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Abstract
This study presents the chemical, thermal and mechanical characterization of two bio-based and fully-recyclable epoxy 
latent resins derived from pine oil, engineered to meet high-performance mechanical and thermal specifications for 
advanced composite applications. The characterized latent epoxy resins exhibited glass transition temperature (Tg) val-
ues ranging between 90 and 120 °C, flexural strength and modulus values within the range of 35–110 MPa and 2.5–3.2 
GPa, respectively, making them suitable for structural applications. One of the latent epoxy resin was further employed 
in the fabrication of a hybrid joint comprising metal and CFs reinforced composites characterized by an average ILSS of 
11.9 MPa and a maximum load of 1429.2 N, due to a good mechanical interlocking at the metal/CFs interface. Due to 
its latent curing behavior, the epoxy resin remains stable until exposed to elevated temperatures (≥ 80 °C), at which point 
cross-linking is initiated. This property affords an extended pot life and improved control during application and assembly. 
This feature makes the system especially attractive for hybrid manufacturing approaches, where the extended open time 
supports accurate positioning of fibers and metal inserts. Furthermore, the epoxy resin was cross-linked by using a cleav-
able amine hardener to achieve full recyclability, so enabling disassembly under mild acidic controlled conditions. This 
property facilitated the full recovery of constituent raw materials through a targeted chemical recycling process, achieving 
a 100% recovery yield. The proposed system offers a sustainable alternative to conventional thermoset-based hybrid metal/
CFs composite manufacturing and end-of-life management. This class of hybrid joints can find industrial applications in 
aerospace and automotive sectors, in electronic and optical applications, in sports equipment and biomedical devices, for 
the manufacturing of next-generation structural solutions, with enhanced performance and versatility, by also supporting 
the global shift toward circular design and responsible material use.

Keywords  Fiber reinforced composites · Hybrid joints · 3D printing · Recyclable thermosets · Chemical recycling · 
Bio-based thermosets
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Introduction

 Nowadays there is a growing demand for multi-materials, 
such as metal-polymer and metal-composite hybrid struc-
tures (MMHSs), in several fields including aerospace [1, 2], 
sea transportation [3, 4], automotive [5–7], and healthcare 
[8]. The adoption of MMHSs in transportation industries 
represents a pivotal opportunity to reduce the product’s 
weight without compromising structural performance [9]. 
Indeed, for example, this kind of structures enables a dra-
matic reduction in fuel consumption for vehicles driven by 
internal combustion engines as well as an increase in fuel 
efficiency for electric vehicles [10].

Typical techniques for assembling MMHSs include 
mechanical fastening via riveting and bolting [11], welding 
or fusion bonding [12], interlocking or crimping [13–15]. 
However, these strategies are characterized by a common 
concern related to their joining regions: these interfaces act 
as structural discontinuities, where stress concentrations can 
arise and create vulnerable zones prone to early failure [16]. 
To overcome this issue, adhesive bonding is an effective 
alternative joining method for hybrid structures because it 
can connect similar or dissimilar substrates without causing 
damage, which is particularly advantageous for composite 
components in lightweight applications [17]. A wide variety 
of structural adhesives are available for such applications, 
including epoxies, acrylics, urethanes, and cyanoacrylates, 
each offering distinct chemistries and performance ranges 
[18, 19]. Their properties can be tailored through additives 
to adjust viscosity and curing rate [20, 21], or stiffness to 
meet specific design requirements [22, 23].

Among these options epoxy adhesives provide the broad-
est range of characteristics and the best overall performance 
on bonding metals and thermoset composites [17, 24]. 
Epoxy-based adhesives are especially valuable in this con-
text, as their modulus helps to accommodate stiffness mis-
matches between metals and carbon fibers (CFs) reinforced 
composites while efficiently transferring loads through 
shear, which is the primary stress mode in bonded joints. 
Despite challenges such as peel stresses, edge effects, and 
stress concentrations in configurations like lap joints, epoxy 
matrices have proven reliable in maintaining joint perfor-
mance and durability. Building on this foundation, epoxy 
latent resins represent an advanced solution, combining the 
mechanical strength and durability of epoxies with con-
trolled curing behavior, that is an advantage for assembling 
complex or large-scale lightweight hybrid joints. In fact, 
these formulations remain stable at ambient conditions but 
cure rapidly under thermal activation, enabling simplified 
handling and integration into automated workflows [25]. 
Latency is particularly relevant in hybrid assemblies, where 
delayed curing allows precise positioning of dissimilar 

components or handling complex assemblies before joint 
consolidation [23, 26–28]. Furthermore, tailoring the curing 
kinetics and latency of the epoxy system allows for greater 
control during assembly, making it compatible with auto-
mated or additive manufacturing (AM) workflows. Within 
this field, hybridization with AM is particularly attractive: 
3D printing can deliver geometrically complex interfaces, 
precise bond-line control, and tailored load paths that are 
otherwise difficult to achieve with conventional techniques 
[29–34].

However, the use of thermoset-based MMHSs systems is 
arising environmental concerns, since they do not allow for 
chemical recyclability or reprocessability once cured and, 
moreover, derives from petroleum-based raw materials. For 
this reason, thermoplastic composite materials are com-
monly chosen over thermosetting one, since they provide 
strong environmental recovery [35]. However, this draw-
back is being overcome by the use of bio-based cleavable 
epoxy–amine resins. Among these, Recyclamine™ technol-
ogy introduces acid-labile acetal linkages into the cross-
linked network [36–38]. Once cured, the material behaves 
as a robust thermoset, but under mild acidic conditions the 
network can be selectively cleaved into soluble oligomers 
while leaving intact reinforcing fibers [36, 39] and reus-
able oligomer [36, 40–42]. Thus by combining bio-based 
epoxy feedstocks with recyclable amines, the result consists 
in achieving bio-epoxies providing the opportunity to align 
with circular-economy principles.

Despite these technological advances, a critical research 
gap remains: the integration of bio-based, recyclable latent 
epoxy systems into AM-enabled MMHS joint architec-
tures has not yet been systematically explored for the best 
of our knowledge. Furthermore, the combined effects of 
cure latency, curing kinetics, and chemical recyclability on 
the mechanical performance of load-bearing hybrid joints 
remain largely unexplored in the state-of-the-art. This is 
also confirmed by the recent comprehensive review on 
fiber-reinforced polymer/metal hybrid structures published 
by D. Wang et al. [43], which highlights that the long-term 
structural performance of MMHSs is strongly governed 
by the integrity of their interphases and joint architectures, 
and emphasizes that, despite significant progress in surface 
treatments and conventional joining approaches, persis-
tent challenges remain in achieving robust, durable, and 
design-flexible hybrid joints, particularly when advanced 
manufacturing routes and sustainable material systems are 
considered. This analysis clearly indicates the need for new 
joint concepts integrating tailored interphases, innovative 
manufacturing strategies, and recyclable systems. Hence, 
within this context, the present study addresses this gap 
by developing and characterizing bio-based, recyclable 
latent epoxy systems formulated from epoxidized pine-oil 
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derivatives and commercial Recyclamine™ R*301/R*401 
hardeners, and by demonstrating their integration into addi-
tively manufactured MMHS hybrid joints combining a 
316L stainless-steel insert, a CFRP layer, and a Polyvinyli-
dene fluoride (PVDF) core. A novel manufacturing route 
is proposed that integrates AM with vacuum-assisted hand 
lay-up, enabling the fabrication of structurally efficient and 
chemically recyclable hybrid joints.

The novelty of this work lies in:

	● the development of fully recyclable, bio-based latent ep-
oxy adhesives for hybrid joints;

	● their integration into AM-enabled MMHS architectures;
	● the systematic evaluation of their suitability for load-

bearing hybrid assemblies;
	● the demonstration of MMHS disassemblability and 

100% material recovery efficiency.

The latter proposed strategy is based on the use of cleavable 
amine curing agents for the epoxy adhesive employed in the 
MMHS joints. By intrinsically embedding chemical recy-
clability into the polymer network, this approach enables 
the selective depolymerization of the cured epoxy under 
mild conditions, allowing for the effective recovery of both 
the polymer matrix and the reinforcing fibres. As a result, 
the proposed environmentally friendly solution offers a sig-
nificant advantage over conventional composite recycling 
routes, such as the recent microwave-assisted pyrolysis 
(MAP) technology proposed by M.Y. Shen et al. [44], that 
focus on fibre recovery with matrix loss or degradation.

These advancements enable a broad range of application 
opportunities across multiple industrial sectors. In aero-
space, lightweight, reconfigurable, and recyclable hybrid 
joints can significantly reduce material waste and improve 
maintenance efficiency [45, 46]. In automotive manufac-
turing, the integration of structural composites with metals 
through freeform hybrid joints enhances structural perfor-
mance while facilitating end-of-life separation and recov-
ery of valuable materials [47, 48]. Consumer electronics 
can benefit from the miniaturization and customization 
enabled by additively manufactured hybrid assemblies [49, 
50]. In this context, epoxy matrix-based materials, partic-
ularly bisphenol A-type diglycidyl ether (BPA) systems, 
remain foundational in electronic packaging applications 
such as solder pastes, direct chip attachment, and underfill 
adhesives due to their excellent insulation and moldability 
[51, 52], although their high coefficients of thermal expan-
sion and limited thermal stability can lead to delamination 
and substrate deformation during service [53, 54]. Sports 
equipment and biomedical devices can exploit the tailored 
mechanical properties and recyclability of these materials 
to enable user-specific designs and improved environmental 

compliance [55–57]. Finally, in advanced optical technolo-
gies, hybrid organic–inorganic assemblies provide a unique 
combination of mechanical robustness, thermal stability, 
and tunable optical properties [58, 59], supporting demand-
ing optical applications that require controlled refractive 
index [60, 61] and light transmission characteristics [62, 
63–66].

