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Abstract: Bio-based alternatives for petroleum-based thermosets are crucial for implementing sus-
tainable practices in fiber-reinforced polymer composites. Therefore, the mechanical properties of
diglycidyl ether of bisphenol a (DGEBA) cured with either L-arginine, L-citrulline, y-aminobutyric
acid, L-glutamine, L-tryptophan, or L-tyrosine were investigated to determine the potential of amino
acids as bio-based curing agents for epoxy resins. Depending on the curing agent, the glass transi-
tion temperature, Young’s modulus, tensile strength, and critical stress intensity factor range from
98.1°C to 188.3°C, 2.6 GPa to 3.5 GPa, 39.4 MPa to 46.4 MPa, and 0.48 MPam®? to 1.34 MPam®3, re-
spectively. This shows that amino acids as curing agents for epoxy resins result in thermosets with
a wide range of thermo-mechanical properties and that the choice of curing agent has significant
influence on the thermoset’s properties. After collecting the results of dynamic mechanical analysis
(DMA), tensile, flexural, compression, and compact tension tests, the functionality f, cross-link
density vc, glass transition temperature Ty, Young’s modulus Et, compression yield strength ocy,
critical stress intensity factor in mode I Kjc, fracture energy Gic, and diameter of the plastic zone
dp, are correlated with one another to analyze their inter-dependencies. Here, the cross-link density
correlates strongly positively with Ty, Et, and ocy, and strongly negatively with Kjc, Gyc, and dp.
This shows that the cross-link density of DGEBA cured with amino acids has a crucial influence on
their thermo-mechanical properties and that the thermosets considered may either be stiff and strong
or tough, but hardly both at the same time.

Keywords: amino acid; sustainability; bio-based; epoxy resin; mechanical properties; network structure;
cross-link density

1. Introduction

Fiber-reinforced polymer composites are commonly used in sports, automotive, wind
energy, and aerospace due to their high weight-specific strength and modulus [1]. Here,
epoxy resins are important matrix systems for fiber composites due to their high modulus
and strength, high glass transition temperature, and low viscosity during fiber impregna-
tion [2]. Commonly used curing agents for epoxy resins, such as amines [3,4], anhydrides [5]
and phenolic compounds [6], are harmful in case of skin contact or ingestion. In contrast
to that, amino acids are bio-based, biodegradable, and nontoxic compounds [7,8]. Amino
acids are distinguished by their amino (-NHj) and carboxyl (-COOH) functional groups
and a side chain (-R) that is unique for each amino acid (see Figure 1) [9]. Amino acids
might be environmentally friendly alternatives for petroleum-based amines, as they have
the same amino functional groups.

Previous investigations on amino acid cured epoxy resins focused mainly on the
reaction kinetics and glass transition temperature Ty of L-tryptophan (see Figure 2e) and
petroleum-based epoxy resins [10-12]. Depending on accelerator type and stoichiometric
ratio, the Ty ranges from 66 °C to 104 °C [13-15]. Contrary to that, Rothenhédusler et al. [16]
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investigated the glass transition temperature of DGEBA cured with L-arginine (see Figure 2a),
which is about 100 °C.

The tensile properties of an epoxidized sorbitol polyglycidyl ether cured with L-
cysteine, L-arginine, or L-lysine was investigated by Shibata et al. [17]. Here, the tensile
strength of the bio-based thermosets is 8.5 MPa, 10 MPa and 26.7 MPa, respectively. How-
evet, their tensile specimens (45mm x 7mm x 0.5mm) were considerably smaller than
the standardized 1B dog-bone specimens according to DIN EN ISO 527-2.

Rothenhdusler et al. [18] investigated the mechanical behavior of DGEBA cured with
L-arginine at T = —40°C, 22°C, and 80 °C. Here, the tensile, compression and flexural
strength at 22 °C are about 56 MPa, 98 MPa and 85 MPa, respectively. Additionally, they
found an intrinsic toughening effect caused by the finely dispersed amino acid particles
which leads to a K¢ of about 1.1 MPam??.

The thermal and mechanical properties of thermosets depend on their network structure,
meaning the molecular structure of resin and curing agent, as well as the cross-link density
vc. Here, cyclic and aromatic structures lead to higher T, modulus, and strength, whereas
aliphatic components reduce them [19-21]. However, aliphatic structures increase the mobil-
ity of network segments, which leads to increased toughness, i.e., increased Kjc and Gyc [19].
Typically, a high cross-link density is associated with high Tg, modulus, and strength, while
the thermoset’s toughness decreases [22,23]. Since the thermal and mechanical properties of
thermosets depend on the network structure, and as there are 22 proteinogenic #-amino acids
that all possess distinct structures [8], it would be interesting to see the effect of structural
differences in the curing agent on the thermoset’s properties.

HH O

OH

R H
Figure 1. L-amino acid with its characteristic amino (-NHj) and carboxyl (-COOH) functional groups
and the side chain (-R).
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Figure 2. Chemical structures of amino acids used as curing agents.
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Therefore, the objective of this investigation is to study the mechanical behavior of
DGEBA cured with different amino acids. The goal is to determine the influence of the
amino acid’s chemical structure on the tensile, flexural, compression, and fracture toughness
properties of the thermoset and to determine the potential of different amino acids as curing
agents for epoxy resins. After collecting the data of the mechanical characterization, key
properties of the thermosets are correlated with one another to derive structure property
relationships and obtain a general insight about the mechanics of thermosets.

