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Abstract Hot pressing is widely used to tailor the structures and properties of polymer composites. However, how it drives structural evolution
and thereby affects barrier, mechanical, and thermal properties remains insufficiently understood. In this work, graphene oxide-grafted carbon
nanotube/polyamide 6 (GO-g-CNT/PA6) composites were subjected to hot pressing at different radial expansion ratios (=0, 2, and 4) to investi-
gate the flow-induced structural evolution and the resulting property changes. Scanning electron microscopy and transmission electron mi-
croscopy observations revealed that hot pressing promoted the rearrangement and preferential alignment of the hybrid nanofillers, while two-
dimensional wide-angle X-ray diffraction confirmed the enhanced crystalline orientation after hot pressing. Differential scanning calorimetry
showed increased crystallinity in both the neat PA6 and GO-g-CNT/PA6 composites. Representative positron annihilation lifetime spectroscopy
analysis further indicated a reduction in the fractional free volume, whereas the characteristic size of individual free-volume holes remained near-
ly unchanged. The results indicate that the optimal hot-pressing condition is property-dependent. A moderate deformation at =2 is more favor-
able for improving the hydrogen barrier and tensile properties, whereas a stronger deformation at e=4 is more effective in promoting in-plane
heat transport. These findings establish a correlation between the processing, structural evolution, and multifunctional properties of GO-g-
CNT/PA6 composites, providing guidance for the design of PA6-based liner materials for Type IV hydrogen storage vessels.
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INTRODUCTION

The rapid development of high-pressure hydrogen storage
technology has imposed increasingly stringent demands on the
use of polymer liners in Type IV hydrogen storage vessels."" In
such systems, the liner is expected not only to suppress hydro-
gen leakage but also to maintain dimensional stability and
structural reliability under repeated pressure and temperature
fluctuations. Therefore, liner materials must simultaneously sat-
isfy the requirements of low hydrogen permeability, sufficient
mechanical robustness, and reasonable thermal transport capa-
bility.! Polyamide 6 (PA6), a representative engineering ther-
moplastic, has attracted sustained interest because of its bal-
anced mechanical properties, good processability, and relative-
ly favorable gas barrier performance compared with many con-

* Corresponding authors, E-mail: liuguanjun@sdua.edu.cn (GJ.L)

E-mail: yanmeiling123@163.com (M.L.Y.)
Received April 26, 2026; Accepted May 31, 2026; Published online
August 19, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

ventional polymers.*-81 However, the intrinsic performance of
neat PAG6 still falls short of the increasingly demanding require-
ments of practical hydrogen storage applications, especially
when barrier, mechanical, and thermal properties need to be
improved in a coordinated manner.””? In this regard, Kis and
Kokai identified permeability and thermomechanical properties
as key factors affecting liner collapse in Type IV hydrogen stor-
age vessels'”!

A common strategy to improve the overall performance of
PA6 is the introduction of nanoscale fillers, such as
graphene,l''l boron nitride nanosheets (BNNS),['2) montmoril-
lonite,l3] etc. Carbon-based nanofillers are particularly attrac-
tive because they can simultaneously affect the gas diffusion,
stress transfer, and heat conduction. For example, graphene
oxide (GO) has been widely used in polymer matrices to im-
prove barrier performance owing to its high aspect ratio and
platelet geometry, which can increase the tortuosity of the
gas diffusion pathways.['¥ On the other hand, carbon nan-
otubes (CNTs) are often employed to enhance mechanical
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and thermal properties because of their excellent intrinsic
stiffness and thermal conductivity.l’>! Their Young's modulus
is generally reported at the TPa level, and their intrinsic ther-
mal conductivity is commonly reported to be on the order of
3000 W-m-1.K-1[6171 Nevertheless, the use of a single
nanofiller often fails to deliver a desirable balance among
multiple target properties. In many cases, sheet-like
nanofillers are highly effective for barrier enhancement,
whereas tubular nanofillers may enhance mechanical proper-
ties or heat transport but are more susceptible to aggrega-
tion and nonuniform dispersion.l'819 To address these limita-
tions, hybrid nanofillers combining nanostructures with dif-
ferent geometries have received increasing attention.[20.211 By
integrating the planar barrier effect of GO with the bridging
and heat-conduction functions of CNTs, hybrid architectures
are expected to regulate the microstructure and properties
more effectively than individual nanofillers. In principle, such
hybrid nanofillers can improve interfacial interactions, facili-
tate network formation, and create more effective pathways
for stress transfer and heat conduction while also maintain-
ing a tortuous route for gas diffusion.[2223! In our previous
work, GO-grafted CNT hybrid nancfillers, denoted as GO-g-
CNT, were incorporated into PA6 through in situ polymeriza-
tion.24 That study demonstrated that the covalently bonded
hybrid nanofiller could more effectively improve the mechan-
ical and thermal properties of PA6 than single nanofiller sys-
tems, thereby confirming the advantage of the GO-g-CNT ar-
chitecture itself. However, previous studies have mainly fo-
cused on the nanofiller design and composition effects in un-
pressed composites. The role of subsequent processing in fur-
ther reorganizing this hybrid architecture and regulating the
coupled barrier, mechanical, and thermal properties remains
unclear.

