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Abstract

One of the most influential ways to alter the network structure of thermosets
is to change the stoichiometric ratio (R) between the functional groups of the
resin and curing agent. Therefore, the influence of the stoichiometric ratio on
the network structure and mechanical properties of diglycidyl ether of bisphe-
nol A (DGEBA) cured with rL-tyrosine was investigated with the goal to derive
structure-property relationships. Mixtures of DGEBA and L-tyrosine were pre-
pared using three-roll milling, with stoichiometric ratios ranging from
0.9 < R < 1.5. Upon increasing R, a greater abundance of L-tyrosine crystals
was observed, serving as reinforcements within the epoxy matrix. As a result,
the network structure and glass transition temperature displayed only mar-
ginal changes compared to epoxy resins cured with conventional amine curing
agents. Notably, the flexural strength and strain at failure exhibited insignifi-
cant variations. Interestingly, the addition of additional r-tyrosine to the resin
resulted in an augmented fracture toughness, indicating the toughening capa-
bilities of L-tyrosine crystals. As a result, the amino acid acts not only as a cur-
ing agent but also as a toughening agent. Consequently, further incorporation
of rL-tyrosine into the thermoset proved advantageous, enhancing its overall
mechanical performance.

Highlights

« Proofing the existence of amino acid crystals in the epoxy matrix

« Showing that over-stoichiometric ratios result in more amino acid crystals

» Demonstrating that the network structure and T, change only slightly

« L-tyrosine crystals act as toughening agents and increase fracture toughness
« Structure-property relationships between R and mechanical properties

KEYWORDS

bio-based, epoxy resin, mechanical properties, network structure, stoichiometric ratio,
toughening

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Polymer Engineering & Science published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

Polym Eng Sci. 2023;63:4007-4018.

wileyonlinelibrary.com/journal/pen 4007


https://orcid.org/0000-0001-9948-3310
https://orcid.org/0000-0001-5985-2628
mailto:holger.ruckdaeschel@uni-bayreuth.de
mailto:holger.ruckdaeschel@uni-bayreuth.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/pen
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpen.26501&domain=pdf&date_stamp=2023-10-13

POLYMER

MWI LEY_§& rnes ENGINEERING

ROTHENHAUSLER and RUCKDAESCHEL

PROFESSIONALS AND SCIENCE

1 | INTRODUCTION

Epoxy resin-based thermosets play a crucial role as
matrix materials in fiber-reinforced polymer composites
due to their favorable mechanical properties, high glass
transition temperatures (Tg), and low viscosity during
fiber impregnation.* The properties of these thermosets
are primarily dictated by the molecular structures of the
resin and curing agent, including the type, number, and
spatial arrangement of functional groups.>* Moreover,
the network structure is influenced by the stoichiometric
ratio (R) of functional groups present in the resin and
curing agent, such as the ratio of the number of active
hydrogen atoms in an amine curing agent to the number
of epoxy groups in the resin. This stoichiometric ratio has
a direct impact on the cross-link density (vc), which, in
turn, is a significant characteristic of the overall network
structure of the thermosets.”” The cross-link density
refers to the density of chemical cross-links in a thermo-
set formed between the resin and curing agent and is
influenced by factors such as the molecular weight of the
resin and curing agent, as well as their functionality.
Given the significant influence of R on the network struc-
ture, its precise tuning becomes essential for tailoring the
desired mechanical properties of the thermosets.

Therefore, Murayama et al. investigated the influence
of the stoichiometric ratio on the cross-link density and
the T, in diamine-cured epoxy resin. Here, R > 1 leads to
a decreased vc and T, as well as a decreased storage mod-
ulus below and above Tg.8 A similar investigation by
Gupta et al. showed that vc and T, are maximum at
R =1 whereas the modulus is minimal at R = 1.° The
modulus increases for R # 1 due to the steric hindrance
of unreacted groups in the epoxy resin and curing agent.
Furthermore, the tensile strength slightly increases for
R > 1 compared to R = 1. Interestingly, the critical stress
intensity factor in mode I (Kjc) is maximal at R slightly
greater than one and decreases significantly if R << 1.
The influence of R on the T, and modulus was confirmed
by Palmese et al. who investigated diglycidyl ether of
bisphenol A cured with 4,4’-methylenebis(cyclohexyl-
amine).'® Meyer et al. investigated, among other things,
the influence of R on the flexural properties of DGEBA
cured with 4,4'-diaminodiphenylsulfone. Here, the flex-
ural modulus and strength are minimal at R = 1 whereas
the flexural strain at failure increases for R > 1."" Simi-
larly, Fernandez-Nograro et al. found that the flexural
modulus and strength are maximal for R = 0.8 to 0.9,
while strain to failure increases with increasing R. The
fracture energy (Gyc) was maximal at R ~ 1.2

