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8 ¢ Abstract
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Germany In the realm of bio-based curing agents, recent investigations have focused on

amino acids owing to their distinctive attributes. Nevertheless, the suitability
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of thermosets cured with aromatic amino acids as latent matrix materials for
fiber-reinforced composites remains to be empirically established. Conse-
quently, this study is oriented toward assessing the mechanical properties of
diglycidyl ether of bisphenol A when cured with either L-tryptophan or
L-tyrosine, in the presence of a latent, urea-based accelerator. The investigated
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and fracture toughness properties. The predominant variations in the mechan-
ical characteristics of these thermosets are confined to their Young's moduli
and fracture toughness properties. This divergence is attributed to the greater
presence of crystals in the L-tyrosine-cured thermoset, resulting in enhanced
reinforcement and toughening effects compared to the L-tryptophan-cured

thermoset.
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1 | INTRODUCTION

with toxic or carcinogenic effects, as documented in prior
studies.*””

Fiber-reinforced epoxy matrix composites play a pivotal
role in various industrial sectors, including sports, auto-
motive, wind energy generation, and aerospace applica-
tions, thanks to their exceptional combination of high
weight-specific strength and modulus."* Epoxy resins are
the preferred choice for pre-impregnated fiber products
due to their advantageous attributes, such as significant
latency, high mechanical performance, and low viscosity
during the fiber impregnation process.® It is worth noting
that traditional curing agents, such as amines, anhy-
drides, and phenolic compounds, have been associated

In contrast to conventional, petroleum-based amine
hardeners, amino acids offer a bio-based, non-toxic,
and biodegradable alternative.*'° Among these,
L-tryptophan has garnered considerable attention as a
curing agent for epoxy resins, primarily due to the unique
structural features of its aromatic side chain, which
includes an indolyl group. This structure introduces steric
hindrance between cross-links, effectively impeding the
rearrangement of network segments. Consequently, this
molecular architecture results in a notably elevated glass
transition temperature (T), as illustrated in Figure 1.
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FIGURE 1 Chemical structure of L-tryptophan.

Numerous investigations have been dedicated to
studying the reaction kinetics and T, of diglycidyl ether
of bisphenol A (DGEBA) when cured with
L-tryptophan."'~'® Notably, the T, of the resultant ther-
moset varies significantly due to differing preparation
methods, accelerator types, and the ratio of epoxy resin
to L-tryptophan. When ureas are employed as accelera-
tors, the T, range spans from approximately 66 to
101°C."*'® Alternatively, the incorporation of imidazoles
as accelerators yields T values ranging from roughly
84 to 104°C.' 131

Albuquerque et al. explored the synergistic effects
achieved by employing various amino acids as curing
agents for epoxy resins through machine learning. In this
context, the Ty of DGEBA cured with L-tryptophan in
the presence of a latent, urea-based accelerator was
assessed using dynamic mechanical analysis, revealing a
T, of approximately 125°C."7 Rothenhusler et al. con-
ducted similar experiments, curing the same resin-curing
agent combination alongside the less latent accelerator,
2-ethyl-4-methyl-imidazole.'® Intriguingly, this alteration
led to an increase in T, to around 138.5°C. This change
in Ty is likely attributed to an augmented cross-link den-
sity (vc), arising from the homopolymerization of
DGEBA induced by the imidazole."” Notably, the Kic
of DGEBA cured with L-tryptophan stands at approxi-
mately 1.34 MPam®, a notably higher value compared
to epoxides cured with dicyandiamide (ranging from 0.6
to 0.7MPam®°).**** Furthermore, the fracture energy
(Gyc) of the L-tryptophan-based thermoset is measured at
575Jm 2, rendering it a compelling material for applica-
tions where high toughness is a vital requirement.