For semicrystalline polymer composites, the final proper-
ties are not solely determined by the nanofiller type and load-
ing level. Post-processing can significantly affect nanofiller ar-
rangement, polymer chain packing, and free-volume charac-
teristics, thereby governing the relationship between the
structure and properties of the material.[2>26] This issue is par-
ticularly important for hydrogen barrier applications because
gas transport in polymers is strongly affected by crystalline
orientation, crystallinity, and free volume.27-29 At the same
time, the mechanical response and thermal transport behav-
ior of polymer composites are highly sensitive to structural
anisotropy.B2% In other words, a processing method capable
of regulating the structure across multiple length scales may
provide a more effective route to achieving balanced multi-
functional performance than nanofiller introduction alone. A
recent study by Durand et al. showed that gas permeability in
semicrystalline polymers depends not only on crystallinity,
but also on the semi-crystalline microstructure, highlighting
the importance of structural regulation in gas transport.3'7 In
addition, recent reviews by Ho et al. and Li et al. have empha-
sized that nanofiller orientation can strongly affect the
anisotropic mechanical and thermal properties of polymer
composites.32331 Studies by Song and coworkers further
showed that structural alignment induced by processing can
improve thermal management and mechanical performance
in polymer composites, as demonstrated in oriented cellu-
lose/BNNS films and laminated polypropylene/reduced GO

hybrid films.3435 Among the various post-processing strate-
gies, hot pressing is particularly attractive because it is a
straightforward and scalable process that can generate a
squeezing-flow field3¢! thereby driving the anisotropic struc-
tural evolution of both the matrix and nanofillers. During radi-
al expansion under compression, high-aspect-ratio nanofillers
may rotate, rearrange, and align along preferred directions,
whereas polymer chains and crystals may undergo flow-in-
duced rearrangement, leading to changes in the crystalline
orientation, crystallization behavior, and free volume. This
flow-induced structural evolution is expected to simultane-
ously influence multiple properties. Specifically, aligned
nanofillers and ordered crystalline structures may increase
the tortuosity of hydrogen diffusion, improve load transfer ef-
ficiency, and promote directional heat conduction. Therefore,
hot pressing is not merely a shaping process but also a poten-
tially effective strategy for regulating the internal structure of
multifunctional polymer composites.

Despite this potential, several key issues of hybrid PA6
composites remain insufficiently understood. First, previous
studies have often focused on either nanofiller design or a
single-target property, whereas the coupled evolution of
nanofiller alignment, crystalline orientation, crystallization be-
havior, and free volume under hot pressing has rarely been
systematically examined in a unified framework. Second, the
structural responses of the hybrid nanofillers and the poly-
mer matrix may not evolve synchronously with increasing de-
formation. A processing condition that favors a clearer
nanofiller alignment does not necessarily lead to the highest
crystalline orientation or the most favorable crystallization
behavior. Consequently, the optimum conditions for barrier
performance may differ from those for mechanical reinforce-
ment or thermal transport. Third, for liner-related materials
used in Type IV hydrogen storage vessels, it is particularly im-
portant to identify how processing regulates the balance
among barrier, mechanical, and thermal properties rather
than optimizing only one of them. Although previous studies
have reported improvements in barrier, mechanical, or ther-
mal properties individually, a systematic understanding of
how hot pressing simultaneously regulates these properties
is still lacking. In particular, the optimum processing condi-
tions may be property-dependent rather than universal.

Based on these considerations, GO-g-CNT/PA6 composites
serve as a suitable model system for examining how flow-in-
duced structural evolution affects the multifunctional perfor-
mance. In this system, the GO component can act as an effec-
tive barrier nanofiller, the CNT component can contribute to
mechanical reinforcement and heat transport, and the PA6
matrix provides a semicrystalline platform whose crystalline
orientation and crystallization behavior are highly sensitive to
processing. In addition, the free-volume characteristics of
PA6-based composites are influenced by both interfacial in-
teractions and post-processing history, making this system
particularly suitable for correlating the gas barrier behavior
with structural evolution across different structural features.
In this study, GO-g-CNT/PA6 composites were subjected to
hot pressing at different radial expansion ratios () to investi-
gate the relationship between flow-induced structural evolu-
tion and multifunctional properties. Structural changes in the
matrix and hybrid nanofillers were systematically character-
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ized using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman mapping, two-dimension-
al wide-angle X-ray diffraction (2D-WAXD), differential scan-
ning calorimetry (DSC), and positron annihilation lifetime
spectroscopy (PALS). On this basis, the hydrogen permeabili-
ty, tensile properties, and directional thermal conductivity
were correlated with nanofiller alignment, crystalline orienta-
tion, crystallization behavior, and free-volume evolution. The
present work aims to establish a clear correlation among the
processing, structure, and properties of hot-pressed GO-g-
CNT/PA6 composites, with particular emphasis on the coordi-
nated regulation of barrier, mechanical, and thermal trans-
port properties.

MATERIALS AND METHODS

Materials
GO nanosheets (8—15 um in lateral size) and hydroxyl-function-
alized CNTs (10-20 nm in outer diameter, 10—30 ym in length,

and 3.06 wt% hydroxyl groups) were supplied by the Chengdu
Institute of Organic Chemistry, Chinese Academy of Sciences
(China). Other chemicals, including (3-aminopropyl)triethoxysi-
lane (APTES), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, 1-hydroxybenzotriazole monohydrate, N,N-di-
isopropylethylamine, dibutyltin dilaurate, hexamethylene diiso-
cyanate (HDI), e-caprolactam, sodium hydroxide, toluene-2,4-di-
isocyanate, glacial acetic acid, N,N-dimethylformamide (DMF),
and ethanol, were purchased from Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China) and used as received without
further purification.