Materials and Methods

Materials

The two fully-recyclable and bio-based epoxy resins used 
in this work are bicomponent systems both composed of a 
bio-based prepolymer, named PolarBear, with the 28% of 
bio-content derived from pine oils, which differ each other 
for the used hardener. In fact, two different latent hardeners 
were used, i.e., Recyclamine™ R*301 and Recyclamine™ 
R*401. The latter are classified as curing agents with latent 
behavior, that is dormant systems in storage conditions at 
room temperature (RT) but quickly reactive under polym-
erization conditions, i.e., at high temperatures, generally 
above 100 °C. This kind of epoxy system is beneficial when 
it is necessary to have a controllable usage window during 
the production process, being able to trigger the reaction 
between epoxide and amine by controlling the temperature. 
Furthermore, the two used hardeners are fully-recyclable. 
The key factor for their recyclability is based on the pres-
ence of acid–cleavable groups within their chemical struc-
ture, which can be selectively cleaved under mild acetic 
conditions.

The epoxy prepolymer (PolarBear) was purchased by 
R*CONCEPT (Barcelona, Spain), while the amines Recy-
clamine™ R*301 and Recyclamine™ R*401 were provided 
by Aditya Birla Group (Mumbai, India).

For the hybrid 3D printed metal/CFs reinforced com-
posite joint manufacturing, several raw materials were 
employed. The composite sandwich structure’s core was 
made of Solef® Polyvinylidene fluoride (PVDF) provided 
by Solvay (Bollate, Italy). The used dry carbon fabric used 
was a twill 2 × 2 12 K fabric with 600 gsm (grams per 
square meter) areal weight purchased from Telateks (Tuzla, 
Istanbul, Turkey). The metallic components (of size 12.6 
× 12.6 × 2.0 mm3) were manufactured using Ultrafuse® 
316L stainless steel-based polymer/metal hybrid filaments 
from BASF (Ludwigshafen, Germany), processed via metal 
Fused Filament Fabrication (metal FFF) using a Raise3D 
(Irvine, CA, USA) Forge 1 3D printer. Following printing, 
the so-called green parts underwent catalytic debinding in 
nitric acid and subsequent sintering (debinding and sinter-
ing, D&S) to obtain fully dense metallic components. D&S 
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Epoxy Formulations Chemical and thermo-
mechanical Characterization

Heated Electrospray Ionization Mass Spectroscopy (HESI-
MS)

To determine the chemical structure of the two used recy-
clable amines (R*301 and R*401), heated electrospray 
ionization (HESI) mass spectra (MS) were acquired on 
a Thermo Scientific Exactive Plus Orbitrap mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA, USA) 
equipped with a heated electrospray ionization (HESI II) 
source. Analyses were conducted in positive ion mode over 
an m/z range of 150–1000, with a resolving power of 25000 
(FWHM at m/z 200) and a C-trap injection time of 100 ms. 
Source parameters were configured as follows: capillary 
temperature, 275 °C; sheath (nebulizer) nitrogen gas flow, 
5 arbitrary units; auxiliary gas flow, 1 arbitrary unit; spray 
voltage, 3.5  kV; capillary voltage, 82.5  V; and tube lens 
voltage, 120 V. Instrument tuning and calibration in posi-
tive ion mode were performed by direct infusion of standard 
solutions of caffeine (Mr 194.1 Da), MRFA peptide (Mr 
423.6 Da), and Ultramark (Mr 1621 Da). Data acquisition 
and processing were carried out using the Excalibur soft-
ware package.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis was per-
formed on the uncured formulation to determine the curing 
cycles that are most compatible with the developed bio-
based latent epoxy systems, with the aim to achieve a fully-
cured cross-linked network.

For carrying out the calorimetric measurements it was 
employed a Shimadzu DSC-60 (Shimadzu, Kyoto, Japan) 
instrument. For each test, a sample of approximately 6 mg 
was placed inside a 40 µl aluminum sealed crucible and sub-
sequently analyzed. The test was carried out by varying the 
temperature from 25 °C up to 250 °C at a rate of 5 °C/min in 
air. Additionally, once the epoxy resins were cured by mean 
of the selected curing cycles, further DSC tests were per-
formed to determine the curing state. In the end, the latency 
of the epoxy formulations was investigated by carrying out 
isothermal DSC of the uncured formulations at 25  °C for 
4 h.

Dynamic Mechanical Analysis (DMA)

To determine the glass transition temperature ( Tg) for the 
four types of cured specimens the dynamic mechanical 
analysis (DMA) was carried out. With the aim to identify 
the most performing one, as combination of used hardener 

processes were outsourced to certified partners of Forward 
AM, section of BASF [67].

Epoxy Resin Formulation

The two investigated formulations were produced by 
mechanically mixing the PolarBear with two different recy-
clable amines as curing agents: Recyclamine R*301 and 
R*401. The chosen mixing ratios were 27 and 29 phr (per 
hundred resin), respectively. The mechanical mixing was 
performed with a planetary mixing Thinky mixer ARV310 
(THINKY U.S.A. Laguna Hills), under vacuum conditions, 
for 3 min and with a rotational speed of 2000 rpm. In this 
way, a homogeneous mixing was achieved and the epoxy 
formulations were also degassed.

For each formulation two different curing cycles were 
investigated. These are reported in Table 1.

 The two implemented curing cycles were selected in 
accordance with the following ratio. The first one (curing 
cycle C1) was investigated for comparison purposes with 
previous studies [36, 37, 68], where the bio-based epoxy 
prepolymer PolarBear was mixed with the fully-recyclable 
amine hardener Recyclamine™ R*101, which does not have 
a latent behavior. While, the second one (curing cycle C2) 
was determined by analyzing the Differential Scanning Cal-
orimetry (DSC) thermograms of the uncured formulations 
(see Sect. "DSC results").

 The viscosity of the two uncured formulations was mea-
sured with a Brookfield Fungilab viscolead series adv vis-
cometer in a temperature range from 25 up to 80 °C and a 
spindle speed ranging between 30 (at 25 °C), 50 (at 50 °C) 
and 100 (at 80 °C) rpm. The measured value are reported in 
Table S1 of the supplementary materials.

Table 1  Developed latent epoxy formulations and curing cycles
Sample ID Formulation Mixing 

Ratio
Cur-
ing 
Cycle
ID

Curing Cycle

P_R*301_C1 Polar-
Bear + Recy-
clamine R*301

100:27 C1 25 °C for 
24 h + 100 °C 
for 3 h

P_R*301_C2 Polar-
Bear + Recy-
clamine R*301

100:27 C2 80 °C for 
25 min +140 °C 
for 4 h

P_R*401_C1 Polar-
Bear + Recy-
clamine R*401

100:29 C1 25 °C for 
24 h + 100 °C 
for 3 h

P_R*401_C2 Polar-
Bear + Recy-
clamine R*401

100:29 C2 80 °C for 
25 min +140 °C 
for 4 h
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Mechanical Characterization: Flexural Tests

The mechanical properties of the developed formulations 
were determined through flexural tests, in accordance with 
the standard ASTM D790. The tested specimens had size of 
(80 × 10 × 4) mm3. For testing it was employed an Instron 
5985 (Instron, Milan, Italy) equipped with a 10 kN load cell 
and a three-point bend tool was installed on the machine. 
The tests were carried out under deformation control, at a 
speed of 2 mm/min with a support span of 64 mm. For each 
characterized formulation, a number of n = 5 samples were 
tested. The responses considered were the flexural stress at 
break, the flexural modulus and the flexural strain at break, 
which were evaluated as mean ± st.error. For system control 
and data collection, the Blue Hill 3.61 software (Instron, 
MA, USA) was used.

With the aim to identify the most performing combination 
between the used amine (R*301 and R*401) and the imple-
mented curing cycle (C1 vs. C2), even in this case a Design 
of Experiments (DoE) approach was employed. Thus, a 22 
replicated factorial design was investigated, being the inves-
tigated factors (independent variables) the following ones:

	● Epoxy resin (named factor A) – Categorical factor var-
ied between two levels (a = 2) corresponding to {Polar-
Bear + R*301; PolarBear + R*401};

	● Curing cycle (named factor B) – Categorical factor var-
ied between two levels (b = 2) corresponding to {(C1; 
C2}.

The number of replications was fixed at n = 5, for a total 
amount of experimental runs equal to N = a × b × n = 20. The 
investigated experimental plan is reported in Table 3.

An Analysis of Variance (ANOVA) was carried out to 
study the statistical significance of each chosen factor (A 
and B) and their interaction (AB).

