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Abstract

Bio-based alternatives for epoxy resin curing agents are a necessity for fiber

reinforced polymer composites to become more sustainable. Here, the precise

knowledge about the optimal curing cycle and its influence on the thermoset's

mechanical properties are imperative. Therefore, the influence of the maxi-

mum curing temperature on the network structure, crystal morphology and

mechanical properties of diglycidyl ether of bisphenol A (DGEBA) cured with

L-arginine was investigated with the goal to derive structure–property relation-

ships and a favorable curing cycle. The maximum curing temperature used

can be categorized into two regimes: first, the temperature range in which the

thermoset reaches complete curing and second, the temperature regime in

which the thermoset is fully cured and the thermal degradation starts to

diminish its mechanical properties. An optimized curing regimen for achieving

high flexural strength accompanied by adequate fracture toughness entails

subjecting the material to a curing cycle comprising a duration of 1 h at a tem-

perature of 150�C, followed by an additional 2 h at a temperature of 170�C.
This study represents a pioneering effort in optimizing the curing process of

amino acid-cured epoxy resin, specifically focusing on achieving the most

favorable mechanical properties as a result.
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1 | INTRODUCTION

Epoxy-based thermosets play a crucial role in the field of
fiber reinforced composites for various applications such
as sports, automotive, and aerospace industries.1,2 The

crucial factors contributing to their importance include
the high glass transition temperature, modulus, strength,
and low viscosity of epoxy resins.3 To address the growing
demand for sustainable alternatives in fiber-reinforced com-
posites, extensive research has been conducted in recent
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decades on bio-based epoxy resins, curing agents, and
natural fibers.4,5 In recent years, there has been increasing
interest in using amino acids as bio-based, latent curing
agents for epoxy resins.6–12 These amino acid-based ther-
mosets have demonstrated performance levels comparable
to conventional matrix materials used in fiber reinforced
composites.13,14 While previous studies have investigated
the curing kinetics of epoxy resins with amino acids using
differential scanning calorimetry (DSC), none have estab-
lished an appropriate temperature–time profile for curing
epoxy resins with amino acids in combination with com-
monly used accelerators.7–9,11

Insufficient curing periods and/ or curing tempera-
tures lead to an incomplete curing of the thermoset.15–17

A low degree of cure α leads to a decreased cross-link
density νC which in turn results in a decreased modulus
E and glass transition temperature Tg.

14,18–20 However, a
decreased cross-link density correlates positively with an
increased critical stress intensity factor KIC and fracture
energy GIC.

21

In contrast, when exposed to elevated temperatures in
a standard atmosphere, the network structure of thermo-
sets undergoes thermal-oxidative aging.22 This aging process
can be categorized into physical aging and chemical aging,
each leading to distinct changes in the network structure.
Physical aging occurs due to the relaxation of the thermoset
network, resulting in alterations in the glass transition tem-
perature and modulus.23–25 On the other hand, chemical
aging refers to changes in the network caused by chemical
reactions such as post-curing, formation of carbonyl groups,
and chain scission. These reactions can cause the thermoset
to darken in appearance and experience a decline in its
mechanical properties.26–29 Consequently, it is crucial to
carefully design curing cycles that ensure complete curing
while mitigating the risk of thermal-oxidative aging.
Although there is a wealth of literature concerning the ther-
mal stability and decomposition processes of amino acid
solutions or pure amino acids,30–32 a notable gap exists in
understanding their thermal stability as curing agents
in epoxy resin and potential chemical reactions at elevated
temperatures during the curing process of thermosets. This
area remains largely unexplored in current research.

The investigation of these topics holds particular
significance in the context of amino acid-cured epoxy
resins, primarily due to the tendency of amino acids to
form crystals during the thermoset curing process. This
phenomenon has been observed in the curing of DGEBA
with L-tyrosine, where the amino acid crystals act as rein-
forcement and contribute to the toughening of the epoxy
matrix.33 In general, amino acids exhibit lower thermal
stability compared to epoxy resin-based thermosets in
which they are embedded.34–36 The thermal stability of
amino acid crystals is heavily influenced by the structure
of the amino acid's side chain.36 For instance, the decom-
position temperature of the aromatic amino acid L-tyrosine
is approximately 340�C,37,38 while the thermal degradation
of the aliphatic amino acid L-glutamine initiates at around
185�C.36

The thermal degradation or decomposition of amino
acids involves several reactions: the peptide reaction,
decarboxylation, and deamination.31 In the peptide reac-
tion, the hydroxyl group of the carboxylic acid in one
amino acid reacts with a hydrogen atom from the amino
group of another amino acid, resulting in the formation
of water.39,40 Consequently, the network structure of
amino acid-cured epoxy resins can contain not only
bonds between the epoxy resin and the amino acid curing
agents but also bonds between the amino acids them-
selves.41 This reaction has been observed in amino acids
such as L-histidine, L-arginine, and L-aspartic acid during
thermal degradation. Deamination is a condensation
reaction that involves the formation of ammonia through
the condensation of an amino group with a hydrogen
atom.42 This reaction has been observed in amino acids
such as L-glutamine, L-glycine, and L-arginine.36 Both
reactions result in the formation of volatile compounds
with low molecular weight, namely water and ammonia.
As a result, amino acids experience a loss of mass and
volume during thermal degradation, leading to shrinkage
of amino acid crystals and changes in their crystal struc-
ture and morphology. Additionally, the formation of
cyclic peptides or bicyclic peptides may occur.36 Figure 1
illustrates the initial step in the thermal degradation of
L-arginine, where the amino acid releases ammonia and

FIGURE 1 Condensation reaction of L-arginine by which the cyclic compound 1-carbamimidoylproline is formed and ammonia is

released. Peptide reaction that changes the cyclic 1-carbamimidoylproline to a bicyclic peptide.
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transforms into 1-carbamimidoylproline. Subsequently,
the peptide reaction can lead to the formation of a bicy-
clic peptide with either the NH or NH2 group.