Preparation of HDI-modified GO-g-CNT Hybrid
Nanofillers

The hybrid nanofillers were constructed according to the proce-
dures described in our previous work.”*! A schematic illustra-
tion of the preparation process is shown in Fig. 1(a). Firstly, 0.2 g
of GO was dispersed in 50 mL of DMF and sonicated for 15 min
to obtain a uniform suspension. Subsequently, 0.08 g of N-(3-
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Fig. 1  Schematic illustration of (a) the preparation of HDI-modified GO-g-CNT hybrid nanofillers, and (b) the fabrication of GO-g-CNT/PA6

composites together with the hot-pressing induced squeezing flow, orientation, and microstructural evolution.
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dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, 0.08
g of 1-hydroxybenzotriazole monohydrate, and 0.89 g of N,N-
diisopropylethylamine were added to activate the carboxyl
groups on GO. APTES (0.4 g) was then added with stirring, and
the mixture was maintained at 60 °C under nitrogen for 24 h to
enable the reaction between the GO carboxyl groups and
amine groups of APTES. The product was isolated by filtration
and thoroughly washed with deionized water, ethanol, and
DMF.

To construct the GO-g-CNT hybrid, the silane-modified GO
and CNT were mixed at a mass ratio of 5:4 and resuspended
in a DMF/deionized water mixture (9/1, V/V). A small amount
of water was added to facilitate silane hydrolysis, and the pH
was adjusted to 3—4 using glacial acetic acid to suppress
siloxane condensation. The suspension was refluxed at 60 °C
for 16 h to enable grafting between the GO and CNT, and the
product was then washed sequentially with ethanol, deion-
ized water, and DMF.

For HDI grafting, 0.1 g of GO-g-CNT was resuspended in
DMF and then 3.0 g of HDI and three drops of dibutyltin di-
laurate were introduced. The mixture was stirred at 60 °C un-
der nitrogen for 1 h to functionalize the remaining hydroxyl
groups with HDI. The product was collected by filtration
through a polytetrafluoroethylene (PTFE) membrane and
washed thoroughly with DMF to remove any unreacted HDI.

Preparation of GO-g-CNT/PA6 Composites

For the preparation of PA6 composites, 20.0 g of e-caprolactam
was melted at 80 °C, followed by the addition of the DMF dis-
persion of the HDI-modified hybrid. After the complete removal
of DMF under reduced pressure, 0.03 g of sodium hydroxide
was introduced, and the mixture was heated to 135 °C under
high vacuum to initiate anionic ring-opening polymerization.
After 30 min, 0.115 g of toluene-2,4-diisocyanate was added to
further lower the polymerization initiation temperature. The
mixture was then rapidly and thoroughly stirred to ensure a uni-
form distribution before being cast into a mold preheated to
160 °C and maintained under vacuum for 1 h. Upon cooling to
ambient temperature, the resulting GO-g-CNT/PAG circular discs
were ready for subsequent hot-press orientation studies. Previ-
ous studies have shown that composites with 0.5 wt% nanofiller
exhibit relatively high tensile strength and satisfactory elonga-
tion at break, demonstrating good toughness. Therefore, this
concentration was selected in the present work as a representa-
tive composition for investigating the effect of hot pressing on
structural evolution and multifunctional properties.

Hot-press Induced Orientation of GO-g-CNT/PA6
Composites

The demolded composite sheets were hot-pressed into circular
discs of defined diameters. The ratio of the final diameter to the
initial diameter was defined as the radial expansion ratio, ¢, and
two levels were employed in this study, namely e=2 and 4. Hot
pressing was performed at 195 °C at a platen speed of 15 mm/s.
After the target radial expansion ratio was reached, the samples
were held at 195 °C under pressure for 5 min, and then naturally
cooled to room temperature. A schematic illustration of the hot-
pressing process, together with the squeezing-flow velocity dis-
tribution and corresponding microstructural evolution of the
composites, is shown in Fig. 1(b). In the cylindrical coordinate
system, with the center of the cylindrical composite taken as the

coordinate origin, the flow velocity v, (r, z, t)5” can be written as
4
(2n+ 1)(—h)”r[1 ) (Z)H%}

m

Ve (rlzr t) =

2h(n+1) h

where t is the time, r and z represent the radial and axial coordi-
nates, respectively, n is the non-Newtonian index, h is the thick-
ness of the composite, and h denotes the closing rate of the two
platens. The remaining symbols are shown in Fig. 1(b). The lo-
cal shear rate associated with the squeezing flow can then be
expressed as
1o
_ov(nzt) 20+ 1)(—h)”rzF
= oz 1 @)
2+
2nh""n
As indicated by Eqg. (2), the squeezing flow during hot
pressing generates a nonuniform shear field, with the high-
est shear rate located near the platens. Such a flow field com-
bines extensional and shear deformation, thereby driving the
radial alignment of the hybrid nanofillers and cooperative re-
arrangement of the PA6 chains.

Characterization and Measurements

SEM and TEM were used to characterize the morphology of the
hybrid nanofillers as well as the dispersion and orientation
states of the nanofillers in the composites. SEM observations of
the composites were performed using an Apreo 2S microscope
(Thermo Fisher Scientific, USA). The samples were cryo-frac-
tured in liquid nitrogen to expose fresh cross sections and then
sputter-coated with gold prior to observation. The accelerating
voltage was set to 10 kV. TEM characterization was performed
using an HT-7800 microscope (Hitachi, Japan) at an accelerating
voltage of 100 kV. For the hybrid nanofillers, a dilute dispersion
was deposited onto the copper grids and dried naturally before
observation. Ultrathin sections were prepared for the compos-
ites by cryo-ultramicrotomy using an EM UC7 ultramicrotome
(Leica, Germany) and transferred onto copper grids for TEM ob-
servation.