Thermogravimetric Analysis (TGA)

The thermal stability of the two investigated amines (i.e., 
Recyclamine R*301 and R*401) was investigated by Ther-
mogravimetric analysis (TGA). While, for the prepolymer 
PolarBear it was already reported in a previous study [72]. 
This investigation was essential to identify any degradation 
process of the epoxy formulations during high-temperature 
curing. The analyses were conducted using a Shimadzu 
DTG-60 instrument (Shimadzu, Kyoto, Japan). Each test 

and implemented curing cycle, a Design of Experiments 
(DoE) approach was employed. Thus, a 22 replicated facto-
rial design was investigated, being the investigated factors 
(independent variables) the following ones:

	● Epoxy resin (named factor A) – Categorical factor var-
ied between two levels (a = 2) corresponding to {Polar-
Bear + R*301; PolarBear + R*401};

	● Curing cycle (named factor B) – Categorical factor var-
ied between two levels (b = 2) corresponding to {C1; 
C2}.

The number of replications was fixed at n = 3, for a total 
amount of experimental runs equal to N = a × b × n = 12. The 
investigated experimental plan is reported in Table 2.

Furthermore, for the collected observations was per-
formed an Analysis of Variance (ANOVA) to investigate the 
statistical significance of each chosen factor (A and B) and 
their interaction (AB).

The DMA tests were performed using a dynamic mechan-
ical thermal analyzer TRITEC 2000 (Triton Technology, 
Leicestershire, UK) on samples having a size of (10 × 6 × 
4) mm3. The tests were run in single cantilever deformation 
mode, since it is the best one for characterizing the transi-
tion from rigid to rubbery behavior of thermosets [69]. The 
test parameters were set as follow. The temperature interval 
was varied between 25°C up to 180°C with a heating rate 
of 2 °C/min; initial displacement was set at 20 μm; the fre-
quency was set at 1 Hz. The investigated Tg parameter was 
determined in correspondence of tanδ versus temperature 
curve’s peak and it was expressed as mean ± st.error.

In the end, by exploiting the information related to the 
storage modulus, the stiffness of the investigated thermoset 
networks by varying the used amine and curing cycle was 
investigated. In fact, the cross-link densities (v) expressed 
in [mmol/cm3], was calculated by using the following Eq. 
(1) [70, 71]:

υ = E′
3RT

� (1)

being E′  the storage modulus at Tg +50 °C, the R gas con-
stant (equal to 8.31 [J·K− 1·mol− 1]), and T the absolute tem-
perature expressed in [K].

Table 2  Experimental plan for DMA. Factors, levels and investigated response
Response Factor Symbol Type Unit Level

I
Level
II

Tg
Epoxy resin A Categorical [-] PolarBear + R*301 PolarBear + R*401
Curing cycle B Categorical [-] C1 C2

1 3
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provides detailed molecular-level information on polymer 
structure. This technique enables determination of the mass 
of individual molecules within a mixture of homologues, 
allowing the structural identification of single macromo-
lecular chains, including both linear and cyclic species. 
Moreover, MALDI-TOF facilitates the detection of repeat 
units, end groups, cyclic oligomers, and minor components, 
making it particularly well suited for assessing the complex 
chemical composition of recycled polymers.

MALDI-TOF mass spectra for rTP301 and rTP401 were 
acquired using a Bruker ultrafleXtreme time-of-flight mass 
spectrometer (Bruker, Billerica, Massachusetts) in reflec-
tron positive ion mode equipped with an Nd: YAG laser 
(wavelength of 355  nm). The laser had a wavelength of 
355 nm with 3 ns pulse and a 2000 Hz firing rate. The mass 
resolution of MALDI spectra was about 10000 (full width 
at half maximum, FWHM) and mass accuracy was 1–5 ppm 
for masses in the range m/z 500–2000 Da. An appropriate 
amount of samples were dissolved in CHCl3 and mixed with 
a solution of α-Cyano-4-hydroxycinnamic acid) to obtain a 
1:1 wt ratio. 1 µL of each sample/matrix mixture was spot-
ted onto the MALDI sample holder and dried at room tem-
perature to allow matrix crystallization.

Gel Permeation Chromatography (GPC)  The molecular 
weight of the recycled thermoplastics (rTP301 and rTP401) 
was determined via gel permeation chromatography (GPC). 
The analyses were performed on a Knauer Azura 6.1  L 
system equipped with a pump, autosampler, and differen-
tial refractive index (DRI) detector, using tetrahydrofuran 
(THF) as the mobile phase at a flow rate of 0.6 mL min⁻¹. 
Separation was achieved with a series of four TSKgel 
SuperH columns (6 mm ID ×150 mm, 3 μm particle size) 
connected in sequence. Data were acquired and processed 
with the Clarity-GPC software package (DataApex). Cali-
bration was carried out using poly(methyl methacrylate) 
(PMMA) standards. For each injection, 50 µL of a polymer 
solution in THF (approximately 5 mg mL⁻¹) was introduced, 
with dichlorobenzene (2 µL mL⁻¹) added as a flow marker.

Dynamic Mechanical Analysis (DMA)  The Tg value for the 
recycled thermoplastics (rTP301 and rTP401) was deter-

was performed on samples of about 5 mg, in air condition 
with a heating rate of 20°C/min, and in a temperature inter-
val ranging from 25 up to 150°C. Temperature and mass cal-
ibration were carried out following the procedure provided 
by the instrument’s control software, using a high-purity 
magnetic standard for Curie temperature and a precisely 
measured sample for mass. Data acquisition and analysis 
were done using the TA Instruments software (New Castle, 
DE, USA). Thermograms showing mass as a function of 
temperature were recorded for each component analyzed.

Epoxy Formulations Recyclability

Chemical Recycling

Once the most performing latent epoxy system in terms of 
thermo-mechanical properties was determined, the recy-
clability of the formulated systems was investigated. In this 
regard, an already optimized chemical recycling process for 
this class of amine was implemented [37]. Briefly, 10 g of 
cured epoxy resin was dissolved in 300 mL of a 75% (v/v) 
aqueous acetic acid solution at 80 °C for 3 h (R*301) and 
2 h (R*401). The resulting solution was then concentrated 
under vacuum (60 mbar pressure) via rotary evaporation at 
60 °C until the volume reduced down to 75 mL. To induce 
the precipitation of the cleaved epoxy resin, 150 mL of an 
ammonium hydroxide solution, prepared by mixing equal 
volumes of water and ammonium hydroxide (28–30% NH3), 
was added for neutralization. After completing the precipi-
tation, the solid residue was filtered, washed with deion-
ized water, and dried under vacuum at 50 °C for 24 h. The 
dried residue was then ground into a powder using a mortar 
and pestle and characterized. The recycled thermoplastic 
derived from PolarBear + R*301 is defined rTP301 from 
now on. While, the one derived from PolarBear + R*401 is 
defined rTP401 henceforth. The chemical recycling process 
yield was calculated as reported elsewhere [36, 39, 73].

Recycled Thermoplastic Characterization

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
(MALDI-TOF)  Matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry was 
employed to characterize the recycled thermoplastic, as it 

Table 3  Experimental plan for flexural test. Factors, levels and investigated response
Responses Factor Symbol Type Unit Level

I
Level
II

Flexural strength; Flex-
ural modulus; Flexural 
strain at break

Epoxy resin A Categorical [-] PolarBear + 
R*301

Polar-
Bear 
+ 
R*401

Curing cycle B Categorical [-] C1 C2

1 3
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treated with a gold-sputter coating process, in fact they were 
covered with a thin gold film using an Agar Sputter Coater 
AGB7340 (Assing, Italy). Next, micrographs were captured 
at a magnification of 50×.

Hybrid Joint Manufacturing

The demonstrator serving as a proof-of-concept for a 
demountable hybrid joint of size (22 × 15 × 25) mm3, was 
developed using the following strategy. A core, acting as the 
structural element to define the shape of the joint and meet-
ing lightweight requirements thanks to its infill structure, 
was designed using Autodesk Fusion360® and fabricated 
through Fused Filament Fabrication (FFF) 3D printer Ulti-
maker S5. Solef® PVDF was selected for its fabrication, as 
it is resistant to acidic environments and therefore compat-
ible with the chosen chemical recycling process.

Subsequently, a carbon fiber fabric was applied as the 
skin over the 3D printed core. The fiber-reinforced compos-
ite sandwich structure with a bio-based and fully-recyclable 
latent epoxy matrix was fabricated using a vacuum-assisted 
hand lay-up process. The metallic elements of the hybrid 
joint were also manufactured via metal FFF, using 316 L 
stainless steel, following an optimized D&S procedure [67, 
76, 77]. The imposed printing setting are: 240 °C for the 
printing temperature, 100 μm for the layer height, 105% 
for the infill density, and 25 mm/s for the print speed. The 
metallic inserts were integrated into the composite sand-
wich using the formulated latent epoxy resin and further 
embedded within the same system using a custom-designed 
silicone mold. Finally, the entire joint was consolidated 
using the curing process identified as the most effective in 
terms of thermo-mechanical properties. The entire hybrid 
manufacturing process and the final demonstrator are shown 
in Fig. 1.

