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Abstract

Carbon fiber (CF)/polyetherketoneketone (PEKK) composites are exposed to

Skydrol, a hydraulic fluid made of phosphate esters widely used in the aviation

field. The present study investigates Skydrol absorption of CF/PEKK composite

layups and the associated PEKK matrix. A significant unexpected increase of

Skydrol uptake is observed for cross-ply composites (0.50%) compared to unidirec-

tional ones (0.06%), independently of ply number. The use of ‘model’ fluids like

water and ethanol allows to identify the origin of this anomalous Skydrol absorp-

tion in the case of cross-ply layup. We propose that the latter involves an imbibition

process governed by the fluid surface tension and the presence of submicronic cavi-

ties. SEM imaging of composite cross-section after ion beam polishing confirms

fiber-matrix submicronic debonding in the interlaminar region in the cross-ply

composite. SEM–EDX confirms the presence of Skydrol into the submicronic

cavities. Despite this anomalous absorption, off-axis tensile testing as well as ILSS

testing show no significant impact of Skydrol on CF/PEKK mechanical properties

with less than 10% difference compared to the initial values.

Highlights

• Absorption by diffusion of Skydrol in neat PEKK and CF/PEKK composites

• Link between fluid surface tension and anomalous Skydrol absorption

• Evidence of submicronic cavities in CF/PEKK composites by means of

SEM–EDX
• Low impact of Skydrol on CF/PEKK mechanical properties

KEYWORD S

absorption, CF/PEKK, composite, hydraulic fluid, mechanical properties, microstructure,
Skydrol

1 | INTRODUCTION

Polyaryletherketones (PAEK) are being of most interest
to replace thermoset matrices in carbon fiber reinforced

composites especially for aeronautics.1,2 These high
performances thermoplastics provide excellent thermal,
chemical and mechanical properties while requiring eas-
ier storage conditions than thermosets like epoxies and
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are inherently flame retardant.3,4 Their glass transition
temperature (Tg) is over 140�C while their melting
temperature (Tm) exceeds 300�C.

4 Due to their thermo-
plastic nature, composites based on PAEK are poten-
tially recyclable, weldable and can be consolidated out
of autoclave or in-situ.4–10

Polyetheretherketone (PEEK) is the most studied PAEK
matrix with numerous references on crystallization, aging,
mechanical properties, etc.9,11–17 In the last decades, poly-
etherketoneketone (PEKK) has been developed to compete
with PEEK as a matrix for structural composite parts of
aircrafts. This copolymer offers the possibility to modulate
its melting temperature while keeping a constant glass
transition temperature.18 This characteristic arises from its
chemical composition as it consists of two types of isomers:
TT (terephtaloyle-terephtaloyle dyad) and TI (terephtaloyle-
isophtaloyle dyad). A higher T/I ratio leads to a higher
melting temperature. Thereby, PEKK with a 70/30 T/I ratio
has a melting temperature of 332�C, far enough from its
degradation temperature (estimated around 410�C18) to be
processed easily and is used as matrix for high perfor-
mances thermoplastic composites.4,9,19

Composite parts can be exposed to different fluids dur-
ing maintenance as well as in the case of a leak. When a
new composite matrix is considered, like PEKK here, it is of
importance to determine its chemical resistance, especially
to aeronautic fluids. Hydraulic fluids such as Skydrol, a
mixture of three different phosphate esters (tributyl, dibutyl
phenyl and diphenyl butyl phosphates) with some other
additives in a smaller proportion,20,21 are known to be
aggressive for thermosets like epoxies.22–25 For instance,
Buggy et al.25 record a weight gain of 1.46% of an epoxy
resin immersed in Skydrol at room temperature. La Sapo-
nara26 shows that the weight gain is highly dependent of
temperature (0.3% at room temperature versus 2% at 70�C).
Other studies focus on the effect of Skydrol on epoxy adhe-
sive bonding of composites. Sugita et al.22 observe a colora-
tion as well as swelling of the adhesive with immersion in
Skydrol. Moreover, the mechanical and adhesive properties
are negatively affected.22–24