Raman mapping measurements were carried out on a
DXR2xi Raman imaging microscope (Thermo Fisher Scientific,
USA) using a 785 nm laser as the excitation source to sup-
press fluorescence interference.

2D-WAXD measurements were carried out using a Xeuss
3.0 SAXS/WAXS system (Xenocs, France) equipped with an
Eiger2R 1M detector with a pixel size of 75 ym. Cu Ka radia-
tion with an X-ray energy of 8.05 keV (A=1.54189 A) was used,
and all measurements were performed under vacuum condi-
tions (<100 Pa). The two-dimensional scattering patterns
were azimuthally integrated to obtain one-dimensional inten-
sity-scattering vector (q) profiles, where the scattering vector
g was calculated according to Eq. (3):

471sin@

a=— 3)

DSC was used to investigate the thermal transitions and
crystallization behavior of the samples using a TGA/DSC 3+
synchronous thermal analyzer (Mettler Toledo, Switzerland).
The measurements were performed under a nitrogen atmo-
sphere by heating the samples from 30 °C to 250 °C at a rate
of 10 °C/min, followed by cooling to 30 °C at the same rate.

The melting enthalpy (AH,,) obtained from the endothermic
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melting peak during the heating scan was used to calculate
the degree of crystallinity (X.). X. was determined assuming a
melting enthalpy of 190 J/g for 100% crystalline PA6 (AHy, 38!
according to the following relation:

X, = 2%% x 100% (@)
PALS measurements were performed on a DPLS3000 spec-
trometer (ORTEC, USA) equipped with a 22Na source to probe
the free-volume features of the samples. The obtained spec-
tra were subsequently analyzed using Melt 4.0 software.
Hydrogen permeability measurements were carried out us-
ing an SMT-275 gas permeation analyzer (Systester, China) at
23 °C under a test pressure of 0.1 MPa, according to GB/T
1038.1-2022. The hydrogen permeability coefficient (P) was
calculated from the steady-state permeation data using

Ap vV Ty d
=— X=X —=X

At A poT  P1—P2
where Ap/At is the average pressure rise rate in the low-pres-
sure chamber under steady-state permeation, V is the volume of
the low-pressure chamber, A is the effective permeation area, T,
and p, are the standard temperature and pressure, respectively,
Tis the test temperature, d is the average thickness of the speci-
men, p,—p, is the pressure difference across the specimen, and
GTR denotes the gas transmission rate. The permeability coeffi-
cient, P, was expressed in units of cm3-cm-cm=2s~"-Pa~".

The tensile properties of the samples were evaluated using
a universal testing machine (Instron 5569, Instron, USA). Rect-
angular specimens of dimensions 25 mm X 4 mm X 1 mm
were tested at a crosshead speed of 8.3 mm-min-'. The
through-plane and in-plane thermal conductivities of the
samples were measured using a LFA-476 HT laser flash appa-
ratus (Netzsch, Germany). For comparison, the e=0 mechani-
cal, thermal conductivity, and DSC data of neat PA6 and GO-
g-CNT/PA6 used as reference baselines in this study were re-
plotted from our previous study.[?4

P =1.1574x10"'GTRxd (5)

RESULTS AND DISCUSSION

Morphology of GO-g-CNT Hybrid Nanofillers

Fig. 2 shows the TEM images of the GO, CNT, and GO-g-CNT hy-
brid nanofillers. As shown in Fig. 2(a), GO exhibits a typical thin
and wrinkled sheet-like morphology with a relatively transpar-
ent contrast, indicating an ultrathin layered structure. Unlike GO,
the pristine CNTs in Fig. 2(b) display a typical tubular morpholo-
gy with a high aspect ratio and partial entanglement. After hy-
bridization, the TEM image of GO-g-CNT in Fig. 2(c) shows the
coexistence of sheet-like GO and tubular CNT structures within
the same nanofiller. CNTs were closely associated with the GO

a |

500 nm

sheets rather than existing as completely separated entities,
suggesting the successful construction of the GO-g-CNT hybrid
structure. This hybrid architecture is expected to combine the
two-dimensional barrier effect of GO with the bridging role of
CNT, which is beneficial for the subsequent formation of an in-
terconnected nanofiller network in the PA6 matrix.