Hybrid Joint Characterization

Mechanical Testing: Short Beam Strength (SBS)

The interfacial bonding strength for the hybrid joint was 
tested via Short Beam Strength (SBS) mechanical test 
according to the ASTM D2344M. The tested specimens had 
size of (40 × 12 × 7.5) mm3 and the layers were stratified as 
follow: PVDF core – CFs composite – 316L insert. For test-
ing it was employed an Instron 5985 (Instron, Milan, Italy) 
equipped with a 10 kN load cell. The tests were carried out 
at a speed of 2 mm/min with a support span of 30 mm. A 
number of n = 5 samples were tested. The responses con-
sidered were the interlaminar shear strength (ILLS) and the 
maximum load, which were evaluated as mean ± st.error. 

mined via DMA test using a dynamic mechanical thermal 
analyzer TRITEC2000 (Triton Technology, Leicestershire, 
UK) in single cantilever mode. They were tested in their 
powder form using the pocket DMA approach, a proven 
technique for analysing powders in the pharmaceutical field 
[74].

Thus, both rTP301 and rTP401 were pressed into a stan-
dard stainless steel pocket (purchased from Triton Technol-
ogy, Leicestershire, UK) to achieve an uniform thickness. 
The tests were performed in accordance to the following 
protocol: the sample was stabilized at 25 °C and then heated 
up to 80 °C at 5 °C/min (first scan) at a frequency of 1 Hz 
and setting an initial displacement of 200 µm; next, by 
setting the same test conditions, the samples were cooled 
down naturally and reheated up to 80 °C at 2 °C/min (sec-
ond scan). Similar DMA characterization techniques were 
reported elsewhere [38, 75]. The Tg value was determined 
in correspondence of tanδ versus temperature curve’s peak 
acquired for the second scan.

Thermogravimetric Analysis (TGA)  The thermal stability 
for the recycled thermoplastics (rTP301 and rTP401) was 
investigated by TGA (TA Instruments Q500, Perkin Elmer 
Inc., Waltham, MA, USA), under nitrogen flow (60 mL/
min), at a heating rate of 10 °C/min, from 50 up to 800 °C, 
using about 3  mg of sample. Instrument temperature and 
weight were calibrated by using high-purity magnetic stan-
dard for the Curie temperature and some exact weights, 
respectively, following the calibration procedure by the 
instrument control software. The TGA system features a 
sensitivity of 0.1 µg and a weighing precision of ±0.01%, 
with an isothermal temperature accuracy of ±1 °C. For each 
sample, weight loss versus temperature was determined.

Attenuated Total Reflection (ATR) Fourier Transform Infra-
red Spectroscopy (FT-IR)  FT-IR-ATR analysis was carried 
out using a Thermo Nicolet IS50 (Thermo Fisher Scientific, 
Waltham, MA, USA) with an integrated diamond ATR sam-
pling module. The spectra were collected over 64 scans in 
the 4000–500 cm− 1 range, with a resolution of 4 cm− 1, at 
room temperature.

Scanning Electron Microscopy (SEM)  The morphologi-
cal analysis of the recycled thermoplastics (rTP301 and 
rTP401) was carried out using a scanning electron micro-
scope (SEM) SEM-EVO 15 (Zeiss, Cambridge, UK) 
equipped with a LaB6 (Lanthanum Hexaboride) emitter as 
the electron source, with an electron high tension (ETH) 
setting of 25 kV. For the purpose, the specimens were pre-
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the employed fully-recyclable hardener is characterized 
by a chemical structure integrating a cleavable ketal group 
which aids in selectively cleavage the crosslinked network 
when treated in mild acid conditions. The latter procedure 
was used in accordance with previous recyclability studies 
carried out [36, 37, 39, 68]. Briefly, the joint was immersed 
in 500 mL of an aqueous acetic acid solution (75% by vol-
ume acetic acid and 25% by volume distilled water) at 80 °C 
for 7 h. Subsequently, the functional elements disassembled 
within the solution—namely, the 3D printed PVDF core, 
the metal inserts, and the CFs—were recovered through fil-
tration. On the other hand, the acid solution containing the 
thermosetting matrix was roto-evaporated at 60 °C and a 
pressure of 60 mbar, until a more concentrated volume of 75 
mL was reached. The latter solution containing the dissolved 
polymer was neutralized, in accordance with the previously 
described procedure [37], using an ammonium hydroxide 
solution, thereby yielding the recycled thermoplastic in the 
form of a whitish precipitate. The latter was washed with 
distilled water and dried in a vacuum oven at 50 °C for 24 h. 

For system control and data collection, the Blue Hill 3.61 
software (Instron, MA, USA) was used.

Adhesion Investigation: Morphological Analysis

To investigate the interfacial bonding and evaluate the pres-
ence of potential defects, such as poor adhesion between 
different layers, a morphological characterization of both 
the 316L insert/CFs composite and CFs composite/PVDF 
core interfaces was carried out. For the purposes it was used 
a Phenom ProX Electronic microscope (Phenom-World BV, 
Eindhoven, The Netherlands).

Hybrid Joint Disassembly Assessment

Disassembly Via Chemical Recycling

The chemical recyclability as disassembly strategy for the 
developed novel hybrid 3D printed metal/CFs reinforced 
composite joint was assessed as proof-of-concept. Hence, 

Fig. 1  Schematization for the composite/metal hybrid joint manufacturing process
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The analysis was conducted using a Shimadzu DTG-60 
instrument (Shimadzu, Kyoto, Japan) on a sample of about 
3.5 mg, in air atmosphere with a heating rate of 10 °C/min, 
and in a temperature interval ranging from 25 up to 150 °C. 
Temperature and mass calibration were carried out following 
the procedure provided by the instrument’s control software, 
using a high-purity magnetic standard for Curie temperature 
and a precisely measured sample for mass. Data acquisition 
and analysis were done using the TA Instruments software 
(New Castle, DE, USA). Thermograms showing mass as a 
function of temperature were recorded for each component 
analyzed.

The rCFs surface quality was also evaluated via mor-
phological analysis, using a scanning electron microscope 
(SEM) SEM-EVO 15 (Zeiss, Cambridge, UK). For the 

The entire disassembling procedure via chemical recycling 
process is schematized in Fig. 2.

Figure 3 illustrates the dissolution of the thermosetting 
matrix over time during the chemical recycling process of 
the hybrid joint.

Recycled CFs Characterization

The recycled CFs (rCFs) were characterized via thermo-
gravimetric analysis (TGA). This investigation was essen-
tial to identify if the rCFs are clean, i.e., if any epoxy matrix 
residual on the CFs surface is still present, thus suggesting 
whether a longer duration for the dissolution process is 
required.

Fig. 3  Time evolution of the 
disassembly process of the hybrid 
joint through chemical recycling

 

Fig. 2  Schematization for the disassembly procedure of the composite/metal hybrid joint through chemical recycling
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at m/z 191.17 and 219.21 respectively, which are attributed 
to 2,2-bis(2-aminopropoxy)propane and 2,2-bis(2-amino-
butoxy)propane as protonated ion. This confirms what has 
been reported in the literature on the structure of the two 
used amines [78].

DSC Results

The results obtained from the DSC analyses of the uncured 
epoxy resins are shown in Fig. 5; Table 4.

From the DSC thermograms, the exothermic peak tem-
perature (Tpeak), corresponding to the maximum curing 
rate, is lower for the PolarBear + R*301 formulation than 
for PolarBear + R*401 (114 vs 125  °C). The onset tem-
perature of the exotherm (Tonset) is also reduced for the 
PolarBear + R*301 (83.9 vs 90.7  °C). Moreover, the cur-
ing enthalpy ( ∆ Hcure), determined from the area under the 
exothermic peak, is significantly higher for the formulation 
PolarBear + R*301 rather than PolarBear + R*401 (418.1 vs 
326.9 J g⁻¹), indicating a higher reactivity and greater extent 
of reaction.

Hence, these results indicate that the R*301-based for-
mulation exhibits faster kinetics and higher reactivity com-
pared to R*401-based one, enabling a denser crosslinked 
network even when curing is performed at relatively low 
temperatures (i.e., 100 °C).

The isothermal DSC measurements carried out at room 
temperature for 4 h (see Fig. 6) confirmed the latent behav-
ior of both formulations. No measurable exothermic signal 
was detected, and the heat flow remained essentially con-
stant over time, demonstrating the absence of spontaneous 
curing at ambient conditions.

purpose, the specimens were attached to a stub with carbon 
tape and then metallized through a sputter-coating process. 
This process involved depositing a thin gold film using an 
Agar Sputter Coater AGB7340 (Assing, Italy). Micrographs 
were captured at a magnification of 50×. The analysis was 
carried out using a LaB6 (Lanthanum Hexaboride) emitter 
as the electron source, with an electron high tension (ETH) 
setting of 25 kV.

Recovered Metal Insertion Characterization

The Fourier Transform Infrared Spectroscopy (FT-IR) was 
implemented to ascertain whether the chemical recycling 
process for the joint disassembly negatively affect the metal 
elements. A Perkin Elmer Spectrum 100 UATR (Waltham, 
MA, USA) in attenuated total reflectance (ATR) mode was 
used for performing the test. The spectra were acquired in 
the range between 4000 and 650 cm− 1 with 32 scans and a 
resolution of 4 cm− 1.

