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This study focuses on tailoring elastic behaviour in an inherently brittle epoxy-based fibre-reinforced composite
material formed through a gradient interphase with a bio-based thermoplastic elastomer. The fast-curing epoxy
Araldite LY3585/Aradur 3475 was tested with two bio-based Pebax block copolymer grades. First, the interphase
was characterised via optical hot-stage microscopy and Raman spectroscopy. The analysis unveiled pronounced
diffusion followed by a reaction-induced phase separation, which led to the formation of an interphase with a
thickness exceeding 200 pm at the temperatures associated with the curing process. Second, composite laminates
were fabricated through a combined process of fused filament fabrication and vacuum infusion, incorporating a
flexible domain with variable stiffness properties. The material architecture exhibited brittle-to-ductile behav-
iour at the micrometre scale, with tailored flexible response under bending and stiff behaviour in tension.
Consequently, the study anticipates using multi-scale toughened material structures for more efficient generative

design concepts.

1. Introduction

Fibre-reinforced composites are important structural materials for
future sustainable transportation, energy storage, construction, and
biomedical technologies owing to their excellent combination of
significantly reduced weight and improved mechanical performance.
However, a considerable challenge arises because synthetic materials
cannot be simultaneously strong and tough, as both properties do not co-
exist [1]. Consequently, highly cross-linked thermoset composites tend
to be brittle or notch-sensitive, with a low resistance to crack initiation
and growth [1,2]. Therefore, different strategies have been developed to
improve the fracture toughness of brittle epoxy systems [1-6]: (a)
varying the cross-link density and initial molecular chain lengths of the
epoxy resin, (b) incorporation of a rubbery phase (i.e. elastomer), (c)
inclusion of a thermoplastic phase, (d) and inclusion of nanofillers such
as graphene nanoplatelets and hyperbranched polymer nanoparticles. A
second polymer (ductile phase) incorporated in the epoxy matrix can act
as a toughening agent to prevent crack propagation, thus improving the
fracture toughness. Despite this, the addition of materials such as liquid
rubbers results in the loss of thermal stability owing to the lower glass
transition temperature (Tg) of the added phase. Therefore, toughening
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agents such as amorphous thermoplastics (e.g. polyetherimide (PEI) and
polyethersulfone (PES)) have been investigated intensively [2,4,5,7,8].
At the start of the reaction, the uncured epoxy and soluble thermoplastic
polymer undergo mutual diffusion, with the epoxy diffusing into the
thermoplastic and causing swelling [9,10]. As curing progresses, the
molecular weight of the epoxy increases, reducing their ability to
diffuse. The curing temperature triggers a reaction-induced phase sep-
aration, which occurs when the composition line crosses the curing
temperature. The phase separation process is influenced by thermody-
namics, kinetics, and the time-dependent viscosity of the thermoset
matrix, leading to the formation of microregions with slight composi-
tional deviations from the system composition [9,11]. Existing literature
suggests two primary mechanisms for phase separation: nucleation and
growth, and spinodal decomposition. The onset of phase separation is
temperature-dependent, with higher temperatures delaying the initia-
tion of phase separation due to increased chain mobility. The interphase
thickness increases with temperature until it reaches a maximum due to
the reactivity of the epoxy. The phase separation does not coincide along
the diffusion length due to the concentration profile, resulting in a
graded interphase morphology. The final morphology is determined by
the competition between the increase in epoxy molecular weight, which
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triggers phase separation, and the cross-linking of epoxy, which freezes
the structure and suppresses phase separation, leading to a semi-
interpenetrating network (s-IPN) [4,12-15]. Different morphologies
result from the reaction-induced phase separation, such as complete
dissolution, a homogeneous distribution, sea-island structures, or a two-
phase morphology, depending on the polymers, their mixing ratio, and
the temperature condition [5,11]. Forming s-IPNs and phase-separating
morphologies are essential mechanisms to improve fracture toughness
[11]. This concept is interesting for toughening and designing multi-
materials, e.g. integration of a functional surface in composite mate-
rials for welding [13,15-18], over-moulding [19], or as a sealing. Recent
studies have demonstrated the usage of functional materials with
favourable properties, including PES/epoxy [2,8], PEIl/epoxy
[5,14,15,20], poly hydroxy ether (phenoxy)/epoxy [6,17,18], poly
(methyl methacrylate) (PMMA)/epoxy [18,21-23], thermoplastic elas-
tomer (TPE)/epoxy [24], and polycarbonate/polyester resin [25].

Inspired by nature’s ingenious designs, multifunctional materials
have emerged as a promising avenue in composite materials research.
Multifunctional materials refer to materials that exhibit multiple prop-
erties or functionalities, often beyond their traditional roles in a single
material system, whereas multi-material materials refer to materials
composed of different materials [26,27]. Multi-material materials focus
on the combination of different materials, while multifunctional mate-
rials focus on the multiple functionalities exhibited by a single material
[27]. By drawing insights from biological structures and processes, re-
searchers develop composite materials that exhibit various functional-
ities, enabling clever and efficient structural designs without added
weight or costs [26,27]. Bioinspiration in composite materials involves
incorporating design principles observed in biological systems, such as
hierarchical organisation, flexibility, and toughness, to create materials
with enhanced mechanical properties and multi-functionality.