In contrast to L-tryptophan, L-tyrosine has received
comparatively less attention as a curing agent for epoxy
resins. Nonetheless, L-tyrosine holds special significance
in the context of curing agents due to the distinctive
chemical structure of its side chain, which includes a
phenyl group (see Figure 2). Albuquerque et al. observed
that when DGEBA is cured with L-tyrosine in the pres-
ence of a urea-based accelerator, the resulting material
exhibits a T of approximately 119°C." Interestingly, the
T, of DGEBA cured with L-tyrosine significantly
increases when 2-ethyl-4-methyl-imidazole is utilized as
the accelerator. This leads to a thermoset with an impres-
sive T, of 188°C and a Young's modulus of 3.5GPa.
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FIGURE 2 Chemical structure of L-tyrosine.

Notably, these values represent the highest T, and
Young's modulus reported in the literature for an epoxy
resin cured with an amino acid.''~'*1%->3-2¢

As a response to these considerations, Rothenh&dusler
and colleagues conducted a comprehensive investigation
into the influence of the stoichiometric ratio (R) on the
mechanical properties of DGEBA cured with
L-tyrosine.”’ Their research revealed that L-tyrosine crys-
tals that are uniformly distributed throughout the cured
thermoset grow during the curing of the epoxy resin. The
introduction of additional L-tyrosine, signifying R greater
than 1, results in an increased quantity of L-tyrosine crys-
tals in the matrix without inducing significant alterations
in the network structure of the thermoset. Consequently,
the Ty, flexural modulus, flexural strength, and strain at
failure exhibit only marginal changes. Moreover, the fur-
ther addition of L-tyrosine to the matrix leads to an
enhanced degree of crystallinity, subsequently resulting
in elevated K¢ and Gjc values. This phenomenon under-
scores the role of amino acid crystals as effective tough-
ening agents. However, when R is reduced below 1, the
flexural modulus decreases and the strain at failure
increases. The combined effect of these changes ulti-
mately results in minor modifications in the flexural
strength of the thermoset.

In summary, both DGEBA cured with L-tryptophan
and DGEBA cured with L-tyrosine demonstrate promise
as potential matrix materials for fiber-reinforced compos-
ites. However, the existing literature lacks information
on the mechanical performance of these resin systems
when combined with a latent accelerator. Hence, the pri-
mary objective of this study is to comprehensively charac-
terize the T\, tensile, flexural, compression, and fracture
toughness properties of DGEBA cured with either
L-tryptophan or L-tyrosine, in conjunction with a latent,
urea-based accelerator. Particular emphasis is placed on
investigating the role of amino acid crystals as reinforcing
agents and modifiers of toughness within the epoxy
matrix. The ultimate goal is to ascertain which of the two
thermosets is better suited for applications as matrix
materials in fiber-reinforced polymers. In continuation of
this research, there is an intention to prepare and evalu-
ate natural fiber-reinforced composites employing one of
these resin systems, with the results of this forthcoming
investigation to be published soon.
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2 | EXPERIMENTAL

2.1 | Materials

D.E.R. 331 (epoxide equivalent weight of 187 g mol ')
was procured from Blue Cube Assets GmbH & Co. KG,
Olin Epoxy, located in Stade, Germany. The amino acids,
L-tryptophan (with a purity 100%) and L-tyrosine, were
sourced from Buxtrade GmbH in Buxtehude, Germany.
The reaction between these aromatic amino acids and
DGEBA is expedited through the addition of the urea-
based DYHARD®UR400, which is supplied by Alzchem
Group AG, headquartered in Trostberg, Germany.

2.2 | Resin formulation

The DGEBA and amino acid mixtures were prepared via
a three-roll milling method outlined in prior studies.*>"*
In this process, it was assumed that L-tryptophan and
L-tyrosine possess four and three active hydrogen atoms,
respectively.'® Consequently, the active hydrogen equiva-
lent weights of L-tryptophan and L-tyrosine are deter-
mined to be 51.05 and 60.40 g mol ', respectively. The
mixtures are prepared to maintain a R of 1, signifying an
equivalence of active hydrogen atoms in the amino acid
to epoxy groups in the resin. Subsequently, one weight
percentage of DYHARD®UR400 (as detailed in Table 1)
is introduced, followed by thorough mixing in a centri-
fuge speed mixer provided by Hauschild Engineering in
Hamm, Germany, operating at 3000 min~* for 120s. To
ensure the removal of any trapped air prior to curing, the
mixture is degassed for 60 min at 10 mbar. For the sake of
simplicity, the cured thermosets that contain
L-tryptophan and L-tyrosine are herein denoted as Tryp-
topox and Tyropox, respectively, throughout this
investigation.