Hot-pressing Induced Orientation of Hybrid
Nanofillers in PA6 Composites

Figs. 3(a)-3(c) show SEM images of neat PA6 at different € val-
ues. Before hot pressing, the fractured surface exhibited a rela-
tively disordered morphology. After hot pressing, a more lay-
ered and anisotropic texture gradually developed, indicating a
pronounced rearrangement of the PA6 matrix under squeezing
flow. The corresponding SEM images of the GO-g-CNT/PA6
composites are shown in Figs. 3(d)-3(f). Compared to the com-
posite at €=0, the hot-pressed samples exhibited a more obvi-
ous layered morphology, suggesting progressive microstruc-
tural reorganization during radial expansion. Among them, the
composite at €=2 shows a more distinctly oriented texture,
whereas the sample at =4 exhibits a more compact layered
morphology. More direct evidence of the orientation behavior
of the hybrid nanofillers is provided by the TEM images in Figs.
3(9)-3(i). In the composite without hot-pressing, the hybrid
nanofillers were distributed in a largely random manner. After
hot pressing, both the GO sheets and CNTs exhibited preferen-
tial alignment along the flow direction, confirming that the
squeezing flow can induce nanofiller reorientation within the
PA6 matrix. This feature is more apparent for the composite at
£=2, where the aligned GO sheets and CNTs can be identified
more clearly. In comparison, the orientation of the hybrid
nanofillers is less pronounced at e=4. In addition, the Raman G-
band mapping indicated that the overall distribution state of
the hybrid nanofillers remained largely unchanged after hot
pressing (Fig. S1 in the electronic supplementary information,
ESI). These results indicate that the primary effect of hot press-
ing is to induce nanofiller reorientation rather than markedly
improve the dispersion state.

Orientation and Crystallization Behavior of PA6 and
GO-g-CNT/PA6 Composites under Hot Pressing

The crystalline orientations of the neat PA6 and GO-g-CNT/PA6
composites under hot pressing were further investigated using
2D-WAXD, as shown in Fig. 4. The testing geometry is illustrated
in Fig. 4(a), where the X-ray beam was incident on the cross sec-
tion of the specimens to evaluate the crystalline orientation rel-
ative to the flow direction. The 2D-WAXD patterns of neat PA6
at different € values are shown in Figs. 4(b1)—4(b3), while those
of the GO-g-CNT/PA6 composites are presented in Figs.

1um

Fig.2 TEM images of (a) GO, (b) CNT, and (c) GO-g-CNT hybrid nancfillers.

https://doi.org/10.1007/510118-026-3765-8


https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8

6 Liu, G. J. et al./ Chinese J. Polym. Sci.

_— e

Fig. 3
composites at €=0, 2, and 4, respectively.

4(c1)-4(c3). For the samples that were not hot-pressed, the
diffraction rings were nearly isotropic, indicating the absence of
a pronounced crystalline orientation. Two main diffraction rings
were identified and assigned to the 0,(200) and a,(002)/(202)
crystal planes of PA6, respectively.?>=*" After hot pressing, the
isotropic diffraction rings gradually evolve into anisotropic arcs
located at specific meridional and equatorial positions, indicat-
ing the development of a preferred crystalline orientation dur-
ing hot pressing. The azimuthal intensity profiles extracted from
the 2D-WAXD patterns are shown in Figs. 4(d) and 4(e). For the
unoriented samples, the azimuthal curves are relatively flat, in-
dicating an isotropic structure. After hot pressing, distinct inten-
sity maxima appeared, and the peaks became progressively
sharper, confirming the development of a crystalline orienta-
tion. The orientation degree was quantified using the Hermans
orientation factor,“? f, calculated from the azimuthal intensity

Amorphous chains

7 -

Chain-folded crystals

'3 |
500 nm i‘

SEM images of (a—c) neat PA6 and (d—f) GO-g-CNT/PA6 composites at =0, 2, and 4, respectively. (g—i) TEM images of GO-g-CNT/PA6

distribution according to Eq. (6):

fe 3{cos’p) — 1
- 2

where (cos’p) is defined as:

@

/I (p) coszq)d(p
(coszgo) =
!

/ (¢)do

Here, ¢ is the angle between the crystal orientation and ref-
erence direction, and I(p) is the corresponding azimuthal in-
tensity. In this definition, f=1, 0, and —0.5 correspond to ideal
parallel orientation, random orientation, and perpendicular
orientation, respectively. As shown in Fig. 4(f), the Hermans
orientation factor of neat PA6 increases from 0.22 at £=0 to
0.68 at =2, and then decreases to 0.44 at =4, indicating that

a,(002)/(202) 5(002)/(202)
\a,(200) . (200
PA6 PA6
=0 . =
,(002)/(202)
\a1 (-200)
GO-g-CNT/PA6
e=0
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g, (200)
GO-g-CNT/PAG
g=4"
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GO-g-CNT/PA6
£=2
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Fig. 4 (a) Schematic illustration of the 2D-WAXD testing geometry; (b1—b3) 2D-WAXD patterns of neat PA6 at €=0, 2, and 4, respectively; (c1-c3)
2D-WAXD patterns of GO-g-CNT/PA6 composites at €=0, 2, and 4, respectively; (d, €) Azimuthal intensity profiles of neat PA6 and GO-g-CNT/PA6
composites, respectively; (f) Hermans orientation factor of neat PA6 and GO-g-CNT/PA6 composites at different € values; (g) One-dimensional

intensity-26 curves.

moderate hot pressing is most effective in inducing crys-
talline orientation in neat PA6. In contrast, the GO-g-CNT/PA6
composites exhibit a continuous increase in orientation fac-
tor from 0.21 at €=0 to 0.60 at e=2 and 0.69 at £=4, suggest-
ing that the hybrid nanofillers favor the retention and further
development of crystalline orientation under stronger
squeezing flow.

The corresponding one-dimensional intensity-26 curves
derived from the 2D-WAXD patterns are shown in Fig. 4(g). To
better display the relatively weak wide-angle diffraction
peaks, the intensities were plotted on a logarithmic scale.
Two characteristic diffraction peaks were observed at approx-
imately 20° and 24°, corresponding to the a;(200) and
a,(002)/(202) reflections of PA6, respectively, confirming that
the crystals remained in the a form after hot-pressing. With
increasing ¢, the a,(002)/(202) reflection gradually becomes
more prominent, suggesting that hot pressing alters the rela-
tive contribution of the a-form crystal planes to the diffrac-
tion.