The objective of this investigation is to examine the
influence of the maximum curing temperature on
the thermal degradation, degree of cure, network struc-
ture, and mechanical properties of an epoxy resin cured
with an amino acid. To achieve this, a systematic approach
is proposed: First, thermal degradation of the amino acid:
Thermo-gravimetric analysis (TGA) and Fourier-transform
infrared spectroscopy (FTIR) will be conducted to investi-
gate the thermal degradation of the amino acid itself.
These techniques will provide insights into the amino
acid's degradation mechanism and chemical changes
occurring during the curing process. Second, analysis of
cured thermosets: The epoxy resin cured with various cur-
ing cycles at different maximum temperatures will be ana-
lyzed using FTIR, TGA, DSC, and mechanical testing. FTIR
will assess the degree of thermal degradation and examine
the chemical changes in the thermoset. TGA will provide
information about the thermal stability of the cured ther-
mosets and assess the degree of thermal degradation. DSC
will analyze the degree of cure and thermal behavior, while
mechanical testing (such as dynamic mechanical analysis
(DMA), three-point bending and compact tension tests) will
evaluate the mechanical properties. Lastly, correlation of
results: The results obtained from DSC and mechanical test-
ing will be correlated with each other to gain a comprehen-
sive understanding of the interdependencies between
network characteristics and mechanical properties. This
analysis will provide insights into the relationship between
curing parameters, network structure, and resulting
mechanical performance. The ultimate goal is to identify an
optimal curing cycle that achieves fast and complete curing
without compromising the thermoset's integrity due to deg-
radation. The chosen material system for this investigation
involves DGEBA and L-arginine, as it has been extensively
studied in previous research.12,13

2 | EXPERIMENTAL

2.1 | Materials

DGEBA resin, specifically D.E.R. 331, with an epoxide
equivalent weight of 187 gmol�1 was utilized in this
study. It was obtained from Blue Cube Assets GmbH &
Co. KG, Olin Epoxy (Stade, Germany). L-Arginine, with a
purity of 98.9%, was procured from Buxtrade GmbH
(Buxtehude, Germany). The reaction between the amino
acid and epoxy resin was facilitated by the use of the
substituted urea DYHARD®UR400, provided by Alzchem
Group AG (Trostberg, Germany).

2.2 | Resin formulation

The amino acid and epoxy resin mixture was prepared
using a three-roll milling process, following the set-
tings described in Reference 12. Based on previous
investigations,10,12,13 it was assumed that L-arginine
has seven active hydrogen atoms (f = 7), resulting in an
amine equivalent weight of 24:89 gmol�1. The mixture of
DGEBA and amino acid was formulated to achieve a stoi-
chiometric ratio of active hydrogen atoms to epoxy
groups (R = 1). Prior to mixing, one weight percentage of
DYHARD®UR400 (refer to Table 1) was added. The mix-
ing process was performed using a DAC 150.1 FVZ cen-
trifuge speed mixer from Hauschild Engineering
(Hamm, Germany) operating at 3000min�1 for 120 s.
Subsequently, the mixture was subjected to degassing for
30min at 10mbar to remove any entrapped air before the
curing process. Throughout this investigation, the cured
thermoset material is referred to as “Argopox” for
simplicity.

2.3 | Curing cycle and sample
preparation

The amino acid-epoxy mixture was carefully poured into
pre-heated aluminum molds, which were maintained at a
temperature of 90�C. The curing process took place in
a Memmert ULE 400 convection oven, manufactured by
Memmert GmbH + Co. KG (Schwabach, Germany). The
curing cycle involved two steps. Initially, the thermoset
was cured for 1 h at a constant temperature of 150�C.
Subsequently, it underwent a second curing step for 2 h
at temperatures ranging from 150 to 200�C, increasing in
steps of 10�C (refer to Figure 2).

Due to the varying maximum temperature in each
curing cycle, the thermosets were labeled as A150, A160,
and so on, indicating the maximum temperature reached
during their respective curing processes. To prevent the
development of internal stresses, the molds were allowed
to cool down to room temperature over a period of approx-
imately 2 h. Specimens for testing were prepared using a
Mutronic DIADISC5200 diamond plate saw, provided by
MUTRONIC Präzisionsgerätebau GmbH & Co. KG

TABLE 1 Composition of Argopox.

Component Argopox (wt%)

D.E.R. 331 87.4

L-Arginine 11.6

DYHARD®UR400 1

ROTHENHÄUSLER and RUCKDAESCHEL 3 of 15
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(Rieden am Forggensee, Germany) in accordance with the
relevant test method standards.