Bio-inspired composite materials have been explored in various en-
gineering realms, ranging from robotics to life sciences, and have shown
great potential in applications such as brittle-to-ductile toughening ar-
chitectures [28,29], morphing structures [28,29], soft actuators
[26,30-33], and beyond. The use of bioinspired approaches, including
mimicking the helicoid features found in biomaterials [34,35] has
shown promising results in creating multifunctional composite materials
with improved performance and mechanical properties. Overall, the
integration of bioinspiration in composite materials holds immense
promise in advancing the field of multifunctional materials, paving the
way for innovative and efficient structural designs with a wide range of
applications.

This study aims to investigate the application of s-IPNswith pro-
nounced mechanical interlocking at the micrometre scale [5,11] for
integrating various functional regimes, including the mechanical func-
tionality of a brittle-to-ductile material architecture, impact modifica-
tion, and multi-scale toughening. The utilisation of s-IPNs allows for the
combination of these functionalities, resulting in a synergistic effect that
enhances the overall performance of the material system. This approach
involves the creation of a complex network structure at the microscopic
level, which provides mechanical interlocking between the different
polymer networks, leading to improved mechanical properties, impact
resistance, and toughening behaviour. By strategically designing the s-
IPNs, it is possible to achieve tailored material properties that are su-
perior to those of individual polymers or conventional composites. This
study aims to provide a comprehensive understanding of the funda-
mental principles underlying the design and fabrication of s-IPNs for
advanced materials with enhanced multifunctional performance, spe-
cifically by developing multifunctional materials based on brittle-to-
ductile transition regions in epoxy-based composites formed by a
gradient interphase with a bio-based TPE. TPE’s combine the advan-
tages of both rubbery and thermoplastic materials: high flexibility with
the ability to be reshaped and formed through thermoplastic processes.
The study proposes a workflow to design, manufacture, and assess
multifunctional architectures, including characterising the interphase
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Table 1
Comparison of properties of different Pebax®Rnew types [38].

Property Pebax®Rnew®35R53 [42] Pebax®Rnew®1100 [43]
Amount of PA11 29 % 65 %

Melting temperature 135°C 188 °C

Density 1020 kg/m> 980 kg/m>

Young’s modulus 40 MPa 1160 MPa

Shore D hardness 25 68

formation from bio-based Pebax®Rnew®35R53 and Pebax®R-
new®1100 with the fast-curing epoxy Araldite LY3585/Aradur 3475 via
optical hot-stage microscopy and space-resolved Raman spectroscopy,
as well as designing and manufacturing a composite laminate that
combines the fused filament fabrication (FFF) process and the vacuum
infusion process. The FFF-printed structure serves as a mould into which
the fibre preforms are inserted, followed by infusion and curing of the
epoxy. The resulting laminate exhibits different responses depending on
the direction of applied load, showing pronounced flexibility in the
bending direction and stiffness in the tensile direction. This is achieved
by integrating a flexible domain with tailored variable stiffness prop-
erties, resulting in a brittle-to-ductile material architecture at the
micrometre scale.

2. Materials and methods
2.1. Materials

Two types of bio-based thermoplastic elastomers, Pebax®R-
new®35R53 and Pebax®Rnew®1100 (Arkema, Colombes, France),
were used. The base material is beans of the castor plant, whereby the
castor oil is converted into amino-11 monomers via several refinery
steps [36]. The two types exhibit very different mechanical properties
(see Table 1), from highly flexible to rigid. Pebax grades consist of a
multi-block copolymer with two types of segments. The structure is a
linear chain in an ordered pattern (AB) and consists of flexible polyether
and rigid polyamide 11 (PA11) blocks. Hence, the crystalline polyamide
block contributes to the polymer’s thermoplastic behaviour, whereas the
amorphous polyether block endows the polymer with elasticity and
flexibility.

This study used an epoxy resin system (Araldite LY3585/Aradur
4375) provided by Huntsman Advanced Materials (Basel, Switzerland).
The epoxy resin system (epoxy + hardener), hereafter referred to as the
epoxy, is based on bisphenol-A-diglycidylether as the resin and 1,3-
cyclohexanedimethanamine and methyldiethanolamine as hardeners.
The system has been widely utilised in the mass production of auto-
motive structural components and is notable for its short curing cycles
and final glass transition temperature of approximately 120 °C. The
system is typically used for high-pressure resin transfer moulding (HP-
RTM), wet compression moulding, and dynamic fluid compression
moulding (DFCM) applications, with a curing cycle of 2 min at 115 °C or
1 min at 140 °C. The DFCM process combines the speed of wet
compression moulding with HP-RTM quality without sacrificing geo-
metric complexity [33]. The authors previously developed a kinetic
model using the modified Kamal-Sourour model to describe the curing
process [18], and this model was used in this study to determine the
degree of curing.