In comparison, very few studies report the effect of
Skydrol on neat PAEK or CF/PAEK composites. Stober
and Seferis27 measure a weight gain at saturation of 1.1%
of a crystallized unreinforced PEEK film immersed in
Skydrol. Concerning PEKK, Dominguez28 shows that the
elastic modulus and ultimate tensile strength of unrein-
forced PEKK exposed to Skydrol remain unchanged.
Little literature focusses on the effect of hydraulic fluids
on CF/PAEK composites. Horn et al.29 report a hydraulic
fluid (type not specified) uptake of 0.25% of a quasi-
isotropic CF/PEEK composite but no saturation plateau
is reached. Ma et al.30 also studied the uptake of both
unidirectional and woven CF/PEEK immersed in a

petroleum-based hydraulic fluid and measure an uptake
lower than 0.5%. Only one study was found, addressing
the weight gain of CF/PEEK immersed in Skydrol.
Pritchard and Randles31 report a 0.7% weight gain at
saturation of CF/PEEK exposed to Skydrol.

In this study, the quantity of Skydrol absorbed is
then determined in both neat PEKK and CF/PEKK.
The Skydrol absorption is studied for both unidirec-
tional and cross-ply CF/PEKK composites and is com-
pared to a ‘model’ fluid (ethanol). SEM imaging is
perfomed to get a better understanding of the differ-
ence in microstructure between the two types of layup.
Finally, possible impact of fluids absorption on
the composites mechanical properties is investigated
by probing the fiber-matrix interface through off-axis
tensile testing and the ply-ply interface through short
beam shear testing. The impact of Skydrol on the
bulk matrix properties is evaluated by tensile test
experiments.

2 | EXPERIMENTAL

2.1 | Materials

Neat PEKK Kepstan 7002 (T/I ratio of 70/30) is pro-
vided by Arkema in the form of injected plates
(100 � 100 � 2 mm3) and mechanical specimens
(2 mm-thick ISO 527 specimens). CF/PEKK unidirec-
tional tapes are provided by Hexcel Reinforcements.
The tapes contain 66 wt% carbon fibers and have a
thickness of 200 μm. Unidirectional composites of 4, 8
and 24 plies ([0]4, [0]8, [0]24) as well as cross-ply lami-
nates of 8 and 24 plies ([0/90]2s and [0/90]6s) are manu-
factured using the ‘vacuum-bag-only’ (VBO) method.
The consolidation cycle of the layups is performed
in an oven at 390�C during 90 min. Cooling is carried
out using pressurized air with a pressure regulator to
control the cooling rate. DSC measurements on the
final composite parts (see Figure S1) show a single
crystallization peak, no cold crystallization and a
melting enthalpy of ΔHm,CF/PEKK = 12,8 ± 1 J.g�1 cor-
responding to the enthalpy of a fully recrystallized neat
PEKK sample (ΔHm,PEKK = 38,5 ± 1 J.g�1, Figure S2).
Consequently, all composites manufactured are consid-
ered to have reached a maximum crystallinity.

The gravimetric measurements are performed by
immersing composite samples in three different fluids:
deionized water (VWR), ethanol (VWR) with a purity of
96% and Skydrol LD-4 (Eastman, kindly provided by
Hexcel). Table 1 gives the main characteristics of water,
ethanol and tributyl phosphate (TBP) which represents
the main constituent of Skydrol.
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2.2 | Gravimetric measurement

Gravimetric measurements are performed both on neat
PEKK and on CF/PEKK composites (8 and 24 plies).
Square samples (50 � 50 mm2) are cut from the neat
PEKK and CF/PEKK plates using a diamond wire saw.
The edges are smoothen using sand paper. The fact that
edge effects are non-negligible in composite materials
fluid absorption is crucial here. This is the reason why
we first tried to seal the samples' edges. Nevertheless, no
sealing solution was able to resist to Skydrol during long-
term exposures. Skydrol is a relatively aggressive fluid to
which most materials do not resist (for example the adhe-
sive of aluminum tape). To overcome this experimental
bias, the samples were carefully cut with a wire diamond
saw in order to avoid inducing damages on the edges. Sec-
ondly, we varied the thickness of the samples (UD and
0/90). 8-ply layups have a thickness of 1.6 mm and 24-ply
layups have a thickness of ca. 4.8 mm, to compare samples
satisfying the 1/20 ratio for diffusion process with samples
where side effects will be favored.

