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An advanced multilayer thermoplastic composite, composed of Polyethylene of Raised Temperature
(PERT), Polyamide 12 (PA12), and Maleic Anhydride Grafted Polyethylene (MA), has been developed for
high-temperature, high-pressure applications. An adhesive layer consisting of 35-60-5 wt% PERT-PA12-
MA (Blend), has been tailored to optimize adhesive strength between PERT and PA12 layers. The devel-
oped three-layer composite (Trilayer) demonstrated exceptional water vapor and CO, barrier properties
by incorporating PERT as a water transmission retarder and PA12 as a CO, diffusion retarder. At 82 °C, the
water vapor transmission rate and CO, permeability of Trilayer samples were 58%, and 31% lower than
those of the Blend, respectively. The Trilayer samples exhibited an average Young's modulus that was 17%
higher than that of the Blend, while the yield stress was similar to the Blend. In terms of creep resistance,
the Trilayer samples showed a 29% and 40% reduction in tensile creep strain and creep rate, respectively,
compared to the Blend. Additionally, the Trilayer samples achieved 48% and 39% decreases in flexural
creep strain and creep rate, respectively, in the flexural creep test. The Trilayer also exhibited a 56%
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decrease in deformation under drop-weight impact and a 14% improved impact absorption compared to
the Blend. The overall performance of the multi-layer thermoplastic composite made from PERT and
PA12 constituents was significantly enhanced, aligning with the carbon footprint reduction initiative to
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1. Introduction

Addressing climate change stands as one of the current
global key challenges. Developing a lower carbon footprint
and more sustainable materials has become increasingly
critical for all engineering sectors."™ Traditional thermoset
and metal materials are commercially used in the high
service temperature pipeline and pressure vessel sectors.
Reinforced thermoplastic composites facilitate a wide range
of benefits including remelting capability, recyclability, light-
weight construction, corrosion resistance, ease of processing,
and low CO, emissions during production.* These attributes
make them cleaner alternatives with lower carbon footprints
than thermoset and metal materials.” They are being

“Department of Mechanical and Industrial Engineering, University of Toronto,

5 Kings College Rd, Toronto, ON, M5S 3G8, Canada.

E-mail: naguib@mie.utoronto.ca

bFlexpipe, Mattr Corp., 3501 54th Ave. SE, Calgary, AB, T2C 0A9, Canada

‘Flexpipe, Mattr Corp., 1103 Parsons Rd SW, Edmonton, AB, T6X 0X2, Canada

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d41p00220b

M70 | RSC Appl. Polym., 2024, 2, 170-1181

substitute thermoset, metal, and other traditional materials.

increasingly adopted in the pipeline, pressure vessel and
other engineering sectors, driven by their significant
environmental impacts and the stringent environmental
regulations governing these industries.””

Polyethylene of Raised Temperature (PERT) is a recently
developed thermoplastic that is widely used in pipelines and
pressure vessels at elevated temperatures.® However, its
inherent rubbery behaviour under high-temperature and high-
pressure conditions renders it unsuitable for certain structural
designs. This limitation stems from its restricted mechanical
properties, lack of creep resistance, and insufficient gas barrier
properties,” especially when exposed to hydrocarbons in
general and aromatics in particular. Conversely, Polyamide 12
(PA12) exhibits a higher glass transition temperature (7,) and
glassier behaviour at high temperatures due to its restricted
chain mobility from the hydrogen bonding interaction in its
amide linkages.'® PA12 is favored at elevated temperatures for
its hydrocarbon resistance, thermal stability, stiffness, and
creep resistance. However, the water absorption of PA12, and
consequently its hydrolysis, negatively impacts its mechanical
properties, modulus, fracture resistance, and impact
resistance."
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Blending the polyamide and polyethylene thermoplastics,
which have complementary properties, provides a feasible
approach to developing a composite for large-scale, high-temp-
erature and high-pressure applications,">"? while maintaining
the environmental benefits of the thermoplastic materials.'*
The combination of PERT and PA12 addresses the challenge
where the individual materials cannot meet all desired charac-
teristics, including mechanical strength, impact resistance,
stiffness, creep resistance, water resistance, gas barrier, and
service temperature. Previous studies have primarily focused
on mechanical reinforcement by leveraging the high tensile
strength of PA12 while ignoring the advantages offered by
PE.™™" J. Huitric et al. investigated the morphological and
rheological behaviours of immiscible blends consisting of PE
and PA12. The change in droplet size corresponding to
different volume fractions resulted in alterations to the elas-
ticity of the blends." In the two similar studies conducted by
Z. Denchev et al. and N. Dencheva et al.,'®"” extruded microfi-
brillar composites were developed using oriented blends of PE
and PA12 with enhanced strength due to the reinforcing fibrils
of PA12. These studies focused on mechanical reinforcement,
solely taking advantage of PA12.