Results and Discussion

Chemical and thermo-mechanical Properties of 
Epoxy Systems

HESI-MS

The spectra acquired from the HESI-MS analyses per-
formed on the amines R*301 and R*401 used as cross-
linking agent in the investigated epoxy resins are reported 
in Fig. 4. The spectra in Fig. 4a and b display a main peaks 

Fig. 4  HESI-MS spectra of the amine R*301 (a) and R*401 (b)
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event occurred between 120 and 150 °C. The total reaction 
enthalpy, obtained by baseline integration of the exothermic 
peaks, was 7.31 kJ g⁻¹ for the formulation PolarBear + R*301 
and 7.83 kJ g⁻¹ for the PolarBear + R*401 one. In both cases, 
the first exotherm accounted for approximately 22–23% of 
the overall heat release (1.60 and 1.79 kJ g⁻¹, respectively), 
while the remaining 77–78% was released during the sec-
ond stage (5.71 and 6.04 kJ g⁻¹, respectively). This distribu-
tion suggests that only a limited extent of conversion can be 
achieved at low temperature, whereas the major fraction of 
curing is completed at elevated temperature.

This result is consistent with the chemical structure of 
the amines R*301 and R*401 determined via HESI-MS 
(see Sect. "HESI-MS") which are diamine curing agents, 
each containing two reactive –NH₂ groups. In fact, for such 
molecules, the cross-linking mechanism typically requires 
a two-step curing process: (i) an initial cure at moder-
ate temperature (i.e., 40–60  °C) which allows sufficient 
molecular mobility to initiate network formation without 

Starting from the combination of Tonset, Tpeak, and Tendset 
data (see Table 4 ), together with the confirmation of latent 
behavior at room temperature, a second two-step curing 
cycle (C2) was defined: an initial hold near Tonset (i.e., at 
80 °C for 1 h), followed by a second ranging between Tpeak 
and Tendset (i.e., at 140 °C for 4 h), to optimize the curing 
process. The DSC thermograms, acquired to investigate the 
curing behavior of the two epoxy resins when the curing 
cycle C2 is implemented, are reported in Fig. 7. Both sys-
tems exhibited a two-step exothermic profile, indicative of 
a multi-stage curing process. The first exotherm appeared 
in the range of 50–90 °C, whereas the second, more intense 

Table 4   Data obtained from the DSC analysis for the uncured epoxy 
latent formulations
Formulation Curing

state
Tpeak
[°C]

Tonset
[°C]

Tendset
[°C]

∆ Hcure
[J/g]

PolarBear + R*301 Uncured 114.0 83.9 157.9 418.1
PolarBear + R*401 Uncured 124.1 90.7 154.3 326.9

Fig. 6  DSC isothermal thermograms acquired for the two uncured epoxy resins PolarBear + R*301 (a) and PolarBear + R*401 (b)

 

Fig. 5  Acquired DSC thermograms for the two uncured (a), cured via C1 curing cycle (b) and cured via C2 curing cycle (c) latent-epoxy resin 
formulations PolarBear + R*301 (red line) and PolarBear + R*401 (green line)
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(Tg) are shown in Table S2 of the supplementary materials. 
According to the obtained results, both the epoxy resin (fac-
tor A) and the curing cycle (factor B) are significantly influ-
ential on the Tg response, with p-values < 0.0001 for both. 
Additionally, the two factors are involved in a significant 
interaction AB (p-value < 0.0001). The results discussed 
until now are represented in the effects diagram shown in 
Fig. 9. The analysed model demonstrates good robustness 
in defining the variability of the observed response (Tg), as 
the R² value is 0.9982 (see Table S2 of the supplementary 
materials). Finally, the model adequacy check on the analy-
sis residuals showed no anomalies.

According to the effects diagram shown in Fig. 9, it can 
be observed that the chosen curing cycle (factor B) has less 
influence on the PolarBear + R*301 formulation. In fact, 
moving from curing cycle C1 to C2 results in a Tg increase 
of 2.5%. Conversely, for the PolarBear + R*401 formu-
lation, the factor B has a greater impact. Indeed, moving 
from the curing cycle C1 to C2 one results in an almost 
5.6% increase in the Tg value. This result indicates that, by 
exploiting the curing cycle C1, some moieties have not yet 
reacted within the epoxy network and, therefore, to achieve 
an increase in the cross-linking density of the epoxy system, 
a more intense thermal curing (i.e., at 140°C) is necessary. 
Considering the data dispersion, it appears to be of compa-
rable magnitude for each investigated scenario.

premature vitrification; (ii) a post-cure at higher tempera-
ture (i.e., 120–180  °C) for completing the cross-linking, 
increases the Tg, and ensures optimal mechanical and ther-
mal performance. Moreover, the presence of the two distinct 
exothermic events is consistent with the curing mechanism 
of epoxy–amine systems, where an initial chemically con-
trolled reaction occurs at lower temperature by marking the 
beginning of cross-linking (likely involving one of the two 
–NH₂ groups), followed by a diffusion-controlled stage that 
requires higher thermal activation.

In the end, the curing efficiency of the two thermal 
cycles (C1 and C2) was assessed by re-scanning the cured 
specimens. The acquired DSC thermograms are reported in 
Fig. 5b and c for C1 and C2, respectively. When the curing 
cycle C1 is implemented (see Fig. 5b), the exothermic peak 
was largely suppressed, although a small residual signal 
could still be observed, indicating that a fraction of reactive 
groups remained unreacted. Notably, formulation Polar-
Bear + R*401 exhibited slightly higher residual heat than 
PolarBear + R*301, suggesting a marginally lower extent of 
cure under the same cycle. In contrast, after curing cycle 
C2 (see Fig. 5c), both formulations showed no residual exo-
thermic signal, confirming that a complete conversion was 
achieved. These observations demonstrate that while C1 
enables not fully complete curing, C2 provides the neces-
sary thermal input to fully cure both epoxy systems.

DMA Results

The results achieved for the Tg response using the DMA 
test for each investigated experimental scenario are reported 
in Table 5, whilst the tanδ versus temperature and storage 
modulus (E’) vs temperature curves are shown in Fig. 8.

 The results obtained from the analysis of variance 
(ANOVA) conducted for the glass transition temperature 

Table 5  Glass transition temperature ( Tg), storage modulus (E’) and 
cross-link densities ( ν ) values collected from DMA tests for the 
investigated epoxy latent resins
Sample Tg

[°C]
υ
[mmol/cm3]

P_R*301_C1 116.6 ± 0.3 0.74
P_R*301_C2 119.5 ± 0.1 1.56
P_R*401_C1 93.0 ± 0.8 0.73
P_R*401_C2 98.2 ± 0.2 0.81

Fig. 7  DSC thermograms acquired for the two formulations PolarBear + R*301 (a) and PolarBear + R*401 (b) by simulating the C2 curing cycle
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compared with previous results already reported in litera-
ture, the latter bio-based, fully-recyclable and latent epoxy 
system resulted to be placed in the mid-range among bio-
based epoxy resins. While vanillin-based [79, 80] and euge-
nol-based [81] systems can achieve higher Tg values, i.e., up 
to 170–187 °C and over 200 °C, respectively, these systems 
are typically more brittle and require rigid aromatic struc-
tures, making them less flexible for tailored applications. 
Epoxidized soybean oil (ESO) [82] and epoxidized palm 
oil (EPO) [83] resins, derived from vegetable oils, gener-
ally achieve Tg values around 130–150 °C but suffer from 

Focusing on the storage modulus (E’) determined via 
DMA tests, it ranged between 7.55E + 08 and 7.57E + 08 Pa 
when the epoxy resins are cured via C1 curing cycle. 
While, the latter parameters ranged between 8.33E + 08 and 
9.36E + 08 Pa when the epoxy resins are cured via C2 curing 
cycle, thus confirming a higher cross-linking density ( ν ) 
achieved when the C2 curing cycle is implemented. This 
result is consistent with the DSC analyses results already 
described in the Sect. "DSC results".

In conclusion, the latent-reactive epoxy system that pro-
vides the best Tg option is the system P_R*301_C2. When 

Fig. 9  Effects diagram for glass transition temperature (Tg)

 

Fig. 8  Acquired tanδ versus temperature and E’ vs temperature curves of the latent epoxy resins PolarBear + R*301 and PolarBear + R*401 cured 
via C1 and C2
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defining the variability of the observed response, as R² = 
0.9117 is high (see Table S3 of the supplementary material). 
Finally, the model adequacy check on the analysis residuals 
showed no anomalies.

Next, according to the effects diagram showed in Fig. 10, 
it can be observed that the curing cycle (factor B) has a deci-
sive influence on the flexural response. In fact, moving from 
curing cycle C1 to C2 results in a flexural strength increase 
of about 76.6% for the PolarBear + R*301 epoxy formula-
tion and up to 173.6% for the PolarBear + R*401 one. Con-
versely, the epoxy resin (factor A) has a smaller, though 
still significant, effect. Indeed, the PolarBear + R*301 for-
mulation consistently exhibits higher strength compared to 
PolarBear + R*401 under identical curing conditions. These 
findings indicate that an adequate curing protocol is crucial 
to achieve a higher cross-linking density for the epoxy sys-
tem, as also already confirmed by the results found from 
the DSC (see Sect. "DSC results") and DMA (see Sect. 
"DMA results") analyses. Considering the data dispersion, 
it appears to be of comparable magnitude for each investi-
gated scenario.