2. Materials and Methods
2.1. Materials

D.ER. 331 is a low-molecular-weight diclycidylether of bisphenol A (DGEBA) commonly
used for prepegs with an epoxide equivalent weight (EEW) of 187 gmol~! and viscosity of
12.5Pas at 25 °C, and was purchased from Blue Cube Assets GmbH & Co. KG, Olin Epoxy
(Stade, Germany). L-Arginine (purity 98.9%), L-citrulline, y-aminobutyric acid (GABA) (purity
100%), L-glutamine (purity 100%), L-tryptophan (purity 100%), and L-tyrosine were purchased
from Buxtrade GmbH (Buxtehude, Germany) and were provided as coarse powders. The side
chain of each amino acid is different as they all possess different functional groups as well
as a different number of carbon atoms between the a-amino group and the first functional
group in the side chain (see Figure 2). Here, L-tryptophan and L-tyrosine have one carbon atom,
L-glutamine has two carbon atoms, and L-arginine and L-citrulline have three carbon atoms
between the a-amino group and their carbonyl group, amide group, or aromatic structures in
the side chain. GABA has also three carbon atoms in its side chain; however, the amino group
in GABA is bonded to the y-carbon atom. 2-Ethyl-4-methyl-imidazole with a purity of 95%
was bought from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).

2.2. Resin Formulation

The preparation of the epoxy amino acid mixture follows the procedure already
applied and described in [16]. Here, masterbatches with a stoichiometric ratio R equal
to one of each amino acid with DGEBA were prepared via three-roll milling. Table 1
shows the assumed number of active hydrogen atoms in each amino acid and the resulting
amine equivalent weight. Then, one weight percentage of the accelerator (2-ethyl-4-methyl-
imidazole) was added before mixing with a BEVS 2501 series laboratory mixer from BEVS
Industrial Co., Ltd. (Guangzhou, China) at 1000 min~! for 15min with a 30 mm mixing
disk. Afterwards, the mixture was degassed for 60 min at 10 mbar to ensure the elimination
of entrapped air prior to curing. The thermoset that results from curing the amino acid
epoxy resin mixtures is referred to in this paper by the name of the amino acid that was
used for curing the epoxy resin. For the sake of simplicity, the amino acid cured epoxy
resins are referred to as amino-epoxides.

Table 1. Molecular weight, assumed number of active hydrogen atoms (f), and resulting amine
equivalent weight (AEW) of the amino acids used as curing agents.

Amino Acid Molec;l;ro\l'\iellght m Functionality (f) AEW in g mol~!
L-arginine 174.2 7 24.89
L-citrulline 175.2 6 29.20

GABA 103.1 3 34.37

L-glutamine 146.2 5 29.24

L-tryptophan 204.2 4 51.05
L-tyrosine 181.2 3 60.40

2.3. Curing Cycle and Sample Preparation

The amino acid epoxy mixture was poured into aluminum molds that were preheated
at 60 °C. The thermoset was cured in a Memmert ULE 400 convection oven from Memmert
GmbH + Co. KG (Schwabach, Germany) for 2h at 120 °C and 2h at 170 °C. The build-up
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of internal stresses was prevented by cooling down the molds to room temperature over
4h. This curing cycle was already employed in the previous investigation about epoxy
resins cured with amino acids and proved to be effective [18]. The specimens for dynamic
mechanical analysis, compression tests, three-point bending tests, and compact tension
tests were prepared with a Mutronic DIADISC5200 diamond plate saw from MUTRONIC
Prézisionsgerdtebau GmbH & Co. KG (Rieden am Forggensee, Germany) according to the
test methods” standards. The tensile specimens were CNC milled by a Mutronic Diadrive
2000 from MUTRONIC Prézisionsgerdtebau GmbH & Co. KG (Rieden am Forggensee,
Germany) according to the standards and their cutting edges ground manually with
sandpaper with grain sizes from 30 um to 10 pm.

2.4. Characterization Methods
2.4.1. Dynamic Mechanical Analysis

The thermoelastic properties of the amino-epoxides were investigated via dynamic
mechanical analysis on a Gabo Eplexor 500 N from Gabo Qualimeter Testanlagen GmbH
(Ahlden, Germany) in tension mode. The specimens with dimensions 50 mm by 10 mm by
2 mm were measured from —120 °C to 240 °C with a constant heating rate of 3 K min~!. The
tensile force amplitude was set to 60 N with a frequency of 1 Hz. Here, the glass transition
temperature Ty was taken as the temperature of the maximum value of the loss factor tan é.
The cross-link density of the thermoset v in the rubbery state was calculated as

El

V€= 3RT @

with the storage modulus E’ at T = Ty + 50K and the universal gas constant R =
8.314J mol 1 K~ [23]. For each thermoset, DMA was condicted three times.

2.4.2. Tensile and Compression Tests

For the tensile tests, six 1B dog-bone specimens with dimensions 150 mm by 10 mm by
4mm were tested with a cross-head speed of 5mm min~! according to DIN EN ISO 527-2.
The thermosets’ compression modulus and strength were investigated according to EN ISO
604 on five and 12 specimens, respectively, with a cross-head speed of 5mm min~!. Tensile
and compression tests were carried out on a ZwickRoell Z020 universal testing machine
from ZwickRoell GmbH & Co. KG (Ulm, Germany) using a load cell with a capacity of
20kN.

2.4.3. Three-Point Bending

For the three-point bending tests, 10 specimens with dimensions 80 mm by 10 mm
by 4 mm of each thermoset were tested with a cross-head speed of 2mm min~! according
to ISO 178. Three-point bending tests were carried out on a ZwickRoell Z020 universal
testing machine from ZwickRoell GmbH & Co. KG (Ulm, Germany) using a load cell with
a capacity of 20kN.