Multilayer composites with flexible material selection and
optimized hierarchical structure provide advanced solutions in
large-scale manufacturing. In recent studies, a layering tech-
nique has been utilized to develop multilayer composites from
dissimilar thermoplastics, achieving novel performances in
energy absorption,'®'® damping,”® tunable shape memory be-
havior,>® and flame retardation,?*** electromagnetic inter-
ference shielding.>! This technique can extend to the develop-
ment of a composite incorporating PERT and PA12. The
layered structural design enables individual layers to contrib-
ute distinct properties, resulting in a multilayer composite
with a unique combination of strength, damping, barrier pro-
perties, and other attributes. The development of multilayer
composites using two or more dissimilar materials typically
necessitates an adhesive layer to promote cohesive bonding
among the heterogeneous layers. Thermoset adhesive
materials are commercially available for development of multi-
layer composites. Due to the benefits of thermoplastic
materials, recent interests have been raised in developing ther-
moplastic adhesive materials and thermoplastic multilayer
composites.”>*® C. Huang et al. used low-density polyethylene
grafted with maleic anhydride (LDPE-g-MAH) as an adhesive
layer to develop the three-layer composite film consisting of
ethylene-vinyl alcohol copolymer (EVOH) and low-density
polyethylene (LDPE).>® High-density polyethylene grafted with
maleic anhydride (HDPE-g-MAH) was also used as an adhesive
layer to develop a layered composite with controlled barrier
and tensile properties. However, these multilayer composites
were limited to low temperature applications due to the rela-
tively inferior mechanical properties of polyethylene-based
adhesive, especially at elevated temperatures. C. Ge et al. devel-
oped a layered composite without an adhesive layer, relying
instead on the adhesion between the selected thermoplastic

materials and the fabrication method.>” However, this
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approach cannot be generalized for the development of multi-
layer composites from thermoplastic materials characterized
by low compatibility and adhesion properties, such as PE and
PA12.*° In a recent study, W. Fang et al. developed a carbon
fiber-reinforced thermoplastic adhesive layer, which achieved
improved high-temperature performance.?®

This study aims to optimize the design of a three-layer com-
posite by using a blend of PERT and PA12 as the adhesive
layer, effectively bonding the PERT and PA12 layers without
the need for an adhesive layer made of different materials. By
utilizing just two thermoplastic primaries, this multilayered
composite preserves the benefits of thermoplastics and pre-
sents a lower carbon footprint and economically viable solu-
tion compared to thermoset or metal counterparts. A T-peel
test was used to evaluate the adhesion of the blend under con-
trolled conditions. The overall performance of the multilayer
thermoplastic composite was evaluated at the maximum oper-
ating temperature of PERT (82 °C)*° to benchmark its perform-
ance. The barrier properties of the PERT/PA12 multilayer com-
posite were characterized by water vapor transmission test and
CO, permeability test, while the mechanical strength was
assessed through the tensile test, creep test, and drop-weight
impact test. The developed design method facilitates the feasi-
bility of fine-tuning the ratio of composite materials to meet
specific performance requirements in large-scale manufactur-
ing while maintaining a compelling combination of safety,
durability, CO, reduction, and sustainability. These latter attri-
butes certainly align well with the global shift towards more
sustainable technologies and yield invaluable assets across
diverse sectors.

2. Experimental

2.1. Materials

PERT was supplied in pellet form with a density of 0.95 g
cm >, a melting temperature of 132 °C and a melt flow rate of
0.1 g per 10 min at 190 °C per 2.16 kg. PA12 was also supplied
in pellet form with a density of 1.02 g cm™ and a melt temp-
erature of 176 °C. Maleic anhydride grafted polyethylene (MA)
in pellet form with a density of 0.95 g ecm™>, a melting temp-
erature of 127 °C and a melt index of 5 g per 10 min (190 °C,
2.16 kg), and grafting level between 0.8% and 1.2% was used
as the compatibilizer and adhesion promoter. The PA12 pellets
were first dried in an oven at 60 °C for 48 h. As listed in

