tension and in compression are severely affected by prolonged exposures to kerosene
flame (15 min) with respect to as-received specimens. In addition, the flame exposure time (ranging
from 5 to 15 min) seems to have little very influence on tensile properties and the effect is moderate

on compressive properties, with respect to a 5 min exposure.

The barrier formed by an extensive thermally induced delamination contributes to relatively preserve
the structural integrity of the plies close to the back surface. In other words, the tensile load borne by
0° plies is expected to differ in the two well-defined areas of the quasi-isotropic laminates, and most of
the mechanical load is borne by the less damaged area. However, in the most degraded state (specimen
#3), the axial stiffness dramatically decreases by almost 50% and the axial strength loses 70% of its
initial value (as-received state). In compression, the influence of flame exposure is more detrimental as
the mechanical load cannot be borne by the plies localized in the delaminated area. The compressive
load is transferred to the virtually undamaged areas on the backside of the specimen as well as along
the edges outside the kerosene flame degraded area. Thus, the compressive load is taken up by the 0°

fibers in non-delaminated areas of the specimens.
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Gradual breakage of the 0° fibers in non-delaminated area
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Axial stiffness (GPa)
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(a) Kerosene flame exposed surface (most degraded specimen in central position)
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Exposed surface
a) 5 min b)10 mln c) 15 min

g ' N LB wall
Char formatlon + mel‘( Melt PEEK matrlx + PEEK matrix pyrolysis +
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Edge views
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: i Brekage of 0° fibers
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(a) 5 min (b) 10 min (c) 15 min
Compressive

Kerosene flame
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(b) 10 min (c) 15 min
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RLELLL : Formation of a plastic buckling band Transverse failure by breakage

e jnitiated in the delaminated area of 0° fibers in compression
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