2.4.4. Fracture Toughness

The critical stress intensity factor in mode I Kjc and fracture energy Gjc were deter-
mined by testing ten compact tension specimens according to ISO 13586 on a ZWICK Z2.5
by ZwickRoell GmbH & Co. KG (Ulm, Germany) equipped with a load cell with a capacity
of 2.5kN. The fracture energy is calculated from Kjc via

2
GIC = — (1 — 1/2) ’ (2)

with Young’s modulus E taken from tensile tests and Poisson’s ratio v, which is about 0.35
in the glassy state of the thermoset [24].
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3. Results and Discussion
3.1. Dynamic Mechanical Analysis

Figure 3 shows the storage modulus E" and loss factor tan ¢ of the amino-epoxides. All
thermosets possess a peak in tan ¢ at around —75 °C. This could mean that the relaxation
mechanism is related to the structure of DGEBA or some part of the molecular structure
that all amino acids have in common. Usually, this S-relaxation is attributed to the hydroxy
ether and diphenyl propane groups of DGEBA [20,25,26]. Additionally, L-glutamine shows
a peak of tan ¢ at about —20 °C. This relaxation maxima might result from the free rotation
of the carbonyl group.

The thermosets’ Ty (see Table 2) increase in the following order:

Tg,GABA <T ,L—tryptophan < Tg,L—citruHine < Tg,Lfarginine < T, ,L—glutamine < Tg,Lftyrosine

The relatively low Ty of GABA (98.1°C) is the result of the low number of active hy-
drogen atoms (f = 3), which leads to a low cross-link density v, combined with the long
aliphatic side chain, which facilitates the rearrangement of network segments. Contrary
to GABA, L-tryptophan possesses an indolyl group, a large aromatic double ring, which
contains a secondary amino group, in its side chain. Here, there is only one carbon atom
between the indolyl group and the a-amino group. However, the number of active hy-
drogen atoms is only four. The steric hindrance of the indolyl group might prevent the
reaction between the secondary amine and the epoxy groups. All structural characteristics
considered, the T of L-tryptophan is about 40 °C higher (138.5 °C) than that of GABA but
still lower than that of the other amino-epoxides tested. L-citrulline has three carbon atoms
in its aliphatic side chain but possesses more active hydrogen atoms (f = 6) than GABA.
Naturally, the increased cross-link density also leads to a higher glass transition temperature
(Tg = 143.5°C). The same holds true for L-arginine, which has an imine group instead of
the carbonyl group in L-citrulline. This leads to an even higher cross-link density and an
increase of Ty of about 18 °C (T = 161.8 °C) compared to L-citrulline. The thermoset that
was cured with L-glutamine has about the same Ty (162.7 °C) as L-arginine even though
L-glutamine possesses fewer active hydrogen atoms (f = 5) than L-arginine (f = 7). It
is likely that the reason for that is the structure of the amino acid’s side chain, as there
are only two carbon atoms between the carbonyl group and the a-amino group. Thus,
the shorter aliphatic chain poses a greater hindrance to rotations and rearrangements of
network segments compared to the carbon chain in L-arginine. The amino-epoxy that used
L-tyrosine as curing agent has a T that is about 26 °C higher (T = 188.3 °C) than that of
L-arginine and L-glutamine. Despite its low number of active hydrogen atoms (f = 3),
its glass transition temperature is higher than that of the other amino-epoxides tested or
any Ty of an amino-acid-cured epoxide reported in the literature [10,11,13-15,17,27]. Most
notably, the Ty of L-tyrosine is about 50 °C higher than that of L-tryptophan, even though
L-tryptophan has more active hydrogen atoms while both possess aromatic side chains.
One possible explanation for the high T of L-tyrosine might be the possible reaction of its
hydroxyl group and carboxylic acid to form an ester bond. This would lead to a highly
cross-linked network with a substantial number of aromatic structures in each network
segment. Additionally, L-tyrosine has only one carbon atom in its side chain apart from the
phenyl group, which limits the rearrangement of network segments.

In general, the storage moduli of the amino-epoxides in the glassy state are similar to
that of conventional epoxides. Here, the storage moduli of L-arginine, GABA, L-glutamine,
and L-tryptophan are about 2.4 to 2.6 GPa. Contrary to that, L-citrulline and L-tyrosine
possess slightly higher storage moduli than the other amino-epoxides, 2.8 GPa and 3.3 GPa,
respectively. Interestingly, GABA and L-tyrosine, the amino-epoxides with the lowest and
highest Ty, are also the ones with the lowest and highest storage moduli.

The cross-link densities of amino-epoxides range from 2400 molm~3 for GABA to
13,450 mol m~2 for L-arginine. The wide range of possible glass transition temperatures,
storage moduli, and cross-link densities of amino-epoxides shows that the type, quan-
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tity, and spatial arrangement of the curing agent’s functional groups are decisive for the
thermoset’s thermo-mechanical properties.
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Figure 3. Dynamic mechanical analysis of amino-epoxides between T = —120 °C and 240 °C.

In a previous investigation, Rothenhédusler et al. [18] characterized the mechanical
properties of DGEBA cured with L-arginine, called Argopox, in the presence of a urea-
based accelerator. Here, the thermoset’s Ty, was about 119 °C, which is significantly lower
than the Ty of 162 °C that results from using 2-ethyl-4-methyl-imidazole as accelerator.
Similarly, the cross-link density v of the thermoset that uses 2-ethyl-4-methyl-imidazole as
accelerator (13,450 mol m~3) is significantly higher than that of Argopox (2540 molm~3).
However, the storage modulus at room temperature is only slightly lower (2.6 GPa) than
that of Argopox (2.7 GPa).

The Ty of DGEBA cured with dicyandiamide ranges between 120 °C to 160 °C, which
is higher than the Ty of GABA and lower than that of L-tyrosine [28-30]. The storage
modulus and cross-link density of DGEBA cured with dicyandiamide is comparable to that
of GABA or L-citrulline [31].

Table 2. Glass transition temperature Tg, storage modulus E’, and cross-link density v, of amino-
epoxides (average + standard deviation).