2.4 | Material characterization

2.4.1 | Thermo-gravimetric
Fourier-transform infrared spectroscopy

Thermo-gravimetric Fourier-transform infrared spectros-
copy was carried out by combining a Mettler Toledo
TGA/SDTA 851E from Mettler-Toledo International Inc.
(Columbus, OH) with a Nicolet iS50 FTIR spectrometer
from Thermo Fisher Scientific Inc. (Waltham, MA). The
sample was heated from 25 to 250�C with a constant
heating rate of 2�C min�1 in a nitrogen atmosphere. The
volatile degradation products were analyzed every 30 s by
averaging 32 scans in a wavenumber-range from 500 to
4000 cm�1 in transmission mode.

2.4.2 | Thermo-gravimetric analysis

The thermo-gravimetric analyses were conducted on a
Netzsch 209 F1 Libra from Erich Netzsch GmbH &
Co. Holding KG (Selb, Germany). Here, the pure
L-arginine was subjected to the curing cycles depicted in
Figure 2 in synthetic air. The cured thermosets (Argopox)
were heated from 25 to 600�C with a constant heating
rate of 1�C min�1 in a nitrogen atmosphere.

2.4.3 | Fourier-transform infrared
spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was car-
ried out using a Nicolet iS50 FTIR spectrometer from
Thermo Fisher Scientific Inc. (Waltham, MA). Thirty-two
scans per sample were averaged in a wavenumber-range
from 500 to 4000 cm�1 in transmission mode.

2.4.4 | Differential scanning calorimetry

The degree of cure α and the glass transition temperature
Tg of Argopox after the different curing cycles were deter-
mined with dynamic DSC measurements. A Mettler
Toledo DSC 1 (Columbus, OH) was employed with a
heating rate of 10K min�1 from 25 to 275�C. Here, the
flow of nitrogen was set to 50 mLmin�1. The sample
mass was 20± 2mg. Two specimens per curing cycle
were tested. The degree of cure α was calculated as:

αx ¼H0�Hx

H0
, ð1Þ

with the heat of reaction H0 of the uncured compound
and Hx the remaining enthalpy after curing at x�C. The
heat of reaction H0 was determined to be 282.6 J g�1.

2.4.5 | Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed using
a Gabo Eplexor 500 N instrument from Gabo Qualimeter
Testanlagen GmbH (Ahlden, Germany) in tension mode.
The specimens, measuring 50 mm by 10 mm by 2 mm,
were subjected to measurements from 25 to 180�C at a con-
stant heating rate of 3 K min�1. The tensile force ampli-
tude was set to 60 with a frequency of 1Hz. The glass
transition temperature Tg was determined as the temper-
ature at which the loss factor tan δ reaches its peak
value. To calculate the cross-link density νC of the ther-
moset, the storage modulus E0 at T¼Tgþ50 K was used
in the following equation:

νC ¼ E0

3RT
, ð2Þ

where, R is the universal gas constant
(8:314 Jmol�1 K�1).20 To ensure accuracy, three speci-
mens were tested for each curing cycle. The exact

FIGURE 2 Left: Curing cycles employed for the preparation of Argopox with maximum curing temperatures from 150 to 200�C in steps

of 10�C. Right: Overview about Argopox after different curing cycles. The thermosets are arranged low (A150, top) to high curing

temperatures (A200, bottom). [Color figure can be viewed at wileyonlinelibrary.com]
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dimensions of each specimen were determined with a
caliper with a precision of ±0.01mm.

2.4.6 | Three-point bending

For the three-point bending tests, a total of eight
specimens were prepared for each thermoset. The speci-
mens had dimensions of 80 mm by 10 mm by 4 mm. The
bending tests were conducted using a ZwickRoell Z2.5
universal testing machine, manufactured by ZwickRoell
GmbH & Co. KG (Ulm, Germany). The tests were carried
out with a cross-head speed of 2 mm min�1, following
the guidelines specified in ISO 178. The exact dimensions
of each specimen were determined with a caliper with a
precision of ±0.01mm.

2.4.7 | Fracture toughness

The critical stress intensity factor in mode I, denoted as
K IC, and the fracture energy, represented as GIC, were
evaluated by conducting tests on eight compact tension
specimens per curing cycle. The testing was performed in
accordance with ISO 13586 standards. A ZwickRoell Z2.5
testing machine, manufactured by ZwickRoell GmbH &
Co. KG (Ulm, Germany), equipped with a load cell hav-
ing a capacity of 2.5 kN, was utilized for these tests.

2.4.8 | Scanning electron microscopy

The fracture surfaces of the compact tension specimens
were analyzed using a Zeiss Gemini 1530 Scanning
Electron Microscope (SEM) manufactured by Carl

Zeiss AG in Oberkochen, Germany. For the SEM imag-
ing, an acceleration voltage of 3 kV was utilized. Prior
to imaging, the surfaces of the specimens were coated
with a thin layer of platinum through a process known
as platinum sputtering, resulting in a coating thickness
of approximately 5 nm.