A glass-fibre fabric (twill weave, E-Glass, Finish FK-144 [37]) with an
aerial weight of 163 g/m? was selected because it allows for better visual
inspection of the sample after manufacturing and testing.

2.2. Optical hot-stage microscopy

A scientific optical hot-stage microscopy setup, similar to the one
described by Teuwen et al. [13], was utilised for the microstructural
analysis of thermoplastic films. The setup consisted of a controlled
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Table 2
Experimentally derived parameters for Raman mapping.
Parameter Value Parameter Value
Laser 638 nm Hole 500 pm
Filter 15 mW (50 %) Slit 100 pm
Lens 100x Range 400-3500 cm ™!
Accumulations 5 Acquisition time 2s
Grafting 600 (750 nm) Delay time 0s
Photobleaching 3s Binning 1
Autofocus mode View Sharp™ Repetitive mode Off

heating device (Linkam THMS600, Tadworth, Great Britain) coupled
with an optical microscope (Keyence VHX 600, Osaka, Japan). The
thermoplastic films were printed directly on cover glass using a Fused
Filament Fabrication (FFF) technique on a Prusa i3 MK3S + 3D printer
(Prague, Czech Republic). The films had dimensions of 7 x 24 mmz, a
slot of 3 x 20 mm?, and a thickness of 120 pm, and the FFF parameters
were adopted from Schar et al. [38]. The films were heated at a rate of
50 K min~! above their respective melting temperatures (150 °C for
Pebax®Rnew®35R53 and 230 °C for Pebax®Rnew®1100) to adhere the
cover glass to the film. A toothpick was used to exert pressure and
promote proper adhesion between the thermoplastic film and the cover
glass. Subsequently, the temperature was gradually reduced to the
predetermined curing temperature, ranging from 90 °C, 100 °C, 110 °C,
120 °C, 130 °C, and 140 °C, as per the experimental design. Upon
reaching the curing temperature, a carefully prepared mixture of epoxy
resin (Araldite LY3585) and amine hardener (Aradur 3475) was applied
to the cavity. A time-lapse program captured images every 15 s to
characterise the interphase.

(a) Interphase characterisation procedure
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2.3. Raman spectroscopy and scanning electron microscopy

The hot-stage specimens were prepared for thorough analysis using
space-resolved Raman spectroscopy. A confocal Raman micro-
spectrometer (Horiba XploRA™ PLUS, Kyoto, Japan) was employed to
perform spectral mapping, enabling assessment of the interphase
thickness and shape. The Raman mapping was conducted at each curing
temperature, with the interphase thickness being measured three times
to ensure accuracy and repeatability. The spatial resolution in the x and
y directions was <500 nm, and that in the z direction was <2 pm; the
spectral resolution (full-width at half-maximum) was 1.4-8 cmfl,
depending on the laser and grid. A 100x lens with a minimum working
distance of 0.21 mm was used. Horiba’s View Sharp™ software was
used to reconstruct the surface topology to attain the highest focal
quality and ensure robust measurements. The interphase mappings
analysed via Raman spectroscopy were conducted using experimentally
determined parameters, as outlined in Table 2. The chosen parameter set
was found to be suitable for both Pebax® Rnew®35R53 and Pebax®R-
new®1100 grades. Different mapping grids were employed for the two
grades due to the significant difference in interphase thickness. For
Pebax®Rnew®35R53, mappings were acquired with a size of 400 x 42
um?, with step sizes of 0.9 pm and 14 pm in the x- and y-directions,
respectively, resulting in 445 spectra per row and column. For
Pebax®Rnew®1100, mappings were acquired with a size of 170 x 30
um?, with step sizes of 0.5 pm and 10 pm in the x- and y-directions,
respectively, resulting in 340 spectra per row and column. The resulting
Raman spectra were processed to generate false colour images that
visualised the material change in the interphase area (see Fig. 1). Instead
of false colour representation, normalised concentration profiles were
used in the x-direction to reveal the concentration gradient. Two
rigorous statistical methods were employed to analyse the experimental
data. Firstly, the interphase thickness was determined by comparing the

(b) Reference component spectra
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Fig. 1. Measurement and analysis setup for spectral Raman mapping to quantify the thickness, shape, and diffused proportions of interphases.
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Fig. 2. Manufacturing concept combining fused filament fabrication (FFF) with a vacuum infusion process (adapted from [39]).

onset and termination points, as depicted in Fig. 1. Secondly, the inte-
gral of the diffused proportions within these boundaries was calculated, R=
enabling quantification of the rate at which diffusion occurred between
the two materials. The ratio R was defined as

Aep
)
Apeb

@

whereby A, is the integrated diffused proportion in the epoxy and Ay, is
the integrated diffused proportion in the Pebax (see Fig. 1). The data