Amino Acid Ty in °C E/ af T=22°C Cross.-Link Deilgity
in GPa Ve in mol m
L-arginine 161.8 + 2.6 2.6 +0.1 13,450
L-citrulline 1435+ 0.7 2.8+0.1 2730
GABA 98.1 +£0.7 2.6 +0.1 2400
L-glutamine 162.7 + 1.3 24+ 0.0 7180
L-tryptophan 1385 £ 0.7 2.6+0.1 1560
L-tyrosine 1883+ 1.3 3.3+0.0 11,770

3.2. Tensile Tests

Table 3 shows the Young’s modulus Er, tensile strength o1, and fracture strain et of
the amino-epoxides. Here, the Young’s modulus ranges between 2.6 GPa and 3.5 GPa. The
differences in Young’s moduli are similar to the differences in storage moduli observed
during DMA (see Table 2). Interestingly, the tensile strength is about 40 MPa and is there-
fore more or less independent of the curing agent used (see Figure 4). Therefore, it is likely
that the failure under tensile stress is caused by defects that are inherent to amino-epoxides.



Polymers 2023, 15, 385

7 of 12

However, the investigation of the failure mechanisms is reserved for future studies. Simi-
larly, there are only slight variations regarding the fracture strain (1.7% to 2.6%). Compared
to typical epoxy resins cured with dicyandiamide, the tensile strength and fracture strain
of amino-epoxides are significantly lower [32,33].

Notably, Young’s modulus, tensile strength, and fracture strain of Argopox are higher
than that of DGEBA cured with L-arginine in the presence of an imidazole [18]. Imidazole
accelerators also act as curing agents and promote the homopolymerization of epoxy
groups [34], leading to an increased cross-link density. As a result, the thermoset becomes
more brittle and is less able to tolerate stress concentrations caused by defects. Similarly
to Argopox, the formation of water during the peptide reaction between amino acids or
during the esterification of the amino acid’s carboxyl group with a hydroxyl group of
DGEBA could lead to the formation of pores and, thus, lower the tensile strength [35-37].

50
40 5 = =
©
=
ER ’
@
& L-arginine
& 20 g L-citrulline
GABA
10 4 L-glutamine
L-tryptophan
L-tyrosine
0 T T T T T
0 0.5 1 1.5 2.0 25

Strain in %
Figure 4. Stress—strain curves derived from tensile tests of amino-epoxides.

Table 3. Young’s modulus Et, tensile strength o, and fracture strain et of amino-epoxides (average
=+ standard deviation).

Amino Acid Et in GPa o1 in MPa er in %
L-arginine 3.0+ 0.1 430+t 21 1.67 +0.10
L-citrulline 2.9 4+0.0 394+25 1.69 4+ 0.18

GABA 2.6 0.0 414+ 3.8 1.84 +0.25

L-glutamine 2.6 £0.1 435+ 33 1.95 +0.25

L-tryptophan 2.8 +£0.1 464+ 19 2.57 £ 0.11
L-tyrosine 3.5+0.1 428 +29 1.97 £ 0.40

3.3. Three-Point Bending

Table 4 shows the flexural modulus Ef, flexural strength o, and fracture strain ef of
the amino-epoxides. Here, the flexural modulus ranges from 2.8 GPa to 3.7 GPa while the
flexural strength of most of the amino-epoxides lies between 63 MPa to 71 MPa. This is simi-
lar to the results of the tensile test which showed that the tensile strength of amino-epoxides
is virtually independent of the curing agent. Remarkably, the flexural strength (96 MPa) and
fracture strain (4.4%) of the amino-epoxide cured with L-citrulline is considerably higher
than that of the other thermosets. Therefore, the three-point bending of the thermoset cured
with L-citrulline was repeated to ensure the results’ correctness. However, the second set of
specimens showed no significant difference from the first set. Here, the flexural modulus
and flexural strength are 3.3 GPa and 93.2 MPa, respectively. Thus, the investigation of
this anomaly remains to be the focus of a future study. Compared to DGEBA cured with
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petroleum-based amines, the flexural strength of amino-epoxides is relatively low (95 MPa
to 123 MPa) [20]. Similar to the tensile strength, the flexural strength of Argopox is higher
than that of the L-arginine compound cured with the imidazole [18]. The reason for that
might be the higher cross-link density caused by the imidazole.

Table 4. Flexural modulus Eg, flexural strength o, and fracture strain eg of amino-epoxides (average
=+ standard deviation).

Amino Acid Er in GPa of in MPa erin %
L-arginine 32+00 69.5+59 2.34 +0.27
L-citrulline 3.1+£0.1 95.8 + 10.5 443 4+ 0.88

GABA 2.8 +0.0 66.9 +10.9 2.59 + 0.6

L-glutamine 2.8 +0.0 62.9 £9.3 2.37 + 0.54

L-tryptophan 29+0.1 71.0 £4.0 2.94 4+ 0.20
L-tyrosine 3.7+£0.1 70.8 £29 2.30 +0.15

3.4. Compression Tests

Table 5 shows the compression modulus Ec, compression yield strength * ocy, and
compression yield strain ecy of the amino-epoxides. The compression moduli are similar
to the flexural moduli and range from 2.9 GPa to 3.6 GPa. Notably, the themosets cured
with L-arginine or L-tyrosine show no distinct yield in their stress—strain curves. Therefore,
the maximum compression stress is listed instead. Contrary to the tensile and flexural
strength, the compression yield strength varies greatly for the different amino acids and
ranges from 81 MPa to 132MPa. Comparison of Tables 2 and 5 shows that the amino-
epoxides with a high cross-link density also have a high compression yield strength. Further
correlations will be shown and discussed in Section 3.6. Here, the compression yield strength
of L-citrulline is comparable to that of DGEBA cured with dicyandiamide in the presence of
DYHARD® UR500 (113.7MPa) [33]. Interestingly, the compression yield strength and yield
strain of the L-arginine thermoset cured with the imidazole are higher than that of Argopox
(98 MPa and 8.5%) [18].

