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In a context of ecological transition, aeronautics is moving towards the development of hydrogen-powered
aircraft for which lightweight, long-lasting and tough storage tanks must be developed. Among other proper-
ties, the tightness of tanks made of polymer and composite materials is of prime importance. This study thus aims
at understanding the permeation phenomena through Poly-Ether-Ketone-Ketone (PEKK), which is one of the
thermoplastic polymers considered for tank manufacture. In order to better understand the phenomena gov-
erning gas permeability, tests were carried out on different PEKK grades of different T/I ratios and degree of
crystallinity. The results show that the crystallinity ratio is not the only factor that governs gas diffusion and
solubility, but that permeability also depends on PEKK semi-crystalline microstructure. Even if considering
crystallites organization through a tortuosity factor improves permeability predictions, permeability can be
better understood using a 3 phases description of PEKK microstructure considering distinct contributions of the
rigid and mobile amorphous fractions (RAF and MAF). It appears that the MAF permeation does not depend on
PEKK T/I ratio, but that gas diffusion and solubility increase for RAF when increasing T/I ratio, thus counter-

balancing the blocking effect of crystallites.

1. Introduction

Against a backdrop of global warming, various sectors of industry
and transport are seeking to limit their greenhouse gas emissions. De-
cades ago, one solution was to reduce the weight of aircrafts by changing
the materials used. If we compare the A300 of the 1970s with the A350
of the 2000s, the mass proportion of composites has increased by around
40 % [1]. Today, at the dawn of hydrogen-powered vehicles, this quest
for weight savings remains a priority in order to save more energy than
before. In the automotive sector, there are already hydrogen-powered
cars equipped with “type IV” tanks. This categorization is based on
their composition, ranging from type I (made entirely of metal, holding
200 bar) to type IV (carbon fiber composite structure with polymeric
liner at 350-700 bar) and soon to type V (all composite without liner at
1000 bar) [2]. The development of hydrogen (H,) storage tanks made
from organic materials is an essential prerequisite for the deployment of
these technologies in the transport sector. Whether stored in a gaseous
state under pressure, or in a liquid state under cryogenic conditions,
reducing tank mass remains essential. The manufacture of storage tanks
using high-performance composites reinforced with long fibers thus

represents a relevant option. Storing hydrogen with polymeric or com-
posite materials however remains a challenge due to the low steric
hindrance of the dihydrogen molecule. Controlling tank leakage there-
fore requires a perfect understanding of permeation phenomena.
Among the possible matrices of composites, thermoplastics represent
an interesting option as they allow the structures to be repaired, welded
and recycled [3]. The permeability of a thermoplastic material depends
on several parameters, such as its state (glassy or rubbery [4,5]), its
molecular weight [6], but above all its crystallinity. Indeed, the crys-
talline microstructure of semi-crystalline thermoplastic polymers is a
key factor of gas solubility and diffusion in thermoplastic matrix poly-
mers and composites [7-9]. Unlike the amorphous phase, crystallites are
formed of organized macromolecules, which packing locally increases
density. This density makes them impermeable to gases, even in the case
of gases composed of small molecules such as dihydrogen or helium.
Semi-crystalline Poly(Aryl-Ether-Ketone) (PAEK) polymers are of
particular interest as they are considered promising candidates for the
manufacture of large storage tanks. Composites involving these high-
performance thermoplastic matrices are already well-established in
the aeronautics sector, thanks to their ability to be used in the



manufacture of composite parts using automated processes such as
filament winding, Automated Fiber Placement (AFP), etc. [10]. This
particular interest in this material compared to other high-performance
matrices is mainly due to its high glass transition temperature, which
implies excellent thermal stability. In addition, its mechanical and
chemical resistance makeit the material of choice for the manufacture of
tanks [11]. Among the different PAEK polymers, the best-known is Poly
(Ether-Ether-Ketone) (PEEK), but Poly(Ether-Ketone-Ketone) (PEKK) is
currently regarded for its lower melting point, better mechanical prop-
erties, etc. The difference between these two polymers resides mainly in
the replacement of an ether function by a ketone function.

The physico-chemical properties of PEEK and PEKK have already
been extensively studied [10,12-19]. However, few, if any, focused on
the correlation between their crystallinity and the permeation behavior.
This study therefore aims to investigate the gas permeation of PAEK
polymers, and in order to understand the role of crystalline micro-
structure, the behavior of three different grades of PEKK that differ in
terms of crystallinity and molecular structure was analyzed.

The permeation behavior was investigated with helium, and diffu-
sion and solubility coefficients are correlated with the characteristics of
the semi-crystalline microstructure of the three PEKK grades. The data
collected for the different grades and different crystallinities are then
analyzed using different permeability models adapted to semi-
crystalline polymers.

2. Materials and methods

2.1. PEKK samples

Poly-Ether-Ether-Ketone (PEKK) is a synthetized from the copoly-
merization of two ether-ketone-ketone isomers. Different PEKK grades
can thus be obtained depending on the ratio of Terephthaloyl (para) to
Isophthaloyl (meta) monomers (Fig. 1).