(a) Main features of the demonstrator

Cross-section of shell-core structure

Vacuum inlet
Flexible domain

Flexible domain

Vacuum outlet _ Upper shell

Brittle domain

Flexible domain
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High overall
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(b) Mechanical response depending on the load direction
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Fig. 3. Overview of key aspects of the multifunctional composite laminate: (a) Main features of the multifunctional composite laminates; (b) Mechanical response
depending on the loading direction.
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(a) Fibre layup
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Fig. 4. Schematic representation of the fibre layup in the combined fused filament fabrication (FFF) with vacuum infusion process for manufacturing laminates with

fibre composite structures.

analysis of the measured spectra was performed using LabSpec6 soft-
ware (Version 6.5.1, Horiba, Kyoto, Japan). First, a baseline correction
was performed. Second, the spectra were analysed: despite the possi-
bility of using individual peak signals to derive the concentration
gradient between the two materials, the multivariate classical least
squares (CLS) toolbox was used for the analysis. The CLS Fitting toolbox
is a supervised multivariate decomposition technique that uses a set of
reference component spectra. This procedure was used to calculate the
contribution of reference spectra within the acquired mapping grid and
allowed a quantitative evaluation of the interphase thickness.
Scanning electron microscopy (SEM; Hitachi S-3400, Tokyo, Japan)
was used on the identical specimens to obtain a more detailed view of
the interphase between the epoxy and Pebax. The samples were ana-
lysed with and without etching before measurement in order to resolve
the microstructure of the gradient interphase. The etching was per-
formed with hexafluoropropane-2-ol for 1-10 min followed by rinsing
with ethanol and with distilled water and drying with compressed air.

2.4. Manufacturing of composite laminates with a brittle-to—ductile
material architecture

This study combined FFF with a vacuum infusion process to manu-
facture specimens with fibre composite structures. The FFF process al-
lows for design freedom through the inclusion of a flexible domain,
whereby the local stiffness and elasticity can be modified according to
the specific needs and requirements; moreover, it also allows for
manufacturing without a mould [37]. Thus, this concept allows for
composite designs close to the final contour near the net shape [38,39].
A shell structure consisting of two parts was printed via FFF; the dry
glass-fibre fabrics were inserted and subsequently impregnated through
vacuum infusion followed by curing with the epoxy system in an oven
(see Fig. 2).

During the infusion process, the reaction-diffusion behaviour of the
epoxy ideally creates a pronounced gradient interphase between the
shell and the core. Previous studies have shown that in addition to
simple interlayers [13,14,20], multiple film stackings are possible, in
which multiple interphases are apparent [7]. Hence, the scale of the

brittle-to-ductile architecture formed by multiple gradient interphases
and neat polymer domains is passively tailored by design. The chosen
design for this study allows a high stiffness in the tensile direction with a
flexible flexural response in the bending direction (see Fig. 3). The
flexible domain was designed with a thickness of 0.2 mm, implying that
after curing, most of the infused epoxy eventually formed an interphase
with the TPE, and thus leading to a fully gradient material without
brittle epoxy properties. Nevertheless, this hypothesis needs to be veri-
fied through hot-stage microscopy, Raman spectroscopy and mechanical
tests.

In total, six composite laminates were manufactured with two types
of fabric layup (L1, L2). The L1 and L2 layups consisted of nine and ten
individual fabric layers, respectively. The fibres were oriented in the
tensile direction, which made it possible to produce a structure con-
sisting of a form-giving shell and a load-bearing core composed of glass-
fibre reinforcement and epoxy resin. The layup was designed so that the
centre layers entirely covered the mould area; all other layers were
adapted to the flexible domain in the centre (see Fig. 4a). The main
difference between layups L1 and L2 was an additional UD-laminae in
the centre to demonstrate the effect of the architecture on the me-
chanical properties. The outer shell was printed from Pebax with the FFF
printing parameters given in [38] and a size of 22.8 x 120 x 3.1 mm?
which was co-bonded with the glass fibre-reinforced epoxy system in a
vacuum infusion setup (see Fig. 4b).

After curing, the specimens were evaluated in three steps: 1. visual
inspection and proof of concept; 2. micro-polished cross-sections
(qualitative); and 3. quantitative mechanical in a Zwick (Zwick Roell,
Ulm, Germany) universal tensile testing machine according to DIN EN
ISO 178 (flexural mode) and DIN EN ISO 527 (tensile mode). The strains
were measured via the traverse. The flexural response was measured
with a 1 kN load cell and a three-point bending setup comprising a span
length between the supports of 64 mm, a radius of the support and
leading edge of 5 mm, and a testing speed of 5 mm/min. The tensile
properties were measured with a 100 kN load cell via hydraulic
clamping jaws with a pressure of 25 bar and a testing speed of 2 mm/
min. Subsequently, microsection analysis of the composite part were
performed. From each laminate, several samples were removed for
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Epoxy Pebax Rnew 35R53
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degree of cure: 0.82 100 Hm
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Fig. 5. Optical hot-stage microscopy images of the Pebax® Rnew®35R53 and epoxy system LY3585/3475 at 100 °C, 120 °C, and 140 °C. The left image illustrates a
degree of curing of zero, while the right image displays the maximum degree of curing.