Table 5. Compression modulus Ec, compression yield strength ? ocy, and compression yield strain
ecy of amino-epoxides (average =+ standard deviation).

Amino Acid Ec in GPa ocy in MPa ecy in %
L-arginine 33+01 1322 £12.2 234 +2.39
L-citrulline 32402 1115 +£11.3 12.2 + 0.86

GABA 29402 80.8 £2.5 9.0 £0.54

L-glutamine 29+0.1 103.3 £ 6.1 17.3 £ 241

L-tryptophan 3.0+£0.2 96.8 £ 6.4 112 £1.24
L-tyrosine 3.6+02 1322+ 175 232 +3.76

? L-arginine and L-tyrosine do not show distinct yield behavior during compression, therefore the maximum
compression stress and corresponding strain are listed instead.

3.5. Fracture Toughness

Table 6 shows the critical stress intensity factor in mode I Kj¢, fracture energy Gic, and
diameter of the plastic zone d, of the amino-epoxides. Interestingly, the Kic and Gyc vary
by a factor of about 2.8 and 8.1, respectively. Here, the thermosets with the highest and
lowest cross-link density, L-arginine and L-tryptophan, also have the highest and lowest
Kic and Gyc. Therefore, the intrinsic toughening by the amino acid particles results in an
increased Kjc and Gjc. However, further in-depth investigations are necessary for the exact
determination of toughening mechanisms in each amino-epoxide. Usually, the Kjc of liquid
epoxy resins cured with dicyandiamide is in the range of 0.6 to 0.7 MPam®® [33,38,39].
The Kic of Argopox is about 1.1 MPam®? [18], which shows that the positive effect of the
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amino acid particles on the thermosets’ toughness is negated by the high cross-link density
of L-arginine.

Table 6. Critical stress intensity factor in mode I Kjc, fracture energy Gjc, and diameter of the plastic
zone dp of amino-epoxides (average & standard deviation).

Amino Acid Kic in MPa m%® GicinJm™2 dp in um
L-arginine 0.48 4+ 0.08 71+ 24 1.4
L-citrulline 0.97 £0.09 288 + 52 8.0

GABA 0.79 +0.15 219 £91 10.1

L-glutamine 0.64 +0.04 138 +£ 17 41

L-tryptophan 1.34 £ 0.17 575 + 146 20.3
L-tyrosine 0.82 +£0.12 172 £ 54 4.1

3.6. Correlations between Material Properties

After presenting the thermo-mechanical, tensile, flexural, compression, and fracture
toughness properties of the amino-epoxides, it is time to discuss the interdependencies
of key material properties. The Pearson product moment correlation coefficients R [40]
(see Figure 5) of the functionality f, cross-link density vc, glass transition temperature Tg,
Young’s modulus Et, compression yield strength oy, critical stress intensity factor in mode
I Kic, fracture energy Gic, and diameter of the plastic zone d;, of the amino-epoxides were
calculated via numpy.corrcoef() in PYTHON 3.8.0 [41].

Firstly, the functionality f, meaning the number of active hydrogen atoms in the
curing agent, i.e. the amino acid, correlates positively (R = 0.3) with the cross-link density
vc. Naturally, the more active hydrogen atoms the curing agent has, the more cross-links
between DGEBA and curing agent that may form [21]. However, v is also influenced by the
molecular weight, meaning the size of the molecule that possesses the amino groups, of the
curing agent. Therefore, the correlation between f and v is rather weak. Interestingly,
the Ty correlates less strongly with f (R = 0.22), as a high Ty can also be the result of the
steric hindrance of aromatic structures, e.g. the indolyl and phenyl groups of L-tryptophan
and L-tyrosine [20,42,43]. Since the Young’'s modulus of thermosets in the glassy state at
room temperature is, in general, about 3 GPa, there is only a weak correlation between
f and Et (R = —0.1) [44]. Additionally, a high f correlates positively with compression
yield strength ocy (R = 0.43) because an increased f leads to a higher vc and therefore to a
stiffer network [45]. Thus, the stress at which the thermoset starts to deform plastically is
increased. Contrary to that, a high f correlates negatively with the critical stress intensity
factor in mode I Kjc (R = —0.39), fracture energy Gic (R = —0.31), and diameter of the
plastic zone d, (R = —0.4). Because an increased functionality increases vc, the thermosets
become more brittle and their resistance against unstable crack propagation, as well as the
fracture energy necessary for crack growth, is reduced [23,29,46].

Secondly, vc correlates positively with Tg (R = 0.75) and ocy (R = 0.86) as more
cross-links make the network stiffer and impede the rearrangement of network seg-
ments [47]. Similar to f, vc correlates negatively but more strongly with Kjc (R = —0.72),
Gic (R=—0.71), and d}, (R = —0.8). Consequently, there is a trade-off between high Ty, Er,
and ocy on the one side or high Kic, Gic, and d}, on the other side. This shows that these
key properties can be tuned precisely by adjusting the cross-link density.

Next, the glass transition temperature Ty correlates positively with Et (R = 0.74) and
ocy (R =0.87) as all are influenced positively by stiff networks.

Lastly, the critical stress intensity factor in mode I Kjc, fracture energy Gic, and
diameter of the plastic zone dj, all intercorrelate strongly (R > 0.9) with one another. Here,
tough materials, meaning materials with high resistance to unstable crack propagation,
also usually dissipate a lot of energy during crack growth. The energy dissipated during
crack propagation is, of course, greater if the plastic zone at the crack tip, in which energy
is dissipated during plastic deformation, is larger [33].
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Figure 5. Pearson product moment correlation coefficients between functionality f, cross-link density
vc, glass transition temperature Ty, Young’s modulus Et, compression yield strength oy, critical
stress intensity factor in mode I Kyc, fracture energy Gjc, and diameter of the plastic zone d, of
the amino-epoxides.