2.3 | Curing cycle and sample
preparation

The mixtures comprising epoxy resin, amino acid, and
accelerator were poured into pre-heated aluminum molds

TABLE 1 Compositions of Tryptopox and Tyropox.
Component Tryptopox Tyropox
D.E.R. 331 77.8 wt% 74.8 wt%
L-Tryptophan 21.2 wt%

L-Tyrosine 24.2 wt%
DYHARD®UR400 1 wt% 1 wt%

set at 70°C. These mixtures underwent a curing process
lasting 2 h at 120°C and an additional 2 h at 170°C. The
curing was carried out within a Memmert ULE 400 con-
vection oven supplied by Memmert GmbH + Co. KG,
located in Schwabach, Germany. Following the curing
process, the molds were gradually cooled to room tem-
perature over a 3-h duration. Specimens for testing were
then prepared from the cured plates in accordance with
the relevant ISO standards for each test method. These
specimens were created using a Mutronic DIADISC5200
diamond plate saw and CNC milled using a Mutronic
Diadrive 2000, both from MUTRONIC Prézisionsgerite-
bau GmbH & Co. KG, based in Rieden am Forggensee,
Germany.

2.4 | Material characterization

2.4.1 | Differential scanning calorimetry

The determination of the weight fraction of crystalline
amino acid, denoted as the degree of crystallinity (X.), in
Tryptopox and Tyropox was carried out through dynamic
differential scanning calorimetry (DSC) measurements
using a Mettler Toledo DSC 1 instrument (Columbus,
Ohio, USA). The amino acids and their corresponding
thermosets were subjected to a heating rate of
10K min ", increasing the temperature from 25 to 340°C,
while maintaining a constant nitrogen flow rate of
50mLmin ' within the sample chamber. The sample
masses for the amino acids and thermosets were 0.5
+0.25mg and 7.5+2.5mg, respectively. The degree of
crystallinity (X.) was calculated as follows:

Xc _ H Thermoset , ( 1 )
Hap

where Hrhermoset Tepresents the enthalpy of the cured
thermosets, and Haas represents the enthalpy of the
amino acid. Three specimens were tested per amino acid
and thermoset.

2.4.2 | Dynamic mechanical analysis

Tryptopox and Tyropox underwent dynamic mechanical
analysis using a Gabo Eplexor 500 N instrument provided
by Gabo Qualimeter Testanlagen GmbH, located in Ahl-
den, Germany. The testing was performed in tension
mode on  specimens with  dimensions  of
50 x 10 x 2 mm®. The measurements were carried out
over a temperature range from —120 to 200°C with a
heating rate of 3 K min~'. The tensile force amplitude
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and tensile frequency were set to 60 N and 1 Hz, respec-
tively. The T, was determined as the temperature at
which the tangent of the phase angle (tand), reaches its
maximum value. To calculate the vc of the thermosets,
the following formula was employed:

El

IRT (2)

Uc =

where FE' represents the storage modulus at
T =T, + 50K, and R is the universal gas constant with a
value of 8.314Jmol 'K '.*® Notably, three specimens
were tested for each thermoset to ensure the reliability of
the results.

