
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1-
01

-2
02

6 
01

:4
6:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Vanillin-derived
Aerospace Structures & Materials Departmen

University of Technology, 2629 HS Del, The

† Equal rst author contribution.

Cite this: RSC Sustainability, 2025, 3,
5303

Received 21st March 2025
Accepted 3rd September 2025

DOI: 10.1039/d5su00205b

rsc.li/rscsus

© 2025 The Author(s). Published by
epoxy resin as a high fracture
toughness high stiffness matrix for carbon fibre
reinforced structural composites

Bhuvesh Kaushik,† William E. Dyer,† Niklas Lorenz and Baris Kumru *

The following study cements vanillin’s position as a leading replacement for BPA-based epoxy resins in high

performance epoxy–amine composite applications. Diglycidyl ether of vanillyl alcohol (DGEVA) is cured

with a high-performance aerospace grade crystalline diamine hardener 4,4 diaminodiphenyl sulfone

(4,4-DDS) yielding a resin with a Tg of 140 °C according to DMA, high bending stiffness of 3.84 ± 0.02

GPa, and high mode I fracture toughness of 1.33 ± 0.23 MPa m1/2, as evidenced by ASTM standard tests.

Initial kinetic and rheological evaluation of DGEVA–DDS highlights its potential to act as a drop-in epoxy

system for many industrial composite manufacturing processes with minor processing adjustments.

Resin is characterized by means of cure kinetics, thermomechanical properties and physical properties

deciphering a route for carbon fibre reinforced composite manufacturing. The results show superior

performance of the neat DGEVA–DDS system in mechanical tests including up to 38% greater strength,

60% stiffness, 160% fracture toughness, and minor increases when translated to composite materials as

compared to BADGE–DDS.
Sustainability spotlight

This study conrms vanillin as a leading renewable alternative to BPA-based epoxy resins for high-performance composites. A bio-based epoxy resin from
diglycidyl ether of vanillyl alcohol (DGEVA), cured with the aerospace-grade diamine hardener 4,4-diaminodiphenyl sulfone (4,4-DDS) demonstrated a high glass
transition temperature (140 °C), high bending stiffness (3.84 ± 0.02 GPa), and remarkable fracture toughness (1.33 ± 0.23 MPa m1/2). Compared to traditional
BPA-based epoxy systems (BADGE–DDS), the vanillin-based resin exhibited up to 38% greater strength, 60% increased stiffness, and 160% higher fracture
toughness. The resin's ease of integration into existing composite manufacturing processes supports responsible production (UN SDG 12), sustainable
industrialization (UN SDG 9), and contributes positively towards climate action (UN SDG 13).
Introduction

Epoxy resins are a cornerstone of modern sports, automotive,
and aviation industries through their employment as bre
reinforcedmatrix materials.1 High performance ber reinforced
polymer composites (FRPCs) utilise carbon bres with a high-Tg
matrix material, oen an epoxy monomer mixed with either an
amine or anhydride curing agent.2 To enhance the sustain-
ability of composite materials the plastic matrix must be
sourced renewably from a bio-resource.3,4 Indeed many leading
companies in varied industries are taking concrete steps
towards a more bio-based portfolio.5 However, many scalable
renewable epoxy monomers are aliphatic in nature, with ther-
momechanical properties unsuitable for high-performance and
structural applications. Additionally, some aromatic bio-based
t, Faculty of Aerospace Engineering, Del

Netherlands. E-mail: b.kumru@tudel.nl

the Royal Society of Chemistry
monomers display high viscosities and low-scalability as
drawbacks.6,7

Lignin is a complex, highly aromatic network polymer
present in wood in high percentages. It is also a byproduct of
the paper industry and is therefore available in large amounts.8

Vanillin is a non-toxic phenol that can be produced from the
catalytic cracking of lignin in high yields.9 Through a simple
reduction reaction its vanillyl alcohol derivative is synthesised,
and epoxidation with bio-based epichlorohydrin yields
a potentially 100% bio-based epoxy monomer.10 This diglycidyl
ether of vanillyl alcohol (DGEVA) has been utilised numerous
times to produce partially bio-based thermosets and vitrimers.11