polishing and microscopy.
3. Results and discussion
3.1. Interphase formation
Fig. 5 displays two images, captured at different curing tempera-

tures, that depict the progressive stages of the curing process. The left
image represents the initial stage when the epoxy was introduced into

the cavity, while the corresponding image on the right illustrates the
maximum degree of curing, clearly highlighting the interphase formed
between the thermoset and thermoplastic materials. Optical hot-stage
microscopy was employed to investigate the interphase formation
mechanisms owing to the notable mobility and affinity of both
Pebax®Rnew® grades towards the epoxy. Despite the hindrance posed
by the fast-curing reaction, which limits the evolution of the interphase,
distinct reaction—diffusion phenomena were observed. In comparison,
other thermoplastic materials such as polyamide 12, PMMA, and
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Fig. 6. Isothermal cure kinetics of the epoxy system Araldite LY3585/Aradur 3475 [18] with the corresponding onset of phase separation timesteps from

Pebax®Rnew®35R53.

phenoxy exhibited comparatively lower diffusion rates, as reported in
previous studies [18]. The Pebax® Rnew®35R53/epoxy exhibited pro-
nounced interphase formation mechanisms comparable to the formation
mechanisms observed in but not limited to PEI/epoxy investigations
[5,13,15,18,20,40]. Consequently, a concentration gradient of the two
constituents was formed, as visually indicated by the darkish area in
Fig. 5. The occurrence of dissolution, swelling, and interdiffusion was
confirmed, albeit with moderate levels of prominence. The initiation
and completion of the phase separation process were distinctly identi-
fied in the conducted tests based on alterations in the refraction index
and colour. The onset of phase separation was visually apparent through
the decomposition of constituents at the diffusion front on the left-hand
side (see Fig. 6). The phenomenon of reaction-induced phase separation
is observed when the concentration of reaction products surpasses a
critical threshold, resulting in the formation of one or more distinct
phases from a previously homogeneous mixture. Fig. 6 displays the cure
kinetics of the reaction along with the onset of phase separation infor-
mation represented by circles on the dedicated curing curve. It is
important to note that higher temperatures delay the onset of phase
separation in this system similar to [13], typically before the gelation in
the epoxy-amine system is initiated [41]. Nonetheless, the formed
interphase exhibited predominantly dark colours, owing to changes in
the refraction index during the curing process. Therefore, determining
the interphase thickness from hot-stage experiments is not straightfor-
ward, and a comparison of various methods can be found in reference
[14]. However, it was observed that the interphase thickness was esti-
mated to be approximately 40-60 pm, suggesting a comparatively rapid
diffusion rate during the curing process in comparison to the other
systems mentioned [18]. The Pebax®Rnew®1100/epoxy composite
material demonstrated a lower degree of affinity with the epoxy system
in contrast to the Pebax®Rnew®35R53/epoxy composite (see Fig. 7),
attributable to its relatively slower diffusion rates and correspondingly
smaller final interphase. Consequently, the extent of thermoplastic

diffusion during the curing process was found to be dependent on the
PA11 concentration in the Pebax grade. This observation could be
attributed to the increased free volume of the amorphous flexible pol-
yether, promoting notable dissolution and diffusion of the epoxide or
amine hardener monomers. The rigid PA11 segments, which form a
semicrystalline structure through hydrogen bonding (see Fig. 8), exhibit
limited molecular mobility. As the polyamide content in Pebax®R-
new®1100/epoxy composite increases from 29 to 65 %, its impact on
the mobility of the composite during interphase formation can be
quantitatively measured. This is evidenced by a decrease in mobility.
Furthermore, the observed colour change and decomposition occurring
at the epoxy-rich side of the interphase provide potential evidence of
phase separation between the polyamide and epoxy components. The
high reactivity of the epoxy system, combined with the small interphase
thicknesses, resulted in the inability to characterise the onset of phase
separation. This is because all physicochemical effects were rapidly
quenched within a small spatial timestep. The estimated thickness of the
interphase, ranging from approximately 20 to 30 pm, suggests that the
increased polyamide content results in a lower diffusivity, indicating
reduced molecular movement across the interphase boundary.

For the Pebax®Rnew®35R53/epoxy, as seen in the hot-stage ex-
periments, increased molecular mobility already occurs at the lowest
temperature (see Fig. 9). The spatial Raman concentration profiles show
that Pebax®Rnew®35R53 does not diffuse significantly into the epoxy
compared to the diffusion from the epoxy into Pebax®Rnew®35R53,
which is visible through the steep concentration drop. Thus, the
apparent change in concentration exhibits a much faster change than
existing interphase measurements [13,14,18]. The epoxy exhibits a
noticeable penetration into the Pebax® Rnew®35R53 material, as evi-
denced by the smooth and elongated concentration change observed
towards the Pebax®Rnew®35R53 matrix. As mentioned earlier, the
Pebax®Rnew®35R53 matrix incorporates significant free volume,
providing space for the diffusion of the epoxy and amine monomers.
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Fig. 7. Optical hot-stage microscopy images of the Pebax®Rnew®1100 and epoxy system LY3585/3475 at 100 °C, 120 °C, and 140 °C. The left image depicts a
degree of curing of zero, while the right image exhibits the maximum degree of curing.