The samples are first dried in an oven under vacuum
at 120�C during 48 h then crystallized in a classic oven at
200�C during 4 h to ensure full crystallization. WAXS
measurements on the neat PEKK samples, using the meth-
odology described by Tencé-Girault et al.,32 provide a
weight crystallinity of 19% corresponding to the maximum
crystallinity of PEKK.32,33 Aging is performed by immer-
sion in Skydrol at 70�C and in ethanol at 25�C. The sam-
ples are placed in glass jars (sealed by a rubber sealant) in
a water bath in order to control the aging temperature.
The rubber sealant must be changed regularly because
Skydrol degrades the rubber. Table 2 reports the number
of PEKK and CF/PEKK samples immersed in Skydrol and
ethanol for the gravimetric measurements. Unfortunately,
the quantity of material supplied was not enough to
ensure five samples per condition. Preliminary studies
on thinner samples as well as the PEKK immersions in

Skydrol show very good repeatability of the gravimetric
measurement. We then considered two samples would
be enough to determine the Skydrol uptake in thicker
laminates. All data points are provided in the following
graphs except for PEKK immersed in Skydrol where the
values presented are averaged.

Gravimetric measurements are performed regularly
by taking the samples from the fluid, swabbing the
surface to remove all liquid and weighing them using a
Mettler Toledo analytical balance. The mass percentage
of fluid absorbed (w) at time t is calculated using
Equation (1):

w¼m�m0

m0
�100 ð1Þ

where m is the mass of the sample at time t and m0 the
initial mass of the sample in the dry state.

2.3 | Mechanical tests

2.3.1 | Tensile test

Neat PEKK ISO 527 1BA 2-mm thick specimens are tested
on an Instron 5966 machine at a speed of 1 mm/min using
a cell force of 10 kN. The specimens are tested in the dry
state (dried and crystallized as described in section 2.2)
and after immersion in Skydrol at 70�C (as per section 2.2)
from 500 to 3000 h. Aged specimens are dried with a paper
towel prior to mechanical testing. The nominal displace-
ment is recorded as the crosshead displacement.

2.3.2 | Off-axis tensile test

The fiber-matrix interface is mechanically stressed using
the off-axis tensile test. Specimens are cut in [0]4
CF/PEKK plates using a water jet at an angle of 10� with
respect to the fibers direction. Their dimensions are
278 mm � 12.7 mm according to Chamis and Sinclair.34

Ten of the specimens are immersed in Skydrol in a large
glass dish placed in an oven at 70�C during 1000 h.35

The specimens are tested at 23�C using an Instron
5581 apparatus at a speed of 2 mm/min using a 50 kN
cell force. Results are averaged over six specimens for the

TABLE 1 Molar mass, molar

volume and surface tension of the three

fluids.

Water Tributyl phosphate Ethanol

Molar mass (g.mol�1) 18 266 46

Molar volume at 20�C (cm3.mol�1) 18 272 58

Surface tension at 20�C (mN.m�1) 72 28 22

TABLE 2 Number of samples used for gravimetric

measurements in Skydrol and ethanol.

PEKK [0]8 [0]24 [0/90]2s [0/90]6s

Skydrol 5 2 2 2 2

Ethanol 3 - - 4 -
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dry state and ten for the aged ones. In order to measure
the deformation in the carbon fiber direction (10�), the
tensile test is coupled with 2D digital image correlation
(DIC). The specimens are covered with a random black
and white speckle pattern using spray paint. The speci-
men deformation is captured using a Manta G-917B
camera with a telecentric lens and a LED panel. An
acquisition box (KiloNewton) is used to save data from
the camera (captured images) and the tensile testing
machine (applied force and nominal displacement). A
picture is captured every 100 ms. The DIC data are
recorded and analyzed using respectively VIC-snap
and VIC2D softwares (KiloNewton). The step size and
subset size are chosen to be 12 and 27 pixels respec-
tively, as recommended by.36 The shear stress (τ12) is
computed as37:

τ12 ¼ σx cos θ sin θ ð2Þ

With σx the stress in the loading direction and θ the
angle of the fibers (here θ = 10�).