 Moving on, the results obtained from the analysis of 
variance (ANOVA) conducted for the flexural modulus are 
shown in Table S4 of the supplementary materials. Accord-
ing to the obtained results, the curing cycle (factor B) is 
significantly influential on the flexural modulus response 
(p-value = 0.0017 < 0.05). On the other hand, the epoxy 
resin (factor A) and the interaction effect (AB) were not 
found to be significant, with p-values of 0.8070 and 0.3911 
(p-value > 0.05), respectively. The analysed model demon-
strates fair good robustness in describing the variability of 
the observed response, as the R² value is 0.6990 (see Table 
S4 of the supplementary materials). Finally, the model ade-
quacy check on the analysis residuals showed no anomalies.

According to the effects diagram shown in Fig. 11, the 
curing cycle (factor B) has a relevant impact on the flexural 
modulus. Moving from curing cycle C1 to C2 results in an 
increase of about 35.2% for the PolarBear + R*301 formu-
lation and about 21.8% for the PolarBear + R*401 formula-
tion. Conversely, the effect of the epoxy formulation (factor 
A) is negligible under identical curing conditions, which is 
consistent with the ANOVA results. These findings confirm 
that the flexural modulus is predominantly governed by the 
applied curing protocol, while the type of epoxy resin plays 
a secondary role. The dispersion of the experimental data 
appears to be of comparable magnitude across the different 
tested scenarios (see Fig. 12).

 In the end, the results obtained from the ANOVA con-
ducted for the flexural strain at break are shown in Table S5 
of the supplementary material. According to the obtained 
results, both the epoxy resin (factor A) and the curing cycle 
(factor B) are significantly influential on the flexural strain, 

plasticizing effects, which can reduce mechanical strength. 
Lignin-based systems, despite offering bio-contents up to 
66%, often exhibit lower Tg values (about 79 °C) and vari-
able processability due to lignin’s structural complexity 
[84]. Thus, the pine oil-based resin’s Tg of 120 °C, while 
not the highest, is sufficient for many industrial applica-
tions, especially where thermal cycling is limited. Further-
more, the 29% bio-content derive from pine oil together 
to its chemical recyclability reflect a strong foundation for 
sustainability, in contrast to vanillin, eugenol, and lignin-
based epoxies which are irreversible thermosets, generally 
non-recyclable. Even ESO and EPO systems, despite some 
flexibility, do not yet offer reliable recycling under typical 
industrial conditions. Thus, the selected most performing 
epoxy system addresses a key limitation of conventional 
thermosets, regarding their end-of-life disposal, by offering 
a potential even for disassembly purposes. In addition to 
its recyclability, the proposed resin’s latent curing mecha-
nism represents a major processing advantage. The ability 
to delay crosslinking until activation via heat provides an 
extended working window, so allowing for precise material 
handling. This feature makes the system especially attrac-
tive for hybrid manufacturing approaches, where tradi-
tional composite lay-up techniques are merged with digital 
fabrication methods. In fact, during lay-up, the extended 
open time supports accurate positioning of fibers and metal 
inserts, essential for defect-free vacuum-assisted curing.

Flexural Test

The mechanical data collected from the flexural tests, i.e., 
the flexural strength, flexural modulus, and flexural strain 
at break for each investigated experimental scenario are 
reported in Table 6.

 The results obtained from the ANOVA study conducted 
for the flexural strength are shown in Table S2 of the supple-
mentary material. According to the obtained results, both the 
epoxy resin formulation (factor A) and the curing cycle (fac-
tor B) are significantly influential on the flexural strength 
(p-value = 0.0022 and p-value < 0.0001, respectively). The 
interaction effect (AB) between the two considered factors 
was found not to be significant (p-value = 0.0879 > 0.05). 
The analysed model demonstrates good robustness in 

Table 6  Results obtained from the flexural test (responses: flexural 
stress at break, flexural modulus and flexural strain at break)
Sample Flexural Stress at 

Break
[MPa]

Flexural 
Modulus
[GPa]

Flexural 
Strain at 
Break
[%]

P_R*301_C1 61.9 ± 4.3 2.8 ± 0.3 2.8 ± 0.3
P_R*301_C2 109.35 ± 4.5 2.5 ± 0.1 6.4 ± 0.4
P_R*401_C1 36.9 ± 2.1 2.6 ± 0.2 1.7 ± 0.1
P_R*401_C2 101.0 ± 6.4 3.2 ± 0.2 5.8 ± 0.1
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describing the variability of the observed response, as the 
R² = 0.9650 (see Table S5 of the supplementary material). 
Finally, once again the model adequacy check on the analy-
sis residuals showed no anomalies.

with p-values of 0.0002 and < 0.0001, respectively. The 
interaction effect (AB) between the two investigated factors 
was not found to be significant (p-value = 0.5944 > 0.05). 
The analysed model demonstrates excellent robustness in 

Fig. 11  Effects diagram for the flexural modulus

 

Fig. 10  Effects diagram for the flexural strength
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PolarBear + R*401 demonstrates slightly greater strain 
capacity under identical curing conditions. The combined 
analysis of these curves confirms that enhanced curing 
promotes a more efficient cross-linking within the epoxy 
matrix, leading to superior strength and ductility, in agree-
ment with the ANOVA results discussed earlier.

Furthermore, the investigated latent epoxy resins dem-
onstrate properties which are competitive with other com-
mercial bio-based systems, as reported in Table 7, especially 
considering their recyclability and latent curing capabilities.

Thus, the investigated pine oil-based latent epoxy resins 
offer a balanced combination of mechanical performance, 
recyclability, and processing advantages, making it a prom-
ising candidate for sustainable hybrid metal/CFs composite 
joints applications.

Hybrid Joint Interfacial Properties

The results obtained from the SBS tests performed on the 
hybrid joints are summarized in Table 8, while a represen-
tative load vs displacement curve is shown in Fig. 14. The 
determined average ILSS was 11.9 ± 0.4 MPa, and the cor-
responding mean maximum load was 1429.2 ± 53.3 N. The 
representative curve (see Fig. 14) highlights a nearly linear 
elastic response up to the maximum load, followed by a sud-
den drop, indicating a brittle shear failure concentrated at the 
interface. When compared with benchmark values reported 
in the literature for hybrid joints and sandwich composites, 

Next, looking at the effects diagram shown in Fig. 12 , 
the curing cycle (factor B) has the most decisive influence 
on the flexural strain response. In fact, moving from curing 
cycle C1 to C2 results in an increase of about 124.7% for 
the PolarBear + R*301 formulation and up to 241.2% for the 
PolarBear + R*401 one. Conversely, the epoxy resin (factor 
A) also shows a statistically significant effect, although its 
impact is smaller compared to the curing protocol. These 
findings highlight the importance of curing conditions in 
enhancing ductility, with PolarBear + R*401 being particu-
larly sensitive to the applied curing cycle. The dispersion of 
the experimental data appears to be of comparable magni-
tude across all tested conditions.

The results discussed until now were confirmed by the 
behavior of the acquired representative stress vs strain 
curves for the four investigated formulations (see Fig. 13).

According to Fig. 13 curves, it is worth nothing that the 
curing cycle exerts a dominant influence on both the flexural 
strength and strain responses. Samples cured under cycle 
C1 (P_R301_C1 and P_R401_C1) exhibit lower flexural 
strength and limited strain at break, indicating premature 
failure and reduced ductility. In contrast, samples subjected 
to cycle C2 (P_R301_C2 and P_R401_C2) show signifi-
cantly higher flexural strength values coupled with much 
greater strain at break, confirming the beneficial role of an 
intensified curing cycle.

Among the formulations, PolarBear + R*301 dis-
plays higher stiffness in the initial elastic region, whereas 

Fig. 12  Effects diagram for the flexural strain at break
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along the interphase, which may act as crack initiators. In 
contrast, the CFs composite/PVDF core interface (see Fig. 
15c) appears relatively smooth and continuous, but the pres-
ence of localized debonding sites and gaps indicates limited 
interfacial adhesion due to the lower chemical compatibility 
between PVDF core and epoxy resin. These observations 
are consistent with the SBS test results, which revealed a 
moderate interlaminar shear strength. The abrupt load drop 
seen in the representative load vs displacement curve (see 
Fig. 14) reflects brittle interfacial failure, in line with the 
discontinuities observed in both interfaces. In particular, the 
limited adhesion at the CFs composite/PVDF core bound-
ary likely represents a weak link in the hybrid joint, while 
the partial mechanical interlocking at the 316L insert/CFs 
composite interface enhances strength but cannot fully 
compensate for interfacial defects. Together, the mechani-
cal and microstructural results confirm that the interphase 
governs the failure mechanism of the system, suggesting 
that targeted surface modification strategies, such as plasma 
treatment of PVDF or tailored roughness of 316L insert, are 
required to improve shear performance and enhance overall 

which typically range between 5 and 30 MPa depending on 
constituent materials and interfacial treatments, the present 
system falls in the middle part of this spectrum. For instance, 
hybrid CFRP–metal joints have been shown to achieve ILSS 
values exceeding 20 MPa when advanced surface structur-
ing or adhesion-promoting treatments are applied, whereas 
untreated or polymer–metal interfaces generally exhibit val-
ues close to or below 15 MPa [88].

