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Performance of glass fiber reinforced polyamide composites
exposed to bioethanol fuel at high temperature
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The increasing use of bioethanol fuel, as a promising carbon-neutral alternative to petroleum-based gasoline, has raised concerns
on compatibility issues between bioethanol and the polymer components used in the automotive fuel system. Here, the
performance of two commercial glass-fiber reinforced polyamide composites (polyamide 12 (PA12) and an aromatic highly-
biobased polyamide (polyphthalamide, PPA)) exposed to a mixture of ethanol and gasoline (E25 fuel), was investigated at high
temperature (120 °C). The polyamide matrices showed a fast and remarkably high fuel uptake. The sorbed fuel had a strong
plasticizing effect on both materials, as revealed by the large decrease in the glass transition temperature and a 60% decrease in
stiffness and strength. The PPA, however, sustained degradation better than the PA12, which experienced swelling-induced surface
cracking and oxidation-induced embrittlement. The results suggest that care should be taken when using polyamide composites in

ethanol-based fuel applications at this high temperature level.
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INTRODUCTION

Fiber-reinforced polymer composites are extensively and increas-
ingly used to replace metallic alloys in vehicles due to their
advantages in low weight, low cost, and design flexibility'™. In
motor fuel supply systems, the most commonly used polymers are
aliphatic polyamides (PAs), such as PA12, PA6, and PA66, because
of their good mechanical properties and barrier properties
towards hydrocarbons (the main components in petroleum
fuels)®. Fiber-reinforced PA composites are selected for the
components where extra stiffness and strength are required
(e.g. in fuel filter housings, fuel sender units and fuel pipe
connectors)®. However, the motor fuel system is one of the
harshest environments for polymers and their composites, due to
the coexistence of high service temperature and fuel exposure.
The polymer components close to the engine may suffer from
extended exposure to temperatures of up to 150 °C’. Under such
a demanding condition, PA components may be negatively
affected through oxidation, swelling/fuel sorption, plasticizer
migration, and annealing, which result in limited mechanical
properties and operational problems with time>”~'°, In recent
years, semi-aromatic PAs (polyphthalamides, PPAs) with better
high-temperature resistance than aliphatic PAs are more fre-
quently used in modern vehicles®'". The PPAs also show
additional advantages, such as higher glass transition tempera-
ture, lower moisture absorption, higher strength, better chemical/
abrasion/corrosion resistance, and better thermal stability com-
pared to common aliphatic PAs'>7'%, Some biobased and highly-
biobased PPAs are even already commercially available''S,

The increasing concern over the durability of polymeric
components in the motor fuel system also originates from the
increasing use of biofuel as an alternative/renewable fuel in the
automotive/transportation sector'’~23, The most common biofuels
are bioethanol and biodiesel, which are alternative fuels to,
respectively, gasoline and diesel?*. They have, however, very
different physical and chemical properties, as compared to the
latter. Ethanol is a polar molecule with a molar mass of 46 g/mol,