243 | Tensile tests

The tensile properties of Tryptopox and Tyropox were
determined in accordance with DIN EN ISO 527-2 stan-
dards. Six 1B dog-bone specimens, each with dimensions
of 150 x 10 x 4 mm?>, were tested. The tests were con-
ducted using a ZwickRoell Z020 universal testing
machine supplied by ZwickRoell GmbH & Co. KG in
Ulm, Germany. The machine was equipped with a load
cell capable of handling loads up to 20 kN. The testing

procedure involved a cross-head speed of 5 mm min .

244 | Three-point bending

The flexural properties of the thermosets, Tryptopox and
Tyropox, were assessed in accordance with ISO 178 stan-
dards. Ten  specimens with  dimensions of
80 x 10 x 4 mm> were tested for each material. These
tests were conducted on a ZwickRoell Z020 universal
testing machine, supplied by ZwickRoell GmbH &
Co. KG in Ulm, Germany. The machine was equipped
with a load cell capable of accommodating loads up to
20 kN. The testing procedure involved a cross-head speed

of 2 mm min~>.

2.4.5 | Compression tests

The compression strengths of the thermosets, Tryptopox
and Tyropox, were examined in compliance with EN ISO
604 standards. Specimens with dimensions of
10 x 10 x 4 mm?® were used for these tests. The experi-
ments were conducted on a ZwickRoell Z020 universal
testing machine provided by ZwickRoell GmbH &
Co. KG in Ulm, Germany. The machine was equipped
with a load cell capable of handling loads up to 20 kN.

The testing procedure involved a cross-head speed of

1 mm min %

2.4.6 | Fracture toughness

The fracture toughness of Tryptopox and Tyropox was
determined following ISO 13586 standards. Eight com-
pact tension specimens were tested using a ZwickRoell
7020 universal testing machine supplied by
ZwickRoell GmbH & Co. KG in Ulm, Germany. The
machine was equipped with a load cell capable of accom-
modating loads up to 20 kN. The Gjc was calculated
using the formula:

K 2
Gic = JI;

(1-27), (3)

where Gic represents the fracture energy, Kjc is the criti-
cal stress intensity factor in mode I, E is Young's modulus
(obtained from the tensile tests), and v is Poisson's ratio,
which is approximately 0.35 in the glassy state of the
thermoset.*

2.4.7 | Scanning electron microscopy

The fracture surfaces of the compact tension specimens
were examined using a Zeiss Gemini 1530 Scanning Elec-
tron Microscope, provided by Carl Zeiss AG in Oberko-
chen, Germany. The analysis was carried out with an
acceleration voltage of 3 kV, and the surfaces were coated
with a layer of platinum sputtering, with a thickness of
approximately 5 nm for enhanced imaging.

3 | RESULTS AND DISCUSSION

3.1 | Differential scanning calorimetry

The outcomes of the dynamic DSC measurements per-
formed on the amino acids and their corresponding ther-
mosets are summarized in Table 2. Notably, the enthalpy
values for the amino acids closely align with the findings

TABLE 2 Results of the DSC measurements (average
+ standard deviation).

Physical quantity Tryptopox Tyropox
Hhermoset in Jg ™" 124 + 2.0 724+ 58
HapinJg™! 3754 + 5.6 644.4 + 4.0
X.in % 3.3 11.2

95U8017 SUOWIWOD SAEeID) 3|(dedt|dde au Aq peusenob a1e sooiLe VO ‘88N JO S9N J0j ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SLUIB)/LID™AB | 1M Aed 1[UIJUO//:SANY) SUONIPUOD PuUe SWiS 1 81 88S *[720Z/0T/T0] uo Ariqiauluo A8 ‘yineikeq weisieniun Aq 05zss dde/z00T 0T/10p/woo Ao i Ale.q 1 pul|uoy/sdny Wwos papeoiumod ‘9T ‘v20Z ‘829v.60T



ROTHENHAUSLER and RUCKDASCHEL

of Rodante et al., who reported Haa values of 376.9] g_1
for L-tryptophan and 619.4Jg ' for L-tyrosine.”® Conse-
quently, the X, for Tryptopox and Tyropox are estimated
to be approximately 3.3% and 11.2%, respectively. These
findings are substantiated by SEM images, as discussed in
Subsection 3.7. The subsequent sections delve into the
implications of the enhanced X. observed in Tyropox
compared to Tryptopox.