Furthermore, representative micrographs of the hybrid 
joint are shown in Fig. 15, highlighting the morphology of 
the 316L insert/CFs composite and CFs composite/PVDF 
core interfaces. The cross-sectional overview in Fig. 15a 
shows the two distinct interfaces, with the metallic 316L 
insert/CFs composite interface (red dashed line) exhibiting 
a more irregular morphology compared to the smoother CFs 
composite/PVDF core interface (blue dashed line). At higher 
magnification (see Fig. 15b), the 316L insert/CFs compos-
ite region reveals evidence of mechanical interlocking, with 
epoxy resin penetrating into the surface asperities of the 3D 
printed steel plate. This feature contributes positively to load 
transfer, although local discontinuities and voids are visible 

Fig. 13  Representative flexural stress vs flexural strain curves acquired for the four investigated epoxy formulations
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the successful incorporation of cleavable epoxy fragments 
into oligomeric species of defined length.

While, the acquired MALDI-TOF spectrum for rTP401, 
illustrated in Fig. 16b, reveals a distinct series of peaks asso-
ciated with oligomers containing 1 to 4 repeating units, each 
with a mass increment of 429 Da. The most intense signals 
correspond to oligomers with n = 2–4 units. Similarly to 
R*301, the initial peak at m/z 519 is assigned to the proton 
adduct of the structure presented in the inset of Fig. 16b. 
These results demonstrate that the recycled material pre-
serves well-defined oligomeric distributions, consistent 
with the expected fragmentation pathway of the cleavable 
epoxy precursors.

According to the GPC analysis results (see related chro-
matograms in Figure S1 of the supplementary materials), the 
determined molecular weight for the rTP301 and rTP401 is 
equal to 10200 and 12100 Da, respectively.

Next, the results collected for the Tg for the two recy-
cled thermoplastics (rTP301 and rTP401) are reported in 
Table 9. Whilst, the acquired tanδ  vs temperature curves 
are shown in Fig. 17.

The acquired TGA thermograms, reported in Figure S2 
of the supplementary materials, are consistent with these 
results. In fact, the recycled thermoplastic rTP401 (green 
curve) begins its main mass loss slightly earlier (10–15 °C 
lower onset) and leaves a smaller char yield at 700 °C than 
rTP301 (red curve), while also showing a marginally larger 
low-temperature loss (< 150  °C) attributable to adsorbed 
water/volatiles from its more polar end-groups.

The acquired ATR-FTIR spectra (see Figure S3 of the 
supplementary materials) confirmed that both recycled ther-
moplastics (rTP301 and rTP401) consist of hydroxyl- and 
amine-terminated BPA-ether oligomers, as shown by broad 

joint reliability. Alternatively, even exploiting metallic pins 
as part of the 3D printed metal component could act as inter-
face with the composite by promoting enhanced interlock-
ing [29, 30].

Recycled Products

Recycled Thermoplastics: Chemical, Thermal and 
Morphological Properties

Focusing on the chemical recycling of the epoxy resins, the 
recycling process yield resulted to be equal to almost 100% 
for the rTP301, as the entire epoxy matrix was recovered in 
the form of an oligomer. While, it was equal to 96% for the 
rTP401.

The acquired MALDI-TOF spectrum for the rTP301, 
reported in Fig. 16a, displays three predominant peaks that 
correspond to protonated oligomers with n = 2, 3, and 4 
repeating units (415 Da per unit). The first peak at m/z 831 
is attributed to the proton adduct of the molecular structure 
reported in the inset of Fig. 16a. This assignment confirms 

Table 7  Comparison of flexural mechanical properties of epoxy system P_R301_C2 with bio-based epoxy characterized in the state-of-the-art
Epoxy System Flexural 

Strength 
[MPa]

Flexural 
Modulus 
[GPa]

Tg
[°C]

Bio-
based 
content
[%]

Latency Viscosity [mPa·s] Ref.

FormuLITE 2 (Cardolite) 112.1 – ~ 80–120 ~ 34–45 Latency not reported Resin ~2200 (25 °C), 
hardener ~400 (25 °C)

 [85]

FormuLITE 1 (Cardolite) 92.5 – ~ 80–120 ~ 34–45 Latency not reported Resin ~2200 (25 °C), 
hardener ~400 (25 °C)

 [85]

FormuLITE 3 (Cardolite) 72.6 – ~ 80–120 ~ 34–45 Latency not reported Resin ~2200 (25 °C), 
hardener ~400 (25 °C)

 [85]

Greenpoxy 56 (Sicomin) with SD 4772 72.0 3.5 ~ 100 ~ 45 Mix pot life ~60 min at 
25 °C; cures 10 min at 
100 °C

Resin ~1400 (20 °C)  [86]

Greenpoxy 56 (Sicomin) with SZ 8525 78.0 3.1 ~ 100 ~ 45 Pot life ~60 min; cures 
10 min at 100 °C

Mixed system ~1160 
(20 °C)

 [86]

Greenpoxy 33 (Sicomin) with SZ 8525 80.0 3.0 ~ 80–90 ~ 30–35 Pot life ~60 min ~ 1100–1300 (25 °C)  [86]
ELO/TA (Epoxidized Linseed Oil/Tan-
nic Acid)

72.0 3.0 ~ 60–70 100 Latent at RT, thermally 
activated

~ 5000  [87]

Pine oil Recyclable Latent Epoxy 100–110 2.5–3.2 100–120 28 Latent curing 790–920 (25 °C) This 
work

Table 8  Results obtained from the SBS test (responses: ILSS and 
maximum load)
Sample ILSS

[MPa]
Maximum Load
[N]

I 11.9 1429.2
II 11.8 1410.8
III 11.5 1376.4
IV 13.5 1624.6
V 10.9 1304.8
Mean 11.9 1429.2
St. Err. 0.4 53.3
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Fig. 15  Multiscale microstructural characterization of the hybrid 3D 
printed metal/CFRP/PVDF joint at 350× magnification. (a) Optical 
micrograph of the overall joint cross-section showing the 316L stain-
less steel insert, the carbon-fiber-reinforced polymer (CFRP) layer, and 
the PVDF core; the red and blue dashed lines indicate the 316 L/CFRP 

and CFRP/PVDF interphases, respectively. (b) Scanning electron 
micrograph of the 316 L/CFRP interphase highlighting the interfacial 
morphology and local material penetration (red arrows). (c) Scanning 
electron micrograph of the CFRP/PVDF interphase showing the conti-
nuity of the bonded interface and material interdiffusion (blue arrows)

 

Fig. 14  Representative load vs. displacement curve acquired for the hybrid joint
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volatiles/impurities, in line with the broader tanδ peak and 
lower Tg observed by DMA, as well as the slightly earlier 
onset of thermal degradation in TGA.

Recycled CFs Characterization

The implemented disassembly procedure allowed to recover 
the used CFs with a recycling process yield equal to 100%. 
They were recovered as non-woven CFs, as shown in Fig. 
2. The morphological analysis via SEM allowed to confirm 
that the implemented disassembly strategy did not nega-
tively affect nor damage the surface of CFs, as highlighted 
from the acquired micrographs in Fig. 18a. Furthermore, it 
is worth of noting that the set parameters for the employed 
chemical recycling process allowed to almost fully dissolve 
the epoxy matrix, since the recycled CFs appeared quite 
clean. Similar outcomes were already found both for CFs 
and natural fibers in previous studies [39, 68]. This result 
was also confirmed by the performed thermogravimetric 
analysis. In fact, the TG thermogram reported in Fig. 18b 
confirms that the rCFs shows a total weight loss of about 
8–9 wt% up to 600 °C, which can be attributed to residual 
organic species from the epoxy resin together with minor 
contributions from surface sizing and adsorbed mois-
ture. This indicates that the recycling process efficiently 
removed more than 90 wt% of the matrix, leaving only a 

OH/NH bands (3600–3100  cm⁻¹), aromatic absorptions 
(~1600 and 1510  cm⁻¹), and strong ether signals (1180–
1020 cm⁻¹), with no residual epoxy (910 cm⁻¹) or acetate/
carboxylate features. rTP401 exhibited slightly stronger 
OH/NH and C–N/C–O bands, indicating a higher concen-
tration of polar end-groups compared to rTP301. These 
chemical differences are consistent with its lower Tg (47 
vs 51 °C) and broader tanδ peak (see Fig. 17), suggesting 
greater chain mobility and stronger hydrogen-bonding inter-
actions, despite its slightly higher molecular weight from 
GPC.

SEM micrographs of the recycled thermoplastics are 
shown in Figure S4 of the supplementary materials. rTP301 
appears as clean, angular particles with smooth fractured 
surfaces, reflecting efficient drying and the absence of 
agglomeration (see Figure S4a). In contrast, rTP401 shows 
compact agglomerates with visible impurities (see Figure 
S4b), which can be ascribed to its higher end-group den-
sity and polarity revealed by FTIR. These polar function-
alities promote hydrogen bonding and retention of residual 

Table 9  Tg Values determined by DMA for the recycled thermoplas-
tics rTP301 and rTP401
Sample Tg[°C]

rTP301 51.3
rTP401 47.7

Fig. 16  MALDI-MS spectra of rTP301 (a) and rTP401 (b) recycled thermoplastics; within the insets are shown the corresponding repetitive unit’s 
chemical structures. Dimeric structures with m/z 1662 and m/z 1038 hypothesized for rTP301 (c) and rTP401 (d), respectively
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composite using aqueous acetic acid are likely related to 
residual epoxy degradation products, adsorbed organics, or 
functional groups formed or retained during chemical recy-
cling. In detail, the broad peak at 3410 cm−1 (area 1, see Fig. 
19), which is related to stretching vibrations of molecular 
water and hydroxyl O–H groups [90], is due to adsorbed 
water from the recycling process; the peaks within the range 
2950–2850 cm−1 (area 2, see Fig. 19), which are related to 
C–H stretching [91], indicates residual hydrocarbons, such 
as degraded epoxy fragments or leftover organic contami-
nants; the peaks within the range 1575–1375 cm−1 (area 3, 
see Fig. 19), which are related to aromatic C = C and C–H 
bending, is characteristic of aromatic rings (from bisphenol 

small fraction of epoxy-derived residues on the fiber sur-
face. However, this issue can be overcame by making the 
dissolution process last slightly longer.