3 | RESULTS AND DISCUSSION

3.1 | Thermo-gravimetric Fourier-
transform infrared spectroscopy of
L-arginine

To investigate the thermal degradation mechanism of
L-arginine, thermo-gravimetric analysis coupled with
Fourier-transform infrared spectroscopy is performed in
a nitrogen atmosphere. The TGA curve of L-arginine in a
nitrogen atmosphere, shown in Figure 3, reveals impor-
tant features. Initially, between temperatures of 25 and
75�C, there is a mass loss attributed to the evaporation of
water from the amino acid. After the drying process, the
mass remains nearly constant until approximately 205�C.
Beyond this temperature, the degradation mechanisms
depicted in Figure 1 come into play. The amino acid
undergoes a transformation to 1-carbamimidoylproline
through the release of ammonia, followed by the forma-
tion of a bicyclic peptide via the condensation of water
during the peptide reaction.36 The FTIR analysis in
Figure 3 confirms the presence of the reaction products.
The twin peaks centered around 950 cm�1 correspond to
ammonia,43 while the peaks around 1700 and 3300 cm�1

are indicative of water.44

However, this dynamic measurement does not reflect
the true temperature regimes that the epoxy resin system

FIGURE 3 Left: Thermo-gravimetric analysis of L-arginine. Right: FTIR analysis of volatile degradation products during the thermo-

gravimetric analysis of L-arginine. [Color figure can be viewed at wileyonlinelibrary.com]
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undergoes during curing. It is essential to investigate the
effect of the different curing cycles on L-arginine. Therefore,
iso-thermal TGA measurements in synthetic air that mimic
the curing cycles of the epoxy resin system (see Figure 2)
are conducted (see Figure 4). After the temperature increase
from 25�C, the specimens are initially held at 150�C for
60 min, during which no significant mass loss is observed.
Subsequently, the temperature is increased to the respective
maximum curing temperature for a duration of 2 h. At tem-
peratures between 150 and 170�C, no significant thermal
degradation occurs in L-arginine. However, at 180�C, a
slight mass loss of approximately 1% is observed after an
extended period. A temperature of 190�C initiates thermal
degradation after approximately 10 min, resulting in a
mass loss of about 15.5% after 2 h. At 200�C, the thermal
degradation commences immediately, with a steep drop
in mass followed by a flattening of the curve. The
observed 20% mass loss can be explained by considering
the molecular masses of L-arginine (174:2 gmol�1),
ammonia (17 gmol�1), and water (18 gmol�1). The com-
bined molecular mass of ammonia and water is approxi-
mately 35 gmol�1, accounting for about 20% of
174:2 gmol�1. Overall, these findings provide insights
into the thermal degradation behavior of L-arginine and
its implications for the curing process of the epoxy resin
system.

3.2 | Thermo-gravimetric analysis of
Argopox

In order to gain insight into the thermal degradation of
the Argopox thermoset, thermo-gravimetric analysis is
performed on specimens cured at different maximum
temperatures Tmax . The objective is to examine how the
degradation mechanism observed in pure L-arginine
translates to the L-arginine crystals present in the thermo-
set. Figure 5 reveals two significant observations that

support the assumption of a correlation between the ther-
mal degradation mechanisms of pure L-arginine and the L-
arginine crystals in the thermoset. First, increasing Tmax

results in a reduction of mass loss that occurs around
205�C. This indicates that the amino acid crystals in
A150 and A160 remain undegraded during curing, and
the observed mass loss can be attributed to the reactions
discussed in Section 3.1. On the other hand, A200 shows
no steep mass loss at this temperature, indicating that the
crystals have already undergone the chemical changes
associated with the thermal degradation at
around 200�C.

These findings align with the results presented in
Figure 4, further supporting the notion that the degrada-
tion mechanisms observed in pure L-arginine are indeed
present in the thermoset. Second, the residual mass at
600�C increases from A150 to A200, with values of 12.0%
and 13.5%, respectively. This difference in residual mass
reflects the varying degrees of degradation that have
already taken place during the curing process of the ther-
mosets. Taken together, these observations emphasize
the importance of understanding the degradation mecha-
nism of the pure amino acid, L-arginine, as it directly
relates to the thermal degradation of the Argopox ther-
moset. The correlation between the degradation behavior
and the amino acid crystals within the thermoset pro-
vides valuable insights into the influence of different cur-
ing temperatures on the degree of degradation and the
resulting properties of the thermoset.

3.3 | Fourier-transform infrared
spectroscopy of Argopox

Figure 6 shows the FTIR spectra of Argopox cured at dif-
ferent maximum temperatures Tmax . The spectra exhibit

FIGURE 4 Thermo-gravimetric analysis of L-arginine

following the curing cycles of Argopox in synthetic air (see

Figure 2). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Thermo-gravimetric analysis of Argopox cured at

different maximum temperatures Tmax . The close-up shows a

detailed view of the degradation at around 210�C. [Color figure can
be viewed at wileyonlinelibrary.com]
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peaks that are typical for thermosets consisting of
DGEBA resin, such as the H C out-of-plane bending
of aromatic rings (825 cm�1), the C O C stretching of
ether bond (1035 and 1230 cm�1), the C H in-plane
bending (1105 cm�1), the C O stretching of the aromatic
rings (1180 cm�1), the C C stretching of aromatic rings
(1510 cm�1), the C C stretching of aromatic rings
(1610 cm�1) as well as stretching of CH2 and CH3 groups
(2870 and 2925 and 2960 cm�1) (see Table 2).45,46 Of
course, the urea-based accelerator DYHARD®UR400 also
possesses aromatic rings. However, as the weight fraction
of the accelerator is much lower than that of the DGEBA
resin (see Table 1), the main contribution to the peaks'
intensities can be attributed to the epoxy resin.