3.2 | Dynamic mechanical analysis

Figure 3 displays the storage modulus (E') and tané of
Tryptopox and Tyropox over a temperature range from
—120 to 200°C. At —120°C, the E’ of Tryptopox is approxi-
mately 4.6 GPa, while Tyropox exhibits a storage modulus of
about 6.6GPa. For a discussion about the differences in
Young's moduli of Tryptopox and Tyropox, see Subsection 3.3.

Both Tryptopox and Tyropox exhibit a characteristic
peak in their tan § curves at around —65°C, attributed to
the p—relaxation, a typical behavior for DGEBA-type
thermosets. This relaxation is commonly associated with
the hydroxy ether and diphenyl propane groups present
in these materials.”**

As the temperature increases, the E’ of the thermosets
decrease, reaching values of approximately 2.5GPa for
Tryptopox and 3.2 GPa for Tyropox at room temperature.
With further heating up to 100°C, the E’ of both thermo-
sets exhibit a gradual decline, but they still remain suffi-
ciently high to ensure the structural integrity of
components in potential applications as fiber-reinforced
composite matrix materials (see Table 3). Therefore, the
upper temperature limit for the service range of both
thermosets is around 100°C.

The Ty is indicated by a peak in tané at approxi-
mately 125°C for both Tryptopox and Tyropox. Notably,
in the rubbery state, Tyropox demonstrates a E' roughly
five times higher than that of Tryptopox, highlighting the
reinforcing effect of amino acid crystals. This substantial
difference in storage modulus is a significant factor in
why the calculated v¢ cannot be considered representa-
tive of the true vc of the thermoset. Similar observations
were made in previous studies involving epoxy resins
cured with amino acids.”’

At around 200°C, the tané of Tryptopox begins to
increase, indicating the degradation of L-tryptophan crystals
within the thermoset. It is worth noting that a previous
investigation studied thermosets composed of DGEBA resin
with either L-tryptophan or L-tyrosine, utilizing 2-ethyl-
4-methyl-imidazole as an accelerator, which promotes the
homo-polymerization of epoxy groups and leads to a higher
vc.'” This is why the T, values of Tryptopox and Tyropox
in the present study are lower than those reported in the
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FIGURE 3 Dynamic mechanical analysis of Tryptopox

(orange) and Tyropox (blue) between T = —120 and 200°C. [Color
figure can be viewed at wileyonlinelibrary.com]

TABLE 3
dynamic mechanical analysis (average + standard deviation).

Key data of Tryptopox and Tyropox derived from

Physical quantity Tryptopox  Tyropox

T,y (max. tand) in°C 124.6 + 0.4 126.1 + 0.3

Cross-link density v¢ in 700 + 40 3450 + 55
molm ™

E' at T=—120°C in GPa 4.57 +£0.10 6.58 + 0.18

E' at T=22°C in GPa 2.47 + 0.06 3.24 + 0.08

E' at T=100°C in GPa 1.89 + 0.05 2.59 + 0.05

prior study (138.5 and 188.3°C)."® Intriguingly, the E’ in the
present study are less affected by the lower v, underscor-
ing the significant influence of amino acid crystal rein-
forcement on the thermoset's mechanical properties.