while gasoline consists of non-polar hydrocarbons with the
number of carbons ranging from C, to C;,, and an average molar
mass varying from ~92 to 95 g/mol®>. Therefore, the effect of
ethanol on polymer components is normally different from that of
gasoline?®, In our previous investigation, we found that PA12 fuel
pipes suffer from plasticizer loss, swelling, oxidation-induced
reduction of the molar mass, and consequent embrittlement
when exposed to gasoline®?’. The addition of ethanol in gasoline
(up to 30 vol%) increases the degree of swelling and reduces the
polymer molar mass (work performed on unreinforced (fiber-free)
PA12)%27, Anda et al.’® reveal that with the incorporation of 5 vol%
ethanol in gasoline (E5 fuel), the fuel uptake in PA66 at 25°C
increases significantly (from 2% (gasoline, EO) to 9.7 % (E5 fuel)),
and that 85 % of the sorbed fuel in the E5 case is ethanol. The
sorbed ethanol shows significant plasticizing effects on the PA66,
which leads to a strong decrease in the glass transition
temperature'®?®, Richaud et al?° report that ethanol also
contributes to extracting antioxidants from polyethylene, leaving
it unprotected from further oxidation. The ageing behavior of PA-
based composites (PA66) in ethanol fuel (86-93 wt.% ethanol,
7-14 wt.% water) has only scarcely been studied®, and leaves a
gap in the knowledge on how the mixed fuel types affect the
materials, in terms of e.g. oxidation, fiber-matrix interfacial
properties and associated changes in mechanical properties.
Besides a purely experimental approach, numerical methods, e.g.
finite difference methods, can be used in combination with
experiments, to predict fluid diffusion in polymers®'. The modelling
can be semi-empirical or based fully on a fluid diffusion model (e.g.
based on the free volume theory®233). In the case of large uptake,
the change in sample geometry during the swelling can be
considered®**, Swelling often results in the build-up of stresses,
and these can be determined by coupling the change in geometry
to mechanical models (strains yielding stresses)>>35, However, in
the case of the uptake of fuels (e.g. diesel, biodiesel, petrol and
ethanol-containing fuels), the major effect is the fuel-induced
plasticization of the polymer (e.g. PA12)>. This can be adequately
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Fig. 1 Fuel sorption and swelling of the samples when exposed to E25. Normalized fuel uptake (a, b) and changes in cross-sectional area (c)
of PA12, GF23-PA12 and GF30-PPA samples at different exposure times in E25 at 120 °C in the glass vials.
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Fig. 2 TG curves of the PA12, GF23-PA12 and GF30-PPA samples
aged for 150 h in E25 in autoclaves.

modelled with a highly concentration-dependent diffusivity. The
normally exponential concentration-dependence (semi-empirical
relationship, based partly on the free volume theory), requires a
very stable numerical method, such as an implicit backward
differentiation scheme3>37, Besides the plasticizing effects, the fluid
often leaches out the plasticizer from the polymer® and in the case
of fiber-composites, the fluid can have an effect on the fiber-
polymer interphase, e.g. deteriorating the sizing®®. Numerical
methods have also been invoked to determine the fluid transport
in fiber composites and its effects on the ageing of the material*®. If
a more detailed molecular understanding is needed, besides the
prediction power of the model, molecular dynamics and Monte
Carlo techniques can be used to link the molecular behavior (all-
atom or mesoscale approaches) to the macroscopic behavior of
both fluid diffusion and also fluid solubility®.

In this article, the ageing behavior of two commercial glass
fiber-reinforced PAs (PA12 and an aromatic biobased PPA) in a
commercial E25 ethanol fuel (25 vol% ethanol in gasoline) was
investigated at a temperature of 120°C. The temperature was
chosen to represent the condition of frequent idling or driving at
a low fuel level’. The ageing behavior of the unreinforced PA12
was also studied as a fiber-free reference. The fuel sorption
during the exposure and its effect on the glass transition of the
polymers were determined. The tensile results revealed a large
decrease in stiffness and strength of the composites exposed to

npj Materials Degradation (2022) 69

E25, but the resistance to degradation was significantly higher
for the aromatic polyamide since oxidation-induced embrittle-
ment and surface cracking were only observed for PA12. The
present work is different from those in our previous articles,
since those involving ethanol-containing fuel were on unrein-
forced materials.

RESULTS AND DISCUSSION
Fuel uptake

Figure 1a shows the normalized fuel uptake curves of the three
samples during the short-term exposure to E25. The normalization
was done by dividing the fuel uptake of the entire composite
sample by the weight content of the polymer matrix in the
composite, i.e. 69.5 and 77% for GF30-PPA and GF23-PA12
composites, respectively, since in the composites the glass fibers
are impermeable to fuels. The fuel uptake by the unreinforced
PA12 sample was the greatest, reaching 20 wt.% after ca. 6 h of
exposure. A smaller uptake (15 wt%) was observed for the
reinforced PA12 matrix, indicating a suppression effect of the glass
fiber on the fuel uptake. The PPA matrix showed a significantly
smaller fuel uptake (8 wt%) than the PA12 matrix. The cross-
sectional area of the PA12, GF23-PA12, and GF30-PPA samples
increased by 13, 12, and 5 %, respectively, after 6 h of exposure
(Fig. 1¢), indicating a substantial swelling of primarily PA12 in the
E25 fuel. When the uptake is plotted versus the square root of
time (Fig. 1b), an essentially linear initial uptake is observed for all
three systems. This means that the uptake follows a Fickian
behavior, although with a diffusivity that increases with fuel
concentration. The latter is evidenced by the plasticization caused
by the large uptake of the fuel (refer to the mechanical data
below). The diffusivity could not be calculated because the
complete uptake curves were not obtained, due to the complexity
of the experiment (E25 at a temperature significantly higher than
the flash and boiling points). However, a diffusivity that increases
exponentially with the solute (fuel) concentration can normally
describe this uptake behavior.