The presence of peaks corresponding to the guanidino
group (1633 and 1673 cm�1) and primary amines (1580,
1610, and 3375 cm�1) in the Fourier-transform infrared
spectroscopy (FTIR) analysis of the amino acid side chain
indicates the presence of these functional groups in the
cured thermoset.

On the other hand, the peaks at 1633 and 1673 cm�1

are characteristic of the guanidino group, which consti-
tutes the side chain of L-arginine. These peaks can be
attributed to the vibrational modes of the guanidino
group, specifically the stretching vibrations of the
carbon-nitrogen double bonds within the group.47,48 The
existence of these peaks indicates the presence of the gua-
nidino group in the cured thermoset, specifically in the
L-arginine crystals. Similarly, the peaks at 1580, 1610,
and 3375 cm�1 can be attributed to the vibrations of pri-
mary amines present in the amino acid backbone.49

These peaks correspond to the stretching vibrations of
the N H bonds in the primary amine functional groups.

The sharp peak observed at around 1730–1740 cm�1

in the FTIR spectra of the cured Argopox thermosets is
indeed indicative of the formation of carbonyl groups.
This peak starts to arise from the baseline even at low

curing temperatures (150�C), suggesting the formation of
β-hydroxy esters through the reaction between the car-
boxylic acid of the amino acid and the epoxy group of the
resin. Similar observations have been reported in studies
involving other amino acids, such as L-lysine and L-trypto-
phan, reacting with epoxy resin.6,7,10 However, the inten-
sity of this peak increases significantly after curing at
temperatures at which thermal degradation of L-arginine
occurs (>180�C). This intensified peak is likely attributed
to the carbonyl group present in the lactam-like structure
of the bicyclic peptide formed during the thermal degrada-
tion of L-arginine (see Figure 1).50 Additionally, the pres-
ence of peaks at 1295 (amide III), 1550 (amide II), and
1650 cm�1 (amide I) further suggests the formation of
peptide bonds and the presence of the resulting bicyclic
peptides.51

The increase in Tmax and the corresponding increase
in peak intensities in the FTIR spectra are accompanied

FIGURE 6 FTIR spectra of Argopox cured at different

maximum temperatures Tmax . [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Wavenumbers of characteristic peaks of FTIR

spectra of Argopox.

Wavenumbers
in cm�1 Band assignment

825 H C out-of-plane bending of aromatic
ring

1035 C O C stretching of ether linkage

1105 C H in-plane bending

1180 C O stretching of aromatic ring

1230 C O C stretching of ether linkage

1295 Amide III

1360 CH2 wagging motion

1385 Symmetrical CH3 stretching and CH2

deformation

1412 COO symmetrical stretching

1460 CH2 bending or antisymmetrical CH3

stretching

1510 C C stretching of aromatic ring

1580 N H bending of primary amine

1610 C C stretching of aromatic ring N H
bending of primary amine

1633 CN3H5
þ (guanidino) symmetric stretching

1673 CN3H5
þ (guanidino) asymmetric

stretching

1740 C O stretching of β-hydroxy ester or peptide

2100 N H stretching of amino group in amino
acid back bone

2870, 2925, 2960 Stretching vibration of CH2 and CH3

3375 O H stretching and symmetric stretching of
primary amine
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by a darkening of the thermosets (see Figure 2, right).
Here, the color of the thermosets changes from beige or
sand (A150) to yellow-orange (A170) to brown (A190)
and, for the highest curing temperature, to dark
brown (A200). This darkening is likely associated
with the formation of carbonyl groups, which are
known to contribute to the browning or darkening of
materials under thermal-oxidative stress.52,53 The sig-
nificant intensification of the carbonyl peak at
1740 cm�1 with increasing curing temperature supports
this observation.

3.4 | Differential scanning calorimetry

The DSC analysis presented in Figure 7 (left) provides
information about the degree of cure α and glass transi-
tion temperature Tg of Argopox cured at different maxi-
mum temperatures Tmax . Starting with A150, the degree
of cure is approximately 91%, indicating that the curing
process is not yet complete. The corresponding Tg is
approximately 87.4�C. Increasing the maximum curing
temperature to 160�C results in an increase in both α and
Tg by approximately 4% and 7.2�C, respectively. How-
ever, even at A160, the thermoset is not fully cured. Fur-
ther increasing the maximum curing temperature to
170�C leads to almost complete conversion of the epoxy
resin (99.7%) and a significant increase in Tg to 104.9�C.
At this point, α is nearly 100%, indicating a highly cured
thermoset. The increase in Tg is consistent with the high
degree of cure achieved.

However, it is worth noting that the increase in Tg

becomes less significant when further increasing Tmax .
For instance, the Tg of A180 is 105.6�C, showing only a
slight change compared to A170. This suggests that
the curing process is already close to completion at

170�C, and higher temperatures have a diminishing effect
on Tg. Remarkably, the Tg of A190 and A200 is signifi-
cantly lower than that of A170 and A180. This indicates
that thermo-oxidative aging, occurring during the 2h cur-
ing period at temperatures above 190�C, has caused a
decrease in the glass transition temperature. Thermo-
oxidative aging can lead to the degradation of the poly-
mer network, resulting in changes in its thermal and
mechanical properties, including a lower Tg.