Changing the T/I ratio affects PEKK’s ability to crystallize. Indeed,
the more linear T monomers are, the easier it is for the macromolecules
to organize into crystallites.

In this study, 3 PEKK grades of different T/I ratios are investigated.
They were supplied by ARKEMA in the form of 100 pm films, and
referred as 6002, 7002 and 8002 grades for 60, 70 and 80%mol. of
Terephthaloyl monomers respectively. Table 1 shows the physico-
chemical properties of the 3 PEKK grades. As previously mentioned, due
to chain mobility, an increase in melting and glass transition tempera-
ture can be observed with the increase in the T/I ratio.

As film extrusion induces high cooling rates, the as-received films
have avery low crystallinity. However, achieving aheat treatment atthe
rubbery state (from 200 °C to 240 °C depending on the T/I ratio) enabled
their crystallinity to be increased by cold crystallization (Fig. 2). Two
microstructures are thus analyzed in this study for each PEKK grade: the
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Fig. 1. T and I monomer representation.
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Table 1
Thermal and chemical properties of the PEKK grades of different T/I ratios
considered in this study.

PEKK 6002 7002 8002
Chemical formula [C20H12031,4
Ty (°C) 160 162 165
Tm (°C) 305 332 358
T/I Ratio 60/40 70/30 80/20
T(°C) 1
1h isotherm
p.. (o T [ RGO R SOuRu,
/ PEKK 6002
225 ool
PEKK 7002
200 Lo
PEKK 8002
t(s)

Fig. 2. Schematic of heat treatments applied to PEKKs films according to their
T/1 ratio.

films as received with low crystallinity (AR) and a cold-crystallized
semi-crystalline film resulting from a 1-h heat treatment (CC). This
heat treatment resulted in homogeneous and highly crystalline films for
each grade. Many heat treatment conditions were tried to prepare films
of intermediate crystallinity, but the shrinkage of stretched films
occurring during heat treatments, the restricted temperature range be-
tween the T, and T, of 6002 PEKK grade and the high crystallization
kinetics of 7002 and 8002 PEKK grades did not allow satisfactory sam-
ples with different crystallinity rates to be obtained with the furnaces
available.

2.2. DSC measurements

The mass crystallinity X, of the initial and treated films was deter-
mined by differential scanning calorimetry (DSC PerkinElmer 8000)
according to Eq. (5).

AH,, — AH,,
X. = AHioo, (Eq.5)
In Eq. (5), AH,, is the melting enthalpy in J.g~!, AH,, is the cold crys-
tallization enthalpy and, AHjgp ¢ is the melting enthalpy of PEKK
crystals (assumed equal to 130 J g’1 [12]). The measured degree of
crystallinity for the as-received (Fig. 3) and heat-treated (Fig. 4) film
samples are summarized in Table 2.

Cold crystallization yielded crystallinities ranging from 22 % for
6002 to 33 % for 8002. As expected, the degrees of crystallinity of cold
crystallized samples vary according to the T/I ratio, due to the
increasing proportion of linear monomers.

2.3. XRD measurements

X-ray diffraction (XRD) analysis was carried out using a Malvern
PANalytical Empyrean Series 3 X-ray diffractomer. This instrument has
been used in Wide-Angle X-ray Scattering (WAXS) mode and Small-
Angle X-ray Scattering (SAXS) configurations. For both techniques, the
samples studied were 25 mm diameter disks taken from 100 pm thick
films.

WAXS allows crystallite width L. to be measured using Scherrer’s
equation (Eq. (6).
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Fig. 3. DSC thermograms of as-received amorphous PEKK films (heating rate of
10 °C.min ™).
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Fig. 4. DSC thermograms of cold-crystallized PEKK films (heating rate of
10 °C.min ™).

Table 2
Degree of crystallinity X of PEKK samples determined by DSC (AR: As-Received;
CC: Cold-Crystallized).

PEKK sample 6002 7002 8002
AR CC AR CcC AR CC
X (%) 1.1 22.0 2.6 28.0 6.2 33.0
0,9 x A¢
L i : - (Eq.6)

~ FWHM x cos(6q)

In Eq. (6), Acy = 0.154 nm is the wavelength of the K, copper x-rays
source, 0 is Bragg’s angle in radians and FWHM is the half-height width
of diffraction peaks of 20 angle in radians.

SAXS mode was used to determine the average thickness W, of
crystalline lamella and the crystal/amorphous long period L,. To do so,
the Mylar sample holder was first subtracted from the raw SAXS signal of
PEEK measurement [22]. The resulting signal is a quantity of photon
scattered towards a 0 angle direction from the incident beam. This angle
was converted into the scattering vector q:

q= ﬂsin @)

= o (Eq.7)

This subtracted signal was then smoothed by a Savitzky-Golay
method and the Fourier transformation y(r) of the resulting signal
([23,24]) was achieved using Eq. (8).

/ q*1(q)cos(gr)dq
rAJ_o 00000 (Eq.8)

The curve obtained from this transformation (Fig. 5) could finally be
used to determine the crystal/amorphous long period L, and the thick-
ness of the crystalline lamellae W, [23].