In light of the growing demand for sustainable alter-
natives in epoxy-based thermosets, the exploration of
amino acids as potential substitutes for amine curing
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FIGURE 1 Chemical structure of L-tyrosine.

agents has gained attention. Amino acids offer several
advantages as they are derived from renewable resources,
biodegradable, and non-toxic.'*'* Surprisingly, previous
studies have paid limited attention to the influence of R
on the resulting mechanical properties. In some cases,
researchers either did not specify the stoichiometric ratio
employed in their investigations,"” or focused solely on a
fixed ratio, such as R = 1.167%°

In contrast to these approaches, Mazzochetti et al. and
Merighi et al. utilized a weight ratio of 75% DGEBA and
25% 1-tryptophan, resulting in R = 0.837 for their investiga-
tions.*"** Li et al. explored different molar ratios of DGEBA
to L-tryptophan and found that a ratio of 3:1 yielded the
highest T, of 107°C.* Interestingly, Motahari et al. investi-
gated the same molar ratios and reported that a molar ratio
of 2:1 resulted in the highest T, of 102°C.** Most notably,
the effect of undissolved amino acid particles in the epoxy
resin on the mechanical properties of thermosets remains
to be investigated. In conclusion, the effect of the ratio
between functional groups of the epoxy resin and the amino
acid curing agent on the mechanical properties of thermo-
sets has not been addressed sufficiently in literature.

The primary objective of this study is to analyze the
impact of the stoichiometric ratio on various properties,
including the degree of crystallinity, Ty, vc, flexural
properties, and fracture toughness of DGEBA cured with
L-tyrosine (see Figure 1). By establishing structure-
property relationships, this investigation aims to enhance
our understanding of the properties exhibited by epoxy
resins cured with amino acids. The ultimate goal is to
identify the stoichiometric ratio that strikes a favorable
balance between achieving high T, optimal flexural
strength, and desirable fracture toughness properties.

2 | EXPERIMENTAL

2.1 | Materials

D.E.R. 331 with an epoxide equivalent weight of 187 g/mol
was purchased from Blue Cube Assets GmbH & Co. KG,
Olin Epoxy (Stade, Germany). L-tyrosine was purchased
from Buxtrade GmbH (Buxtehude, Germany) and is pro-
vided as coarse powder. L-tyrosine was chosen as the curing
agent because a previous study about the mechanical
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properties of amino acid cured epoxy resins showed that it
resulted in the thermoset with the highest T, and Young's
modulus."”® 2-Ethyl-4-methyl-imidazole (2E4M-imidazole)
with a purity of 95% was bought from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan).

2.2 | Resin formulation

For this study, six different mixtures were prepared with
stoichiometric ratios ranging from 0.9 to 1.5. The prepa-
ration process followed the three-roll milling procedure
described in detail in a previous work by Rothenh&usler
et al.'” In this study, it was assumed that L-tyrosine pos-
sesses three active hydrogen atoms, resulting in an active
hydrogen equivalent weight of 60.4 g/mol. It was
assumed that the hydroxyl group of r-tyrosine is hindered
by the face-to-face dimer which r-tyrosine usually forms
in its crystalline form. Therefore, only three active hydro-
gen atoms are present. To initiate the curing process,
1 weight percentage of the accelerator, specifically
2-ethyl-4-methyl-imidazole, was added to the mixture
(Table 1). The mixing step was performed using a centri-
fuge speed mixer from Hauschild Engineering (Hamm,
Germany) at a speed of 3000 1/min for a duration of
120 s. Subsequently, the mixture was subjected to a
degassing process for 30 min at a pressure of 10 mbar to
ensure the removal of any entrapped air before curing.