Figure 7 (right) presents the DSC thermograms of
Argopox thermosets after curing at maximum tempera-
tures Tmax of 150, 170, and 190�C during the first
heating-run. The DSC thermogram of A150 exhibits a
glass transition at approximately 87�C. Upon further tem-
perature increase, the curing of the thermoset resumes
around 200�C, as evidenced by an exothermic peak. How-
ever, this exothermic peak is superimposed by an endo-
thermic peak, which is likely attributed to the thermal
degradation of L-arginine crystals. The presence of the
endothermic peak suggests that there are L-arginine crys-
tals in the thermoset. The endothermic peak is mini-
mized once Tmax is increased from 180 to 190�C which is
in accordance with the results shown in Figure 4. The
effect of the temperature increase on the number of crys-
tals as well as their size and morphology is explained in
Section 3.8.

Regarding the heat of reaction, the value obtained in
this study (282:6 J g�1) is comparable but slightly lower
than the heat of reaction reported by Rothenhäusler et al.12

Usually, the heat of reaction of solid amine curing agents,
such as dicyandiamide, is closer to 350–400 J g�1.54 The
lower heat of reaction observed in the epoxy resin cured
with L-arginine, as detected through dynamic DSC mea-
surements, may be attributed to the superposition of the
exothermic curing reactions and the endothermic thermal
degradation of L-arginine crystals.

FIGURE 7 Left: Degree of

cure α and glass transition

temperature Tg of Argopox

cured at different maximum

temperatures Tmax . Right: DSC

thermograms of the first

heating-run of Argopox after

curing at maximum

temperatures Tmax of 150, 170,

and 190�C. [Color figure can be

viewed at

wileyonlinelibrary.com]
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3.5 | Dynamic mechanical analysis

Figure 8 shows the glass transition temperature Tg, stor-
age modulus E0 at T= 22�C and cross-link density νC of
Argopox cured at different maximum temperatures Tmax .
Similar to the observations in the DSC analysis, an
increase in the curing temperature promotes the curing
of the thermoset, leading to higher values of νC and Tg. It
is important to note that determining the absolute value
of νC in a filled thermoset via DMA is difficult. In this
case, L-arginine crystals act as reinforcements in the
matrix, thereby increasing the moduli of the thermo-
sets.33 The changes in νC during the curing process of
Argopox can be attributed to the increased degree of cure.
With a higher degree of cure, the steric hindrance of
unreacted amino, carboxyl, and epoxy groups
decreases.18,19 As a result, the storage modulus E0

decreases with higher Tmax . Above 180�C, the decrease
in E0 can be attributed to the thermal degradation of
L-arginine crystals, as discussed in the SEM analysis (see
Section 3.8). As a result of thermal degradation, the
L-arginine crystals undergo chemical changes, thereby
losing mass and volume. The adhesion between the
amino acid crystals and the surrounding matrix is dimin-
ished. As a result, the load-bearing cross-section of the
DMA specimens is reduced significantly. Additionally,
the total volume of reinforcing crystals is reduced. Both
effects contribute to the decrease in E0.

In comparison to a previous study on L-arginine as a
curing agent, the cross-link density νC obtained in this
study is considerably lower than that of the thermoset
cured with DYHARD®UR500 as an accelerator
(2540 molm�3). However, the Tg and E0 values of both
thermosets are similar.13

3.6 | Three-point bending

Figure 8 illustrates the flexural modulus EF, flexural
strength σF and fracture strain εF of Argopox cured at dif-
ferent maximum temperatures Tmax . The flexural modu-
lus shows a continuous decrease with increasing Tmax

from 3.4GPa for A150 to 3.1 GPa for A180. However,
there is a subsequent increase in modulus to 3.4GPa for
A190, followed by a decrease to 3.2 GPa for A200. How-
ever, there is no explanation for the increase in modulus
at 190�C.

In contrast, the flexural strength increases from
approximately 97 MPa for A150 to around 109 MPa for
A170. For higher maximum curing temperatures, the
strength decreases again, with a significant drop from
102 MPa for A190 to 82 MPa for A200. The higher cross-
link density resulting from increased curing temperatures
contributes to the higher flexural strength. However, as
the thermoset becomes more brittle, it becomes more sus-
ceptible to failure due to defects such as voids or cracks.
Specifically, in the case of epoxy resins cured with amino
acid, the thermal degradation of the amino acid crystals
diminishes the adhesion between the THL-arginine crystals
and the epoxy matrix. As a result, the L-arginine crystals,
which would typically act as reinforcements, now consti-
tute defects within the matrix. This effect of the degrada-
tion of L-arginine crystals on the flexural strength is
consistent with the higher standard deviation observed for
A200, indicating a greater variability in strength due to the
presence of defects caused by the degradation of L-arginine
crystals at elevated temperatures, as discussed in
Section 3.8. Similarly, the flexural strain at failure follows a
similar trend, reaching its maximum at Tmax = 170�C and
decreasing for higher curing temperatures. The higher

FIGURE 8 Left: Glass

transition temperature Tg,

storage modulus E0 at T = 22�C
and cross-link density νC of

Argopox cured at different

maximum temperatures Tmax

according to DMA. Right:

Flexural modulus EF, flexural

strength σF and fracture strain

εF of Argopox cured at different

maximum temperatures Tmax

according to three-point bending

tests. [Color figure can be

viewed at

wileyonlinelibrary.com]
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cross-link density νC limits the extent of deformation the
thermosets can undergo before failure.