Table 1 Weight ratios of PERT-PA and PERT-PA-MA blends

PERT-PA blends PERT-PA-MA blends

PERT PA12 PERT PA12 MA
30% 70% 40% 60% 0%
40% 60% 37.5% 60% 2.5%
45% 55% 35% 60% 5%
50% 50% 30% 60% 10%
60% 40%

70% 30%

RSC Appl. Polym., 2024, 2, 170-181 | 1171
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Table 1, PERT-PA12 and PERT-PA12-MA blend samples with
different weight ratios were prepared by twin-screw compound-
ing (DSM Xplore 15, DSM Netherlands) at 230 °C, with a resi-
dence time of 10 min, and a screw speed of 200 rpm. PA12,
PERT, and blend samples were compression molded into bar
and film samples at 230 °C. The process involved melting the
pellets for 5 min, hot pressing them under 5 tons of hydraulic
pressure for an additional 5 min, and then allowing them to
air cool. Three individual layers, each with a thickness of
0.34 mm, were stacked in the order of PA12, blend, and PERT.
Then, the stacked layers were compression molded to 1 mm
thick Trilayer samples in a vacuum bag at 230 °C for 5 min
and then air-cooled. The schematic of fabrication method was
illustrated in ESI.f The thickness of the PA12, PERT, blend,
and Trilayer samples were 1.01 + 0.055 mm, 0.98 + 0.035 mm,
1.04 + 0.028 mm, and 1.04 + 0.062 mm, respectively. In the
layered structure, the blend served as the adhesive layer, and
its adhesion strengths to both PA12 and PERT layers were
characterized to compare the performance of different blends
and determine the optimized weight ratio.

2.2. Measurement of adhesion strength at elevated
temperatures

Adhesion strength measurement at elevated temperature was
conducted using the previously developed T-peel test
method.*® T-peel tests were performed under isothermal temp-
eratures of 30 °C and 82 °C, respectively, using a Dynamic
Mechanical Analyzer (DMA, MCR 702e MultiDrive, Anton
Paar). The specimens were equilibrated for 5 min at the
desired testing temperature. Subsequently, T-peel testing was
conducted at a constant adhesive separation rate of 250 pm
min~" in a range of 0 to 7500 um. The force was recorded and
plotted against peeled distance. The peel strength of the
adhesive layer was calculated as the average force per width of
the specimen after the initial load peak. At least 3 replicates
were conducted, and the standard deviations were used as the
error bar. Same method was applied to the other characteriz-
ations to ensure the consistency.

2.3. Morphological and crystallinity study of the blend
system

PERT-PA and PERT-PA-MA blends were cryosectioned by an
ultramicrotome (Leica Ultracut UTC) for scanning electron
microscopy (SEM, JSM-IT100, JEOL). An industrial-grade
diamond knife was used to cut the sample at —120 °C, which
was below the T, of PERT, PA12, and MA. The cryosectioned
surfaces were sputter-coated with a thin gold layer measuring
15 nm in thickness prior to imaging.*! Differential Scanning
Calorimetry (DSC Q2000, TA Instruments) tests were con-
ducted by heat-cool-heat cycling process between 30 °C and
200 °C with heating and cooling rates of 10 °C min™" under a
nitrogen atmosphere. The measured heat flow in the second
heating phase was used to determine the melting temperature
(Tm), and degree of crystallinity.
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2.4. Characterization of barrier properties

The water vapor barrier properties of PA12, PERT, Blend and
Trilayer samples at an elevated temperature were characterized
by water vapor transmission testing following ASTM E96.*?
Thin film test specimens with a thickness of 1 mm were
installed into permeability cups (VF2201-111, TQC). The per-
meability cups, containing deionized water, have a 25 cm” per-
meation area for the transmission of water vapor through the
film specimens. The cups were placed inside an oven at an
elevated temperature of 82 °C. Daily weight measurements of
the permeability cups were taken to determine the average
weight loss until reaching a steady state. The water vapor trans-
mission rate was calculated using the daily steady state weight
loss in terms of mg cm™ day .

The CO, barrier properties of PA12, PERT, Blend, and
Trilayer samples were measured using a permeation cell devel-
oped in a previous study by Dargahi et al.**** Discs of 7.6 mm
in diameter with 1 mm thickness were cut from the com-
pression molded films for the permeation tests. The per-
meation tests were conducted under 1500 psi feed pressure
CO, at 82 °C. The coefficients of permeability (Pe), diffusivity
(D), and solubility (S) were identified using the time lag
method as described in the previous study.**

2.5. Tensile and Young’s modulus

A DMA (MCR 702e MultiDrive, Anton Paar), using a solid rectangu-
lar fixture for a linear drive, was used to characterize the yield
stress and elastic modulus of PA12, PERT, Blend and Trilayer
samples. The 3.5 mm by 15 mm test specimens were cut from
compression molded 1 mm thick film. During the test, the speci-
mens were equilibrated at 82 °C for 5 minutes. Subsequently, the
specimens were extended linearly to a strain of 250% at a rate of
20% per minute, with stress and strain measured simultaneously.
The yield stresses for PA12, PERT, blend, and Trilayer samples
were calculated using a 1% offset strain based on ASTM D638.
Young’s modulus was determined from the slope of stress-strain
curve between 0.5% and 1.5% strain.