Many of these vanillin-based network polymers exhibit
mechanical properties suitable for high-performance applica-
tions with Tg ranging from 114–178 °C (DSC) and moduli in the
range of 10 GPa,1 already making it a potential candidate for
many applications.12 Positively, its precursor vanillin is also
non-toxic in large quantities, which cannot be said for BADGE
precursor bisphenol A which has been well-documented to
disrupt hormone systems in human beings.13–16 Whilst DGEVA
RSC Sustainability, 2025, 3, 5303–5313 | 5303
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has been thoroughly researched in the chemical literature, its
application and characterisation in higher-performance
composite areas has not been as thoroughly explored.17

Biobased epoxies have been explored in the chemistry liter-
ature, with many lab-scale synthetic procedures outlined to
produce a large variety of monomers each with unique
properties.18–20 Articles in this eld oen highlight basic
mechanical properties through coupon testing, with tensile
being the default geometry. Whilst this offers some under-
standing of resin properties there is a distinct lack of homo-
geneity in testing procedures in the literature, making
comparison across papers difficult. Furthermore, translation of
these bio-resins to the engineering domain requires a more
thorough understanding of the kinetics of curing, viscosity
proles, and mechanical properties of the resin systems.21

Resins have been thoroughly explored, but translation to
composite materials is less-common.22 Therefore we follow
ASTM standards for resin and composite testing, as well as
provide kinetic and rheological analysis of the DGEVA–DDS
resin system to allow for serious consideration by companies
and engineers for high-performance applications of the DGEVA
epoxy monomer.

Bio-based epoxy formulations can be substituted into exist-
ing commercial processes with only minor adjustments, rep-
resenting a key factor in enabling product commercialisation.23

Additionally composite manufacturing and testing provide
insight into high-performance viability. These factors highlight
the importance of focusing on properties of biobased thermoset
materials. In the following study, the renewable DGEVA epoxy
monomer was cured with 4,4-DDS, a crystalline diamine hard-
ener used for its high-performance characteristics.

Results and discussion

The epoxy equivalent weight of the DGEVA monomer was 145 g
determined via 1H NMR spectroscopy, and the resulting mixing
ratio of DGEVA : DDS was 2.34 : 1 g, giving a bio-based content
of 70% (Fig. S1). The thermal characteristics of matrix materials
are some of the most important to assess their feasibility for any
applications and provide boundaries for further material
testing; thus the thermal degradation and curing behaviour of
DGEVA–DDS compared to BADGE–DDS were investigated.
Thermal behaviour of resins is highly dependent on the
chemical structure (Fig. 1a). TGA results reveal an earlier Td5% of
273 °C for DGEVA–DDS compared to 403 °C for BADGE–DDS
(Fig. 1b). At higher temperatures DGEVA–DDS resin seems to
degrade more slowly than BADGE–DDS with a higher Td50% and
char yield at 600 °C, of 448 °C and 44% compared to those of
BADGE–DDS resin of 435 °C and 22% respectively. Following
this, DSC studies were performed with a maximum temperature
for DGEVA–DDS of 250 °C to prevent degradation of the
material.

Differential scanning calorimetry represents an established
method to analyze the reaction kinetics of resin systems by
capturing the heat released by the exothermal curing reaction.
The nal glass transition temperature Tg,N is determined to be
around 140 °C by DMA analysis with a heating rate of 1 K min−1
5304 | RSC Sustainability, 2025, 3, 5303–5313
(Fig. 2a). With suggested curing temperatures of 180–220 °C
(from Aradur-9664 technical data sheet), the resin maintains
the rubbery state (T > Tg,N) during curing and any effect of
diffusion can be excluded. The curing process of a resin system
is pivotal for composite processing, with numerous computa-
tional methods having emerged to correlate data obtained from
dynamic or isothermal DSC measurements and describe the
reaction progress. Within this work, we utilized the iso-
conversional principle to assess the development of activation
energy with the degree of cure (SI 1.3.3 i) and apply a model-
based approach to describe the reaction behavior at isothermal
and non-isothermal boundaries (SI 1.3.3 ii).