The flexural strength of A170 is comparable to
DGEBA cured with conventional, petroleum-based
amine curing agents (95–123 MPa).55 In another study by
Rothenhäusler et al.,13 the flexural properties of DGEBA
cured with L-arginine were characterized. However, the
flexural modulus and strength were considerably lower
than the results of this study. In that study, the modulus
and strength at room temperature were 2.9 GPa and
85 MPa, respectively. Therefore, the different curing cycles
and accelerators used have a significant influence on the
flexural properties of DGEBA cured with L-arginine.

3.7 | Fracture toughness

Figure 9 shows the critical stress intensity factor in mode
I K IC and fracture energy GIC of Argopox cured at differ-
ent maximum temperatures Tmax . Here, KIC decreases
continuously from 1.19 MPam0:5 for A150 to 0.91
MPam0:5 for A190, followed by a sudden drop to 0.6
MPam0:5 for A200. Similarly, GIC decreases from 366
Jm�2 for A150 to 102 Jm�2 for A200. The increase in
degree of cure leads to an increase in cross-link density,
making the thermoset more brittle.20 The sudden drop in
fracture toughness from A190 to A200 is most likely
caused by the degradation of L-arginine crystals (see
Section 3.8). The adhesion between the amino acid crys-
tals and the epoxy matrix is diminished. As a result, the

degraded crystals act as defects, leading to high stress
concentrations around them.

The critical stress intensity factor KIC of unfilled epox-
ides usually ranges from 0.6 to 0.7 MPam0:5.56–58 After
the observation of amino acid crystal formation in epox-
ides (see Reference 33), it can be concluded that the
increased fracture toughness is the result of the toughen-
ing effect of L-arginine crystals in the epoxy matrix.

Comparing the results to previous investigations, the
fracture toughness of A170 (1.09 MPam0:5) aligns well
with the fracture toughness of DGEBA cured with
L-arginine in the presence of another urea-based accelera-
tor (1.09 MPam0:5).13 This suggests that the different
structures of the urea-based accelerators did not have a
significant influence on the fracture toughness of the
thermosets.

3.8 | Scanning electron microscopy

Figure 10 shows the scanning electron microscopy
images of A150 at different magnifications. Figure 10a
gives an overview about the rough fracture surface with
numerous inclusions with different particle sizes. Similar
to the observations by Rothenhäusler et al.33 in a study
about the mechanical properties of DGEBA cured with
L-tyrosine, it can be assumed that the particles are
L-arginine crystals. Figure 10b shows the fracture surface
and the crystals in more detail. Here, in left section of the
figure, it can be observed that the crystal was broken dur-
ing the compact tension test which indicates that the
crystal is well bonded to the surrounding thermoset
matrix. In contrast to the rod-like crystals of L-tyrosine,33

the L-arginine crystals appear to be closer to spherical
particles. However, determining the exact shape of the
crystals is hardly possible as they are broken and partially
covered with matrix. Vickery et al.59 described L-arginine
crystals as rectangular prisms which roughly fits the
description of the particles depicted in Figure 10c. Here,
the fracture surface shows distinctive fracture patterns
and crystals with sizes between 20 and 30 μm. The pres-
ence of characteristic lines formed during crack propaga-
tion suggests the activation of toughening mechanisms
such as crack pinning, crack deflection, and crack bifur-
cation.60,61 Next, Figure 10d shows L-arginine crystals
with sizes below 1 μm. Furthermore, the fracture surface
is, even on a nano-meter length scale, not smooth. This
contributes to the thermosets' high fracture toughness.

Figure 11 shows scanning electron microscopy images
of fracture surfaces of compact tension specimens made
from Argopox cured at different maximum curing tem-
peratures at 500� magnification. A comparison between
Figure 11b,c reveals that higher curing temperatures

FIGURE 9 Critical stress intensity factor in mode I KIC and

fracture energy GIC of Argopox cured at different maximum

temperatures Tmax . [Color figure can be viewed at

wileyonlinelibrary.com]
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result in a smoother fracture surface. As discussed in the
previous sections, increased curing temperatures facili-
tate the rearrangement of network segments and increase
the degree of cure. Consequently, the cross-link density
increases, making the thermosets more brittle. This trend
continues for A180. However, a further increase in curing
temperature has a significant impact on the fracture sur-
face topology, as well as on the number and morphology
of L-arginine crystals.

Figure 11e shows that the abundance of smaller crys-
tals with a size of 1 μm disappears, leaving voids in the
fracture surface. Moreover, the larger crystals are signifi-
cantly smaller compared to those observed in Figure 11d.
The crystals become more spherical due to the tempera-
ture increase, and particle pull-out during fracture propa-
gation leads to round holes in the fracture surface. The
spherical crystals are also less covered with thermoset
matrix, indicating a diminished crystal-matrix adhesion
caused by the temperature increase and subsequent

thermal degradation of L-arginine crystals. These observa-
tions become even more pronounced for A200 (see
Figure 11f). The spherical crystals now act as defects in
the matrix which explains the significant loss in storage
modulus, flexural strength and fracture toughness. In
conclusion, curing regimes that include temperatures
above 180�C degrade the L-arginine crystals and cause
significant changes in mechanical properties.