4. Conclusions

This study focused on the mechanical properties of DGEBA cured with either L-
arginine, L-citrulline, y-aminobutyric acid, L-glutamine, L-tryptophan, or L-tyrosine in the
presence of an imidazole accelerator. Depending on the curing agent, meaning the amino
acid, the glass transition temperature, Young’s modulus, tensile strength, and critical stress
intensity factor range from 98.1°C to 188.3 °C, 2.6 GPa to 3.5 GPa, 39.4 MPa to 46.4 MPa,
and 0.48 MPam®® to 1.34 MPam?>, respectively. This shows that amino acids as curing
agents for epoxy resins result in thermosets with a wide range of thermo-mechanical
properties. However, the amino-epoxides reach performance levels that are lower than that
of thermosets which are already used as matrix materials for fiber-reinforced composites.

The comparison between the mechanical performance of DGEBA cured with L-argi-
nine in the presence of a urea or an imidazole shows that the imidazole accelerator leads
to a higher cross-link density. From this follows that the imidazole increases the glass
transition temperature, Young’s modulus, and compression yield strength, while the tensile
strength, flexural strength, and fracture toughness properties are decreased considerably.
Therefore, the choice of accelerator type is crucial during the design phase of thermoset-
ting formulations.

The correlation of the functionality f, cross-link density v, glass transition tempera-
ture Tg, Young’s modulus Et, compression yield strength oy, critical stress intensity factor
in mode I Kjc, fracture energy Gic, and diameter of the plastic zone d}, shows their interde-
pendencies. Consequently, general statements about the nature of thermoset networks can
be derived via analyzing strong correlations. Here, the cross-link density correlates strongly
positively with Ty, Et, and ocy, and strongly negatively with Kic, Gic, and dp. This shows
that the cross-link density of DGEBA cured with amino acids has a crucial influence on
their thermo-mechanical properties and that the thermosets considered may either be stiff
and strong or tough, but hardly both at the same time.



Polymers 2023, 15, 385 11 of 12

Author Contributions: Conceptualization, ER.; methodology, FR.; writing—original draft prepa-
ration, ER.; writing—review and editing, H.R. All authors have read and agreed to the published
version of the manuscript.

Funding: Partsof the research documented in this manuscript were funded by the German Federal
Ministry for Economic Affairs and Climate Action (BMWK) within the research project “EcoPrepregs—
Grundlagenforschung zur Kldrung der Struktur-Eigenschaftsbeziehungen von Epoxidharzen und
Fasern aus nachwachsenden Rohstoffen zur Anwendung in der Sekundarstruktur von Flugzeugen”.

Acknowledgments: The authors want to thank Ute Kuhn, Quirin Niederauer, and Maximilian
Schmidt-Holthausen for their support during the experiments. We would like to thank all col-
leagues of the work group “Resins & Composites” at the Department of Polymer Engineering for
their support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schiirmann, H. Konstruieren mit Faser-Kunststoff-Verbunden; Springer: Berlin, Germany, 2007.

2. Lengsfeld, H.; Wolff-Fabris, F; Kramer, ].; Lacalle, J.; Altstadt, V. Faserverbundwerkstoffe—Prepregs und ihre Verarbeitung; Hanser
Publishers: Munich, Germany, 2014. [CrossRef]

3. Bourne, L.; Milner, E; Alberman, K. Health problems of epoxy resins and amine—curing agents. Am. J. Ind. Med. 1959, 16, 81-97.
[CrossRef] [PubMed]

4. Greim, H.; Bury, D.; Klimisch, H.J.; Oeben-Negele, M.; Ziegler-Skylakakis, K. Toxicity of aliphatic amines: Structure-activity
relationship. Chemosphere 1998, 36, 271-295. [CrossRef] [PubMed]

5. Venables, K. Low molecular weight chemicals, hypersensitivity, and direct toxicity: The acid anhydrides. Occup. Environ. Med.
1989, 46, 222-232. [CrossRef] [PubMed]

6.  Anku, W,; Mamo, M.; Govender, P. Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods; IntechOpen:
London, UK, 2017. [CrossRef]

7. Leuchtenberger, W.; Huthmacher, K.; Drauz, K. Biotechnological production of amino acids and derivatives: Current status and
prospects. Appl. Microbiol. Biotechnol. 2005, 69, 1-8. [CrossRef] [PubMed]

8. Nelson, D.; Cox, M. Lehninger Principles of Biochemistry; MacMillan Learning: New York City, NY, USA, 2021.

9.  Larsen, P. 6—Physical and Chemical Properties of Amino Acids; Academic Press: London, UK, 1980. [CrossRef]

10. Li, Y; Xiao, F; Wong, C. Novel, Environmentally Friendly Crosslinking System of an Epoxy Using an Amino Acid: Tryptophan-
Cured Diglycidyl Ether of Bisphenol A Epoxy. J. Polym. Sci. Part A Polym. Chem. 2007, 45, 181-190. [CrossRef]

11. Motahari, A.; Omrani, A.; Rostami, A. Theoretical study on the mechanism of epoxy cured with tryptophan in the presence of
2,4,5-triphenylimidazole as a catalyst. Comput. Theor. Chem. 2011, 977, 168-180. [CrossRef]

12.  Gnanasekar, P.; Yan, N. Synthesis and thermo-mechanical properties of novel spirobiindane based epoxy nanocomposites with
tryptophan as a green hardener: Curing kinetics using model free approach. Polym. Degrad. Stab. 2019, 163, 110-121. [CrossRef]

13.  Motahari, A.; Rostami, A.; Omrani, A.; Ehsani, M. On the Thermal Degradation of a Novel Epoxy-Based Nanocomposite Cured
With Tryptophan as an Environment-Friendly Curing Agent. J. Macromol. Sci. Part B Phys. 2015, 54, 517-532. [CrossRef]