2.4. Gas permeability measurements

Permeability was measured using a homemade test device specially
developed for the purpose of the HYPOCCRYT project (Hydrogen
Permeability of Organic Composites at Cryogenic Temperatures). It is
based on the principle of partial pressure difference between an up-
stream chamber connected to the gas inlet and a detection chamber
equipped with gas sensors (Fig. 6). The gas passing through the material
can be detected either by a cold cathode pressure sensor in a test
configuration of closed volume, i.e. where gas permeation leads to a
pressure balance between the two chambers, or by a mass spectrometer
when using a constant gas inlet pressure and continuously vacuuming
the detection chamber. In this study, all permeability measurements
were achieved using this second configuration. The pressure was set at
0.5 bar in the inlet chamber and p < 10~* mbar in the detection
chamber. Gas permeability was characterized using helium 6.0, which is
close in size to hydrogen [25] and the polymer samples had a thickness
of 100 pm and a diameter of about 60 mm.

Experimentally, permeability, diffusion and solubility can be deter-
mined from the quantity of gas passing through the sample over time.

Here, given the use of a mass spectrometer, the change in helium
partial pressure with time in the detection chamber was used to deter-
mine permeability parameters (red dots in Fig. 7). The permeability
coefficient was obtained with Eq. (9) from the steady-state helium
partial pressure and parameters such as chamber volume, pump flow
rate, etc.

_ pSTV th

Eq.9
RTXAAp (Eq.9)
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Fig. 5. Fourier transform representation of SAXS signal.
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Fig. 7. Experimental permeation flow rate measurement recorded over time on
amorphous PEKK 6002 film and model prediction assuming a Fickian diffusion
and Henry’s law of solubility (Eq. (12)).

In Eq (9), psr corresponds to the partial pressure of helium at the steady
state (Pa), V is the volume flow rate of the turbomolecular pump (m°.
s™1), A is the sample permeated surface (m), Ap is pressure difference
between the inlet and detection chambers, R is the gas constant (8.314 J
mol™! K1) and T and th refer to the sample temperature (K) and
thickness respectively. Permeability P of ng; gas moles per unit of time
dt and pressure dp is then expressed in the following units:
Tges[mol] x thim]

P a [s] x dp[MPa] x A[m?] (Eq.4)

In the case of a Fickian diffusion process, the diffusion coefficient is
classically determined by the time-lag 0, i.e. the transition time to steady
state. However, the time to reach half of the steady-state partial pressure
to.s was here preferred for its robustness (Fig. 7). This was possible
thanks to the use of a constant inlet pressure configuration [26]. Indeed,
the diffusion coefficient D is then simply given by Eq. (10) and it can be
simply determined from t( 5 and the sample thickness th.

ch

D=—""—
7.199% 5

(Eq.10)

Finally, with P expressed as D x S, solubility could be obtained from the
ratio of permeability to diffusion (Eq. (11)).

S=—

5 (Eq.11)

In order to confirm the validity of the permeation definition, and in
particular the validity of the Fickian diffusion and Henry’s solubility in
PEKK polymers, the analytical solution of the permeation problem was
computed with the identified P and D parameters [20,26]. The instan-
taneous molar flow rate F in mol.m 25! was computed using Eq. (12)
and the resulting model prediction is plotted along with experimental
data in Fig. 7.

4 \2 & 2
F(t) = PAp (—) e 4Dt
2Dt HZZW_

The analytical solution well predicts the experimental permeation
flow rate over the entire permeation test. This confirms that the iden-
tified diffusion and permeability coefficients are representative of ma-
terial’s behavior because the Fickian diffusion description applies to
PEKK as well as Henry’s law of solubility. This was actually expected
since previous literature on PEEK permeation already reported the
pertinence of coupling Fickian diffusion with Henry sorption for this
class of polymers [27] with helium, a low condensable gas.

(Eq.12)

3. Experimental permeability, diffusion and solubility

Helium permeability, diffusion and solubility results for amorphous
and semi-crystalline PEKK polymers are summarized in Table 3 and
plotted as a function of the corresponding degree of crystallinity (Fig. 8,
Fig. 10).

The results displayed in the figures are the average of experimental
data obtained from two different samples for most conditions and from
two repeated measurement on each sample. The error bars displayed in
Fig. 8 for permeability take into account the samples variability, the
uncertainty of mass spectrometer measurement, films thickness vari-
ability, uncertainty of the samples permeated surface, and the uncer-
tainty of gas inlet pressure. For diffusion (Fig. 9), thickness measurement
variability and uncertainty of time-lag assessment on the transient phase
were taken into account to define the error bars. Finally, the error bars
for solubility (Fig. 10) result from permeation and diffusion errors.

Preliminary analysis of the results confirms the blocking effect of the
crystalline phase on gas permeability. In fact, two populations are
visible: amorphous polymers have a permeability around 1.8 times
greater than crystalline polymers. Nevertheless, the results in Fig. 8 also
show that, contrary to what might be expected from literature [27], gas
permeation does not necessarily decreases with crystallinity. Indeed, the
3 heat-treated grades have very different crystallinity rates but very
similar permeabilities. This indicates that the T/I ratio has an impact on
permeability and that the 3 materials should be considered separately.
The influence of the T/I ratio is confirmed by distinguishing the con-
tributions of D and S to permeability (Figs. 9 and 10). While solubility
remains constant for all 3 materials as a function of crystallinity, the
evolution of diffusion with crystallinity varies with the T/I ratio.