DSC analysis and modelling reveals some important char-
acteristics of the DGEVA–DDS resin and how it differs compared
to the BADGE–DDS resin. Firstly we see that much slower
heating rates are required to achieve the full curing of the
DGEVA system under dynamic heating conditions, given its
lower onset of thermal degradation (Fig. 1c). Secondly, we can
see that overall the reaction has a higher activation energy than
the BADGE–DDS system (Fig. 1d). At x = 0.1 the activation
energy (Ea) for the reaction is the same for DGEVA–DDS
and BADGE–DDS at 70 kJ mol−1. Beyond x = 0.3 the Ea of
DGEVA–DDS steadily increases up to 90 kJ mol−1 at x = 0.7,
before rapidly increasing to Ea > 120 kJ mol−1 above x = 0.9.
Similar results are reported by Zhi et al. – following the
approach of Kissinger24 and Ozawa25 they calculated an Ea of
51.2–55.5 kJ mol−1 for BADGE systems, and 94.0–96.4 kJ mol−1

for vanillin-based systems and hypothesised that bulky C6 units
contribute to steric hindrance.26 A more direct study of struc-
ture–property relationships in methoxy-containing lignin
derivatives by Rashid et al. shows similarly increasing Ea with
increasing methoxy units on the phenyl ring.27 Higher activa-
tion energy of secondary amines due to steric hindrance
explains the further increase in the latter stages of curing.28

Studies in the past have suggested the methoxy phenyl unit
interacts with the hydroxy unit formed by ring opening of the
epoxide, which could impede the catalytic activity of the hydroxy
group further increasing activation energy at high degrees of
cure.29,30 The Ea average between the conversion range modelled
is 69.6 kJ mol−1 for BADGE–DDS and 82.2 kJ mol−1 for DGEVA–
DDS. Fig. 1e shows a similar situation during isothermal
experiments where the degree of cure develops slightly slower at
similar temperatures. The Tg of the DGEVA–DDS system was
hard to detect via DSC, potentially due to very little change in
enthalpy upon glass transition in this particular system.
However DMA revealed a Tg of 140 °C (Fig. 2a) taken from the
onset of the storage modulus decrease, the most reliable Tg
value for structural materials.31 Table 1 compares Tg of various
epoxy–amine resins utilising vanillin-based epoxy monomers
found in the literature.

Rheological characterisation can give us important guidance
when it comes to the processing of resin systems, which is
particularly important during composite manufacturing as it
provides the processing window for resin injection and ber
impregnation. The temperature dependent shear viscosity of
DGEVA–DDS shows shear viscosities signicantly lower than
those of BADGE–DDS of 5.2 Pa s, 1200 mPa s and 250 mPa s at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical structures of DGEVA epoxy and DDS hardener. (b) TGA of cured resins. (c) Isothermal DSC thermograms and corresponding
modelling fits. (d) Ea evolution vs. degree of cure for both resin systems. (e) Degree of cure vs. time at isothermal temperatures.
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23 °C, 50 °C and 80 °C respectively (Fig. 2b). Shear viscosities for
BADGE–DDS were at least 4 times higher at any given temper-
ature and showcase the potential for DGEVA–DDS for certain
manufacturing techniques such as vacuum infusion at a lower
temperature than BADGE–DDS. In this study we dene the
gelation point as the crossover of G0 and G00 at 1 Hz, as suggested
in other studies.36–38 Gel-point times at various temperatures
were recorded and show faster gel-times for DGEVA–DDS, which
is surprising given that the kinetic modelling showed a higher
average activation energy for DGEVA–DDS. The average activa-
tion energy up to the theoretical point of gelation (x =

0.53DGEVA–DDS, 0.57BADGE–DDS, calculated using Flory–
© 2025 The Author(s). Published by the Royal Society of Chemistry
Stockmayer theory) is slightly higher for DGEVA–DDS at 72.6 vs.
70.2 kJ mol−1, so the lower gel-point values for DGEVA–DDS are
surprising. Nonetheless, DGEVA–DDS offers ample processing
time with a gel-point of 6 hours at 120 °C.