Notably, when a higher curing temperature is employed, the concen-
tration drop becomes smoother, which is expected as the epoxy exhibits
enhanced solvent-like behaviour at elevated temperatures, facilitating
greater mobility and diffusion within the matrix. As soon as the epoxy
system reaches the gel point, the molecular weight starts to increase
rapidly, whereas the reaction speed of the epoxy surpasses its diffusion
speed, and no further increase of the interphase thickness can be ach-
ieved. Fig. 10 shows the resulting interphase thickness results depending
on the curing temperature. A maximum interphase thickness of 219 pm
(+£2.4 %) was achieved with a curing temperature of 120 °C. The

maximum interphase thickness corresponds to an optimum value within
the related curing cycles of the epoxy system. The observed variability in
thickness measurements were attributed to diverse geometric effects
such as fluctuations in cutting edges, presence of impurities within the
diffusion front, and local heterogeneities in the multi-component sys-
tem, such as variations in epoxy/amine mixing ratio.

The interphase thickness of the Pebax®Rnew®1100/epoxy system is
reduced compared to that of the Pebax® Rnew®35R53/epoxy system, as
revealed by concentration mappings. Minimal diffusion from the epoxy
to the Pebax®Rnew®1100 is observed, even at an elevated temperature
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Fig. 8. Representative structure of Pebax copolymers featuring hard PA11l
segments and soft segments.

of 140 °C. Therefore, it can be concluded that the polyamide part (67 %
in this grade) of the copolymer ultimately hinders diffusion between the
Pebax®Rnew®1100 and epoxy, resulting in low interphase thicknesses.
Despite this, a more pronounced interphase was observed compared to
other polyamide diffusion studies, which show that polyamide rarely
diffuses at high rates [18]. A maximum interphase thickness of 34 ym
(£6.54 %) was achieved at a curing temperature of 140 °C (see Fig. 10).
The maximum interphase thickness does not correspond to an optimum
value within the related curing cycles of the epoxy system.

As the next post-processing step, the ratio R (see equation (1) was
compared for the epoxy system diffused into the Pebax and vice versa
(see Fig. 1). Fig. 11 presents the resulting ratios as a function of curing
temperature. In the case of Pebax®Rnew®35R53/epoxy, the qualitative
assessment was corroborated, revealing an increase in the diffused

PebaxRnew35R53/epoxy: 100 °C
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proportion of Pebax®Rnew®35R53 with higher curing temperatures,
leading to a decrease in the ratio R. Notably, the ratio of diffused epoxy
with Pebax®Rnew®35R53 at lower temperatures was nearly four times
higher. Nevertheless, the comparison of the diffused proportion in the
Pebax®Rnew®1100/epoxy system did not exhibit similar trends, which
can be attributed to the increased variance and smaller magnitude
observed in the interphase thickness measurements. Further investiga-
tion and characterization are necessary to comprehensively understand
and interpret the observed differences in the proportions of diffused
species between these two systems.

Subsequently, the interphase specimens were subjected to SEM
analysis, with an exclusive focus on the Pebax®Rnew®35R53/epoxy
system. Three distinct states were examined: unetched, etched for 1 min,
and etched for 10 min with hexafluoropropane-2-ol. The results, pre-
sented in Fig. 12, revealed intriguing findings. Firstly, the unetched
samples exhibited diverse morphologies across the interphase thickness,
with small precipitates observed on the left-hand side, gradually
increasing in size and shape towards the right end of the image. Sec-
ondly, both etched images displayed etching of the pure component of
Pebax®Rnew®35R53, providing further insights into the interphase
characteristics. Nevertheless, the interphase persists and exhibits
notable precipitates of the phase-separated morphology. The interphase
seems to dismantle from the pure epoxy component on the left. The
degree of detachment increases after 10 min of etching. Therefore, it
appears that the weakest connection of the interphase occurs at the
beginning of the interphase to the epoxy.

3.2. Evaluation of the composite laminates
A total of six specimens (three samples of each of layup L1 and L2)
were manufactured using Pebax®Rnew®35R53 as the selected material

for the 3D-printed outer shell. This choice was based on its increased
diffusivity and maximum interphase thickness observed at a curing
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Fig. 9. Interphase measurements as a function of curing temperature: (top row) Concentration profiles obtained using the Raman CLS Fitting toolbox for
Pebax®Rnew®35R53/epoxy specimens cured at 100 °C, 120 °C, and 140 °C; (bottom row) Concentration profiles obtained using the Raman CLS Fitting toolbox for

Pebax®Rnew®1100/epoxy specimens cured at 90 °C, 110 °C, and 140 °C.
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Fig. 11. Ratio of the integrated diffused proportions in epoxy and Pebax, as determined from Raman mappings acquired at the measured curing temperatures.