It is important to note that the data for the mixture
with a stoichiometric ratio of R = 1, referred to as T10,
was obtained from a previous investigation conducted by
Rothenhiusler et al."®

2.3 | Curing cycle and sample
preparation

To proceed with the experiment, the amino acid epoxy
mixture was carefully poured into pre-heated aluminum
molds, which had been heated to 60°C. Curing of the ther-
moset took place in a Memmert ULE 400 convection oven

DGEBA [wt.%]

TABLE 1 Compositions of
Label R

mixtures of DGEBA and L-tyrosine with

different R values. T09 0.9 76.7
T10 1.0 74.8
T11 1.1 73.0
T12 1.2 71.3
T13 1.3 69.7
T14 1.4 68.2
T15 1.5 66.7

PROFESsIONALS AND SCIENCE

from Memmert GmbH + Co. KG (Schwabach, Germany)
for a total duration of 2 h at 120°C, followed by an addi-
tional 2 h at 170°C. After the curing process, the molds
were allowed to cool gradually over a period of 4 h to
reach room temperature, thus minimizing the develop-
ment of internal stresses within the specimens. To prepare
the specimens for testing, a Mutronic DIADISC5200 dia-
mond plate saw from MUTRONIC Prizisionsgeritebau
GmbH & Co. KG (Rieden am Forggensee, Germany) was
utilized, adhering to the relevant test method standards.

24 | Measurements and
characterization
24.1 | Differential scanning calorimetry

Dynamic differential scanning calorimetry (DSC) mea-
surements were used to determine the temperature at
which the endothermic peak is maximal as well as the
melting enthalpy H,, of the different compositions. Here,
a Mettler Toledo DSC 1 (Columbus, Ohio, USA) was
employed with a heating rate of 10 K/min from 25°C to
330°C. The flow of nitrogen was set to 50 mL/min. The
sample mass was 15+ — 2 mg. Two specimens were
tested to ensure sufficient reproducibility. The degree of
crystallinity (X.) was calculated as:

Xe=—+, (1)

with the melting enthalpy of the respective composition
H,, and the melting enthalpy of the pure crystalline
phase H, which is 765.5 J/g according to Ji et al.>®

2.4.2 | Scanning Electron Microscopy

For the characterization of the fracture surfaces of the
compact tension specimens, a Zeiss Gemini 1530 Scan-
ning Electron Microscope (SEM) from Carl Zeiss AG

L-tyrosine [wt.%] 2E4M-imidazole [wt.%]
22.3
24.2
26.0
27.7
29.3
30.8

32.3
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FIGURE 2 DSC thermograms of DGEBA cured with different

R of 1-tyrosine after curing.

(Oberkochen, Germany) was employed. The SEM analy-
sis was conducted using an acceleration voltage of 3 kV.
To enhance the conductivity and minimize charging
effects, the surfaces of the specimens were coated with a
thin layer of platinum through a sputtering process. The
platinum coating had an approximate thickness of 5 nm.

2.4.3 | Dynamic mechanical analysis (DMA)
For investigating the thermosets' thermo-elastic proper-
ties, dynamic mechanical analysis was carried out on a
Gabo Eplexor 500 N (Gabo Qualimeter Testanlagen
GmbH Ahlden, Germany) in tension mode. The speci-
mens 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, T, was taken as the
temperature of the maximum value of the loss factor
tané. The thermosets' vc was calculated as:

El

Ve T 3RT

(2)

with the storage modulus (E) at T = T;+ 50K and
the universal gas constant R = 8.314 J/mol x K.° Three spec-
imens were tested to ensure reproducibility of the results.

244 | Three-point bending

For the three-point bending tests, eight specimens with
dimensions 80 mm by 10mm by 4mm of each

0.35 0.35
0.3 - -9 0.3
S ?
< 0.25 ) -025 3
k= “ S
g 7 =
S 02 . o Lo K
D ,0, -
015 @---@ - 0.15
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0.1 \ \ —L 0.1
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Stoichiometric ratio R
FIGURE 3 Concentration of L-tyrosine in the formulation

Ciyrosine and the resulting degree of crystallinity X. of DGEBA cured
with different R of L-tyrosine.

composition were tested with a cross-head speed of
2 mm/min according to ISO 178. The three-point bending
tests were carried out on a ZwickRoell Z2.5 universal
testing machine by ZwickRoell GmbH & Co. KG (Ulm,
Germany) using a load cell with a capacity of 2.5 kN.