Combining rheological investigations and derived reaction
kinetics enables us to calculate the degree of cure at gelation
(xGP) for the reference system and thus quantify the degree of
cure necessary to form a percolated network. For this, the
temperature prole recorded during the rheometer measure-
ments is used to solve eqn (S1) to (S4) and determine xGP (Table
2). Fig. 3 presents the measurement values and the calculated
cure progression. As it takes approximately 1 minute to load the
RSC Sustainability, 2025, 3, 5303–5313 | 5305
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Fig. 2 (a) DMA temperature sweep in the three point bending setup of both systems. Heating rate = 1 K min−1. (b) Viscosity vs. temperature
profiles of both systems.

Table 1 Tg comparison of epoxy–amine resins utilising vanillin-based epoxy monomers with common diamine hardeners. All Tg values are
derived from the onset of the storage modulus decrease in DMA measurementsa

Vanillin-based epoxy Amine hardener(s) Tg [°C] Ref.

Diglycidyl ether of vanillyl alcohol (DGEVA) DDS 140 This work
Diglycidyl ether of vanillyl alcohol (DGEVA) IPDA 97 32
Diglycidyl ether of vanillyl alcohol (DGEVA) PACM 100 33
Diglycidyl ether of vanillyl alcohol (DGEVA) TETA, TREN, DETA, EDA ∼40 34
Vanillin mono-epoxy (Schiff-base epoxy network) DDM 136a 35
Diglycidyl ether of methoxyhydroquinone IPDA 132 32

a Tg from DSC.

Table 2 Parameters obtained from the kinetic modelling of the reaction according to Kamal and Sourour (eqn (S3) and (S4))

m n1 n2 A1 [log(s
−1)] E1 [kJ mol−1] A2 [log(s

−1)] E2 [kJ mol−1]

1.05 1.39 4.74 3.52 53.17 7.29 85.99
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sample and start the measurement, we assume an initial degree
of curing of 0.01 (Table 3).

The average xGP for the BADGE–DDS formulation is above
the value reported in the literature xGP < 0.5.39 The exceptionally
high values for the lower curing temperatures may be due to the
absence of a term in the kinetic model describing the curing
reaction's diffusion effect (and slowdown). The kinetic model
was calibrated at curing temperatures, ensuring T > Tg,N during
nearly the whole reaction process, so that it does not capture
any effect of diffusion which might become relevant, especially
at the lower temperatures. The theoretical calculations give
consistently lower values compared to the average value of the
experiments. The divergence between measurements and
theoretical consideration may be attributed to a slight diver-
gence between the recorded and the actual temperature present
5306 | RSC Sustainability, 2025, 3, 5303–5313
within the resin specimen. Still, the differences are within the
standard deviation of the measurements. Slight deviations
between theory and experiments are common40 and might be
explained by a substitution effect in the amine group, with the
secondary amine reacting at a slower rate than the primary
amine, particularly for aromatic diamines,41 which leads to
higher conversions before gelation occurring due to linear
chains forming preferentially over microgels. Intramolecular
cyclization could also contribute to this increased experimental
xGP.40,42 Although the standard deviations are comparably high,
the results indicate that gelation of the DGEVA–DDS formula-
tion occurs at an earlier stage of curing as compared to BADGE–
DDS. In practical terms, this results in a smaller timeframe for
the injection and ber impregnation process, which could be
mainly a drawback for infusion processes of large components
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) BADGE–DDS gel point times of 37, 120 and 490minutes at 120, 150 and 180 °C respectively. (b) DGEVA–DDS gel-point times of 21, 79
and 372 minutes at 120, 150 and 180 °C respectively.

Table 3 Calculated xGP for the two resin systems

xGP

Average Theoretical120 °C 150 °C 180 °C

BADGE–DDS 0.68 0.60 0.56 0.57 0.61 � 0.06
DGEVA–DDS 0.60 0.51 0.47 0.53 0.54 � 0.07
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with long ow paths requiring a long processing window. This
relation becomes more tangible comparing the time scales: at
180 °C, gelation occurs aer 21 minutes for the DGEVA and 37
minutes for the BADGE formulation.