The crystallization behavior of the neat PA6 and GO-g-
CNT/PA6 composites before and after hot pressing was inves-
tigated by DSC, as shown in Fig. 5(a), and the corresponding
crystallinity values are summarized in Fig. 5(b) and Table 1.
For neat PAG, the crystallinity increased markedly from 25.4%
at £=0 to 44.8% at e=2 and remained at a relatively high level
of 41.1% at e=4. A similar trend was observed for the compos-
ites, in which the crystallinity increased from 23.1% at £=0 to
41.1% and 39.5% at €=2 and 4, respectively. These results in-

dicate that hot pressing significantly promoted crystallization
in both neat PA6 and GO-g-CNT/PA6 composites, which can
be attributed to the enhanced chain rearrangement and
packing induced by the squeezing flow. Compared with neat
PA6, the GO-g-CNT/PA6 composites exhibited substantially
higher crystallization temperatures, with T, values of approxi-
mately 187 °C, whereas those of neat PA6 were approximate-
ly 165-171 °C. This difference suggests that the hybrid
nanofillers provided effective heterogeneous nucleation sites
for PA6 crystallization.*3 However, the nucleation effect does
not necessarily lead to higher final crystallinity. Polymer crys-
tallization in nanocomposites is governed by both nucleation
and subsequent crystal growth. In the present system, cova-
lently bonded hybrid nanofillers can promote nucleation, but
their strong interfacial interactions with PA6 chains and the
geometric confinement introduced by the hybrid architec-
ture may restrict chain diffusion, lamellar growth, and crystal
perfection. As a result, the crystallinity of GO-g-CNT/PA6 re-
mained slightly lower than that of neat PA6, although its T_
was markedly increased.*4-4¢! Meanwhile, the melting tem-
peratures (T, of the composites were slightly lower than
those of neat PA6, implying that the crystals formed in the
presence of hybrid nanofillers were somewhat less
perfect.47:48]

Hydrogen Barrier Performance and Underlying
Mechanism
The hydrogen barrier performance of the neat PA6 and GO-g-

https://doi.org/10.1007/510118-026-3765-8


https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8
https://doi.org/10.1007/s10118-026-3765-8

8 Liu, G. J. et al./ Chinese J. Polym. Sci.

Endo

GO-g-CNT/PA6 e=0 1 /EL
1
I
GO-g-CNT/PAG £=2 ;/,L
GO-g-CNT/PAGe=4 | __—N____|
ﬁif_'i
I
1 1 1 1 1 1 | - 1 1

140 150 160 170 180 190 200 210 220 230 240
Temperature (°C)

50+b A rA6
Il GO-g-CNT/PA6

45

Crystallinity (%)

=0 £=2 =4

Fig.5 (a) DSC heating and cooling curves of neat PA6 and GO-g-CNT/PA6 composites; (b) Crystallinity and crystallinity enhancement of neat PA6

and GO-g-CNT/PA6 composites at different € values.

Table1 DSC parameters of neat PA6 and GO-g-CNT/PA6 composites at different € values.

Sample £ T (°Q) AH,,, (J/9) T.(°O) X (%)

0 219.8 48.2 170.2 25.4

PA6 2 223.8 85.0 170.8 448

4 218.8 78.1 165.0 41.1

0 217.2 43.8 188.2 23.1

GO-g-CNT/PA6 2 216.0 78.1 187.0 41.1
4 214.9 75.0 187.1 395

25
PA6 b [ Pr6
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Fig.6 (a) P values and (b) BIF of neat PA6 and GO-g-CNT/PA6 composites at different € values.

CNT/PA6 composites at different € values is shown in Fig. 6. For
neat PA6, the hydrogen permeability coefficient P decreases
from 3.55x107* cm®*cm-cem™%s'"Pa”’ at £=0 to 1.71x107™*
cm3cm-em™2s7-Pa”! at =2, and then slightly increases to
2.11x107"* cm®>cm-cem™2s7.Pa™" at e=4. A similar trend is ob-
served for the GO-g-CNT/PA6 composites, where P decreases
from 2.90x107 cm®cm-cm™2s"Pa”' at £=0 to 1.55x107'*
cm3cm-em2s7-Pa! at e=2, followed by a slight increase to
1.97x107* cm3.cm-cm2s7-Pa~" at e=4. These results indicate
that hot pressing can markedly improve the hydrogen barrier
performance of both neat PA6 and GO-g-CNT/PA6 composites,
with =2 resulting in the lowest P in both systems.

The barrier improvement factor (BIF) was used to quantify
the barrier enhancement induced by hot pressing and was

defined as
Po
BIF = 7
where Py and P are the hydrogen permeability coefficients of
the unpressed and hot-pressed samples, respectively. Accord-
ing to this definition, the BIF values of neat PA6 are 2.08 and
1.68 at =2 and 4, respectively, while those of GO-g-CNT/PA6 are
1.87 and 1.47. The higher BIF at e=2 confirms that moderate hot
pressing is more effective than strong deformation in improv-
ing the hydrogen barrier performance. At the same ¢, the P val-
ues of GO-g-CNT/PA6 remain lower than those of neat PA6, with
Ppag/Pcomposites Values of approximately 1.22, 1.10, and 1.07 at
€=0, 2, and 4, respectively. This indicates that the incorporation
of GO-g-CNT hybrid nanofillers reduces the permeability base-

(8)
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line of the matrix before hot pressing, so that the composite re-
tains lower absolute P values under all hot-pressing conditions,
even though its relative BIF values are slightly lower than those
of neat PA6.