The fuel uptake by the samples aged in the autoclave was
measured by TG. As shown in Fig. 2, the TG curves of the 150 h-
aged samples displayed an initial mass loss between 50 and
200 °C before the polymer decomposition, which started at ca.
400 °C. This initial mass loss was due to the evaporation of the
sorbed fuel during heating, and was here chosen as a measure of
the fuel uptake. The fuel uptake in the 150 h-aged PA12 sample
was 16 wt.%, which was lower than that in the 6 h-aged sample
(20 wt.%, Fig. 1a). This was probably caused by the loss of sorbed
fuel from the autoclave-aged samples during storage and sample
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Fig. 3 Glass transition of the samples. Tand curves of unaged and 150 h-aged PA12 (a), GF23-PA12 (b), and GF30-PPA (c) samples.

Fig. 4 Surface cracks on PA12 samples. a Images of PA12 samples (from left to right, samples with an ageing time of 0, 150, 300, 500, and
700 h) and SEM images of the surface of the 150 h-aged sample (b, ¢) and the cross-section of the middle crack (d).

preparation for the TG tests, since both ethanol and gasoline are
highly volatile. The reinforced PA12 and PPA samples showed a
fuel uptake of 11.4 and 8.9 wt.%, respectively, corresponding to
14.8 and 12.7 wt.% of fuel uptake in their matrices. Hence, the fuel
uptake by the PPA matrix was only slightly lower than that of the
PA12 matrix after prolonged ageing.

Plasticization effect

The tand curves in Fig. 3 showed that the glass transition
temperature of the polymers decreased significantly after 150 h
ageing. The Ty of the PA12 sample decreased by 72 °C, from 45 to
—28°C, and a similar decrease in Ty was observed for the GF23-
PA12 sample. The unaged GF30-PPA sample had a Ty at 85°C,
which was greater than that of the unaged PA12 composite
(50 °Q). It decreased to 0°C after 150 h. The large decrease in the
T, for all three samples indicated a significant plasticization effect
of the sorbed E25 fuel on the PAs, which was caused by the large
fuel uptake and its high plasticization efficiency on the actual
materials. The hydroxyl group of ethanol forms hydrogen bonds
with the amide groups in PA chains and can thus break polymer-
polymer hydrogen bonds'®?%; pure gasoline lacks this feature, but
can indirectly through the expansion of the polymer network
break polymer-polymer hydrogen bonds.
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Surface cracking

When exposed to E25 at 120°C, the unreinforced and reinforced
PA12 samples gradually changed color from white (unaged) to yellow
after 140 h, and to yellowish-brown after 700 h (Figs. 4a and 5a). The
yellowing was caused by the oxidation of PA12*'. In addition, multiple
cracks along the length of the dumbbell samples were observed for
the 150 h-aged PA12 sample. The largest crack, located in the central
part of the samples, had a width of 25um and a depth of 200 um
(Fig. 4b-d). The cracks grew larger with increasing ageing time and
some cracks even penetrated the entire sample after 700 h (Fig. 4a).
These long longitudinal cracks were even visually observed after 1.5 h
of ageing in E25 in the glass vial (not shown). At this initial stage of
the exposure, the oxidation of the samples was low, if not absent
(refer to the discussion below). Fibrils were also observed on the crack
surface, a sign of ductile fracture (Fig. 4c). These observations indicate
that the cracking was not caused by oxidation-induced embrittle-
ment. However, the uptake and consequently the swelling of the
sample, increased dramatically in the initial stage of fuel exposure,
reaching ca.11 wt% after 1.5h for the PA12 sample. Note that
injection molding induces a highly oriented layer with a high flow-
induced residual stress located in the regions close to the surface of
the injection-molded samples. This is due to a combination of high
shear stress and a high cooling rate due to the cold mold wall*>*3,
These results suggest that the appearance of the longitudinal cracks
was caused by the large swelling coupled with the presence of
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Fig. 5 Surface cracks on GF23-PA12 samples. a Images of GF23-PA12 samples (from left to right, samples with an ageing time of 0, 150, 300,
500 and 700 h) and SEM images of the surface of the GF23-PA12 samples aged for 150 h (b) and 700 h (c-e).