DMA is a non-destructive technique to obtain thermo-
mechanical information on a material.43 Comparing DGEVA–
DDS against BADGE–DDS we saw that the vanillin-based
samples showed a higher initial storage modulus of 3.76 GPa
compared to 2.44 GPa for the BADGE system, similar to
mechanical testing moduli reported further on (Fig. 2a). Tg of
DGEVA–DDS is considerably lower than that of BADGE–DDS at
140 °C compared to 220 °C for BADGE–DDS; however this is still
an acceptable Tg for many high-performance applications;
however further investigations on wet Tg should be performed.44

From TMA analysis (Fig. 4a) we can derive the coefficient of
thermal expansion (CTE) of a material. The CTE is an important
parameter for matrix materials as it informs us about a parts
expansion across a temperature range which can greatly affect
the stability and loading on larger composite structures.45 CTE
for DGEVA–DDS is 58.12 mmperm per °C compared to 84.45 mm
per m per °C for BADGE–DDS resin. This means that DGEVA–
DDS expands less than BADGE–DDS upon heating, which can
be advantageous in composite materials, or where parts
routinely undergo thermal cycling of some kind.46 Lower CTE
leads to reduced residual stresses, which become evident
during cooling processes aer complete curing.47
© 2025 The Author(s). Published by the Royal Society of Chemistry
Further resin characterisation was performed to evaluate
hydrophilicity and gel-content of resin systems. The water
contact angle (SI 1.3.6) was measured to be 71° indicating that
DGEVA–DDS is hydrophilic. The water absorption test (SI 1.3.7)
indicated a weight increase of 5.5% aer 14 days, which is
a large increase. Gel content (SI 1.3.8) was evaluated and shown
to be 100%. These results show that DGEVA–DDS is consider-
ably hydrophilic, and this must be taken into account when
assessing its use case. Composite materials are coated prior to
nal applications, so the employment of a hydrophobic coating
that can enhance water resistance is essential.48 Density of the
resin evaluated according to ASTM D792 (SI 1.3.9) was 1.296 ±

0.043 g cm−3 (7% higher than BADGE–DDS) which is typical of
epoxy–amine resins;49 however for applications where light-
weighting is of prime importance it is a cause for consider-
ation.50 Cure shrinkage was evaluated by recording the density
of the uncured systems (SI 1.3.10) with DGEVA–DDS cure
shrinkage calculated to be 7.0%, slightly larger than the 5.5%
recorded for BADGE–DDS, which is in the usual range for epoxy
resins.51 Lower cure shrinkage is ideal in CFRP systems as
carbon bres shrink very little across curing temperature
ranges, so with greater matrix shrinkage more residual stress is
introduced in the composite material (Table 4).52

Quasistatic destructive mechanical testing in exure, tension
and SENB geometries was performed according to standards
ASTM D790, D638 and D5045 respectively. Resin mechanical
testing results are summarised in Table 5. Overall the results
show than DGEVA–DDS is a signicantly stiffer and stronger
material than BADGE–DDS, whilst also having a much higher
resistance to crack propagation shown by a higher KIC value.
These results are surprising as epoxy materials tend to become
more brittle and less strong as their stiffness increases –

DGEVA–DDS resin does not follow this trend.53 One reason for
this could be the increased linearity in the DGEVA–DDS network
which will allow for more mobility and therefore energy
RSC Sustainability, 2025, 3, 5303–5313 | 5307
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Table 4 Material properties of DGEVA–DDS and BAGDE–DDS resin systems

Viscosity
(23 °C)
(Pa s)

Gel point time
at 120, 150, and
180 °C (minutes)

Cure
shrinkage
(%)

Gel-content
(%)

Tg
(°C)

Eaavg
(kJ mol−1)

Water
contact
angle (°)

Water
absorption
(14 days) (%)

Density
(g cm−3)

CTE
(mm per m per °C)

DGEVA–DDS 5.2 21, 79, and 372 7.0 100 140 82.2 71 5.50 1.296 58.12
BAGDE–DDS 34.8 37, 120, and 490 5.5 100 220 69.6 80 0.96 1.217 84.45

