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Abstract

In the research on amino acids as bio-based curing agents for epoxy resins,
L-tryptophan and L-tyrosine have emerged as promising alternatives. Under-
standing the curing reactions and reaction kinetics is crucial for designing an
appropriate curing regime to tailor the mechanical properties of thermosets.
This study provides a comprehensive analysis of the curing reactions, curing
kinetics, and latency of epoxy resin cured with L-tryptophan or L-tyrosine in
the presence of urea-based accelerators. L-tryptophan involves three distinct
curing reactions, corresponding to its three functional groups, while data on
L-tyrosine as a curing agent is less definitive. The degree of cure can be reliably
predicted using model-free kinetics for all resin systems studied. Overall, the
inclusion of accelerators facilitates rapid curing at elevated temperatures while
maintaining adequate processability for up to four weeks of storage at room
temperature.
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spectroscopy and differential
(DSC), respectively.*™®

scanning calorimetry

Amino acids (AAs) have garnered considerable attention
as bio-based curing agents for epoxy resins since their ini-
tial application nearly two decades ago.' In an early
study, Li et al.”> demonstrated that a cyclo-aliphatic epoxy
resin could be cured with L-lysine. Building on this pio-
neering work, they subsequently explored the use of
L-tryptophan, which has since been a focal point of vari-
ous investigations.> L-tryptophan is an aromatic a-AA,
incorporating an indolyl side chain (see Figure 1). The
primary emphasis of studies utilizing L-tryptophan as a
curing agent for epoxy resins has centered on the curing
reactions and the resulting glass transition temperature
(Tg), assessed using Fourier-transform infrared (FTIR)

The T, of DGEBA cured with L-tryptophan ranged
from 66 to 101°C if urea-based accelerators were
employed.®® In contrast, imidazoles as accelerators
yielded T, between 84 and 104°C.>>° The broad span of
T, in these studies resulted from the various accelerators
added as well as different ratios between the epoxy resin
and L-tryptophan. In these investigations, the main focus
was on the reaction between the epoxy group and the pri-
mary amino group, as well as between the epoxy group
and the carboxylic acid group which results in a
p-hydroxyester. While the curing reactions and curing
kinetics are well studied subjects, the latency of these
resin systems has not been researched.
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FIGURE 1 Chemical structures of L-tryptophan (top),
L-tyrosine (middle), and DYHARD®UR500 (bottom).

Rothenhiusler et al.” examined the effects of different
AAs as curing agents on the T, and mechanical proper-
ties of thermosets. They introduced AAs such as
L-citrulline, y-amino butyric acid, and L-tyrosine as bio-
based alternatives for curing agents. Similar to
L-tryptophan, L-tyrosine is also an aromatic a-AA, incor-
porating a phenyl side chain (see Figure 1). The aromatic
AAs L-tryptophan and L-tyrosine pose high steric hin-
drance due to their indolyl and phenyl side chains once
incorporated into the thermoset network. This results in
high T,; compared with that of thermosets cured with ali-
phatic AAs, like y-amino butyric acid and L-glutamine."’
This is enabled by their functional groups, that is the sec-
ondary amino group and the hydroxyl group, that may
react with the epoxy group of the resin.

Other studies have shown that thermosets cured with
AAs may exhibit high toughness or tensile strength,
depending on the specific AA.""'* The high toughness
stems from the AA crystals that are embedded into the
epoxy matrix. Despite these advances and the frequent
use of L-tryptophan and L-tyrosine as curing agents,
comprehensive studies on their curing mechanisms, reac-
tion kinetics, and latency are lacking. Understanding the
curing reactions and reaction kinetics is crucial for
designing an appropriate curing regime, which is essen-
tial for tailoring the mechanical properties of thermosets
to meet specific application requirements. Additionally,
latency is a key consideration for manufacturers, who
generally seek a balance between latency which leads to
a long shelf-life and high reactivity which allows short
curing cycles during production.

This article investigates the curing reactions, reaction
kinetics, and latency of diglycidylether of bisphenol A
(DGEBA) cured with either L-tryptophan or L-tyrosine.
These resin systems are combined with two commercially
available urea-based accelerators (DYHARD®URAcc57
and DYHARD®UR500), providing insights into variations
in curing kinetics and a range of properties, such as T,.
The curing mechanisms and curing kinetics are exam-
ined using FTIR and DSC. Furthermore, the activation
energies (E,) derived from dynamic DSC measurements
are employed to model the degree of cure or conversion
() using model-free kinetics (MFK) and validated
through isothermal DSC measurements. Latency is
assessed by evaluating changes in the glass transition
temperatures of the uncured resin systems (Ty) after dif-
ferent storage periods at room temperature and by ana-
lyzing viscosity increases using plate-plate rheometry.

2 | EXPERIMENTAL

2.1 | Materials

The resin system utilizes DGEBA with an epoxide equiv-
alent weight of 187 g mol !, sourced from Blue Cube
Assets GmbH & Co. KG, Olin Epoxy (Stade, Germany).
L-tryptophan and L-tyrosine were procured from Bux-
trade GmbH in Buxtehude, Germany. DYHARD®URS500
and DYHARD®URAcc57 are supplied by Alzchem Group
AG, headquartered in Trostberg, Germany."?