3.3 | Tensile tests

Figure 4 illustrates the stress—strain curves derived from
tensile tests performed on Tryptopox and Tyropox. The
Young's modulus of Tryptopox is approximately 2.9 GPa,
a value that is noticeably lower than that of Tyropox,
which is approximately 3.8 GPa. Amino acid crystals gen-
erally possess significantly higher Young's moduli than
thermosets at room temperature, making them effective
reinforcements in the surrounding thermoset matrix.** ¢
Rothenhéusler et al. demonstrated that the E’ increases
with an increasing R in DGEBA cured with L-tyrosine.?’
The modulus of L-tyrosine crystals, as determined by
Adhikari et al. and Ji et al. using atomic force microscopy
nano-indentation, is approximately 42 GPa and 177 GPa,
respectively.>”*® Hence, the difference in Young's moduli
between Tryptopox and Tyropox is likely due to varia-
tions in the degree of crystallinity (see Section 3.1), crys-
tal morphology, and the distinct elastic properties of the
amino acid crystals. In contrast to the Young's moduli of
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FIGURE 4 Stress-strain curves derived from tensile tests of
Tryptopox (orange) and Tyropox (blue). [Color figure can be viewed
at wileyonlinelibrary.com|

TABLE 4
fracture toughness properties of Tryptopox and Tyropox (average

Overview of the tensile, flexural, compression and

+ standard deviation).

Tryptopox Tyropox
Tensile modulus in GPa 29+0.1 3.8+0.9
Tensile strength in MPa 53 +4 58+1
Tensile strain in % 2.4+ 0.1 3.0+0.2
Flexural modulus in GPa 3.0+0.2 3.7+0.1
Flexural strength in MPa 91+6 94 +2
Flexural strain in % 3.5+0.2 3.0+0.1
Compression yield strength in 100 + 2 106 + 3

MPa
Compression yield strain in % 10.9 + 0.6 10.1 + 0.6
Kic in MPam®? 126 +0.12 191
+ 0.07

Gicin Jm™ 451 + 49 844 + 58
d, in pm 16.8 34.6

the thermosets, the tensile strengths of Tryptopox and
Tyropox are quite similar, at approximately 53 MPa
and 58 MPa, respectively (see Table 4). The stress-strain
curves of Tyropox exhibit a more pronounced deviation
from linear elastic behavior compared to those of Trypto-
pox. This suggests that Tyropox begins to deform plasti-
cally to a certain extent. Consequently, the tensile strain
at failure for Tyropox (3.0%) is higher than that for Tryp-
topox (2.4%).

3.4 | Three-point bending

Figure 5 displays the stress-strain curves obtained
from three-point bending tests conducted on Tryptopox

100

<
W
=
g
2 50
o
7
Tryptopox
—— Tyropox
0 T T T
0 1 2 3 4
Strain in %
FIGURE 5 Stress-strain curves derived from three-point

bending of Tryptopox (orange) and Tyropox (blue). [Color figure
can be viewed at wileyonlinelibrary.com]

and Tyropox. Consistent with the results of DMA and
tensile tests, the flexural modulus of Tyropox (3.7 GPa)
is considerably higher than that of Tryptopox
(3.0 GPa). In contrast, the flexural strengths of Trypto-
pox and Tyropox are approximately 91 GPa and
94 GPa, respectively, indicating only slight differences
in strength values.

Notably, similar to the tensile tests, the flexural strain
at failure for Tyropox (3.0%) is smaller than that of Tryp-
topox (3.5%). Importantly, both Tryptopox and Tyropox
exhibit higher flexural strengths than their counterparts
cured in the presence of imidazole.'® In the prior study,
the flexural strengths were approximately 71 MPa for
both thermosets, highlighting the advantageous mechani-
cal properties of the current amino acid-cured
formulations.

3.5 | Compression tests

Figure 6 presents the stress-strain curves obtained from
compression strength tests performed on Tryptopox and
Tyropox. In this test, both thermosets exhibit yield behav-
ior under compression stresses of approximately 100 MPa
at compression strains of roughly 10% to 11% (see
Table 4). Interestingly, in the prior study, the thermoset
comprised of DGEBA, L-tyrosine, and imidazole did not
display a distinct yield behavior during compression. One
possible explanation is that the embrittlement of the ther-
moset resulting from the homopolymerization of
DGEBA, induced by the presence of imidazole, may have
prevented the plastic deformation of the material. This
difference highlights how the choice of curing agents and
accelerators can significantly influence the mechanical
behavior of epoxy resins.
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FIGURE 6 Stress-strain curves derived from compression

strength tests of Tryptopox (orange) and Tyropox (blue). [Color
figure can be viewed at wileyonlinelibrary.com]