A representative PALS analysis was performed for the GO-
g-CNT/PA6 composites at e=0 and 2 to clarify the structural
origin of the barrier enhancement, as shown in Fig. 7. In the
PALS spectra, the third lifetime component T3 is associated
with the ortho-positronium lifetime in the free-volume holes,
while the corresponding intensity /5 reflects the relative pop-
ulation of these holes.*9! The free-volume hole radius (R) was
estimated from 13 using the Tao-Eldrup model>051);

-1 1——R +Lsin 2wk _\T™
2 R+AR 2m  \R+AR
where AR=0.166 nm. The corresponding free-volume hole vol-
ume (V4) was calculated as

T3

)

= grrR3
The fractional free volume (f,) was estimated from Vi and 5

using the standard empirical relation

Vs (10)

f,=C-Vi-1s (1
where C is the empirical constant. As shown in Fig. 7(a), the 15
values remain nearly unchanged at 1.63 ns for both samples, in-
dicating that hot pressing does not significantly alter the char-

19.70 4

e=0

£=2
GO-g-CNT/PA6

Free volume radius (A)

acteristic size of the individual free-volume holes. Meanwhile, /5
decreases from 19.70% to 17.90% after hot pressing. Consis-
tently, the calculated free-volume hole radius remains nearly
unchanged at about 2.48 A, whereas the fractional free volume
decreases from 1.26% to 1.15%, as shown in Fig. 7(b). These re-
sults suggest that hot pressing mainly reduces the overall popu-
lation of free-volume holes, rather than substantially changing
their individual sizes.

Therefore, the decrease in the hydrogen permeability can
be attributed to several structural changes induced by hot
pressing. SEM and TEM observations demonstrated the reori-
entation of the hybrid nanofillers, 2D-WAXD revealed en-
hanced crystalline orientation, DSC showed a clear increase in
crystallinity, and PALS confirmed a reduction in the fractional
free volume for the representative hot-pressed composite.
These changes are expected to increase the tortuosity of the
hydrogen diffusion and make the PA6 matrix more compact,
thereby leading to the observed improvement in the hydro-
gen barrier performance.

Mechanical Properties and Thermal Conductivity

Fig. 8(a) shows representative tensile stress-strain curves, and
Fig. 8(b) shows the average tensile strengths of the samples. For
neat PA6, the tensile strength increases markedly from 39.8 MPa
at =0 to 96.7 MPa at €=2, corresponding to an increase of
143.0%, and remains at a similarly high level of 97.5 MPa at e=4.

Fractional free volume (%)

=0 =2

GO-g-CNT/PAG

Fig. 7 Representative PALS analysis of GO-g-CNT/PA6 composites at e=0 and 2. (a) T3 and its corresponding intensity /5; (b) Calculated free-volume

hole radius and fractional free volume.
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Fig.8 Tensile properties of neat PA6 and GO-g-CNT/PA6 composites at different € values: (a) representative tensile stress-strain curves; (b) average

tensile strength.
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This pronounced improvement indicates that hot pressing ef-
fectively strengthened the PA6 matrix, which is consistent with
the enhanced crystalline orientation and increased crystallinity
revealed by the 2D-WAXD and DSC results. However, the stress-
strain curves also show that the ductility of PA6 decreases after
hot pressing, especially at =4, suggesting that stronger defor-
mation leads to a more brittle response, even though the ten-
sile strength remains high. Therefore, =2 provided a better bal-
ance between the strength and ductility of neat PA6.

The GO-g-CNT/PA6 composites exhibited higher tensile
strengths than neat PA6 at e=0 and 2, confirming the reinforc-
ing effect of the hybrid nanofiller. Specifically, the tensile
strength of the composite increases from 48.2 MPa at £=0 to
108.3 MPa at €=2, corresponding to an increase of 124.7%.
This result indicates that moderate hot pressing is the most
effective in establishing a favorable reinforcing microstruc-
ture. The superior tensile performance at =2 can be attribut-
ed to the more evident nanofiller alignment, improved load
transfer between the nanofillers and the matrix, and the rela-
tively high crystallinity achieved under this condition. When ¢
was further increased to 4, the tensile strength decreased
markedly to 70.8 MPa. This result suggests that for the com-
posite system, the tensile reinforcement is not governed sole-
ly by the crystalline orientation. Although the crystalline ori-
entation was higher at e=4, the nanofiller alignment ob-
served by SEM and TEM appeared less distinct than that at
e=2, and the crystallinity was also slightly lower. In addition,
the reduced elongation at break indicates a loss of deforma-
bility under stronger hot pressing. This decrease in ductility
can be attributed to the stronger structural constraint gener-
ated by the excessive radial deformation. The more compact
layered morphology and higher crystalline orientation at e=4
may restrict the chain relaxation and plastic deformation dur-
ing tensile loading. Meanwhile, the less distinct nanofiller
alignment and slightly lower crystallinity are unfavorable for
maintaining an efficient stress transfer and a balanced rein-
forcing structure. These factors are likely to promote earlier
stress concentration and crack propagation during deforma-
tion, thereby weakening the reinforcement effect. Thus, =2
represents the optimal hot-pressing condition for GO-g-
CNT/PA6 composites in terms of tensile performance.