14. Mazzocchetti, L.; Merighi, S.; Benelli, T.; Giorgini, L. Evaluation of Tryptophan—Late curing agent systems as hardener for epoxy
resin. AIP Conf. Proc. 2018, 1981, 020170. [CrossRef]

15.  Merighi, S.; Mazzocchetti, L.; Benelli, T.; Giorgini, L. Evaluation of Novel Bio-Based Amino Curing Agent Systems for Epoxy
Resins: Effect of Tryptophan and Guanine. Processes 2021, 9, 42. [CrossRef]

16. Rothenhdusler, F.; Ruckdaeschel, H. L-Arginine as a Bio-based Curing Agent for Epoxy Resins: Glass Transition Temperature,
Rheology and Latency. Polymers 2022, 14, 4331. [CrossRef]

17.  Shibata, M.; Fujigasaki, J.; Enjoji, M.; Shibita, A.; Teramoto, N.; Ifuku, S. Amino acid-cured bio-based epoxy resins and their
biocomposites with chitin- and chitosan-nanofibers. Eur. Polym. ]. 2018, 98, 216-225. [CrossRef]

18. Rothenhdusler, F; Ruckdaeschel, H. 1-Arginine as Bio-Based Curing Agent for Epoxy Resins: Temperature-Dependence of
Mechanical Properties. Polymers 2022, 14, 4696. [CrossRef]

19. Espuche, E.; Galy, J.; Gérard, ].E; Pascault, ].P.; Sautereau, H. Influence of crosslink density and chain flexibility on mechanical
properties of model epoxy networks. Macromol. Symp. 1995, 93, 107-115. [CrossRef]

20. Garcia, EG,; Soares, B.G; Pita, V].R.R.; Sanchez, R.; Rieumont, ]. Mechanical properties of epoxy networks based on DGEBA and
aliphatic amines. J. Appl. Polym. Sci. 2007, 106, 2047-2055. [CrossRef]

21. Shundo, A.; Aoki, M.; Yamamoto, S.; Tanaka, K. Effect of Cross-Linking Density on Horizontal and Vertical Shift Factors in Linear
Viscoelastic Functions of Epoxy Resins. Macromolecules 2021, 54, 9618-9624. [CrossRef]

22. Lau, C.H.; Hodd, K.A.; Wright, W.W. Structure and Properties Relationships of Epoxy Resins Part 1: Crosslink Density of Cured
Resin: (II) Model Networks Properties. Br. Polym. J. 1986, 18, 316-322. [CrossRef]

23. Levita, G.; De Petris, S.; Marchetti, A.; Lazzeri, A. Crosslink density and fracture toughness of epoxy resins. J. Mater. Sci. 1991,

26, 2348-2352. [CrossRef]


http://doi.org/10.3139/9783446440807
http://dx.doi.org/10.1136/oem.16.2.81
http://www.ncbi.nlm.nih.gov/pubmed/13651551
http://dx.doi.org/10.1016/S0045-6535(97)00365-2
http://www.ncbi.nlm.nih.gov/pubmed/9569935
http://dx.doi.org/10.1136/oem.46.4.222
http://www.ncbi.nlm.nih.gov/pubmed/2653411
http://dx.doi.org/10.5772/66927
http://dx.doi.org/10.1007/s00253-005-0155-y
http://www.ncbi.nlm.nih.gov/pubmed/16195792
http://dx.doi.org/10.1016/B978-0-12-675405-6.50012-7
http://dx.doi.org/10.1002/pola.21742
http://dx.doi.org/10.1016/j.comptc.2011.09.022
http://dx.doi.org/10.1016/j.polymdegradstab.2019.03.001
http://dx.doi.org/10.1080/00222348.2015.1019331
http://dx.doi.org/10.1063/1.5046032
http://dx.doi.org/10.3390/pr9010042
http://dx.doi.org/10.3390/polym14204331
http://dx.doi.org/10.1016/j.eurpolymj.2017.11.024
http://dx.doi.org/10.3390/polym14214696
http://dx.doi.org/10.1002/masy.19950930115
http://dx.doi.org/10.1002/app.24895
http://dx.doi.org/10.1021/acs.macromol.1c01293
http://dx.doi.org/10.1002/pi.4980180508
http://dx.doi.org/10.1007/BF01130180

Polymers 2023, 15, 385 12 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.
45.

46.

47.

Cease, H.; Derwent, P,; Diehl, H.; Fast, J.; Finley, D. Measurement of Mechanical Properties of Three Epoxy Adhesives at Cryogenic
Temperatures for CCD Construction; Fermilab: Batavia, IL, USA, 2006.

Williams, J.G. The beta relaxation in epoxy resin-based networks. J. Appl.  Polym. Sci. 1979, 23, 3433-3444.
. [CrossRef]

Ochi, M.; Kageyama, H.; Shimbo, M. Mechanical and dielectric relaxations of poly(hydroxy ethers): 1. Low-temperature
relaxations. Polymer 1988, 29, 320-324. [CrossRef]

Li, Y;; Xiao, F.; Moon, K.; Wong, C. Novel Curing Agent for Lead-Free Electronics: Amino Acid. . Polym. Sci. Part A Polym. Chem.
2005, 44, 1020-1027. [CrossRef]

Hayaty, M.; Honarkar, H.; Beheshty, M.H. Curing behavior of dicyandiamide/epoxy resin system using different accelerators.
Iran. Polym. J. 2013, 22, 591-598. [CrossRef]

Kishi, H.; Naitou, T.; Matsuda, S.; Murakami, A.; Muraji, Y.; Nakagawa, Y. Mechanical properties and inhomogeneous nanostruc-
tures of dicyandiamide-cured epoxy resins. J. Polym. Sci. Part B Polym. Phys. 2007, 45, 1425-1434. [CrossRef]