2.4.5 | Fracture toughness

Kjc and Gyc were determined by testing eight compact
tension specimens according to ISO 13586 on a
ZWICK Z2.5 by ZwickRoell GmbH & Co. KG (Ulm,
Germany). The Gy values are calculated from the K¢
values via:

2

G]c Z% (1—1)2) (3)
F

with flexural modulus (Er) taken from the three-point
bending tests and Poisson's ratio (v), which is about 0.35
in the thermoset's glassy state.*®

3 | RESULTS AND DISCUSSION

3.1 | Differential scanning calorimetry

In order to investigate the influence of R, or the increased
weight fraction of the amino acid curing agent, on the
mechanical properties of epoxy resin cured with r-tyro-
sine, it is crucial to analyze and discuss the crystal forma-
tion. To validate the presence of crystals observed in
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Section 3.2, dynamic DSC measurements are conducted
on the cured thermosets (see Figure 2). The DSC thermo-
grams exhibit an endothermic peak during the initial
heating cycle at approximately 300°C, consistent with the
findings of Ji et al. for pure L-tyrosine crystals (312°C).*
This endothermic heat flow corresponds to the energy
required to “melt” or degrade the amino acid crystals,
resulting in the release of volatile compounds with low
molecular weight, such as water, ammonia, and C0,.%”"

Based on the images presented in Section 3.2, it is evi-
dent that the amino acid crystals are embedded within
the epoxy matrix. This discovery marks the first report of
amino acid crystal formation in epoxy resins cured with
amino acids in the literature. This phenomenon may
explain the differing results obtained by Li et al. and
Motahari et al. when investigating the effect of the molar
ratio between DGEBA and r-tryptophan on the T, Li
et al. ground r-tryptophan into a fine powder prior to
their DSC measurements, without specifying the method
used or the resulting particle size distribution.”® In con-
trast, Motahari et al. dissolved the resin systems in ace-
tone, likely resulting in the molecular distribution of
L-tryptophan within the matrix, rather than in particle
form.** The molecular distribution likely suppressed crys-
tal formation and facilitated the curing reaction between
L-tryptophan and DGEBA. Consequently, Li et al. needed
to add a higher amount of amino acid to their mixtures
because either the particle size they used was not small
enough for the particles to significantly participate in the
curing process, or the larger particles formed crystals.

Figure 3 illustrates the concentration of L-tyrosine
in the formulation (Ciyosine) and the resulting X, of
DGEBA cured with different R values of r-tyrosine.
Naturally, Cipuosine increases linearly with R (see
Table 1). In general, X, increases as R increases, rang-
ing from 14.9% (T09) to 20.6% (T15). Consequently, a
significant portion of the thermoset comprises crystal-
line r-tyrosine. Further evidence for the existence of
amino acid crystals within the thermoset matrix is dis-
cussed in Section 3.2.

The difference between Ciyrosine and X, can be inter-
preted as the amount of L-tyrosine that is actually utilized
as a curing agent for the epoxy resin (Ciyrosine cure)- NOta-
bly, this difference is relatively consistent across all tested
formulations. However, Ciyosinecure  INCr€ases — as
R increases since crystal formation is a kinetic process
that requires time. With higher r-tyrosine content in the
epoxy matrix, more time is needed for the diffusion of
the amino acid within the matrix, subsequent separation
of the amino acid from the epoxy resin, and growth
of amino acid crystals.”®*’ These processes are hindered
by the increasing viscosity of the resin systems as
R increases due to its particulate suspension nature.**>"

PROFESsIONALS AND SCIENCE

The average difference across all formulations is
approximately 9.34% + 1.32, which corresponds to an
R value of 0.32. Consequently, significantly less L-tyrosine
is incorporated into the thermoset network during curing
than expected. The pronounced crystal formation could
be attributed to the low solubility of L-tyrosine in DGEBA
or the imidazole accelerator that promotes the homo-
polymerization of epoxy groups.** Therefore, epoxy resins
utilizing L-tyrosine, and potentially other amino acids as
well, as curing agents cannot be cured in a stoichiometric
ratio of R = 1. It can be assumed that the excess epoxy
groups react with either the accelerator or with hydroxyl
groups formed during the reaction between amino and

€poxy groups.