3.9 | Structure–property relationships

Lastly, structure–property relationships are derived by
correlating the results of DSC, DMA, three-point bending
and compact tension tests at maximum curing tempera-
tures of Tmax = 150, 160, and 170�C. The Pearson prod-
uct–moment correlation coefficients RP

62 (see Figure 12)
were calculated via numpy.corrcoef() in Python 3.8.063 to
assess the correlations between the maximum curing

FIGURE 10 Fracture surfaces of compact tension specimens made from A150 at 250� (a), 500� (b), 1000� (c), and 10,000�
magnification (d).
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temperature Tmax , degree of cure α, glass transition tem-
perature Tg, cross-link density νC, flexural modulus EF,
flexural strength σF, critical stress intensity factor in
mode I K IC and fracture energy GIC of Argopox cured at

T = 150, 160, and 170�C. Since the degree of cure is con-
stant for temperatures above 170�C and thus the RP from
it cannot be calculated, only the results of Argopox cured
between 150 and 170�C could be used.

FIGURE 11 Fracture surfaces of compact tension specimens made from Argopox cured at different maximum curing temperatures at

500� magnification.
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The maximum curing temperature Tmax has a posi-
tive correlation with the degree of cure α (RP = 1), indi-
cating that higher temperatures increase the mobility
within the thermoset network.17 This enhanced
mobility facilitates the rearrangement of network seg-
ments and promotes the reaction between unreacted
functional groups of DGEBA and L-arginine, leading to
an increase in α and the cross-link density νC (RP = 1).
Additionally, the stiffer network resulting from a higher
Tmax leads to an increase in the glass transition tempera-
ture Tg (RP = 0.99).64,65

The degree of cure α and the maximum curing tem-
perature Tmax are positively correlated. The steric hin-
drance of unreacted functional groups in DGEBA and L-
arginine decreases as the temperature increases, resulting
in a decrease in the flexural modulus EF (RP =

�1).66,67 The higher cross-link density νC obtained at
higher temperatures contributes to an increase in the
flexural strength σF (RP = 0.99).

On the other hand, an increased cross-link density νC
leads to thermoset embrittlement (RP = �0.95).20,68,69

Consequently, the critical stress intensity factor KIC

and fracture energy GIC decrease with higher Tmax (RP =

�0.93). As mentioned in a previous study,14 depending
on the network density, thermosets can exhibit high
strength or high toughness but rarely both simulta-
neously. Moreover, a perfect correlation (RP = 1) was
observed between K IC and GIC since GIC is calculated

based on KIC.
70 Materials with high resistance to unstable

crack propagation tend to dissipate more energy during
crack propagation.

4 | CONCLUSION AND OUTLOOK

The present study aimed to investigate the impact of max-
imum curing temperature on the network structure, crystal
morphology, and mechanical properties of DGEBA cured
with L-arginine in order to determine an optimal curing
cycle. The maximum curing temperature can be divided
into two distinct regimes. The first regime encompasses the
temperature range at which the thermoset achieves com-
plete curing without causing thermal degradation of the
amino acid crystals. This regime extends up to 170�C for a
duration of 2 h. The second regime begins when the ther-
moset is fully cured and the thermal degradation starts to
adversely affect its mechanical properties. This degradation
is observed to commence at a minimum of 180�C for 2 h.
During their thermal degradation, the L-arginine crystals
release ammonia and water. Consequently, the amino acid
crystals undergo chemical changes, as well as changes in
crystal size and crystal morphology. As a result, the adhe-
sion between amino acid crystals and the surrounding
epoxy matrix is lowered substantially. The close proximity
of these temperature ranges, even for short periods, can be
attributed to the low thermal stability of the aliphatic amino
acid, L-arginine, and the low reactivity of the resin system.

The derived structure–property relationships highlight
the significance of carefully designing the curing cycles to
achieve specific mechanical performance requirements.
For instance, a favorable curing cycle for achieving high
flexural strength and adequate fracture toughness may
involve an initial period of 1 h at 150�C followed by 2 h at
170�C. The correlation between the degradation behavior
of the amino acid crystals within the thermoset and the
resulting mechanical properties provides valuable insights
into the influence of different curing temperatures on the
overall mechanical performance of the thermoset.

Furthermore, it is important to consider other poten-
tial regimes beyond the two discussed above. The pres-
ence of various factors such as the accelerator's ability to
lower the activation energy for the curing reaction, the
reactivities of the epoxy resin and the amino acid, and
the thermal stability of the amino acid can result in dif-
ferent scenarios. These scenarios include: (1) the thermo-
set curing without any degradation of the amino acid,
(2) the possibility of further temperature increase without
causing thermal degradation of the amino acid, and
(3) the amino acid degrading before or during the com-
pletion of thermoset curing.

FIGURE 12 Pearson product–moment correlation coefficients

RP of the maximum curing temperature Tmax , degree of cure α,

glass transition temperature Tg, cross-link density νC, flexural

modulus EF, flexural strength σF, critical stress intensity factor in

mode I K IC and fracture energy GIC of Argopox cured at T = 150,

160, and 170�C. [Color figure can be viewed at

wileyonlinelibrary.com]
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