2.6. Tensile and flexural creep resistance

The resistance of PA12, PERT, Blend and Trilayer samples to
both tensile and flexural creep was characterized using a DMA
(MCR 702e MultiDrive, Anton Paar) following the test method
in previous tensile creep study®*® and flexural creep study,*®
respectively. The 3.5 mm by 15 mm by 1 mm test specimens
were equilibrated at 82 °C for 5 min, followed by applying a
constant 2 MPa tensile load for 30 min, which was below the
yield stress of all the materials. The creep resistance was
characterized using the total tensile strain at 30 min, as well as
the average creep strain rate in the last 5 min of the test.
Flexural creep test specimens, with the same dimensions as
the tensile creep specimens, were mounted into a cantilever
clamp. In single cantilever bending, one end of the specimens
was mounted into a fixed clamp with the other end in the
moveable clamp. After equilibration at 82 °C for 5 min, a con-
stant 20 MPa bending stress was applied to the specimen for

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00220b

Open Access Article. Published on 15 Oktober 2024. Downloaded on 14/02/2026 9:56:40 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

30 min. The flexural strain was calculated as the ratio of the
deformation at the loading end over the beam length. Similar
to tensile creep resistance, the flexural creep resistance was
characterized using the flexural strain at 30 min, as well as the
average creep strain rate in the final 5 min.

2.7. Impact absorption

Drop-weight impact tests in accordance with ASTM D7766,
were conducted to characterize the impact absorption of PA12,
PERT, blend and Trilayer samples. A 230 g cylindrical striker
with ball head was released from a 1 m height, following the
same procedures in previous studies.’”*® Disc specimens with
a 2.46 cm diameter were cut from the 1 mm thick film and
placed under the striker. Trilayer specimens were oriented
with the PA12 layer coming into first contact with the striker.
The force transmitted into the materials was recorded by a
load cell beneath the specimens. The impact location of the
specimens was sectioned to quantify the deformation.
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3. Results and discussion

3.1. Optimization of adhesive layer in PA12/Blend/PERT
multilayer composite

Multilayer composites, with two or more dissimilar polymer
layers, necessitate an adhesive layer to bond the dissimilar
layers.>*>® The adhesion strength of such adhesive layers
determines the ability to sufficiently bond constituent layers,>®
being PA12 and PERT in this study. In the design of the multi-
layer composite, as illustrated in Fig. 1(a), the blends have the
potential to bond both PA12 and PERT layers. Initially in the
study, design optimization was employed to improve the
adhesive strength of the blends at both 30 °C and 82 °C. One
of the key considerations was to balance the adhesion strength
to both PERT and PA12 to ensure effective load transfer in the
multilayer composite and prevent delamination at the more
vulnerable interface. A T-peel test setup was employed to
characterize the adhesion strength of the blend system, as
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Fig. 1 T-peel test setup and measured peel strength of PERT-PA12 blends to PERT and PA12. (a) Schematic of Trilayer sample, which uses an immis-
cible blend as an adhesion layer to bond the two dissimilar layers. (b) T-peel test setup consisting of tensile grips and temperature furnace. (c)
Example of force/width vs. displacement curve and peel strength at the steady-state plateau. Peel strength of PERT-PA12 to PERT and PA12 at (d)

30 °C, and (e) 82 °C.
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shown in Fig. 1(b). As the example illustrates in Fig. 1(c),
the peel strength was calculated as the average value of the
plateau region in the force/width vs. displacement curve.
The peel strengths of PERT-PA12 blends to both PERT and
PA12 substrates at 30 and 82 °C are shown in Fig. 1(d) and
(e), respectively. At both temperatures, the peel strengths of
the PERT-PA12 blends to PERT increased as the weight per-
centage of PERT was raised. Meanwhile, higher peel
strengths to PA12 were obtained with a higher weight per-
centage of PA12 in the blends. The 40%-60% PERT-PA12
blend system demonstrated imbalanced adhesion strength
to PERT and PA12. An improved adhesion strength to PERT
is required to prevent the delamination in PA12/blend/PERT
Trilayer composite.

A promising approach is to use MA as the compatibilizer
and adhesion promoter through hydrogen bonding, polar-
polar interactions, or covalent bonding between the polyolefin
and the polar surface.**™*? Additions of MA were thus incorpor-
ated into the preparation of three PERT-PA12-MA blends with
composition  targets of 37.5-60-2.5, 35-60-5, and
30-60-10 wt%, respectively. The morphology of the blends
without and with MA compatibilizer are shown in Fig. 2(a) and
(b), respectively. An immiscible morphology was observed in
both non-compatibilized and compatibilized blends. PA12
exists as dispersed droplets within the continuous phase of
PERT. MA addition resulted in a significantly smaller and
better dispersed PA12 phase. The crystallinities of PA12, PERT,
and 35-60-5 PERT-PA12-MA blend samples were characterized
using DSC, as shown in Fig. 2(c) and summarized in Fig. 2(d).
The heat flow curves display single peaks for both PA12 and
PERT, with the blend samples exhibiting the same single
peaks, indicating no evidence of eutectic mixture.*?