3.2 | Scanning Electron Microscopy

The analysis of crystal size and morphology of L-tyrosine
crystals is crucial for understanding their impact on the
mechanical properties of the epoxy resin. Figure 4 pre-
sents SEM images of the fracture surface of a compact
tension specimen made from T10 (R =1) at different
magnifications.

Figure 4A provides an overview of the rough and
complex surface structure of T10. It reveals particles of
various length scales, ranging from a few micrometers
to over 30 pm in length, with the largest particles hav-
ing a thickness of about 10 pm. It is important to note
that these visible particles represent only a portion of
the amino acid crystals on the fracture surface, and the
crystals could be even larger. This observation is
remarkable considering that the gap widths used dur-
ing the preparation of the DGEBA and L-tyrosine mix-
ture using a three-roll mill were 25 and 5 pm,
respectively. Therefore, the gap widths were signifi-
cantly smaller than the ir-tyrosine crystals. Typically,
the smallest observable amino acid particles in cured
thermosets range from 50 nm to 100 nm in size.'” This
indicates that the crystals in Figure 4 formed from
individual amino acid molecules or smaller particles of
L-tyrosine.

While Rothenhéusler et al. also observed coarse frac-
ture surfaces in their investigation of DGEBA cured with
L-arginine, they did not mention agglomeration or parti-
cle formation.'® However, at the time of their study, they
were not aware of the possibility of crystal formation. Ji
et al. demonstrated that L-tyrosine can form crystals with
face-to-face dimers of L-tyrosine as building blocks.*
They presented L-tyrosine crystals with a thickness rang-
ing from 1 pm to 10 pm, which is consistent with the par-
ticles observed in Figure 4. The crystalline nature of the
particles is further confirmed in Section 3.1.

85U8017 SUOWILLOD BAEaID 3|t (dde aup Aq peussnob afe sl VO ‘8sn JO SNl 10} ARIqiT8UlIUO /8|1 UO (SUORIPUOD-PUR-SWIBI W00 A8 | 1M ATe1q 1 Ut |UO//SdNL) SUOIPUOD puUe s | 84} 89S *[£202/ZT/ET] Uo ARiqiTauljuo Ao|IMm ‘Yinsifeg eeisieniun Aq T0G9Z Ued/z00T 0T/I0p/W0D A8 1M AreIq Ut |uo'SUOeo 1 [qndedsiy//sdny Wwouy papeojumod ‘2T ‘€202 ‘YE9Z8rST



ROTHENHAUSLER and RUCKDAESCHEL

POLYMER
ENGINEERING
PROFESSIONALS AND SCIENCE

w2 | WILEY-S3 i

S Yy

(C) 5000 x magnification

(D) 10 000 x magnification

FIGURE 4 Fracture surface of compact tension specimen made from T10 at 500 x (A), 1000 x (B), 5000 x (C), and 10,000 x

magnification (D).

Figure 4B provides a more detailed view of the amino
acid crystals. Interestingly, the crystals exhibit an oblong
shape resembling short rods. Agglomerates of filler parti-
cles typically do not exhibit preferential direction and
tend to be more spherical.”*>*> This strengthens the
assumption that the particles possess a crystalline nature
and may have formed during the curing of the thermoset.
Furthermore, the crystals display a layered structure with
individual layers oriented along the longitudinal axes of
the crystals. The surface of the individual layers appears
smooth, and the fracture surface is predominantly ori-
ented along the longitudinal axes of the crystals.