The shear strain (ε12) is calculated such that34:

ε12 ¼ εyy� εxx
� �

sin2θþ εxy cos2θ ð3Þ

With εxx, εyy and εxy the shear strains in the tensile
testing machine landmark. The shear modulus (G12) is
calculated in the range ε12 � [0.2%–0.6%] as per.37

2.3.3 | ILSS

The interlaminar shear strength (ILSS) of the compos-
ite is measured using the short beam shear test
(ASTM D2344). The specimens are cut from the 24-ply
laminates using a diamond wire saw. Depending
on the thickness of the laminate, the specimen length
is equal to six times the thickness and the width
is equal to twice the thickness. The test is performed
on an Instron 5581 apparatus, at 1 mm/min using a
50 kN cell force. The setup including the three cylin-
ders only support a maximum load of 10 kN. The
results are averaged on six specimens. The ILSS is
measured as:

ILSS¼ 3Fmax

4hw
ð4Þ

With Fmax the maximum load applied, h the specimen
thickness and w the specimen width.

The samples are tested at 23�C, in the dry state and
after 3500 h of immersion in Skydrol at 70�C.

2.4 | SEM

Scanning electron microscopy (SEM) is performed on a
Thermo Fisher Quanta FEG 250 microscope at Arkema.
The cross-section surfaces of 8-ply UD and cross-ply sam-
ples are prepared by ion beam polishing using a Gatan
Ilion+693 apparatus under vacuum at 6 keV. The cross-
ply samples surfaces are prepared using ionic polishing in
order to avoid degrading the sample surface. Previous tests
have indeed shown carbon fibers breaking when using
mechanical surface preparation. As PEKK is more ductile
than carbon fibers, sand papers and diamond solutions
create cavities in the matrix phase. The polished surface is
in the thickness direction in order to exhibit different plies
and has a surface of around 400 � 400 μm2.

Energy-dispersive x-ray spectroscopy (SEM–EDX) is
also performed with the same apparatus. The ion beam
polished sample is aged in Skydrol by immersion at 70�C
during ca. 15 h. The sample is gently surface dried prior to
observation. The microscope is set under low vacuum
(80 Pa) in order to avoid desorption of the Skydrol remain-
ing in the composite, with a beam energy of 10 keV. Phos-
phorus mapping of the sample surface is carried out in
order to determine where the Skydrol is present in the
composite microstructure as this fluid is composed of phos-
phate esters. The mapping is performed during ca. 10 min
to avoid degradation of the composite that occurs at longer
durations.

3 | RESULTS AND DISCUSSION

3.1 | Skydrol absorption

3.1.1 | Neat PEKK

The weight gain of neat crystallized PEKK immersed in
Skydrol at 70�C is shown in Figure 1. The values are com-
pared to water, a fluid that was the focus of a previous
study.33 The weight gain is plotted against the square root
of time in order to observe the potential linear relationship
at short times (typical of a fickian absorption behavior).
The timescale is divided by the sample thickness to allow
for easier comparison between different experiments.

The standard deviation of the experimental data is of
the order of 0.02% for both water and Skydrol exposures.
Skydrol diffusion in neat PEKK is particularly slow and
does not reach saturation within the current exposure time.
Neat PEKK absorbs about 0.9% of water at saturation,33

which corresponds to 800 h of exposure of a 2 mm-thick
plate whereas it absorbs only 0.27% of Skydrol after 7200 h.
As stated before, to the best of our knowledge, there is no
data for PEKK immersed in Skydrol. Stober and Seferis27
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find a saturation value for a 60 μm-thick film of crystallized
PEEK immersed in Skydrol at 70�C of 1.1%. Nevertheless,
this value does not seem to be consistent with the absorp-
tion curve determined for PEKK in the present study.
Indeed, the saturation value of 1.1% would not be reached
with the current diffusion rate observed in this study.

The absorption rate is discussed hereafter instead of
considering the diffusion coefficient, as there is no satu-
ration plateau in the case of Skydrol. The rate of sorption
of water by PEKK (0.18 mm.h�1/2) is 30 times higher
than that of Skydrol (0.006 mm.h�1/2), which may be
linked to the size of the penetrant molecules. Tributyl
phosphate being the main component of Skydrol, the
chemical characteristics of the fluid will be considered
those of TBP. Table 1 gives the molar mass of water and
Skydrol, showing a significant difference between the
two fluids.