Schneider, J.P.; Lengsfeld, H. Toughening of a dicyandiamide-cured epoxy resin: Influence of cure conditions on different rubber
modifications. Polym. Eng. Sci. 2021, 61, 2445-2452. [CrossRef]

Hiibner, F; Briickner, A.; Dickhut, T.; Altstadt, V.; Rios de Anda, A.; Ruckdéschel, H. Low temperature fatigue crack propagation
in toughened epoxy resins aimed for filament winding of type V composite pressure vessels. Polym. Test. 2021, 102, 107323.
[CrossRef]

Jamshidi, H.; Akbari, R.; Beheshty, M.H. Toughening of dicyandiamide-cured DGEBA-based epoxy resins using flexible diamine.
Iran. Polym. ]. 2015, 24, 399-410. [CrossRef]

Hiibner, F.; Hoffmann, M.; Sommer, N.; Altstddt, V.; Scherer, A.; Dickhut, T.; Ruckdéschel, H. Temperature-dependent fracture
behavior of towpreg epoxy resins for cryogenic liquid hydrogen composite vessels: The influence of polysiloxane tougheners on
the resin yield behavior. Polym. Test. 2022, 113, 107678. [CrossRef]

Farkas, A.; Strohm, P.F. Imidazole catalysis in the curing of epoxy resins. J. Appl. Polym. Sci. 1968, 12, 159-168. [CrossRef]
Greenberg, A.; Breneman, C.M.; Liebman, J.F. The Amide Linkage: Structural Significance in Chemistry, Biochemistry, and Materials
Science; John Wiley & Sons: New York, NY, USA, 2000.

Hughes, A.B. Amino Acids, Peptides and Proteins in Organic Chemistry, Analysis and Function of Amino Acids and Peptides; John Wiley
& Sons: New York, NY, USA, 2013.

Matsumoto, K.; Yanagi, R.; Oe, Y. Recent Advances in the Synthesis of Carboxylic Acid Esters. In Carboxylic Acid; Badea, G.I.,
Radu, G.L., Eds.; IntechOpen: Rijeka, Croatia, 2018; Chapter 2. [CrossRef]

Varley, R.]J. Toughening of epoxy resin systems using low-viscosity additives. Polym. Int. 2004, 53, 78-84.
. [CrossRef]

Kim, B.C.; Park, S.W.; Lee, D.G. Fracture toughness of the nano-particle reinforced epoxy composite. Compos. Struct. 2008,
86, 69-77. [CrossRef]

Bravais, A. Analyse Mathématique sur les Probabilités des Erreurs de Situation d’un Point; Impr. Royale: Paris, France, 1844.
NumPy-Developers. numpy.corrcoef()-function. Website, 2022. Available online: https://numpy.org/doc/stable/reference/
generated /numpy.corrcoef.html (accessed on 6 September 2022).

Blanco, M.; Corcuera, M.A ; Riccardi, C.C.; Mondragon, I. Mechanistic kinetic model of an epoxy resin cured with a mixture of
amines of different functionalities. Polymer 2005, 46, 7989-8000. [CrossRef]

Meier, S.; Albuquerque, R.Q.; Demleitner, M.; Ruckdéschel, H. Modeling glass transition temperatures of epoxy systems: A
machine learning study. J. Mater. Sci. 2022, 57, 13991-14002. [CrossRef]

Verdu, J.; Tcharkhtchi, A. Elastic properties of thermosets in glassy state. Die Angew. Makromol. Chem. 1996, 240, 31-38. [CrossRef]
Chang, T.D.; Carr, S.H.; Brittain, J.O. Studies of epoxy resin systems: Part B: Effect of crosslinking on the physical properties of an
epoxy resin. Polym. Eng. Sci. 1982, 22, 1213-1220. [CrossRef]

Rahul, R; Kitey, R. Effect of cross-linking on dynamic mechanical and fracture behavior of epoxy variants. Compos. Part B Eng.
2016, 85, 336-342. [CrossRef]

Shimbo, M.; Nishitani, N.; Takahama, T. Mechanical properties of acid-cured epoxide resins with different network structures. J.
Appl. Polym. Sci. 1984, 29, 1709-1721. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1002/app.1979.070231201
http://dx.doi.org/10.1016/0032-3861(88)90340-0
http://dx.doi.org/10.1002/pola.21239
http://dx.doi.org/10.1007/s13726-013-0158-y
http://dx.doi.org/10.1002/polb.21170
http://dx.doi.org/10.1002/pen.25770
http://dx.doi.org/10.1016/j.polymertesting.2021.107323
http://dx.doi.org/10.1007/s13726-015-0332-5
http://dx.doi.org/10.1016/j.polymertesting.2022.107678
http://dx.doi.org/10.1002/app.1968.070120115
http://dx.doi.org/10.5772/intechopen.74543
http://dx.doi.org/10.1002/pi.1321
http://dx.doi.org/10.1016/j.compstruct.2008.03.005
https://numpy.org/doc/stable/reference/generated/numpy.corrcoef.html
https://numpy.org/doc/stable/reference/generated/numpy.corrcoef.html
http://dx.doi.org/10.1016/j.polymer.2005.06.117
http://dx.doi.org/10.1007/s10853-022-07372-9
http://dx.doi.org/10.1002/apmc.1996.052400103
http://dx.doi.org/10.1002/pen.760221807
http://dx.doi.org/10.1016/j.compositesb.2015.09.017
http://dx.doi.org/10.1002/app.1984.070290524

	Introduction
	Materials and Methods
	Materials
	Resin Formulation
	Curing Cycle and Sample Preparation
	Characterization Methods
	Dynamic Mechanical Analysis
	Tensile and Compression Tests
	Three-Point Bending
	Fracture Toughness


	Results and Discussion
	Dynamic Mechanical Analysis
	Tensile Tests
	Three-Point Bending
	Compression Tests
	Fracture Toughness
	Correlations between Material Properties

	Conclusions
	References