3.6 | Fracture toughness

Figure 7 illustrates the critical stress intensity factor in
mode I (Kic) and the fracture energy (Gic) of Tryptopox
and Tyropox compared to epoxy resins toughened
with various toughening agents. Tryptopox and Tyro-
pox exhibit Kjc values of about 1.26 and 1.91 MPam®?,
respectively, while their corresponding Gjc values are
approximately 451 and 844 Jm 2, respectively. Naturally,
the higher X. in Tyropox compared to that in Tryptopox
increases the thermoset's resistance to crack propagation
as well as the energy dissipated during crack growth.

It is important to acknowledge that these values
may be significantly underestimated due to the
“crack-stopping” effects observed during testing. In
conventional brittle materials, loading typically con-
tinues until the material's Kjc is reached, leading to
complete failure of the specimens. Meaning that the
material cannot store more internal energy in the form of
elastic energy during deformation but rather that energy
potential is lowered by creating new surfaces. However,
Tryptopox and Tyropox specimens do not fail entirely
upon reaching the maximum load (see Figure 8). Instead,
the crack is arrested after some distance, likely due to the
presence of amino acid crystals, and only continues to
grow after an increase in the specimen's load. Since Kjc
and Gyc are both calculated based on the first load peak,
they are likely to be highly underestimated because the
additional load increase is not considered.

Nevertheless, Tryptopox and Tyropox demonstrate a
similar fracture toughness compared to epoxy resins
with similar T, toughened with commercial toughen-
ing agents, such as block copolymers and nano-silica
particles. This is noteworthy because while there has
been extensive research on bio-based epoxy resins and
curing agents, fewer investigations have focused on

Applied Polymer_wiLEy-L 7

2.5

Kic in MPam °°

Tryptopox Tyropox PEA BCP CSp NSP

844

h
g 600
=
8
o 400
&)
200
0 1
Tryptopox Tyropox PEA BCP CSp NSP
FIGURE 7 Critical stress intensity factor in mode I Kjc and

fracture energy Gjc of Tryptopox (orange) and Tyropox (blue)
compared to epoxy resins with similar T, toughened with
polyetheramines (PEA, teal),*® block copolymers (BCP, purple),*°
core-shell particles (CSP, pink)*® and nano-silica particles (NSP,
yellow).*! [Color figure can be viewed at wileyonlinelibrary.com]

bio-based toughening agents. Amino acids are unique
in that they serve both as curing agents and toughness
modifiers. The comparison between the Kic and Gic
values of Tyropox and the epoxy resin cured with tyrosine
in the presence of an imidazole (0.82MPam®® and
172Jm?) highlights how the higher network density
resulting from the imidazole-induced homo-polymerization
makes the thermoset more brittle."® Further insights into
potential toughening mechanisms are discussed in
Section 3.7.

3.7 | Scanning electron microscopy

In Figure 9, the fracture surfaces of compact tension
specimens made from Tryptopox and Tyropox are exam-
ined at 100, 1000, and 5000x magnification. The fracture
surface of Tryptopox appears coarse and contains homo-
geneously distributed L-tryptophan crystals, which have
a distinct plate-like appearance and measure approxi-
mately 20 to 100 pm in diameter (see Figure 9a). This
plate-like crystal morphology resembles L-tryptophan
crystals grown from a solution.*? In contrast, the fracture
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FIGURE 8 Left: Force-displacement
curves of compact tension tests of
Tryptopox. Right: Force-displacement

{1 i1 i1 curves of compact tension tests of
Tyropox. [Color figure can be viewed at
wileyonlinelibrary.com]
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(f) Tyropox (5,000 x magnification)