3.1.2 | Unidirectional and cross-ply
CF/PEKK

Unidirectional and cross-ply 8 and 24-ply composites
(respectively 1.6 and ca. 4.8 mm thick samples) are
immersed in Skydrol at 70�C in order to determine
the effect of ply orientation as well as layup thickness
on Skydrol transport in the CF/PEKK composites.
Figure 2 shows the weight gain as a function of the
square root of time divided by the sample thickness of
these composites in Skydrol for 8 and 24-ply unidirec-
tional composites ([0]8 and [0]24) and 8 and 24-ply
cross-ply composites ([0/90]2s and [0/90]6s).

No saturation plateau is reached for any of the
samples. Moreover, the diffusion does not follow a fick-
ian nor a pseudo-fickian behavior for the cross-ply

composites for Skydrol exposure as the weight gain as
a function of the square root of time is not linear
at short times (Figure 2A). For these composites, the
Skydrol absorption between 8 and 24-ply composites
shows a significant discrepancy in terms of weight gain
after ca. 13 h1/2.mm�1 with an uptake of 0.34% and
0.40% for 8 and 24 plies respectively. This discrepancy
can be associated to edge effect during the absorption
process. More precisely, this is probably due to interla-
minar cavities accessible to the fluid through the edges
of thick samples. This phenomenon has already been
discussed in the previous study in the case of water.38

This difference in Skydrol uptake between 8 and 24-ply
samples is observed for both UD and cross-ply layups.

The unidirectional composites absorb around
0.06% of Skydrol (Figure 2B) while the cross-ply
CF/PEKK samples absorb up to ten times more
Skydrol after 4000 h (w4000h = 0.50% for the [0/90]2s
composite). The Skydrol uptake measured for the
cross-ply composites is consistent with the value
reported by Pritchard and Randles for quasi-isotropic
CF/PEEK (0.7%).31 It was evidenced by microscopy
image analysis that the composites used contain less
than 0.1 v% porosities with characteristic dimensions
superior to >1 μm (Figure S3). Thus, the excess of Sky-
drol absorbed by the cross-ply composites cannot be
explained by these porosities. It should also be stated
that this difference in quantity of Skydrol absorbed
by UD and cross-ply composites has already been
observed in the case of water but in a smaller propor-
tion (about 0.1% difference).38 Skydrol seems to have
more ability to penetrate the cross-ply composites
compared to unidirectional ones. This observation
leads to the hypothesis that smaller porosities (<1 μm)
are present in the cross-ply CF/PEKK composites.

FIGURE 1 (A) Weight gain as a function of the square root of time divided by the sample thickness of neat PEKK immersed in water

(70�C), Skydrol (70�C) and ethanol (25�C). (B) Zoom in the plot showing data for Skydrol (70�C) and ethanol (25�C) only.
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An imbibition process involving very small porosities
could then occur in the cross-ply composites.

Let us recall that imbibition is a physical phenome-
non describing the penetration of a liquid in a capillary
at a given pressure. The smallest capillary radius (R) that
will be penetrated is equal to the surface tension of the
fluid (γ) over the applied pressure (P), as given in
Equation (4):

R¼ 2γ
P

ð5Þ

In the field of composites and their interaction with
fluids, authors have proposed to take into account the
capillarity process induced by the presence of porosity
and cracks to simulate the absorption process. In this
context, we can cite the work of Weitsman and Guo39 or
more recently Gagani et al.40 It should be noted here that
our approach to analytically model the imbibition process
is limited to a capillary-type geometry (equation 4). We
could, for example, modify this modeling by taking into
account the shape or aspect ratio of porosities measurable
by synchrotron x-ray microtomography. In particular, the
aim could be to identify the porosity network and its shape
factor as a function of ply orientation and out-of-autoclave
consolidation conditions.