() 7 Jo
I —— unage YRR\
150h P
- 300h 0.141 /:-0
~f ——500h O
5 ——700h | = o
3 ozt /A
g £ A
= 3 ot / 'l
2 z Sy
c Soaop <> /
= | ; . ,l
< O 4
008 / A
[ - -PA12
0.06 - - GF23-PA12
1 1 JLL ' 1 1 1 1 1 1 | I——| 1 1

3500 3000

Wavenumber (cm™)

1800 1600 1400 1200 1000

0 100 200 300 400 500 600 700 800
Ageing time (h)

Fig. 6 Oxidation of the PA12 samples. a FTIR spectra of the unaged and aged PA12 samples, and b carbonyl index of the PA12 and GF23-

PA12 samples plotted as a function of ageing time.

processing-induced internal stresses and molecular orientation in the
length-direction of the dumbbell samples.

The surface of the GF23-PA12 samples became rougher during
exposure to E25 (Fig. 5a). Small cracks were observed in the SEM
images (Fig. 5b) and the cracks grew larger with increasing ageing
time, with a width reaching ca. 20 um after 700 h (Fig. 5c¢, d). The
absence of the long cracks (observed in the unreinforced
PA12 samples) in the reinforced PA12 samples was due to that
the fibers terminated the crack growth/propagation and held the
polymer matrix together. Figure 5d and e also show that the fiber,
exposed during the cracking process, was still covered by the
polymer matrix, indicating that a good fiber-matrix bond
remained after the fuel attack. The preserved interfacial bonding
was mainly due to the presence of the coupling agent, which
protected the bonding from being damaged by capillary action
during the fuel sorption**. The surface cracking was not observed
on the surface of aged GF30-PPA samples (Supplementary Fig. 1),
which was probably due to their lower fuel uptake and
consequently lower degree of swelling.

Oxidation

The oxidation of the samples during the ageing was revealed by
FTIR. Figure 6a shows the increase in the intensity of the carbonyl
peak at 1732cm~' with increasing ageing time, indicating an
oxidation of the PA12. A similar degree of oxidation was also
observed for the reinforced PA12 sample (Fig. 6b). PPA also
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underwent oxidation, as revealed by the increased intensity of the
carbonyl peak in the aged samples (Supplementary Fig. 2).

Mechanical properties

Figure 7 and Supplementary Fig. 3 show that the Young's modulus
and tensile strength of all the three samples decreased significantly
up to 150 h of ageing, whereafter further decrease was smaller or
absent. In particular, the modulus of the unreinforced PA12 sample
decreased by 80%, from 1.3 to 0.27 GPa, after 150h. The
corresponding decrease was 57%, from 4.2 to 1.8 GPa, for the
GF23-PA12 sample and 69%, from 6.2 to 2.0 GPa, for the GF30-PPA
sample. Within the same 150 h, the tensile strength decreased by
44% (from 44 to 25 MPa), 49 % (from 113 to 58 MPa), and 67%
(from 135 to 46 MPa) for PA12, GF23-PA12, and GF30-PPA,
respectively. Note that the tensile tests were conducted at 23 °C
which was lower than the glass transition of all unexposed
samples, but higher than those of the aged samples. Consequently,
under the tensile testing condition, the unaged samples were in
the glassy state, while the aged samples were in the rubbery state
(as revealed in the DMA data in Supplementary Fig. 4). As a result, a
large decrease in both stiffness and strength was evident due to
the strong plasticization effects of the sorbed fuel. Note that this
plasticization occurred long before the 150 h (refer to the large and
rapid fuel uptake shown in Fig. 1a).