Recovered Metallic Components Characterization: FTIR-ATR

The FTIR-ATR acquired spectra for the virgin vs recovered 
3D printed metallic components are reported in Fig. 15.

In accordance with the acquired spectra the 316L stain-
less steel FTIR spectrum is mostly flat with very low 
absorbance (see Fig. 19, red curve) as reported in the 
state-of-the-art [89]. While, the peaks found for the FTIR 
spectrum after recovering 316L from the epoxy-based 

Fig. 18  (a) SEM micrographs (magnification of 500×) of the recycled CFs (b)

 

Fig. 17  Acquired tanδ versus temperature curves of the recycled thermoplastic rTP301 (red line) and rTP401 (green line)
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One of the characterized latent epoxy resin, was 
employed in the fabrication of a hybrid joint comprising 
metal and CFs reinforced composites by combining AM and 
vacuum assisted hand lay-up fabrication techniques. Indeed, 
its latent behavior enabled the ability to delay cross-linking 
until activation via heat, so providing an extended work-
ing window and, in turn, allowing for precise material han-
dling. This feature makes the system especially attractive 
for hybrid manufacturing approaches, where the extended 
open time supports accurate positioning of fibers and metal 
inserts. SBS tests on the hybrid joints yielded an average 
ILSS of about 11.9 MPa, hence placing the proposed design 
in a middle-spectrum comparable placement with literature 
benchmarks hybrid joints, justified by a good mechanical 
interlocking at the metal/CFs thermoset composite interface.

Furthermore, the implemented cleavable amine hardener 
(Recyclamine™ R*301) allowed to achieve the hybrid joints 
full recyclability, so enabling disassembly under controlled 
conditions, i.e., mild acid conditions. This property facili-
tated the full recovery of constituent raw materials (i.e., 
recycled polymer, recycled CFs, recovered metal inserts and 
3D printed PVDF core), through a targeted chemical recy-
cling process, achieving a recovery yield close to 100%. 
The proposed hybrid manufacturing strategy offers a sus-
tainable alternative to conventional thermosets in composite 
manufacturing and end-of-life management.

A in epoxy resin) and/or carboxylate groups (from partial 
oxidation or hydrolysis of epoxy or hardener residues) [92, 
93]; the peaks at 720 cm−1 (area 4, see Fig. 19), which are 
related to CH₂ rocking (long-chain hydrocarbons), suggests 
presence of long aliphatic chains, i.e., potentially organic 
remnants from the epoxy matrix [93, 94]. Thus, to com-
pletely remove any contaminants and residual organics, 
further rinsing in solvents like ethanol/acetone [95, 96] or 
plasma cleaning approach [97] should be used as regenera-
tive strategy for the recovered metal components.

Conclusions

This study focuses on the chemical, thermal and mechanical 
characterization of bio-based, recyclable and latent epoxy 
resins, engineered to meet high-performance mechanical 
and thermal specifications for advanced composite applica-
tions. The characterized latent epoxy resins exhibited glass 
transition temperature (Tg) values ranging between 90 and 
120  °C, flexural strength and modulus values within the 
range of 35–110 MPa and 2.5–3.2 GPa, respectively, mak-
ing them suitable for structural high-performance applica-
tions. Their recyclability was also assessed via chemical 
recycling, with a recycling process yield almost equal to 
100% and recovering reusable recycled thermoplastics 
(rTP301 and rTP401) characterized by a Tg of about 50 °C.

Fig. 19  FTIR-ATR spectra for the 316L components: virgin (red line) vs. recovered from the chemical recycling for disassembly (green line)
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if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Gohlke M, Schuldt T, Döringshoff K et al (2015) Adhesive bond-
ing for optical metrology systems in space applications. J Phys 
Conf Ser 610:012039. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​8​​/​1​7​​4​2​-​​6​5​9​​6​/​6​1​​0​/​​1​/​
0​1​2​0​3​9

2.	 Khan MA, Aglietti GS, Crocombe AD et al (2018) Development 
of design allowables for the design of composite bonded double-
lap joints in aerospace applications. Int J Adhes Adhes 82:221–
232. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​I​J​A​​D​H​A​​D​H​.​2​​0​1​​8​.​0​1​.​0​1​1

3.	 Fiore V, Alagna F, Di Bella G, Valenza A (2013) On the mechani-
cal behavior of BFRP to aluminum AA6086 mixed joints. Com-
posites Part B: Engineering 48:79–87. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​C​
O​M​​P​O​S​​I​T​E​S​​B​.​​2​0​1​2​.​1​2​.​0​0​9

4.	 Di Bella G, Borsellino C, Pollicino E, Ruisi VF (2010) Experi-
mental and numerical study of composite T-joints for marine 
application. Int J Adhes Adhes 30:347–358. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​J​.​​I​J​A​​D​H​A​​D​H​.​2​​0​1​​0​.​0​3​.​0​0​2

5.	 Osborne J (2013) Automotive composites – in touch with lighter 
and more flexible solutions. Met Finish 111:26–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​2​6​-​0​5​7​6​(​1​3​)​7​0​1​5​9​-​4

6.	 Czerwinski F (2021) Current trends in automotive lightweighting 
strategies and materials. Materials 14(21):6631. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​3​​3​9​0​​/​M​A​​1​4​2​1​6​6​3​1

7.	 Taub AI, Luo AA (2015) Advanced lightweight materials and 
manufacturing processes for automotive applications. MRS Bull 
40:1045–1053. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​5​7​​/​M​R​​S​.​2​​0​1​5​​.​2​6​8​​/​F​​I​G​U​R​E​
S​/​7

8.	 Wong WK, Lai CHN, Cheng WY et al (2022) Polymer–Metal 
composite healthcare materials: from nano to device scale. J 
Compos Sci 6(8):218. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​J​C​​S​6​0​8​0​2​1​8

9.	 Lambiase F, Scipioni SI, Lee CJ et al (2021) A state-of-the-art 
review on advanced joining processes for metal-composite and 
metal-polymer hybrid structures. Materials 14(8):1890. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​M​A​​1​4​0​8​1​8​9​0

10.	 Zhao H, Zhang R, Bin Z (2018) A Review of Automotive Light-
weight Technology. Advances in Engineering Research 59–62. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​9​1​​/​M​E​​C​A​E​-​1​8​.​2​0​1​8​.​1​0

11.	 Thoppul SD, Finegan J, Gibson RF (2009) Mechanics of mechan-
ically fastened joints in polymer–matrix composite structures – a 
review. Compos Sci Technol 69:301–329. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​J​.​​C​O​M​​P​S​C​​I​T​E​C​​H​.​​2​0​0​8​.​0​9​.​0​3​7

12.	 Yousefpour A, Hojjati M, Immarigeon JP (2004) Fusion bond-
ing/welding of thermoplastic composites. J Thermoplast Compos 
Mater 17:303–341. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​8​​9​2​7​0​5​7​0​4​0​4​5​1​8​7

13.	 Stig F, Hallström S (2013) Influence of crimp on 3D-woven fibre 
reinforced composites. Compos Struct 95:114–122. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​J​.​​C​O​M​​P​S​T​​R​U​C​T​​.​2​​0​1​2​.​0​7​.​0​2​2

14.	 Umair M, Hamdani STA, Asghar MA et al (2018) Study of influ-
ence of interlocking patterns on the mechanical performance of 
3D multilayer woven composites. J Reinf Plast Compos 37:429–
440. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​7​​3​1​6​8​4​4​1​7​7​5​1​0​5​9

15.	 Adluru HK, Zhou E, Hoos KH et al (2023) Performance predic-
tion of interlock woven composites by independent mesh method. 

Future work should explore the thermal and optical 
behavior of the developed hybrid, for example, to determine 
the CTE (Coefficient of Thermal Expansion) and RI (refrac-
tive index) values for the application of these structural 
components in electronics and advanced optical technolo-
gies. Next, the development of fully recyclable, bio-based 
epoxy/acrylate latent blends compatible with vat photopoly-
merization should be further explored to enable the fabrica-
tion of complex composite hybrid structures through digital 
and hybrid manufacturing approaches [73]. Recent stud-
ies have demonstrated the potential of such materials and 
techniques in the production of structural components for 
electric vehicle (EV) battery packs, where high precision, 
thermal stability, and design versatility are essential require-
ments [98]. Finally, it is recommended that future research 
efforts focus on scaling up production, assessing long-term 
durability, and exploring broader industrial applications, 
thereby bridging the gap between laboratory-scale develop-
ments and real-world sustainable composite manufacturing.
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