In the present study, the surface tension of TBP,
the main component of Skydrol, is close to three times
lower than that of water (Table 2). Thus, if we consider an
imbibition process under atmospheric pressure, the mini-
mal radius of a capillary that can be penetrated by water is
on the order of 1.4 μm whereas it is of 0.5 μm in the case
of Skydrol. In other words, composites will absorb more
Skydrol if submicronic porosities, such as those that could

occur during fiber-matrix debonding, are present. To vali-
date if this Skydrol absorption is governed by the presence
of very small porosities, we propose to replicate the experi-
ments by replacing the Skydrol by ethanol.

3.2 | Ethanol as a ‘model’ fluid

In order to confirm the effect of the fluid's surface tension
on the absorption behavior, ethanol is used as a ‘model’
fluid, with a surface tension close to the one of TBP but a
molecular weight close to the one of water. Neat PEKK is
immersed in ethanol at 25�C (not at 70�C as for Skydrol
because of the boiling temperature of ethanol) and the
weight gain is presented in Figure 1. Even if the molar
mass of ethanol is closer to the one of water, neat PEKK
does not absorb much more fluid. Under the current
exposure temperature, ethanol absorption rate by PEKK
is of the same order of magnitude as Skydrol.

Samples of [0/90]2s composite are immersed in ethanol
(at 25�C) in order to compare the absorption behavior with
the one of Skydrol (Figure 2). Even with a lower exposure
temperature, the uptake of ethanol by the cross-ply
composite follows roughly the same behavior as Skydrol
with a greater amount of fluid uptake. The aforemen-
tioned study by Pritchard and Randles31 compares the
weight uptake of Skydrol and isopropanol of a quasi-
isotropic CF/PEEK 8-ply composite at 23�C. The authors
show that the diffusion rates are equivalent at short
times for the two fluids but diverge at a certain point.
Likewise, the weight gain measured at saturation is also
equivalent. Unfortunately, it is not possible to confirm
the last observation as saturation is not reached in
the present study. Nevertheless, the ethanol uptake

FIGURE 2 Weight gain as a function of the square root of time divided by the sample thickness of (A) CF/PEKK composites

immersed in Skydrol (70�C) and ethanol (25�C, black symbols), (B) unidirectional composites only (zoom from Figure 2A), immersed

in Skydrol at 70�C.

LESIMPLE ET AL. 10793

 15480569, 2024, 12, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28507 by E

N
SA

M
, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



confirms that the fluid surface tension appears to be the
main parameter governing the abnormal uptake by the
cross-ply composite compared to the unidirectional one.

3.3 | Composite microstructure

The water, Skydrol and ethanol uptakes obtained for
the cross-ply composites (cf Figure 2) lead to the
hypothesis that a submicronic porosity is present in
these composites, but absent in the unidirectional ones.
The difference of fluid uptake between UD and cross-
ply composites would be indeed less important in the
case of water as the high surface tension of water does
not allow fluid penetration in the submicronic cavities.
To confirm this hypothesis, SEM imaging is used to
observe the interply region in particular, as it consti-
tutes the main difference between cross-ply and UD
composites structure.23

SEM images in Figure 3 show several cavities under
the shape of fiber-matrix debonding only in the interla-
minar regions, having a width of ca. 500 nm, in good
quantitative agreement with the theoretical prediction
from the simple imbibition model. Cracks are also
observed in the matrix phase in these regions.

These debondings and cracks are the consequence of
residual stresses (due to matrix shrinkage) remaining in
the cross-ply composite that are dependent on the cooling
rate.41 Tsukada et al.42 reported the macroscopic para-
bolic aspect of the residual stresses in unidirectional ther-
moplastic composite. Cooling of the plate surface is faster
than in the bulk. Thus, compression stresses appear
at the surface while tensile stresses develop in the bulk.
At a smaller scale, the difference in fiber orientation
between two consecutive plies and PEKK thermal shrink-
age taking place in different directions lead to important
stresses. These stresses are particularly concentrated in

the interply region. Indeed, the coefficient of thermal
expansion of carbon fibers (αT ≈ 7 to 12.10�6 K�1 for
high strength carbon fibers) is negligible compared to
that of PEKK (αT ≈ 230.10�6 K�1 for T > Tg).