The sorbed fuel only softened the polymer matrix and the
reinforcement from the glass fiber still existed, hence the
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Fig.7 Changes in mechanical properties of the samples during ageing. Young’s modulus, tensile strength, and strain at break of the unaged
and aged PA12 (a), GF23-PA12 (b), and GF30-PPA (c) samples. The unreinforced PA12 sample aged for 700 h was not tested due to it being

damaged by the severe cracking (see Fig. 4a).

decrease in Young's modulus of the GF23-PA12 sample (57%)
was smaller than that of the unreinforced PA12 sample (80%),
when considering a similar amount of fuel sorbed by the two
samples. The decrease in strength showed, however, the
opposite trend; it was smaller for unreinforced PA12 (44%) than
its composite (49%). This is probably related to the residual
stresses along the fiber-matrix interface, which built up during
the fuel sorption due to the large swelling difference between
the polymer matrix and glass fiber and initiated the fracture of
the composite samples at a smaller strain during the tensile
testing. The GF30-PPA sample showed a somewhat larger
decrease in Young’s modulus and tensile strength during ageing
than the GF23-PA12 sample, which was caused by the more
severe deterioration of the fiber-matrix interfacial bond in the
former sample (described below).

Published in partnership with CSCP and USTB

The strain at break of the PA12 sample decreased with increasing
ageing time. The reduction in the extensibility was caused by the
oxidation, which induced chain scission and subsequent reduction
in molar mass*. The strain at break of the GF23-PA12 sample
decreased slightly, from 9 to 7%, after 500 h and then decreased to
a larger extent, from 7 to 4%, in the remaining 500-700 h interval.
The decrease in the extensibility of the GF23-PA12 sample was,
again, due to the oxidation of the PA12 matrix and the surface
cracks that formed during the ageing. In contrast, the strain at break
of the GF30-PPA sample increased from 4 to 7.5% after 150 h, which
was caused by the plasticizing effects of the sorbed fuel. Due to the
oxidation, its strain at break decreased slightly upon further ageing,
reaching 6.5% after 700 h, but was still higher than that of the
unaged sample. Note that the cracks formed in the PA12 samples
during ageing were parallel to the tensile direction, i.e., the length

npj Materials Degradation (2022) 69
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Fig. 8 SEM images illustrating the tensile-fractured surface of the GF23-PA12 sample. a Unaged sample, b 150 h-aged sample and ¢ 700

h-aged sample.

Fig. 9 SEM images illustrating the tensile-fractured surface of GF30-PPA samples. a Unaged sample, b 150 h-aged sample and ¢ 700 h-aged

sample.

direction of the samples (Fig. 4a), thus their effects on the
mechanical properties, especially the strain at break, were barely
revealed in the tensile data. The extensive cracking in the
PA12 samples is, however, expected to reduce dramatically the
strength and extensibility in the transverse/width direction due to
the stress concentration effects at the crack tip and consequent
crack-induced fracture.

Fracture surface analysis

The tensile-fracture surface of the unaged GF23-PA12 sample
showed extensive fiber breakage and plastic deformation of the
matrix (Fig. 8a). A “flower-like” structure with the fractured fiber as
stigma, and the deformed matrix as petal, was formed. This
structure was also observed in the aged samples with an ageing
time of less than 500h (Fig. 8b, and Supplementary Fig. 5),
indicating that large fuel sorption and swelling did not cause any
debonding between the fiber and PA12 matrix. Figure 8c shows that
fiber pull-outs and a less plastically deformed matrix dominated the
fracture surface of the 700 h-aged GF23-PA12 sample. This is in
agreement with the observed large decrease in the strain at break in
the 500 to 700 h interval for the same sample (Fig. 7b); the 700
h-aged sample even broke before the yield point. It is suggested
that the brittle fracture of this sample was caused by the oxidation-
induced embrittlement of the PA12 matrix on prolonged ageing.
Figure 8c also shows that the pulled-out fibers were still covered by
the PA12 matrix, indicating that the debonding between the fiber
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and PA12 matrix did not occur during the tensile deformation.
Consequently, the fiber pull-out was mainly due to the weakened/
embrittled PA12 matrix.