temperature of 120 °C. After several iterations, the composite
manufacturing procedure was optimised, which consisted of the
following steps: (1) printing of the shell structure (mould) composed of
an upper and lower part with vacuum inlets and outlets according to the
parameters provided in [38]; (2) cutting of the glass fibre layers; (3)
hand layup of the fabric preforms into the mould; (4) closing the mould
by combining both shell elements; (5) insertion of the mould into a
vacuum setup and embossing of the two shell elements for 4 min at 140
°C (note that the embossing process does not result in perfectly fused
shell elements); (6) sealing the mould; (7) gluing the vacuum inlet and
outlet; (8) checking the leak-proofness at < 10 mbar/min through
measurement of the vacuum loss before and after the mould; (9) pre-
paring 35 g of epoxy resin and degassing at room temperature for 30

10

min; (10) placing the laminate in the layup configuration as shown in
Fig. 4; (11) preheating the oven to 120 °C and installing the vacuum
setup in the oven; and (12) mixing the epoxy resin, infusing, and curing
for 5 min.

Fig. 13 illustrates the key features of the flexible zone, where the
multifunctional architecture allows for elastic deformation in the
bending direction and stiff behaviour in the tensile direction, along with
the presence of a multi-material gradient. Bending up to 90° does not
initiate cracks in the flexible zone, indicating its durability. Further-
more, the printed mould structure presents an ideal impact-resistant
shell surrounding the fibre-reinforced composite. Subsequently, micro-
polished cross-sections were used to evaluate the quality of the manu-
factured samples and control the topologies, as depicted in Fig. 14. The
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Fig. 12. Micro-polished cross-section of the Pebax®Rnew®35R53/epoxy interphase, showing the effects of different etching durations: (a) No etching; (b) 1 min of
etching; (¢) 10 min of etching.

1. Demonstrator after vacuum 2. Bending of flexible 3. Rigid behaviour in tensile
infusion and curing domain >90 deg possible direction

Fig. 13. Visual inspection of the multifunctional composite laminate showcasing its essential functional properties: mechanical functionality, multi-scale toughening,

and impact resistance.

microsections were analysed in both brittle and flexible domains. The visible pores or dry spots, validating the successful application of
Pebax component, depicted in black colours, can be observed sur- printing a mould and then sealing it. The interphase between the epoxy
rounding the epoxy composite. The vacuum infusion process demon- and Pebax is visible, with a measured thickness ranging from 80 to 130
strated favourable results as the epoxy polymer filled the cavity without pm, proving the concept of multi-scale toughening. However, it should

11
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Fig. 14. Micro-polished cross-sections of the Pebax® Rnew®35R53/epoxy specimen with layup L1.

be noted that optical measurements tend to underestimate the actual
interphase thickness, as evident from the comparison of optical and
spectral measurements conducted in this study. To achieve higher
measurement accuracy, three Raman mappings were conducted,
yielding an average interphase thickness of 192 pm + 10.6 pm. As re-
ported in a recent study, this thickness is 11 % lower than the interphase
thickness observed in the hot stage experiments (219 pm). The reduction
in interphase thickness due to fibre reinforcement is consistent with the
study’s findings [24], which identified the composite architecture as a
hindrance to diffusivity. The laminates exhibit a total thickness ranging
from 3.1 to 3.4 mm, with a planned thickness of 3.1 mm. The epoxy
composite component ranged from 1.4 to 1.8 mm, with a targeted
thickness of 1.5 mm. The observed differences in thickness can be
attributed to elastic deformation of the Pebax material during the layup
and vacuum infusion processes. In the flexible domain, the composite
region was anticipated to have a thickness of 200 pm, with the actual
thickness of the fibre ply ranging from 180 pm to 240 pm. Therefore, the
measured interphase thickness of 219 pm at 120 °C suggests that the
pure epoxy regime was fully dissolved by the Pebax component,
resulting in a fully ductile material architecture. The measured inter-
phase thickness in the flexible domain is slightly higher than in the
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brittle domain, which can be explained by the less prominent presence
of fibres, as previously stated [24].

In the third step, the mechanical performance under tensile and
bending loading was tested, as described in Section 2 (see Fig. 15). First,
the flexural properties were evaluated; it was possible to observe that
the sample behaved like a hinge with a low bending force. It was
possible to deform the sample up to an angle of 94° (equal to 30 mm
deformation), confirming that the concept of a flexible region is appli-
cable. The maximum displacement did not result in the maximum force:
For L1, the maximum force of 18 N was reached at a deflection of 11 %;
for L2, the maximum force of 15.6 N was reached at a deflection of 13 %.
The samples were then tested in a modified tensile test to evaluate the
mechanical performance. Different methods were used to evaluate the
failure stress of the sample based on the cross-section of the complete
specimen (3.1 x 20 mm?) or the cross-section in the ductile domain (0.2
x 20 mm?). The peak force for L1 was 1049 N with a standard deviation
of 62 N (5.9 %), whereas the peak for L2 was 1825 N with a standard
deviation of 84 N (4.6 %). The force-displacement diagram of the tensile
test in Fig. 15 exposes for L2 (orange curve) a change from elastic to
plastic deformation: The curve initially indicates a linear elastic
behaviour up to 1100 N. From 1100 N up to the maximum load, the line