Figure 4C offers a close-up view of the thermoset's
fracture surface. Here, characteristic patterns and crystals
with sizes well below 1 pm can be observed. The presence
of lines and voids formed during crack propagation sug-
gests the activation of toughening mechanisms such as
crack bridging, particle pull-out, crack pinning, crack

deflection, and crack bifurcation.’®*” Rothenhiusler
et al. already proposed the presence of different
toughening mechanisms in DGEBA cured with
L-arginine at different testing temperatures.'® However,
the definitive investigation of these toughening mecha-
nisms and their contribution to the thermoset's toughness
are beyond the scope of this study.

Figure 4D displays crystals ranging in size from
100 nm to 1 pm. It is evident that the adhesion between
the crystals and the surrounding thermoset matrix varies,
ranging from poor to non-existent, with visible gaps
between the thermoset and crystals. This could be a
result of differences in thermal expansion or contraction
during cooling of the thermoset after curing, or it may be
due to more pronounced shrinkage during the formation
of crystals compared to the matrix. The analysis of crystal
size, morphology, and adhesion provides valuable
insights into the microstructure of the epoxy resin cured
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FIGURE 5

with r-tyrosine. These observations contribute to under-
standing the mechanisms behind the improved mechani-
cal properties observed in the thermosets and provide a
foundation for further investigation into toughening
mechanisms and their influence on the overall perfor-
mance of the material.

Figure 5 presents SEM images of the fracture surfaces
of compact tension specimens made from DGEBA cured
with r-tyrosine at different R values at 250 x magnification.
The images clearly demonstrate that an increased weight
fraction of L-tyrosine results in a greater number of crystals
on the fracture surface. It is worth noting that as the
R value increases, there may be a decrease in the number
of crystals with sizes around 1 pm. However, due to the sig-
nificant coverage of the fracture surface by amino acid crys-
tals in the T15 specimen, it becomes challenging to
precisely assess this aspect. Consequently, the addition of
more L-tyrosine to the epoxy matrix primarily increases the
number of crystals present, while the network structure, or
cross-link density, of the surrounding matrix remains
unchanged, as demonstrated in Section 3.3. This

W. 4013
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(D) TI5

Fracture surface of compact tension specimen made from T09 (A), T11 (B), T13 (C), and T15 (D) at 250 x magnification.

conclusion aligns with the findings of Section 3.1, which
indicate that the amount of r-tyrosine incorporated into
the thermoset network during curing (Ciyrosine,cure) T€mMains
relatively constant across a wide range of R values.

As the R value increases, the perceived surface rough-
ness also intensifies, leading to an augmented fracture
toughness. This can be attributed to the longer distance
the crack needs to propagate due to the increased surface
roughness. The surface texture undergoes a transforma-
tion from a fine-grained appearance with individual
amino acid particles exposed by the crack to a coarser
fracture surface. Overall, these observations highlight the
influence of r-tyrosine content on the fracture surfaces
and surface roughness of the cured thermosets, ulti-
mately affecting their fracture toughness.

3.3 | Dynamic Mechanical Analysis

After investigating the X, as well as the crystal
morphology and the crystal size distribution in the
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FIGURE 6 Glass transition temperature Ty, storage modulus

E' at T = 22°C, and cross-link density vc of DGEBA cured with
different R of L-tyrosine.

different thermosets, the influence of the varying R
and X, on the Ty, E' at T = 22°C and the vc of DGEBA
cured with r-tyrosine is analyzed (see Figure 6). The
T, of the thermosets shows a slight increase from
182.8°C (T09) to 188.3°C (T10) as the R value
increases. However, for further increases in R, the T,
decreases continuously to 171°C (T15). This indicates
that R has an influence on the T, of epoxy resins cured
with L-tyrosine. Nevertheless, the effect of R on Ty is
relatively small compared to the changes observed in
epoxy resins cured with conventional, petroleum-
based amine curing agents.®® This suggests that the
addition of more L-tyrosine does not lead to significant
changes in the network structure. Instead, L-tyrosine
tends to separate from the resin and form crystals, as
discussed in Sections 3.1 and 3.2. Therefore, the net-
work structure itself is less dependent on R, and excess
L-tyrosine will preferentially form crystals rather than
affecting the network structure.

It is worth noting that all compositions exhibit a T,
higher than 170°C. This high T, is likely due to steric hin-
drance caused by the phenyl group of r-tyrosine, as dis-
cussed in a previous study.' Interestingly, T10, which
was previously discussed for its mechanical properties,
exhibits the highest T,. However, since L-tyrosine sepa-
rates from the epoxy resin, this observation does not nec-
essarily provide information about the correct number of
active hydrogen atoms in r-tyrosine.