Table 3

Experimental permeability (mol.m s L.MPa 1), diffusion (m2.s™ 1) and solu-
bility (mol.m 2. MPa™ 1) coefficients of as-received (AR) and cold-crystallized
(CC) PEKK grades of different T/I ratios.

PEKK X Px10° D x 10% S
6002 AR 1.10 1.90 1.69 11.3
cc 22.0 0.978 1.38 7.07
7002 AR 3.60 1.91 1.71 11.3
cc 28.0 0.958 1.39 6.89
8002 AR 6.20 1.82 1.70 10.7

CC 33.0 0.998 1.44 6.91
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Fig. 9. Evolution of PEKK diffusion as a function of crystallinity for different T/
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4. Two-phase semi-crystalline model

The first hypothesis that can be put forward to explain the difference
in behavior of the 3 PEKK grades is that their amorphous phase exhibits
different behaviors as a function of the T/I ratio (the crystalline phase
being assumed to be impermeable). This can be analyzed by identifying
the properties of the amorphous phase of each grade, considering a two-
phase crystal/amorphous microstructure (Eq. (13)) [9] and distinct
diffusion D, and solubility S, coefficients for each amorphous fraction X,

of the PEKK grades.
X +X, =1 (Eq.13)

This approach consists in describing the permeability Psc of each
semi-crystalline PEKK grade using a distinct amorphous phase perme-
ability P, for each PEKK grade according to Eq. (14).

Psc = Dsc X Ssc
(1 —X)Dg x (1 —X,)Sq

(1-X.)°P,

(Eq.14)
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Fig. 10. Evolution of PEKK solubility as a function of crystallinity for different
T/I ratios.

The prediction of permeability as a function of crystallinity is glob-
ally described by the two-phase model (Fig. 11), since crystallinity re-
mains the main factor in the decrease in permeation. A relative mean
error of 6 % is obtained for the two-phase model (8.7 % for the 6002, 5.3
% for the 7002 and 3.7 % for the 8002). The theoretical permeabilities of
the amorphous phase of 6002, 7002 and 8002 grades estimated by this
model are 1.79 x 10°, 1.95 x 10~° and 2.14 x 10~° mol/m/s/MPa
respectively. However, the model considers a linear dependence of
diffusion and solubility to the degree of crystallinity, and it finally lacks
in predicting the constant permeability observed for the CC grades of
different T/I ratios. Indeed, according to Eq. (14), whatever the grade,
Pgc tends to zero when increasing crystallinity. Hence, the higher the
crystallinity, the lower is the influence of the amorphous phase on
polymer permeability.

5. Two-phase model with tortuosity

In the context of a two-phase description of semi-crystalline poly-
mers, permeability prediction can be improved by considering the
microstructural organization of the amorphous and crystalline phases in
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Fig. 11. Permeability prediction from the two-phase model by inverse method,
and values of diffusion coefficients D, and solubility S, of the amorphous phase
identified from the two-phase model (Eq. (14)).



the permeation definition. To do so, microstructure parameters were
introduced in gas diffusion definition according to Eq. (15). This
approach, that was already reported in literature [28], consist in taking
into account the tortuosity of the diffusion path by means of a dimen-
sionless tortuosity factor z and the mobility of the amorphous phase
using a dimensionless chain immobilization factor f. This latter repre-
sents the effect of crystallites or cross-linking networks on chain
mobility [10,29].

In this approach of permeation process, solubility is assumed
occurring solely in the amorphous phase. Its expression thus remains
unchanged [29], which yields Eq. (16) for permeability.

D,

7

1-X,
174

According to Ref. [30], tortuosity 7 represents the additional path the
gas must complete to circumvent impermeable obstacles in the material,
as shown in Fig. 12.

These impermeable obstacles can be fibers or fillers, but also polymer
crystallites according to Ref. [28]. In the case of a semi-crystalline
polymer, tortuosity can be expressed as:

D, = (Eq.15)

Pgc = P, (Eq.16)

L

2
_1 &
=1+ CXC

(Eq.17)

in which Lc and W are respectively the width and thickness of crys-
tallites. However, this formula only considers obstacles that are parallel
to each other, and a correction coefficient taking into account the
orientation angle 6 of crystallites must be added in the definition of
tortuosity [31]:

=1+ { L. X, X cos(H)z] (Eq.18)

2W,

Considering G = (1/2) x (3(:05(6))2— 1), the expression for
permeability yields:

NN
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Fig. 12. Schematic of tortuosity principle within a semi-crystalline polymer
material containing crystallites of width Lc, thickness W¢ and orientation 6
(adapted from Ref. [31]).
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Since the orientation of crystallites within a semi-crystalline micro-
structure is difficult to determine, the extreme cases of perfectly oriented
crystallites (G = 1), randomly oriented crystallites (G = 0) and oriented
orthogonal to the film plane (G = — 1/2) were considered.