Fig. 4 (a) TMA displacement vs. temperature graphs for both systems. (b) Tensile stress–strain curves. (c) Flexural stress–strain curves. (d)
Fracture toughness force–displacement graph. BADGE–DDS results from a previous study published by our group.7
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dissipation in the network, increasing strength and fracture
toughness.54 This comes at the expense of lower thermal prop-
erties as previously discussed. Previous studies show that
DGEVA–DDS has signicantly (12%) lower free volume than
BADGE–DDS which can explain the increase in stiffness.55 It has
been shown previously that methoxy units increase fracture
toughness of epoxies due to enhanced energy dissipation
through relaxation of the methoxy group, which occurs around
room temperature.29,30

The exural modulus was determined to be 3.84 ± 0.02 GPa
and strength, 165.29 ± 3.32 MPa, considerably higher than
5308 | RSC Sustainability, 2025, 3, 5303–5313
those of similar commercial resin systems from data sheets
(Fig. S19). Whilst these stiff and strong properties are imparted
by the increased linearity in the DGEVA molecule as compared
to BADGE, the presence of the phenyl ring on the DGEVA
molecule allows for a suitably high Tg for many high-perfor-
mance applications. Tensile strength was also relatively high at
110.98 ± 7.94 MPa. On comparing exural and tensile strength
to those of the BADGE–DDS system we see a 38% increase in
stiffness and 60% increase in strength in exure, with similar
values for tensile. These results are very encouraging for DGE-
VA's potential as a biobased BADGE alternative. The largest
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Mechanical data for resin coupon testing

Flexural
modulus (GPa)

Flexural
strength (MPa)

Tensile
modulus (GPa)

Tensile
strength (MPa)

KIC fracture
toughness (MPa m1/2)

DGEVA–DDS 3.84 � 0.02 165.29 � 3.32 2.12 � 0.06 110.98 � 7.94 1.33 � 0.23
BAGDE–DDS 2.50 � 0.07 130 � 2.46 1.29 � 0.03 72.09 � 25.43 0.60 � 0.03
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deviation in mechanical behaviour between the two systems is
seen in the increased mode I fracture toughness (KIC) value of
the DGEVA-based resin as compared to the petroleum system. A
KIC value of 1.33 ± 0.23 MPa m1/2 was determined via ASTM
D5045, an increase of 160% compared to that of analogous
BADGE–DDS resin. High performance PEEK has a reported KIC

of around 3 MPa m1/2 whereas unmodied high-performance
epoxy–amine systems rarely breach the 1.0 MPa m1/2 KIC value,
making DGEVA a unique epoxy monomer in this regard.56,57

Fig. 6d compares DGEVA–DDS's KIC and Tg values to those of
other well-known commercial epoxy–amine systems, and its
advantage can clearly be seen.

CFRP samples were manufactured for both DGEVA–DDS and
BADGE–DDS, and tested in 4 different geometries. Interlaminar
shear, in-plane shear, and compression samples were manu-
factured from the same manufactured plate using biaxial bres
(Fig. 5a and b).
Fig. 5 (a) Schematic showing sample cutting locations in the composit
plate. (c) and (d) DGEVA–DDS samples failing in compression via wedge

© 2025 The Author(s). Published by the Royal Society of Chemistry
The in-plane shear strength (IPSS) test was chosen as the in-
plane shear behaviour is independent of the bre properties,
and relates to matrix yield strength and bre–matrix interface
properties. ASTM D3518 was followed using 6 samples with
bres in a [±45] orientation. The force vs. strain graphs (Fig. S8–
S10) show the stiffer nature of the DGEVA–DDS samples, with
initial elastic deformation in the linear region followed by
plastic deformation in the non-linear region. A modulus of 6.58
± 0.68 GPa was calculated for DGEVA–DDS compared to 5.49 ±