In the T-peel test, the adhesion strengths to PERT increased
with the addition of 2.5 and 5 wt% MA at both testing temp-
eratures compared to the blend without MA, as shown in
Fig. 2(e) and (f). With 5 wt% MA, the adhesion strength was
significantly improved by 199% and 309% at 30 °C and 82 °C,
respectively. However, with a further increase of MA to 10 wt%,
the adhesion strength to PERT was unchanged at 30 °C and
decreased at 82 °C. This was likely due to the low mechanical
strength of MA which resulted in cohesive failure of the Blend
at elevated temperature. The most balanced adhesion strength
to both the PERT and PA12 was obtained in the case of the
35-60-5 PERT-PA12-MA blend. This blend (Blend) was selected
for further characterization and for the design of the three-
layer composite (Trilayer). Thermogravimetric analysis was
used to demonstrate the stability of Trilayer composites in
ESL}

3.2. Enhanced barrier properties of the multilayer composite

The barrier properties of PA12, PERT, Blend, and Trilayer were
characterized by water vapor and supercritical CO, permeation
tests at 82 °C. The orientation of the Trilayer samples for water
vapor and CO, diffusion was determined based on the
different barrier properties of PERT and PA12, illustrated in
Fig. 3(a).

N74 | RSC Appl. Polym., 2024, 2, 170-T181

View Article Online

RSC Applied Polymers

3.2.1. Water vapor barrier properties. In the water vapor
test, the water vapor transmission rate of PA12 was
measured as 2.19 mg cm’® day ', which was 742.3%
higher than that of PERT, 0.26 mg cm” day~'. This is due
to a high affinity for forming an intermolecular hydrogen
bond between the amide groups and water, which attracts
water vapor from the environment.** In contrast, PERT
along with similar polyethylene-based materials, are known
for their resistance to water vapor transmission and are
commonly used as water vapor barrier layers. The water
vapor transmission rate of the Blend was measured as
0.80 mg cm” day !, which is 207.7% higher than PERT
and 63.5% less than PA12. The reduction compared to
PA12 is based on the 40% polyethylene content in the
Blend. The PERT is a continuous phase providing an
improved barrier effect stemming from limited percolation
of the PERT phase.”>™*’

For the water vapor test of Trilayer samples, the test speci-
mens were orientated such that the PERT layer was exposed
first to the water vapor, taking advantage of its superior
water vapor resistance. The water vapor transmission rate of
Trilayer samples was measured as 0.34 mg cm® day ' at
82 ©°C, which is 30.8% higher than that of PERT, 84.5% less
than PA12, 57.5% less than the Blend, and 37.5% less than
the estimated value using the series model for the trans-
mission rate:*®

1

TR =
@, /TR, + P, /TRy + D /TR, . . .

(1)

where, TR,, TRy, TR, and &,, &}, @, are the transmission
rate and volume fraction of the constituent layers. The water
vapor transmission rate of the Trilayer is low considering
the overall PERT content in Trilayer is similar to the Blend.
In this anisotropic structure, the PERT layer acts as a water
vapor retarder which significantly reduces the ingress of
water vapor into the Blend and PA12 layers. High water
barrier property of PERT reduced the intermolecular hydro-
gen bond in PA12 layer. Thus, the layered structure incor-
porating PERT as a retarder demonstrated notable water
vapor barrier property. Furthermore, thermogravimetric ana-
lysis and tensile tests were conducted on the Trilayer speci-
mens before and after WVT tests to demonstrate the stabi-
lity in high-temperature water vapor environment, as shown
in ESL}