Regarding the immobilization factor g, Kanesugi et al. demonstrated
that the value of f is very close to 1 for gases with low condensability,
such as helium or dihydrogen [28,29]. This factor was thus considered
equal to unity in this study.

In order to explore the accuracy of Eq. (19) to predict the gas
permeability of PEKK grades, the dimensions of the crystalline structure
were assessed using SAXS and WAXS data. The average size of crystal-
lites L¢ and W¢ were determined for the three semi-crystalline samples
(Table 4). It appears that the dimensions of crystallite are relatively close
from one PEKK to another, but a slight increase in crystallite width and
thickness can be observed as the T/I ratio increases.

Though, it must be noted that the WAXS scans show evidence of the
formation of two crystal types in the three heat-treated PEKK grades: the
type I crystals, that are characterized by the diffraction peaks of (110)',
(200)! and (211)" planes, and the type II crystals which presence is
demonstrated by the diffraction peak related to the (020)II plane [16].
This latter is specific to PEKK [16], and is most likely formed during
cold-crystallization [16]. The distinction of the diffraction peaks related
to each crystal form indicates that the average size of Form I and Form II
crystals are different. In 6002, 7002 and 8002 grades, L crystal lengths
are 9.85 nm, 12.33 nm and 12.5 nm for form I respectively, and 20.25
nm, 25.42 nm and 16.06 nm for form II respectively. Nevertheless,
whatever the type of crystal, the impermeability of the crystalline
structure to gases remains a reasonable assumption, and the two forms
were therefore assumed to be equivalent. Moreover, according to
diffraction peak areas the proportion of form II crystals is negligible as
regards to form I and an equivalent single crystal form was therefore
considered from both types of crystal, although they may affect the
behavior of the surrounding amorphous phase differently.

The application of the tortuosity model (Eq. (19)) with crystallite
dimensions in Table 4 yields the results shown in Table 5. As the
permeability value of 100 % amorphous polymers is not known (as-
received films have a slight crystallinity and are not fully amorphous),
equation (Eq. 19) was used to calculate it based on the experimental data
on cold-crystallized samples (Pcc). The permeability values obtained for
the fully amorphous polymers P, are significantly lower than those ob-
tained for the as-received samples P4y as characterized by the relative
difference between the two values e. The model taking into account
crystallites oriented perpendicular to the gas flow (G = 1, planar) is the
one giving the lowest ¢ value, and therefore this configuration is the one
offering the best prediction of permeation behavior using the current
tortuosity model.

Nevertheless, these results must be nuanced since the actual
complexity of the crystalline microstructure is only considered by means
of three parameters in Eq. (19). Differences between PEKK grades that
are noticeable on WAXS scans in Fig. 13 are thus simplified and the
consequence on tortuosity can hardly be assessed. Indeed, the relative
peak heights on the WAXS scans provide indications about films’
orientation, and in the case of PEKK grades, the heights of the diffraction
peak of (110)! plane reveal some differences. A sharp peak is clearly

PSC:

(Eq.19)

Table 4
Crystallites’ thicknesses W and widths L¢ in cold-crystallized PEKK grades
determined from WAXS/SAXS experiments (Figs. 5 and 13).

6002 7002 8002
L¢c (nm) 12.43 12.72 13.12
W (nm) 3.666 3.718 3.738




Table 5

Permeability prediction [mol.m~ '.s~ 1.MPa~ '] considering tortuosity induced by

crystallites in the three PEKK grades of different T/I ratios, when assuming
stacks of parallel crystallites (oriented) and assuming randomly oriented crys-
tallites (Random). Pcc and Psr correspond to the permeability of cold-
crystallized (AR) and as-received (AR) film samples respectively.

6002 7002 8002
Exp. P x 10° 0.995 0.968 1.00
Par x 10° 1.90 1.91 1.82
Unoriented (G = 0) P, x 10° 1.10 1.11 1.19
£ (%) 421 41.9 34.6
Oriented P, x 10° 1.35 1.42 1.58
Planar (G = 1) e (%) 28.9 25.7 13.2
Oriented P.x 10° 0.98 0.961 1.00
Orthogonal (G = —1/2) £ (%) 48.4 49.7 45.1
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Fig. 13. XRD WAXS scans of PEKK 6002, 7002 and 8002 with annotation of
plane orientations and crystallographic shapes.

visible for grade 7002 while it is hardly visible for the two other mate-
rials. Also, the relative height of peaks (1 10)! to (200)! varies according
to PEKK grade, which is most likely due to the use of a different film
extrusion process for manufacturing grade 7002 film compared to PEKK
grades 6002 and 8002. Yet, surprisingly, the planar configuration (G =
1) remains the most accurate configuration for predicting permeability
for all PEKK grades. Therefore, although tortuosity remains a valid
approach, Eq. (19) does not sufficiently describe the actual micro-
structure of polymers induced by the initial film extrusion processing
and the following heat-treatment. The size distribution of crystalline
entities or their type and organization within spherulites are summa-
rized into the only three parameters 7, $, and 6 and this approach then
necessarily lacks in providing a general understanding of the relation
between the semi-crystalline microstructure and gas permeability.
Refining the description of PAEK crystal entities would allow adding a
higher number of parameters into the tortuosity model, which in the end
would provide a better prediction of the gas path and hence gas per-
meabilities within PEKK grades. The three-dimensional morphology of
PEKK crystals is, however, difficult to characterize and modifications of
tortuosity definition then would require numerical inverse analysis.
Instead of focusing on the crystallites themselves, the overall description
of the semi-crystalline microstructure was thus reconsidered.