T T T T T \ T
09 10 1.1 1.2 1.3 14 1.5
Stoichiometric ratio R

FIGURE 7
fracture strain e of DGEBA cured with different R of L-tyrosine.

Flexural modulus Ep, flexural strength o5, and

As a result of the higher X, with higher R (see Sec-
tion 3.1 and 3.2), the E’ of the thermosets increase almost
linearly from 3.2 GPa for T09 to 3.9 GPa for T15. In gen-
eral, amino acid crystals have a significantly higher mod-
ulus than thermosets and, therefore, act as a
reinforcement in the polymeric matrix.>**° Using atomic
force microscopy nano-indentation, Ji et al. determined
the Young's modulus of ti-tyrosine crystals to be
177 GPa.* In contrast, Adhikari et al. found a Young's
modulus of 42 GPa.** Thus, the L-tyrosine crystals act as
bio-based, particulate reinforcement in the thermoset
matrix.

However, this also influences E’' in the rubbery state
of the thermoset which could explain the drastic increase
in vc with higher R. Therefore, no reliable information
can be obtained from analyzing the absolute magnitude
vc of a filled, that is, reinforced, thermoset. Still, relative
changes in v of epoxy resins cured with amino acids as
the result of different curing regimes for the same compo-
sition may deliver important information about the net-
work structure.

3.4 | Three-point bending

Figure 7 shows the flexural modulus (Eg), flexural
strength (op), and fracture strain (er) of DGEBA cured
with different R of i-tyrosine. Similar to the trend of F/,
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FIGURE 8 Critical stress intensity factor in mode I Kjc and

fracture energy Gic of DGEBA cured with different R of L-tyrosine.

Er increases from about 3.3 GPa for T09 to 3.8 GPa for
T15. However, the relationship between Er and R is not
as linear as the changes observed in E'. Notably, there is
a significant increase in Er from T09 to T10. As already
discussed in section 3.3, Ef is significantly increased by
the reinforcement of the L-tyrosine crystals. However, the
increase in Er with higher X, (as described in Section 3.1)
is relatively low due to the low aspect ratio and random,
three-dimensional orientation of the crystals, which
limits their reinforcing effect.*”** Nevertheless, the Erp
values are significantly higher than those of epoxy resins
cured with conventional amine curing agents, which typ-
ically have Er values not exceeding 2.8 GPa.

The of of all thermosets ranges between 71 MPa to 77
MPa. Compared to DGEBA cured with petroleum-based
amine curing agents, the of of the tested thermosets are
comparatively low.** The images in Section 3.2 show that
the adhesion between amino acid crystals and the sur-
rounding matrix is poor. Therefore, the L-tyrosine crystals
might act as defects in the matrix, leading to stress con-
centrations in their vicinity. The strain at failure is com-
paratively low for an epoxy resin-based thermoset and
likely linked to the stress concentrations caused by the
L-tyrosine crystals.

Similar to the results of Section 3.3, the changes in
the flexural properties as the result of the different R are
small compared to ones observed in other investigations
and can be mainly attributed to the changes in X..”'*

3.5 | Fracture toughness

As discussed in Sections 3.1 and 3.2, the X, and fracture
surface roughness of the thermosets increase with higher
R values. Consequently, the weight fraction of toughen-
ing agent, particularly L-tyrosine crystals, increases,
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FIGURE 9
Rp of the stoichiometric ratio R, degree of crystallinity X, glass

Pearson product-moment correlation coefficients

transition temperature Tg, storage modulus E', cross-link density v,
critical stress intensity factor in mode I K¢, and fracture energy Gic
of DGEBA cured with different R values of L-tyrosine.

leading to an enhancement in the fracture toughness
properties of the thermosets. The fracture toughness,
represented by Kic and Gic, shows a continuous increase
with increasing R. Kjc increases steadily from 0.78
MPam®® for T09 to 1.17 MPam®* for T15 (see Figure 8).
Similarly, Gyc increases 177 J/m? for T09 to 343 J/m? for
T15. This indicates that adding more amino acid particles
to the thermoset progressively enhances its resistance to
unstable crack propagation and increases the energy dis-
sipated during crack growth. Further details regarding
the toughening mechanism and fracture surface mor-
phology can be found in Section 3.2.