3.2.2. CO, barrier properties. The CO, gas barrier pro-
perties were characterized using the 82 °C and 1500 psi super-
critical CO, permeation test. The time-lag method was used to
calculate the diffusivity, solubility, and permeability of the
material,®® as illustrated in Fig. 3(c). The diffusivity and per-
meability values were determined using the x-intercept and
slope of the downstream pressure curve at steady-state. The
time-lag method yields accurate results for permeation but
may introduce uncertainties of approximately 10-15% when
predicting diffusivity due to errors associated with the tran-
sition state.*® Due to the substantial difference in constituent
material properties, the time-lag method is still applicable for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Morphology, crystallinity, and adhesion strength of PERT-PA12-MA blends. SEM images of (a) PERT-PA12 40-60 blend and (b) PERT-PA12-
MA 35-60-5 blend. Smaller immiscible phases were observed with MA as compatibilizer. (c) Heat flow vs. temperature curves of PA12, PERT, and
Blend (35-60-5). First and second peaks in Blend are consistent to the intrinsic peaks. No addition peak was observed, confirming no copolymeriza-
tion between two dissimilar materials. (d) Calculated crystallinity of PA12, PERT and Blend. Crystallinities of Blend were lower than the intrinsic

materials. Peel strength of PERT-PA12-MA at (e) 30 °C, and (f) 82 °C.

the qualitative comparison between PA12, PERT, Blend, and
Trilayer.

Gas diffusivity depends on the length and tortuosity of the
diffusion path between the crystal spherulites. As shown in
both Fig. 3(d) and (e), the diffusivity of PA12, measured at
0.837 x 107% cm? s7%, is 71.9% lower than the 2.977 x 107® cm?

© 2024 The Author(s). Published by the Royal Society of Chemistry

s™! of PERT. PA12 has a much higher T, and has constrained
chain mobility due to the hydrogen bonding in its amide lin-
kages.'® Thus, the restricted chain segmental mobility in the
amorphous phase of PA12 yields a significantly lower CO, gas
diffusivity. Solubility is another term contributing to CO, per-
meability. The calculated CO, solubility of PA12 was 1.484 cm?
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PERT 0.26 2,977 1.065 3.169
Blend 0.80 1.872 1.209 2.263
Trilayer 0.34 1.283 1.210 1.553

Fig. 3 Barrier properties, i.e., water vapor and CO, permeability, of PA12, PERT, Blend and Trilayer. (a) Schematics of permeation test on water
vapor and CO, with different transmission directions. (b) Measured weight loss % of water vapor and calculated transmission rate at 82 °C. Trilayer

sample showed comparable water vapor barrier property to PERT. (c) Exa

mple of downstream pressure vs. time curve from CO, permeation test at

82 °C, and extracted CO, permeability from slope, and CO, diffusivity from x-intercept. (d) and (e) Calculated CO, diffusivity, solubility, and per-
meability of PA12, PERT, Blend, and Trilayer at 82 °C. Trilayer sample showed comparable CO, barrier property to PA12.

(STP) (cm® MPa)™" which was 39.3% greater than PERT. PA12
exhibits a more asymmetrical molecular structure, leading to
higher polarity and cohesive energy density.>® Consequently,
PA12 demonstrates more interaction with CO, and higher solu-
bility. The permeabilities of PA12 and PERT were measured as
1.242 x 107% em?® (STP) (cm s MPa)™" and 3.169 x 107% cm®
(STP) (cm s MPa)™", respectively. PERT and PA12 display dis-
tinct CO, permeability characteristics. More specifically, PERT
has a higher diffusivity term due to its crystal spherulites,
while PA12 has a higher solubility term due to its polarity.

NM76 | RSC Appl. Polym., 2024, 2, 170-1181

The diffusivity and solubility of the Blend were 1.872 x 10~°
em”® s7' and 1.209 cm?® (STP) (cm® MPa)™", respectively. As
shown in Fig. 2(b), PERT phase wrapped PA12 phase in the
droplet-in-matrix morphology of the Blend, reducing the inter-
action between CO, and PA12. Consequently, the solubility of
the Blend was lower than PA12, and slightly higher than PERT.
Meanwhile, the additional diffusion paths in the interface
between immiscible phases contribute positively to the high
diffusivity of the Blend. A permeability of 2.263 x 107° cm®
(STP) (cm s MPa)™" was obtained for the Blend, 28.6% lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dynamic mechanical properties: tensile properties, creep, and flexural creep resistance of PA12, PERT, Blend and Trilayer. (a) Measured
Young's modulus and yield stress results in tensile test at 82 °C. Schematics of (b) tensile and (c) flexural creep tests under tensile stress and bending
stress, respectively, at 82 °C for 30 min. Measured strain, and creep rate at 82 °C in (d) tensile creep and (e) flexural creep test. Trilayer shows com-
parable creep and flexural creep resistances to PA12, and significantly better than Blend.

than PERT, 82.2% higher than PA12, and 18.4% higher than
the estimated value of 1.911 x 10™° cm® (STP) (cm s MPa)™*
using the Maxwell’s model for the droplet-in-matrix
morphology:*”

p—p Pq + 2Py, — 2¢d(Pm —Pd)
" Pa+ 2Py + ®a(Pm — Pa)

(2)

where, Pq4, and Py, are the permeabilities of the droplet phase,
and matrix phase, respectively. @4 is the volume fraction of the
droplet phase. The Blend shows reduced solubility yet
increased diffusivity. These opposing effects lead to a marginal
improvement in CO, barrier properties.