19,43–46 If
the residual stresses are greater than the fiber-matrix
adhesion strength, debonding takes place during compos-
ite cooling after consolidation. On the contrary, cracks in
the matrix phase will occur if the fiber-matrix adhesion is
strong enough.45

As Skydrol is composed of phosphate esters, phospho-
rus mapping is performed by SEM–EDX in order to con-
clude if Skydrol can penetrate these cavities. Figure 4A
shows the SEM image of a [0/90]2s composite after
immersion in Skydrol for 15 h and Figure 4B shows
the associated phosphorus mapping. One can see that the
bluest areas of the mapping image correspond to the
debondings observed on the corresponding SEM image.
This result confirms the ability of Skydrol to penetrate
these small porosities. Similar SEM observation and
phosphorus mapping on unidirectional composites show
no debonding nor presence of phosphorus in the UD
composite exposed to Skydrol.

As a consequence, Skydrol could be used to deter-
mine the porosity of a sample. Considering that the
density of Skydrol is equal to 0.97 g.cm�3 at 70�C and that
the PEKK matrix absorbs ca. 0.06 wt% Skydrol, a sample
of CF/PEKK which absorbs 0.4 wt% of Skydrol has a void
content (porosities of size <1 μm) close to 0.3 v%.

Finally, a longer immersion time of cross-ply com-
posites in Skydrol seems to relax the residual stresses.
Indeed, when comparing SEM images of a [0/90]2s
CF/PEKK composite before and after exposure to
Skydrol, the width of the debondings have increased
(Figure 5). This widening of the cavities during expo-
sure could explain the absence of saturation plateau
observed for Skydrol and ethanol uptakes of CF/PEKK
composites (Figure 2).

FIGURE 3 SEM image of the interply region of a [0/90]2s CF/PEKK composite.
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3.4 | Mechanical properties of CF/PEKK
exposed to Skydrol

The unexpected Skydrol absorption in the case of cross-
ply composites is attributed to an imbibition process
in submicronic cavities in the interply region due to
fiber-matrix debonding caused by residual stresses after
consolidation. It is then crucial to check possible conse-
quences of this Skydrol absorption on the composites
mechanical properties. For this purpose, we propose first
to investigate tensile properties of neat PEKK to verify if
matrix is affected by the Skydrol, and then the fiber-
matrix interface before and after Skydrol exposure. To
characterize fiber-matrix interface, off-axis tensile testing
is proposed whereas short beam shear is performed to
characterize the interply.

3.4.1 | Neat PEKK

Tensile testing of neat PEKK exposed to Skydrol at 70�C
up to 3000 h shows no significant effect of the fluid on
mechanical properties of the polymer (Figure 6). This can

be understood due to the very low quantity of Skydrol
absorbed by PEKK (cf Figure 1).

2 mm-thick PEKK samples absorb around 0.17% of
Skydrol after 3000 h of exposure. The maximum effects
seem to have already been reached after 500 h of immer-
sion. The nominal elastic modulus decreases by 3%
whereas the ultimate tensile strength decreases by 5%. The
tensile tests have a good repeatability with a standard devi-
ation ranging from 15 to 60 MPa on Young's modulus and
of less than 1 MPa on ultimate tensile strength.

3.4.2 | Fiber-matrix interface

The effect of Skydrol on the fiber-matrix interface is studied
by off-axis tensile testing on unidirectional composite
exposed to Skydrol at 70�C during 1000 h. The shear modu-
lus and shear strength are determined for an angle of 10� to
the fibers direction and are reported in Table 3.

The shear modulus and shear strength measured
for CF/PEKK are slightly higher than for CF/epoxy accord-
ing to Merzkirch and Foecke results (τ12 = 65.6 MPa for a
CF/epoxy UD composite reinforced with 50 v% fibers).47

FIGURE 4 SEM (A) image and (B) phosphorus mapping of a [0/90]2s CF/PEKK composite after immersion in Skydrol at 70�C.

FIGURE 5 SEM images of a

[0/90]2s composite (A) before aging

and (B) after 15 h of immersion in

Skydrol at 70�C.
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The current results show that there is also no effect of
the fluid on the fiber-matrix interface mechanical properties
due to the low Skydrol uptake of UD CF/PEKK composite.
The stress-train curves can be found in Figure S4.