The thermal conductivities of the neat PA6 and GO-g-
CNT/PA6 composites at different € values are shown in Fig. 9.
For the =0 samples, no intentional orientation was intro-
duced, and the measured thermal conductivity was used as
an approximately isotropic reference in both the in-plane and
through-plane directions. For neat PA6, the through-plane
thermal conductivity increases from 0.229 W-m~"-K-" at e=0 to
0.263 and 0.258 W-m~"-K-! at €=2 and 4, respectively. The in-
plane thermal conductivity showed a similar trend, increas-
ing from 0.229 W-m-"-K-" at =0 to 0.264 and 0.267 W-m~1-K-!
at e=2 and 4, respectively. These results indicate that hot
pressing can improve the thermal conductivity of neat PA6,
which is consistent with the enhanced crystalline orientation
and crystallinity after hot pressing. However, the difference
between the in-plane and through-plane thermal conductivi-
ties remains small, indicating that the anisotropy of the ther-
mal transport in neat PA6 is still limited.

The GO-g-CNT/PA6 composites exhibited consistently
higher thermal conductivities than neat PA6 at the same ¢,

040 | Through-plane In-plane

T o35 | HPAS

| Il GO-g-CNT/PA6

0.25

0.20

0.15

0.10

Thermal conductivity (W

0.05

0 2 4 0 2 4
Radial expansion ratio, €

Fig. 9 Through-plane and in-plane thermal conductivities of neat
PA6 and GO-g-CNT/PA6 composites at different € values.

confirming the positive contribution of the hybrid nancfillers
to heat transport. In the through-plane direction, the thermal
conductivity of the composite increases from 0.258 W-m-1-K-!
at =0 to 0.295 and 0.302 W-m~"-K-" at e=2 and 4, respectively.
A more pronounced enhancement was observed in the in-
plane direction, where the thermal conductivity increased
from 0.258 W-m~"-K-" at €=0 to 0.346 W-m~"1-K-" at =2 and fur-
ther to 0.370 W-m~".K-! at e=4. This result indicated that hot
pressing was particularly effective in improving in-plane heat
transport in the composite system. This anisotropic enhance-
ment can be attributed to the direction-dependent phonon
transport pathways formed by the oriented hybrid
nanofillers. During radial expansion, the GO sheets and CNTs
tended to align preferentially in the in-plane direction. The
aligned CNTs can act as one-dimensional thermal bridges be-
tween neighboring GO sheets, whereas the oriented GO
sheets provide extended two-dimensional heat-spreading
pathways. This hybrid arrangement reduces the discontinuity
of phonon transport along the in-plane direction and facili-
tates more effective heat conduction. In contrast, heat trans-
port in the through-plane direction still requires phonons to
pass across polymer-rich regions and multiple matrix-
nanofiller interfaces, where the interfacial thermal resistance
remains relatively high. Therefore, the in-plane thermal con-
ductivity was more sensitive to the nanofiller alignment in-
duced by hot pressing than the through-plane thermal con-
ductivity.

It is noteworthy that the optimal conditions for thermal
conductivity differ from those for the tensile strength. Al-
though the composite achieved the highest tensile strength
at e=2, the highest in-plane thermal conductivity was ob-
tained at e=4. This difference indicates that the microstruc-
tural requirements for the mechanical reinforcement and
thermal transport are not identical. Moderate hot pressing is
more favorable for achieving a balanced reinforcing structure,
whereas stronger deformation appears to be more effective
for establishing continuous in-plane heat conduction path-
ways.

CONCLUSIONS

In this study, the influence of hot pressing on the structural evo-
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lution and properties of GO-g-CNT/PA6 composites was system-
atically investigated. Hot pressing induced pronounced reorga-
nization of the matrix and hybrid nanofillers, including more ev-
ident nanofiller alignment, enhanced crystalline orientation, in-
creased crystallinity, and reduced fractional free volume in the
representative composite sample. These structural changes ef-
fectively improved the hydrogen barrier, mechanical, and ther-
mal transport properties. For hydrogen barrier performance, the
permeability coefficient of PA6 decreased from 3.55x107
cm3cm-em™2s7-Pa! to 1.71x107"* em3>ecm-cm=%s7-Pa™" at e=2,
while that of GO-g-CNT/PA6 decreased from 2.90x107'*
cm3cm-em™2s7-Pa”! to 1.55x107"* cm3cm-cm2s7-Pa”!, corre-
sponding to BIF values of 2.08 and 1.87, respectively. In terms of
mechanical properties, the tensile strength of the composite in-
creased from 48.2 MPa to 108.3 MPa at e=2. Notably, the en-
hancement of the thermal transport became more pronounced
in the in-plane direction, where the conductivity increased to
0.370 W-m™-K™" at e=4. These results indicate that the optimal
hot-pressing condition depends on the target property, with
£=2 being more favorable for the barrier and mechanical perfor-
mance, whereas e=4 is more effective for heat transport. This
study clarifies the distinct roles of nanofiller alignment, crys-
talline orientation, crystallinity, and free volume in determining
the structure-property relationships of hot-pressed GO-g-
CNT/PA6 composites, which is valuable for the development of
PA6-based liner materials for Type IV hydrogen storage vessels.
Future work will further optimize hot pressing parameters to
achieve a better balance among barrier, mechanical, and ther-
mal transport properties, and will evaluate the long-term relia-
bility of these composites under practical hydrogen storage
conditions.
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