6. Three-phase semi-crystalline model

In order to better describe the microstructure organization, various

isothermal and non-isothermal crystallization conditions were applied
during DSC experiments. The melting enthalpy and the heat flow step at
the glass transition temperature T, were recorded. Doing so, various
couples of degrees of crystallinity and specific heat change at T, were
obtained from totally amorphous up to about 30 % crystallinity.

Surprisingly, DSC results revealed a non-linear relationship between
the material’s enthalpy of fusion and the corresponding change of heat
capacity at T, (Fig. 14). Also, all data from the three materials super-
impose well on a chart AH,, = f(AC,) and a unique trend can be defined
that applies to all PEKK grades whatever their crystallinity.

This non-linearity indicates that the semi-crystalline microstructure
is not simply composed of two independent amorphous and crystalline
phases, but that the crystal/amorphous organization must be reconsid-
ered. This interaction between the crystalline and amorphous phases has
already been reported in literature, and many authors actually agree on
the existence of a specific amorphous phase known as Rigid Amorphous
Fraction” (RAF) located around the crystals (Fig. 15) [17-19,32,33].
This was demonstrated using DMA experiments, through the analysis of
secondary relaxations, and more particularly the a-relaxation that is
assumed correlated to the presence of a RAF in semi-crystalline poly-
mers. The introduction of this 3-phases description has already been
used in many fields and in particular for explaining polymer mechanical
behavior [17].

This distinction within the amorphous phase of a Mobile Amorphous
Fraction (MAF), which behavior is not influenced by the crystalline
phase, and of a Rigid Amorphous Fraction (RAF), which mobility is
constrained by the involvement of chains in crystals [34,35], allows
assuming different solubility and diffusions coefficients for each
fraction.

Considering both RAF and MAF contributions, the equilibrium
equation for the semi-crystalline polymeric system can be defined with
Eq. (20).

RAF + MAF+X. =1 (Eq.20)

The mass proportions of mobile and rigid amorphous phases are
estimated assuming that the heat flow step on the DSC scans at the glass
transition temperature AC,(T,) (in J.g LK™ is only related to the
change in mobility within the mobile amorphous phase. The MAF was
then determined using Eq. (21) in which ACS%(Tg) is the change in
thermal capacity at the glass transition temperature for a 100 % amor-
phous polymer in J.g LK1
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Fig. 14. Evolution of the melting enthalpy of a semi-crystalline polymer
(AH, — AH,) as a function of the corresponding change in heat capacity at T,
(the black mark indicates the value of ACS% given in Ref. [34] for PEEK).
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Fig. 15. Schematic representation of a crystalline lamella (blue), a rigid
amorphous phase (red) and a mobile amorphous phase (black). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

AG(Ty)

MAF = —28)_
ACP*(Ty)

(Eq.21)

The value used for ACY*(Ty) is simply obtained from the extrapo-
lation of experimental data in Fig. 13 starting from the enthalpy of
fusion of a PEKK crystal AH%% = 130 J.g*. A polynomial fit led to a
value of 0.384 J g~} K71, and it should be noted that it differs from that
of PEEK available in the literature (0.27 J g~ K™! given in Refs.
[35-38]).

The mass fractions of the 3 phases calculated using Eq. (20) and Eq.
(21) for each PEKK are summarized in Table 6. Based on the three-phase
description of the semi-crystalline microstructure of the various PEKK
grades, it was then possible to express polymers permeability from the
contribution of RAF and MAF [26] with Eq. (22)-(24).

Dy, = MAF Dyur + RAF Dyyr (Eq.22)
Sy. = MAF Syap + RAF Sgap (Eq.23)
Px. = Dx, x Sx. (Eq.24)

Pxc, Dxc, Sxc respectively correspond to permeability, diffusion and
solubility of the semi-crystalline polymers with a degree of crystallinity
Xc. Based on MAF and RAF (Table 6), this model allows to decouple
their respective contributions to diffusion and solubility. Two values are
therefore to be determined for diffusion (Dyur and Drar) and solubility
(Suar and Sgar) from two equations per system (Eq.25 and Eq.26).

-1
D MAF;: RAF, D
MAF _ cc cc cC (Eq 25)
Drar MAFar  RAFar Dar
Table 6

Crystalline mass fraction (X.), Mobile Amorphous Fraction (MAF) and Rigid
Amorphous Fraction (RAF) for as-received (AR) and cold-crystallized (CC) PEKK
grades.