The Trilayer samples were orientated with the PA12 layer
exposed to pressurized CO, to leverage its lower CO, diffusiv-
ity. The diffusivity, solubility, and permeability of Trilayer were
determined as 1.283 x 107° ecm® s7', 1.210 cm® (STP) (cm®
MPa)™', and 1.553 x 107° cm® (STP) (cm s MPa) ™", respectively.
The measured permeability of Trilayer was 51.0% lower than
PERT, 25.0% higher than PA12, 31.4% lower than Blend, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

19.1% lower than the estimated value of 1.920 x 10° cm®
(STP) (cm s MPa) " using the series model for permeation:*’

L
P=
La/Pa+ Ly /Py + Lc /P, . ..

3)

where, P,, Py, P., and etc. are the permeabilities of constituent
layers. L,, Ly, L., and etc. are the thicknesses of constituent
layers. The PA12 layer in the multilayer structure acted as
diffusion retarder, reducing the CO, diffusion through the
Blend and PERT layers. Overall, the CO, Trilayer barrier pro-
perties were marginally lower than PA12, and significantly
better than PERT and Blend.

3.3. Enhanced mechanical properties of the multilayer
composite

3.3.1. Tensile modulus and yield stress. Fig. 4(a) shows
Young’s modulus and yield stress of PA12, PERT, Blend and
Trilayer samples. The Trilayer yielded a higher Young’s
modulus and yield stress than the Blend, positioned between
the corresponding values of PA12 and PERT. Young’s modulus

RSC Appl. Polym., 2024, 2,170-1181 | N77
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and yield stress of the Blend were 96.4 MPa and 3.23 MPa,
respectively, demonstrating insignificant improvement over
PERT. In the droplet-matrix immiscible morphology, phase
separation results in inferior mechanical properties due to
poor adhesion and impaired stress transfer between the PERT
and PA12 phases.’® The Young’s modulus of the Trilayer
exceeded that of the Blend samples by 17.2%, while the yield
stress was comparable. The modulus of the Trilayer was calcu-
lated as 113.0 MPa which closely aligned with the estimated
value of 109.4 MPa obtained using the rule of mixtures. The
observed low yield stress in Trilayer samples is primarily attrib-
uted to the inherent low yield stress of the PERT and Blend
layers. These layers yield prematurely in comparison to the
PA12 layer, leading the Trilayer composite to exhibit yield
stress comparable to the PERT and Blend, and lower than the
PA12.

(a)

3600

View Article Online

RSC Applied Polymers

3.3.2. Tensile and flexural creep resistance. The creep tests
were conducted under tensile and bending stress at 82 °C, as
illustrated in Fig. 4(b) and (c), respectively. The tensile strain at
30 min and the average creep strain rate recorded from 25 min
to 30 min are illustrated in Fig. 4(d). In the tensile creep test, 2
MPa tensile stress was applied to PA12, PERT, Blend and
Trilayer samples. In the tensile creep test, the Trilayer demon-
strated lower creep strain and creep rate value than the Blend,
by 29.4% and 40.2%, respectively. The flexural creep strains
and creep rates of PA12, PERT, Blend, and Trilayer under 20
MPa bending stress at 82 °C for 30 min are illustrated in
Fig. 4(e). The Blend samples exhibited the highest 30 min flex-
ural creep strain of 6.82% and an intermediate flexural creep
rate of 0.00164% min~". The Trilayer exhibited a lower flexural
creep strain and a lower flexural creep rate than the Blend by
48.8% and 39.6%, respectively. In both tensile and flexural

(c)
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Fig. 5 Ball drop impact test of PA12, PERT, Blend and Trilayer. (a) Obtained max transferred force of PA12, PERT, Blend and Trilayer, showing Trilayer
structure has optimized impact absorption than Blend. (b) Sample force vs. time curves from the ball drop impact test, showing the asymmetric peak
resulting from partially reversible deformation of samples. (c) Sample images of PA12, PERT, Blend and Trilayer, indicating the thickness and defor-

mation at the center of the impact.
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creep tests, the Trilayer showed improved creep resistance over
the Blend.