L. Zweifel et al.

Starting position of flexural
response via 3-point tests:

Layup L1 (no failure)
Layup L2 (no failure) |

0 2 4 6 8 12
Displacement [%]

10 14

No indication of failure up to
the deformation of 30 mm:

Composite failure
[N\

Force [N]

Composites Part A 173 (2023) 107679

Thermoplastic elastic behaviour
after composite failure:

Tensile test properties

1750

1500

1250

-
~ o
o1 =1
t=} [=]

o
=]
=]

)
13
=}

—— Layup L1 (ply failure)
Layup L2 (ply failure)

o

0 2 4 6 8
Displacement [%]

10

Fig. 15. Mechanical characterisation of specimens with fibre layups L1 and L2 through flexural and tensile testing.

Table 3
Mechanical properties of the composite laminate with brittle-to-ductile
architecture.

Layup  Peak Complete cross-section Ductile composite cross-
force [N] section
Area Tensile Area Tensile
[mm?] strength [MPa] ~ [mm?] strength [MPa]
L1 1049 +/- 3.1x20 16.9 +/-1 0.2 x 20 262.3 +/-15.5
62
L2 1825 +/- 3.1 x20 294 +/-1.4 0.2 x 20 456.3 +/- 21
84

gradually flattens out, meaning a decrease in tensile stiffness. L1 (blue
curve) follows the same trend as L2, but only in its (lower) elastic
regime. The (upper) plastic deformation part of the curve appears to be
cut off. This solely linear-elastic load-displacement curve would align
with this study’s topology concept: The single UD-laminae at the centre
of the L1 coupon features a linear-elastic stress—strain relationship up to
failure, as it can be expected from common glass-fibre reinforced poly-
mer UD-laminates under quasi-static tensile loading conditions. L2
contains two central UD-laminae instead of one in L1 and therefore
endures nearly twice the failure load of L1. However, in both configu-
rations, one would expect a similar linear-elastic deformation or a
combined linear-elastic/plastic deformation. Instead, Fig. 15 reads as
follows: Adding an extra UD-lamina changes the load-displacement
curve from linear elastic to elastic—plastic. This conclusion appears
misleading, and the authors of this paper remain inconclusive about the
observations made in Fig. 15. Table 3. summarises the resulting me-
chanical properties.

4. Conclusion

The present study investigated the incorporation of tailored elastic
behaviour in an inherently brittle epoxy-based fibre-reinforced com-
posite material, achieved through a gradient interphase with a bio-based
thermoplastic elastomer. The resulting multifunctional structure ex-
hibits mechanical functionality, multi-scale toughening, and impact
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resistance within a shell structure. The epoxy system Araldite LY3585/
Aradur 3475 was tested in combination with two different bio-based
Pebax block copolymer grades, Pebax®Rnew®35R53 and Pebax®R-
new®1100. The interphase formation was characterised using optical
hot-stage microscopy and Raman spectroscopy. Latter methods allowed
for precise measurement of the spatial extent of the interphase region.
Both Pebax grades exhibited an affinity towards the epoxy resin,
whereby the diffusivity was significantly influenced by the polyamide
11 (PA11) content in the copolymer. Pebax®Rnew®35R53 with a PA11
content of 29 % displayed pronounced reaction-diffusion effects,
including a reaction-induced phase-separated morphology, resulting in
a brittle-to-ductile material gradient formed by a semi-interpenetrating
network (s-IPN) Pebax®Rnew®35R53 achieved a maximum interphase
thickness of 219 pm at 120 °C, while Pebax®Rnew®1100 achieved a
maximum interphase thickness of 34 pm at 140 °C. This suggests that the
optimal interphase thickness for Pebax® Rnew®35R53/epoxy is within
the relevant curing cycles of the epoxy system. Subsequently, a com-
posite laminate was manufactured from Pebax® Rnew®35R53/epoxy by
combining fused filament fabrication with a vacuum infusion process,
resulting in a structure with a flexible domain and variable stiffness
properties. The laminate exhibited a brittle-to-ductile material archi-
tecture at the micrometre scale, demonstrating the combination of the
two manufacturing processes and the structural concept. The resulting
laminate showed a tailored, flexible response in the bending direction
and stiff behaviour in the tensile direction. These findings provide
valuable insights for designing and fabricating composite materials with
desired mechanical functionality. Hence, the study successfully dem-
onstrates the potential application of s-IPNs for integrating diverse
functional regimes, such as multi-scale toughening, mechanical func-
tionality, and impact resistance, in fibre-reinforced composite materials.
This integration results in synergistic effects that enhance the overall
performance of the generative material designs.
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