Fracture surfaces of compact tension specimens made from Tryptopox and Tyropox at 100, 1000, and 5000 x magnification.
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surface of Tyropox appears much rougher (see
Figure 9b). Comparing both images suggests that there
are far fewer crystals in Tryptopox than in Tyropox. The
reason for this might be the lower solubility of L-tyrosine
in DGEBA compared to that of L-tryptophan. Significant
differences in the solubilities of L-tyrosine and
L-tryptophan in water have already been widely
researched.*’ The low solubility of L-tyrosine is the result
of the dimer-formation of L-tyrosine molecules. The car-
boxylate groups and hydroxyl groups of two adjacent
L-tyrosine molecules attract one another, leading to a
large building block for L-tyrosine crystals.”® As a result,
L-tyrosine crystals have a higher Young's modulus and
thermal stability compared to that of other amino
acids.>**° Interestingly, the weight proportions of the
amino acids in their respective thermosets only differ by
about 3 wt% (see Table 1), while the X, of the thermosets
differ by roughly 8%. The lower solubility of L-tyrosine
stimulates phase separation and crystal growth within
the epoxy matrix. This difference in crystal growth leads
to varying degrees of crystallinity and crystal morphol-
ogy, ultimately affecting the mechanical properties of the
thermosets. Nevertheless, both Tryptopox and Tyropox
have similar glass transition temperatures.

In Tyropox, rod-shaped L-tyrosine crystals with diam-
eters ranging from 5 to 20 pm are dispersed throughout
the fracture surface (see Figure 9d), demonstrating more
numerous and smaller crystals compared to Tryptopox
(see Figure 9c). These crystals could be independently
grown or fragments of larger crystals that broke during
the mixing process. Both fracture surfaces show charac-
teristic patterns and flow lines that can provide insights
into fracture behavior and toughening mechanisms. It is
likely that toughening mechanisms such as crack bridg-
ing, particle pull-out, crack pinning, crack deflection, and
crack bifurcation contribute to the thermoset's toughness,
similar to previous observations in epoxy resins cured
with L-tyrosine.”” Due to the differences in crystalline
fraction, the Kjc values of Tryptopox and Tyropox also
vary significantly.

The  fractured and  partially  pulled-out
L-tryptophan crystal displays a layered structure (see
Figure 9¢). The surrounding smaller L-tryptophan par-
ticles appear as flow lines leading to the larger crystal.
Similar layered textures are observed in L-tyrosine
crystals. The smaller crystals are the result of the high
shear rates (7>10° s7!) which the suspension has to
endure during three-roll milling.*® This raises questions
about the kinetics of crystal growth and the diffusion
coefficients of amino acid molecules and particles before
and during curing, which could be subjects for future
investigations.

Applied Polymer wiLEy-L 2=
4 | CONCLUSION AND OUTLOOK

This investigation provides valuable insights into the
mechanical properties of thermosets prepared from
the aromatic amino acids L-tryptophan and L-tyrosine as
curing agents for epoxy resins. Both thermosets exhibit
similar glass transition temperatures, tensile strengths,
flexural strengths, and compression yield strengths, indi-
cating their comparable overall mechanical performance.

The key differentiators between Tryptopox and Tyro-
pox lie in their Young's moduli and fracture toughness
properties. The greater presence of amino acid crystals in
Tyropox, likely due to the lower solubility of L-tyrosine,
enhances its moduli and fracture toughness compared to
Tryptopox. This suggests that amino acids, beyond serv-
ing as bio-based and latent curing agents, also act as
effective toughening agents, thanks to the presence of
amino acid crystals in the thermosetting matrix.

In summary, Tyropox, with its higher moduli and
toughness properties, appears to be a promising candi-
date for use as a matrix system in prepreg production for
fiber-reinforced composites. However, further research is
needed to understand how the greater presence of amino
acid crystals in these thermosets might impact the
mechanical properties of fiber-reinforced composites,
which could be the focus of future studies. This work
underscores the potential of amino acids as multi-
functional additives in epoxy resin systems.
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