3.4.3 | Interlaminar mechanical properties

ILSS is used to determine the impact of Skydrol on the
interlaminar mechanical properties. Table 4 reports
the ILSS of both UD and cross-ply composites in the dry
state and after 3500 h of immersion in Skydrol at 70�C.
ILSS is usually determined on UD composites but mea-
suring the ILSS of cross-ply CF/PEKK gives a relative
result of the impact of Skydrol on this type of layup. As
expected, Skydrol has no impact on the ILSS of UD com-
posites, as the latter absorbs only a minor amount of Sky-
drol (w3500h ≈ 0.05%).

Nevertheless, a decrease of 10% of the ILSS of the
cross-ply composite is observed indicating an effect of

Skydrol on the interlaminar region. We can conclude that
a Skydrol absorption associated to submicronic cavities
does not lead to drastic properties changes. Although
some Skydrol absorption can be detected for the cross-ply
samples inducing some widening of the interfacial cavi-
ties (Figure 5), this effect has only a limited impact on
the interlaminar mechanical properties. This result con-
firms the interest of such thermoplastic composites as a
structural material for aerospace applications.

4 | CONCLUSIONS

This study focused on the possible interaction between
Skydrol and CF/PEKK composites. As for neat PEKK,
unidirectional CF/PEKK absorbs very little Skydrol
(<0.1%). Nevertheless, immersion of cross-ply composites
show a Skydrol uptake ten times higher. This difference
is not explained by the amount of porosities determined
by optical microscopy, which is <0.1% for both layups.
The comparison of fluid uptake with a ‘model’ fluid like
ethanol that have a smaller molar mass than tributyl
phosphate (main component of Skydrol) but similar
surface tension confirms that the latter is the key
phenomenon to understand the abnormal uptake. SEM
images of cross-ply composite samples evidence fiber-
matrix debonding, particularly in the interlaminar
region, confirming an imbibition-based scenario for
this abnormal uptake. The submicronic cavities are
caused by residual stresses that concentrate at the
interface between to plies oriented with different angles.
These residual stresses are partly released upon cooling
after consolidation of the composite and create fiber-matrix
debonding if the adhesion is non-optimal. Phosphorus
mapping proves that Skydrol is able to penetrate these

FIGURE 6 Young's modulus (A) and ultimate tensile strength (B) of PEKK in the dry state and for different immersion durations in

Skydrol at 70�C.

TABLE 3 Shear modulus and shear strength of CF/PEKK in

the dry state and after immersion in Skydrol at 70�C.

DRY (0 h) 1000 h w1000h (%)

Shear modulus G12 (GPa) 7.5 ± 0.2 7.6 ± 0.2 �0.05%
Shear strength τ12 (MPa) 81 ± 3 81 ± 2

TABLE 4 ILSS of unidirectional and cross-ply CF/PEKK in the

dry state and after 3500 h immersion in Skydrol at 70�C.

Layup DRY (0 h) 3500 h w3500h (%)

ILSS (MPa) [0]24 96 ± 1 95 ± 2 �0.05%

[0/90]6s 88 ± 3 80 ± 2 �0.40%

10796 LESIMPLE ET AL.

 15480569, 2024, 12, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28507 by E

N
SA

M
, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



debondings, confirming further the imbibition scenario. As a
result, Skydrol absorption can be used as a tracer to detect
submicronic cavities associated to the debonding process.
Furthermore, we have shown that ethanol, a solvent easier
to manipulate than Skydrol, can be also used to detect the
submicronic damage. Complementary studies by x-ray
microtomography are planned to explore in details and
in-situ the shape and position of these residual cavities.

From a mechanical point of view, Skydrol absorption
consequences on mechanical properties, specific tests char-
acterizing matrix-fibers interfaces have been performed.
The results show that Skydrol has no impact on neat PEKK
nor CF/PEKK unidirectional mechanical properties as this
type of layup does not absorb Skydrol. On the other hand, a
moderate decrease of ILSS, about 10%, is observed for the
cross-ply composites upon absorption of Skydrol. From all
these observations, we can conclude that Skydrol absorp-
tion doesn't affect significantly the mechanical behavior of
CF/PEKK composites.
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