PEKK X (%) MAF (%) RAF (%)
6002 AR 1.10 90.3 8.60

CC 22.0 47.0 31.0
7002 AR 3.60 81.2 15.2

CcC 28.0 40.0 32.0
8002 AR 6.20 75.4 18.4

CC 33.0 30.0 37.0

{SMAF} _ {MAFCC RAFCC] ! [scc] (£q.26)
SRAF IWAFAR RAFAR SAR

The Diffusion and Solubility coefficients determined for both MAF
and RAF of each PEKK grade are displayed in Figs. 16 and 17.

A first analysis of these results (Figs. 16 and 17) shows that diffusion
and solubility in the mobile amorphous phase (MAF) are almost iden-
tical from one PEKK grade to another. Moreover, the results show that
diffusion and solubility coefficients in RAF increase continuously as the
T/1 ratio increases. This general trend therefore supports the validity of
the triphasic approach to describe PEKK permeation.

First considering all grades together, it clearly appears that, overall,
gas diffuses better in the RAF than in the MAF and solubilizes better in
the MAF than in the RAF. Since RAF is related to the amount of crystals,
the higher PEKK crystallinity, the greater is the effect of RAF on
permeability. Hence, with increasing PEKK crystallinity, the imperme-
ability of the crystalline phase is counterbalanced by the higher diffu-
sion in the RAF than in the mobile amorphous phase.

Then considering the T/I ratio, the model indicates that diffusion and
solubility in the rigid amorphous phase increases with the proportion of
Terephtaloyl monomer in PEKK. Therefore, the fact that a constant
permeability was observed for the three cold-crystallized films despite
different degrees of crystallinity (Fig. 8), can be attributed to the higher
diffusion and solubility in the RAF that degrade the impermeability of
crystallites.

7. Discussion

Since crystals are assumed impermeable to gas and fully amorphous
PEKK materials are considered homogeneous and of same permeability
whatever the grade, the biphasic semi-crystalline models, whether tor-
tuosity is considered or not, lacks in predicting the constant perme-
ability observed for the CC grades of different T/I ratios. The distinction
within the amorphous phase of two distinct fractions then appears to be
the most appropriate approach for describing the particular permeation
behavior of PEKK grades. The distinction of two different behaviors for
the mobile and rigid amorphous phases allows balancing the imper-
meability of crystals with a permeable amorphous fraction. This way,
different influences of PEKK’s degree of crystallinity on permeability can
be defined, while maintaining consistency between polymers in the fully
amorphous state. The ability of chemical species to permeate through a
polymeric matrix is directly correlated to the fraction of free volume.
The free volume is the space not occupied by macromolecules in the
total volume of the polymer [39]. The free volume f can be defined with
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Fig. 16. Diffusion coefficients of the mobile and rigid amorphous phases
identified from the three-phase model (Eq. (22)-(24)).
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Eq.27 in which V7 is the total volume of the polymer and Vypw corre-
sponds to the theoretical van der Waals volume, i.e. the intrinsic volume
of PEKK macromolecules.

_ Vr — Vipw

f v, (Eq.27)

Several models of diffusion and solubility as a function of free vol-
ume have been proposed, among which the following form is adapted to
semi-crystalline polymers [9]:

(Eq.28)

Sa=Cfa (Eq.29)
In Eq.28 & Eq.29, A, B and C are constants associated with the system
and f, represents the fraction of free volume in the amorphous phase.
These equations describe that an increase in free volume implies an
increase in the coefficient of diffusion, solubility and hence perme-
ability.

Within a polymer, the free volume varies depending on monomer
type, thermal history, and physical state. But the consideration of two
amorphous fractions also suggests that the free volume, and hence
permeability, is also heterogeneous within the amorphous phase. A
locally different density and mobility of the polymer chains in the RAF is
indeed plausible considering that macromolecules in RAF are partly
involved into the formation of crystals. In PEKK grades, according to Eq.
(28), the diffusion coefficients Drar and Dyar (Fig. 16) comply with a
larger fraction of free volume in the RAF, i.e. close to crystallites. This is
consistent with the conclusions raised by Marano et al. in their study of
Poly(Lactic) Acid [40], who concluded that the existence of RAF induces
an excess of free volume in the matrix and therefore an increase in gas
permeability. For the same material, Guinault et al. [41] also attributed
the higher diffusion coefficient to the larger free volume in the RAF.

The presence of the aromatic meta configuration of Isophthaloyl
monomer in the structure of PEKK macromolecules (Fig. 1) also supports
the assumption of a larger free volume in RAF. Indeed, during PEKK
crystallization, the formation of perfect crystals cannot involve meta
configurations of PEKK copolymers, as they represent chain irregular-
ities. The chain lengths resulting from the polymerization of isophtaloyl
monomer are thus excluded from the crystals, and as a consequence, the
concentration of meta configurations might be higher close to crystal-
lites in comparison with the mobile amorphous phase. The rotation of
the aromatic group of isophthaloyl group being restricted, the possibility
for the macromolecules to organize into a dense structure is restrained,

then inducing a larger free volume in the RAF than in the MAF.