The tensile-fractured surfaces of both unaged and aged GF30-
PPA showed extensive fiber pull-out (Fig. 9). The pulled-out part of
the fibers in the aged samples was much longer than that in the
unaged sample. The fibers in the unaged sample were covered by
the PPA matrix after being pulled out, but were “naked” after
ageing, indicating a debonding between the fiber and matrix in the
aged GF30-PPA samples. Supplementary Fig. 1d shows that the
fibers in the 700 h-aged sample were not naked before the tensile
test, indicating that the debonding occurred during the tensile
stretching of the sample, rather than during the exposure to E25.
These findings indicate that the interfacial bonding between the
fiber and PPA matrix was weakened significantly during ageing.
Also, the unaged GF30-PPA sample showed a featureless matrix
surface, while the aged samples appeared with polymer fibrils in
the matrix phase. As shown in Fig. 7¢, the unaged sample broke at
4 % strain, whereas the aged sample broke at ca. 7% strain. Hence,
the former and the latter samples broke before and after the yield
point, respectively. By noting that PPA is a ductile material, the
fracture of the unaged PPA composite, appearing at a quite small
strain, originated from the fiber-pull out. For the aged samples, the
larger plastic deformation of the matrix was caused by the
plasticizing effects of the sorbed fuel. Also, the plastic deformation
observed for the aged GF30-PPA indicates that the embrittlement
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did not occur for the PPA samples after prolonged ageing, showing
that the PPA had better resistance to oxidation-induced embrittle-
ment than PA12 when aged in contact with E25 fuel.

The ageing behavior of the unreinforced PA12, and glass fiber-
reinforced PA12 and biobased PPA samples, exposed to a mixture of
ethanol and gasoline at a high temperature, was investigated. All
materials showed a high degree of fuel sorption and associated
swelling in E25. The large swelling combined with the release of
processing-induced internal stresses, led to severe surface cracking
in the PA12 samples after a very short time of ageing, but not in the
PPA sample. The sorbed ethanol-containing fuel showed a
remarkably strong plasticizing effect on all the PAs, as revealed by
the large decrease in the glass transition temperature (by ca. 80 °C),
because the hydroxyl group of ethanol forms hydrogen bonds with
the amide groups in PA chains and can thus break polymer-polymer
hydrogen bonds. The strong plasticization also resulted in a large/
40-80% decrease in both stiffness and strength. When exposed to
E25, the PA samples underwent oxidation, which for PA12 caused a
yellowing (not possible to see in the black PPA samples) and
embrittlement after prolonged ageing. PPA showed better resis-
tance to oxidation-induced degradation than PA12, when aged in
contact with E25 fuel under the actual severe conditions; no
embrittlement was observed in the former. A separation of the fiber
from the PA matrix due to the fuel-induced swelling was not
observed in any of the composites, but the local interfacial bonding
between the PPA matrix and glass fiber decreased in the aged
samples, leading to reduced stiffness and strength. The results
suggest that care should be taken when deciding on which
material/polyamide to use in ethanol-based fuel applications.

METHOD
Materials and fuel

Injection-moulded 2 mm thick dumbbell bars (ISO527-2-5A) of PA12 and
glass fiber-reinforced PA12 (23 wt% glass fiber, GF23-PA12) with a density
of 1010 and 1180 kg/m?, respectively, were kindly supplied by Cooper
Standard, Germany. The glass fibers used in the composites were coated
with silane coupling agents. Injection-moulded 2 mm thick dumbbell bars
(ISO527-2-1BA) of glass fiber-reinforced PPA (30 wt.% glass fiber, GF30-
PPA) with a density of 1300 kg/m? were kindly supplied by Arkema, France.
Up to 70% (biosourcing (%): the percentage of carbon originating from
biomass sources among the total organic carbon) of the PPA was based on
a renewable non-foodcrop vegetable feedstock, i.e., castor oil'®. The GF30-
PPA sample also contained 0.5 wt.% carbon black used as pigment and UV
stabilizer. Commercial E25 fuel (25 vol% of ethanol in gasoline) was
delivered by Haltermann Carless.