It is noteworthy that the Kjc and Gic of T10 are
already significantly higher than that of a liquid epoxy
resin cured with dicyandiamide, which typically range
from 0.6 to 0.7 MPam’>.*** In epoxy resin systems
toughened with layered silica, liquid rubbers and core-
shell particles,*~>* there is an optimal filler content for
high toughness. In conclusion, for the system studied in
this investigation, the optimal filler content for high
toughness is at or above the stoichiometric ratio
of R=1.5.

3.6 | Structure-property relationships

Lastly, structure—property relationships are derived by
correlating the results of DSC, DMA, and compact ten-
sion tests. The Pearson product-moment correlation coef-
ficients (Rp)>* (see Figure 9) of the stoichiometric ratio R,
degree of crystallinity X,, glass transition temperature T,
storage modulus E', cross-link density v, critical stress
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intensity factor in mode I Kjc and fracture energy Gic of
DGEBA cured with different R of r-tyrosine are calcu-
lated via numpy.corrcoef() in Python 3.8.0.>*

Firstly, it is important to discuss the correlations
between R and the crucial structural properties X, and
vc. Here, R correlates strongly with X. (Rp = 0.95)
because higher amounts of L-tyrosine in the formulation
lead to a more pronounced formation of amino acid crys-
tals. This might be a result of the limited solubility of
L-tyrosine in DGEBA. Thermodynamically, crystals are
more stable than their amorphous counterparts and the
resin system can lower its internal energy by separating
the amino acid from the epoxy resin matrix.>

Here, larger crystals are formed most likely from
nano-meter-sized L-tyrosine particles via Ostwald ripen-
ing.’® Thereby, the total free surface between DGEBA
and L-tyrosine particles is decreased and the surface
energy is lowered.”’

On the other hand, vc also correlates positively with
R (Rp = 0.89). However, this is mainly caused by the rein-
forcing effect of the L-tyrosine crystals in the thermoset
matrix. As already described, r-tyrosine crystals have a
higher Young's modulus than the surrounding
matrix.”>*' Therefore, the crystals act as particle rein-
forcement and increase the thermosets’ modulus in the
rubbery state. There is a strong anti-correlation
(Rp = —0.88) between T, and R because some of the
excess L-tyrosine stays in the epoxy matrix and thereby
modifies the network structure, which leads to a decrease
of Tg.

Next, X, has a positive correlation with E' (Rp = 0.94)
because the L-tyrosine crystals have a high Young's mod-
ulus and act as reinforcements in the matrix. Remark-
ably, X, correlates almost perfectly with Kic (Rp = 0.99)
and Gic (Rp = 0.99), showing that the toughness increase
at higher R is mostly dependent on the higher fraction of
crystals in the thermoset matrix.

4 | CONCLUSION

The present study aimed to investigate the impact of
the stoichiometric ratio on crystal formation, network
structure, and resulting mechanical properties of
DGEBA cured with r-tyrosine. The existence of amino
acid crystals in the thermoset matrix and their effects
on the thermoset's mechanical performance are eluci-
dated for the first time in the literature. Upon increas-
ing R, a greater abundance of r-tyrosine crystals was
observed, serving as reinforcements within the epoxy
matrix. As a result, the network structure and glass
transition temperature displayed only marginal
changes compared to epoxy resins cured with

conventional amine curing agents. Notably, the flexural
strength and strain at failure exhibited insignificant
variations. Interestingly, the addition of additional r-
tyrosine to the resin resulted in an augmented fracture
toughness, indicating the toughening capabilities of L-
tyrosine crystals. As a result, the amino acid act not
only as a curing agent but also as a toughening agent.
Consequently, further incorporation of r-tyrosine into
the thermoset material proved advantageous, enhanc-
ing its overall mechanical performance. Here, the com-
position with a stoichiometric ratio of R = 1.5 has the
highest fracture toughness of the formulations that
were tested.
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