Compared to PERT, PA12 has much higher creep resistance
at 82 °C in both tensile and bending creep tests, benefiting
from its restricted chain segmental mobility and the resultant
stiffness at an elevated temperature. A negative creep rate of
PA12 was obtained in the tensile creep test due to the time-
dependent volume contraction in its amorphous region when
exposed to a temperature exceeding the 7T,.°>°’ The Blend
samples displayed moderate tensile and poor flexural creep re-
sistance, attributed to the deformation occurring at the inter-
face of the immiscible PERT and PA12 phases. The positive
Gibbs free energy of the system causes the polymers to be
thermodynamically immiscible, weakening the interfacial
adhesion.’® The interfaces between the distinct phases serve
as the area of concentrated deformation when subjected to the
bending stress, leading to significantly low creep resistance.>

In Trilayer samples, the strain was the same across the
layers, which behaved like a parallel string system under
tensile load. The PA12 layer, being stiffer, sustained more of
the tensile stress, whereas the Blend and PERT layers sus-
tained less. This configuration allowed the PA12 layer to bear
more loading in the tensile creep test, leading to a creep per-
formance similar to that of PA12. In the flexural creep test
using the cantilever bending setup, tensile stress was present
above the neutral axis, while compressive stress occurred
below it. In the Trilayer samples, the PERT layer sustained
compression, and the PA12 layer was subjected to tension. The
layered structure leveraged the constituent layer, PA12, and
exhibited an improved flexural creep resistance. Significantly
improved creep resistance of the Trilayer was demonstrated
compared to PERT and the Blend in both tensile and flexural
creep tests.

3.3.3. Impact absorption and resistant to deformation. For
the impact test at ambient temperature, the same drop-weight
loading was applied to PA12, PERT, Blend and Trilayer
samples. The impact absorption of the samples was compared
based on the maximum transferred force from drop-weight
load,*”® as illustrated in Fig. 5(a). The Blend achieved the
highest maximum transferred force. This is attributed to the
inability to absorb and propagate energy between the immisci-
ble PERT and PA12 phases. PA12 also exhibited high
maximum transferred force, owing to its glassy properties at
the test temperature. PERT exhibited the lowest maximum
transferred force, due to the rubbery behaviour and damping
characteristics. Using a PERT layer as the impact absorber, the
Trilayer effectively absorbed the drop-weight loading with a
maximum transferred force comparable to PERT and 14%
lower than Blend. The impact force vs. time plot in Fig. 5(b),
showing the impact force transferred through each type of
sample during the drop-weight impact test. The impact force
experienced a sharp peak corresponding to engagement, stop,
and rebound of the impactor as described by Belingardi and
Vadori.’® The kinetic energy transfers into the test specimen
until the maximum transferred force is reached. While the
energy is being absorbed by the specimens for all samples, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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asymmetry of the peaks was due to the impact energy exceed-
ing their elastic limits, causing irreversible and permanent
deformation of the samples.

Deformation of the tested samples is illustrated in Fig. 5(c). All
samples exhibit noticeable deformation from the same level of
impact. PA12 and the Trilayer exhibited less deformation than
PERT and the Blend. PA12 had the lowest permanent defor-
mation and superior resistance to the drop-weight impact, attrib-
uted to its higher modulus and glassy behaviour at the testing
temperature. PERT demonstrated the lowest resistance to the
same impact, due to its lower modulus and rubbery behaviour.
For the Trilayer, the PA12 layer was strategically placed to with-
stand the impact and thereby protect the Blend and PERT layers
beneath. This configuration allowed the Trilayer to attain compar-
able deformation to PA12 and 56% less deformation than the
Blend. Overall, the layered structural configuration excelled in
both impact absorption and resistance to deformation, compar-
able to PERT and PA12, respectively.

4. Conclusions

In this study, a multilayer thermoplastic composite was devel-
oped, comprising of PA12 and PERT as outer layers, and a
35-60-5 wt% PERT-PA12-MA blend as an adhesive layer.
Compared to the PERT-PA12-MA blend, the Trilayer demon-
strated a reasonably low rate of water vapor transmission rate
at 82 °C by incorporating PERT as a water vapor retarder. CO,
barrier performance was enhanced by employing PA12 as a
diffusion barrier and leveraging the low solubility of the Blend
and PERT layers. During tensile testing at 82 °C, the Trilayer
samples showed enhanced Young’s modulus and yield stress
compared to the Blend and PERT. Furthermore, the Trilayer
leveraged the PA12 layer as the structural component to with-
stand continuous tensile and flexural stress, demonstrating
superior creep resistance. By incorporating a PA12 layer to
withstand direct impact and a PERT layer to dampen the
impact energy, the Trilayer samples exhibited improved impact
absorption and resistant to deformation from impact. This
study developed a multilayer thermoplastic composite that fea-
tures improved barrier and mechanical properties, aligning
with CO, reduction efforts and offering an alternative to tra-
ditional materials such as thermoset and metal. The study pre-
sented an innovative approach to developing advanced ther-
moplastic composites, promoting a more sustainable and
environmentally friendly future for thermoplastic materials.
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