0.52 GPa for BADGE–DDS, a stiffness increase of 20%. Final
shear strengths came out to be 85.75 ± 0.52 MPa for DGEVA–
DDS and 81.84 ± 4.85 MPa for BADGE–DDS. A much smaller
standard deviation in the DGEVA–DDS tests suggest better
sample quality and homogeneity, which could be due to the
lower viscosity of DGEVA–DDS allowing for the manufacturing
of higher-quality laminates with less defects. Larger spreads in
the BADGE–DDS samples are likely due to manufacturing
e plate according to standard sizes. (b) Final DGEVA–DDS composite
splitting with some inter-laminar failure.
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Fig. 6 (a) ILSS results. (b) IPSS results. (c) Compression strength results. (d) Fracture toughness vs. Tg for a variety of epoxy–amine systems.
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defects. Compression tests were performed as it has been
shown that the dominant composite failure mode in compres-
sion is plastic yielding of the polymer matrix. According to
ASTMD6641 9 samples were cut from the plate at 45° to get a [0/
90] conguration. Compressive strength came out as 532.95 ±

36.90 MPa for DGEVA–DDS compared to 499.02± 40.26 MPa for
BADGE–DDS, a less conclusive result than the IPSS result due to
signicantly larger overlap in the standard deviations. Inter-
laminar shear strength (ILSS) tests were performed to probe the
load transfer efficiency in the two systems. ASTM D2344 was
followed and 10 samples were tested in the [0/90] conguration.
ILSS was 58.17 ± 2.37 MPa for DGEVA–DDS and 52.53 ± 3.72
MPa for BADGE–DDS, giving an increase of 11% in ILSS for the
DGEVA–DDS resin.
5310 | RSC Sustainability, 2025, 3, 5303–5313
The nal composite test conducted was a low-velocity impact
test. For this test 3 plates for each resin were manufactured
according to ASTM D7136. Impact test results are highly
sensitive to different testing setups and manufacturing condi-
tions. Through the tests it was revealed that DGEVA–DDS
composites absorb similar amounts of energy compared to
BADGE–DDS; however, the calculated damage initiation energy
of thematrix was 21% higher for BADGE–DDS. This is due to the
higher modulus and bending stiffness (10% higher) of DGEVA–
DDS composites, leading to increased brittle response at high
loading rates. Further impact testing results will not be di-
scussed further as there were some inconsistencies in results
between samples, but data and analysis can be found in SI
Section 1.6.4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this research we have showcased the potential for a highly
bio-based high performance epoxy–amine system suitable for
use as a matrix material in FRPCs. Thermal properties are lower
than those of a comparable petroleum-based system but still in
the high-performance range with a Tg of 140 °C and Td5% of 273
°C. Reaction kinetics have been modelled using DSC and
rheology, and show properties including lower overall reactivity
than BADGE–DDS but faster gel-point times across a tempera-
ture range. This is likely due to the documented effect of the
methoxy group on the DGEVA molecule interacting with the
hydroxyl unit from epoxy ring-opening, hampering its catalytic
effect. Gel-point times for DGEVA–DDS give a large processing
window for composite production and prepreg production.
Water absorption tests revealed a higher affinity to water
compared to BADGE–DDS. Room temperature mechanical
properties are signicantly higher than that of BADGE–DDS
with increases of up to 38% in stiffness, 60% in strength, and
remarkably 160% in fracture toughness for the pure resin
system. These increases are likely due to the higher crosslink
density from the smaller DGEVA molecule, tighter packing of
the epoxy network structure due to increased linearity, and
greater energy dissipation mechanisms through linearity and
the methoxy unit which increases fracture toughness.

Manufacturing of high-quality CFRP laminates has been
demonstrated using vacuum infusion and autoclave curing.
Minor improvements in strength and stiffness of CFRPs were
seen using the DGEVA–DDSmatrix compared to BADGE–DDS in
in-plane shear, interlaminar shear, and compressive tests. Low
velocity impact testing shows a more-complicated story, with
BADGE–DDS having a higher matrix crack initiation energy.
This report highlights the potential of DGEVA to be used in
higher performance composite applications, including its
benets and potential challenges when compared to conven-
tional resin systems. Future research could focus on the effect of
matrix methoxy units in the composite material through bre–
matrix adhesion studies, helping to provide a more funda-
mental understanding of these interactions. To provide a more
critical understanding of sustainability credentials in materials
science, an interdisciplinary approach incorporating LCA and
economic analysis could be pursued.
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