Ageing in autoclaves

The as-received samples were aged in E25 at 120°C in a 2.3L sealed
autoclave. The sealed autoclave was used for safety reasons due to the
flashpoint of the fuel (30 °C*) being lower than the ageing temperature.
The ageing experiment was described in detail in ref. >, Samples were
taken from the autoclaves after 150, 300, 500, and 700 h of ageing. To
avoid the evaporation of the sorbed fuel during the storage, the aged
samples were submerged/stored in E25 fuel in sealed polyethylene plastic
bottles at room temperature until further testing.

Ageing in sealed glass vials

To track the fuel uptake by, and swelling of, the samples during the initial
ageing period, small-scale ageing was carried out in sealed glass vials
under the same conditions as in the autoclaves. One piece of PA12 and
GF23-PA12 (ca. 30x4x2mm3), and GF30-PPA (ca. 30x5x2mm?)
samples was cut from the middle section of dumbbell bars and submerged
in 13 mL of fuel in a 20 mL sealed headspace crimp vial. The prepared vials
were placed in a ventilated oven at 120+ 1°C. The fuel uptake in the
samples was determined gravimetrically using a Mettler-Toledo balance
(AG245, Mettler-Toledo, Switzerland). Before being weighed, the samples
were quickly blotted with a medical wipe to remove the free fuel on the
surface. Also, the width and thickness of the samples were measured
(using a digital caliper) to reveal the degree of swelling.
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Thermogravimetry (TG)

The fuel uptake by the samples aged in the autoclaves was measured in a
TG/DSC 1 (Mettler-Toledo, Switzerland). Samples weighing ca. 10 mg were
cut in the direction perpendicular to the length direction of the samples to
represent the cross-section of the narrow region of the dumbbell sample.
The samples were placed in a 70 uL alumina crucible and were heated
from 25 to 600 °C with a heating rate of 10°C min™' and a nitrogen gas
flow rate of 50 mImin~".

Dynamic mechanical analysis (DMA)

To explore the effects of the sorbed fuel on the glass transition
temperature, unaged and 150 h-aged samples were studied in a dynamic
mechanical analyzer (Q800, TA Instruments, USA) with a three-point
bending mode at an amplitude of 30 um and a frequency of 1Hz. The
samples were heated from -100 to 140 °C at a rate of 3°Cmin~".

Attenuated total reflectance infrared (ATR-IR) spectroscopy

The IR spectra were recorded in a Perkin-Elmer Spotlight 400 equipped
with a single ATR accessory (Golden Gate) from Graseby Specac, UK. All
the samples were scanned in the 4000-600cm™' interval at 4cm™'
resolution. The carbonyl index (Cl) of PA12 and GF23-PA12 samples was
determined as the ratio of the integrated oxidation band region between
1695 and 1760 cm™ to the reference band peaking at 1460 cm™'
(1488-1397 cm~, amide Ill band); the latter is insensitive to oxidation. The
amide Il band peaking at 1537 cm~' was chosen as the reference band for
the Cl calculation of the GF30-PPA samples.

Tensile tests

Tensile tests were carried out at 23 +1°C and 50 +£2.5% RH in an Instron
5566 Universal Tensile Testing Machine with a 10 kN load cell, according to
ISO 527. The samples, with a gauge length of 40 mm, were strained at a
crosshead speed of 50 mm min~". The tensile strength was reported as the
maximum stress before necking for the unreinforced sample but as the
stress at break for the reinforced samples.

Scanning electron microscopy (SEM)

The morphology of the samples’ surfaces and the tensile-fractured surfaces
was examined in a field-emission scanning electron microscope (Hitachi
S-4800). Before the SEM analysis, the samples were dried at 60 °C overnight
in a ventilated oven and then coated with palladium for 20 s using an Agar
high-resolution sputter coater, model 208RH.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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