Regarding solubility, the distinct contributions of the MAF and RAF
on gas barrier properties remains clear according to PEKK results, but
the solubility coefficients Sgar and Syar contradict the conclusion of a
larger free volume in RAF. Indeed, according to Eq. (29), the higher Syar
implies a higher free volume in the mobile amorphous phase, while
diffusion results indicate the opposite. The reason of such discrepancy is
probably due to the use of helium for analyzing PEKK permeability.
Helium is a neutral gas with low condensability, and its interaction with
macromolecules is thus much lower than in the case of other gases such
as carbon dioxide or vapors.

The fact Henry’s law perfectly applies to PEKK grades (Fig. 7)
actually confirms the absence of interaction of this permeating gas with
the polymer. A “Dual-Mode” sorption (Eq. (30)) is generally used for
defining the permeability of glassy polymers such as PEKK [9].
Compared to Henry’s law, the Dual-Mode involves a Langmuir inter-
action term accounting for the interaction of the gas with free sites. This
term involves a parameter C}, related to the saturation concentration of
free sites and a coefficient b representing the affinity of gas for free
volume, porosity, voids, etc.

Cybp
1+bp

CDualMode = kDp + (EqSO)

For helium, it has been demonstrated experimentally on Polymers of
Intrinsic Microporosity (PIM), that the parameter b is very low, between
0.1 and 0.4 MPa’! [42,43]. Therefore, since %)irr(}CDmW,odE = kpp,

Henry-type sorption behavior applies with helium. Due to the weak
interaction of helium with polymers, very low helium solubility co-
efficients have been reported in the literature [44-46]. Michaels et al.
even concluded from their experimental data that the solubility of he-
lium was “abnormal” [47].

Because of low helium solubility and affinity with free sites,
permeability is mainly controlled by diffusion [21]. The lower solubility
in the RAF of PEKK grades compared to MAF (Fig. 17) then may be the
consequence of a dominant diffusion regime over solubility. Indeed, the
rapid transport of gas in a diffusion regime can limit the saturation of
free volume, and hence solubility, despite the larger free volume in the
RAF (Fig. 18).

The differences in RAF behavior between the three PEKK grades
(Fig. 16) also indicate that the free volume not only depends on the
mobile and rigid amorphous phases but also on the T/I ratio. Here also,
this can be correlated to the concentration of meta configurations in the
RAF. Indeed, for the same degree of crystallinity, the concentration of
meta configurations in RAF might be significantly higher for PEKK 6002
than PEKK 8002. The free volume in RAF then must increase with the T/
I ratio, leading to differences in diffusion coefficients. However, the fact
the mobile amorphous phase exhibits constant diffusion and solubility
whatever the grade suggest that a concentration threshold of meta

= RAF
Q « ) /Q
N\ — RV

(Large enough to
receive the gas)

Fig. 18. Representation of the excess free volume in the rigid amorphous phase
in PEKK inducing enhanced gas diffusion in the RAF and a slightly higher gas
solubility in MAF.



configurations exists. While a concentration between 20 and 40%wt. has
no effect on permeability in MAF (PEKK 6002 vs. PEKK 8002), higher
concentrations in the zone surrounding the crystals significantly affect
helium diffusion in RAF.

8. Conclusions

Comparison of PEKK grades with different T/I ratios and crystallinity
rates enabled to study the impact of microstructure on permeability.
Experimental results revealed that the T/I monomer ratio influences gas
permeability of PEKK. The two-phase approach that is usually applied to
model permeability of conventional polymers as a function of crystal-
linity failed here to explain the particular influence of the T/I ratio of
PEKK grades. And in particular the fact 8002 PEKK grade is as permeable
as 7002 and 6002 ones despite their different crystallinity rates. Tor-
tuosity consideration for planar oriented crystallites gives fair perme-
ability predictions with an overall error close to 10 %. But describing the
PEKK microstructure using a three-phase Crystal/RAF/MAF approach
improves understanding of the permeability results obtained, while
providing clear trends concerning the influence of the T/I ratio. In
particular, it appears that RAF plays a significant role in the diffusion
and solubility of gas within these polymers, and in particular when
increasing the degree of crystallinity. This could be linked to a change in
RAF density as a function of PEKK grade induced by the exclusion of
meta configurations of PEKK macromolecules from the crystals in the
RAF.

However, these conclusions were drawn from the study of cold-
crystallized PEKK films. The comparison with films crystallized from
the melt then would allow analyzing the role of MAF and RAF with
different crystalline microstructures. Moreover, although the results
obtained in this study support the existence of distinct properties for the
rigid and mobile amorphous fraction, tortuosity remains a pertinent
approach and may influence gas permeation. An in-depth analysis of
PEKK microstructure (orientation, crystallite sizes distribution, etc.)
could provide useful information for considering the effect of tortuosity
along with a three-phase model.

Finally, this study being a part of the HYPOCCRYT (Hydrogen
Permeability of Organic Composites at Cryogenic Temperatures) proj-
ect, polymers permeability will be investigated as a function of tem-
perature, down to temperatures in the cryogenic range (T < 120K), i.e.
as close as possible to the conditions under which LH2 tanks are used.
The thermo-dependence of diffusion and solubility will be analyzed in
detail, considering the role of RAF.
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