2.2 | Resin formulation

The DGEBA and AAs were mixed so that the stoichio-
metric ratio of active hydrogen atoms to epoxy groups is
one. The resin mixtures were prepared following the
three-roll milling procedure outlined by Rothenh&usler
et al.'! Afterwards, 1 wt% of accelerators were added, and
the resin systems were mixed using a centrifuge speed
mixer from Hauschild Engineering (Hamm, Germany) at
3000 min ! for 120 s. Subsequently, any trapped air was
removed prior to analysis by degassing the mixtures for
30 min at 10 mbar at 40°C.

2.3 | Material characterization

2.3.1 | Precuring of resins

To investigate the FTIR spectra of the resin systems at
specific a, 0.6 g of the resin systems were dispensed into
polypropylene cups (10mL capacity). These cups were
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then placed in a Memmert ULE 400 convection oven sup-
plied by Memmert GmbH + Co. KG, located in Schwa-
bach, Germany, and maintained at a temperature of
140°C for various durations ranging from 2 to 25min.
After each specified curing time elapsed, the cups were
promptly removed from the oven and immersed in liquid
nitrogen (—96°C) for 1min to halt the curing process
completely. Subsequently, FTIR spectra were acquired
and used to deduce the curing mechanisms of the resins.

2.3.2 | Differential scanning calorimetry

For investigating the curing reactions, isothermal DSC
measurements were conducted from 120 to 120°C,
employing a Mettler Toledo DSC 1 instrument from
Mettler-Toledo International Inc. (Columbus, Ohio,
USA). The heating rate to the respective temperature was
10 K min ", and the specimens were held at the respec-
tive temperature for 2 h. The curing kinetics were investi-
gated using dynamic DSC measurements conducted with
heating rates ranging from 1 to 20 K min~"', spanning
from 25 to 275°C. The a was calculated using the
formula:

a:Htotal_Hx’ (1)
Hiotal
where H, represents the enthalpy of the partially cured
resins, and Hiy, represents the enthalpy of the fully
cured resins. H, and Hyy, were experimentally deter-
mined by integrating the area under the thermograms of
dynamic DSC measurements. The glass transition tem-
perature of the uncured resins (Ty) was determined
using a heating rate of 10 K min~", ranging from —50 to
100°C. Both Ty and T, were identified by analyzing the
inflection points of the DSC thermograms. During test-
ing, sample masses were maintained at 5+ 0.5 mg, with a
constant nitrogen flow rate of 50mLmin~' within the
sample chamber. Each resin system was tested using two
specimens to ensure consistency and reliability of results.

2.3.3 | Modeling of curing kinetics

The E, of the resin systems were determined using com-
monly employed methods, such as Kissinger and Ozawa,
as well as via MFK using the Friedman method,'* inte-
grated into the “STARe” analysis software of the Mettler
Toledo DSC.">*® Since the E, derived from the MFK
method depends on « but is nearly constant over a broad
range of @,'® a representative value for E, is depicted in
Figure 6.
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2.3.4 | TFourier-transform infrared
spectroscopy

FTIR spectroscopy was performed using a Nicolet iS50
FTIR spectrometer manufactured by Thermo Fisher Sci-
entific Inc. (Waltham, Massachusetts, USA). Each sample
was subjected to an averaging of 128 scans over a wave-
number range from 600 to 4000 cm ', utilizing attenu-
ated total reflection mode.

2.3.5 | Plate-plate rheometry

The effect of storage on the viscosity of the uncured resin
systems was evaluated using an Anton Paar MCR
302 plate-plate rheometer (Graz, Austria). The rheometer
featured plates with a diameter of 25 mm, and the gap
between the plates was fixed at 1 mm. A constant heating
rate of 3 K min~' was applied, starting from 25 up to
195°C. During measurements, a shear amplitude of 5%
and a shear frequency of 1 Hz were maintained.

3 | RESULTS AND DISCUSSION

3.1 | Curing reactions

For a precise analysis of the reactions occurring during
the curing of the epoxy resins, it is beneficial to first
examine the DSC thermograms obtained from isothermal
measurements. The thermograms of L-tryptophan (see
Figure 2 top) at various temperatures between 120 and
140°C exhibit three exothermal peaks during the initial
stages of curing, suggesting the presence of at least three
separate curing reactions. These peaks are not entirely
distinct from one another but instead overlap. As
expected, increasing the curing temperature reduces the
time required for curing to initiate and for a specific cur-
ing mechanism to be activated.”®

To correctly assign the exothermal peaks to specific
curing reactions, the FTIR spectra of precured resins are
analyzed (see Figure 3). The analysis focuses on the
changes in signal intensities over time, without assigning
all peaks to specific functional groups in DGEBA,
L-tryptophan, and L-tyrosine, as these compounds are
well-studied.”' *

Figure 3 (top left) demonstrates that the peak corre-
sponding to the epoxy group of DGEBA (915cm ')
diminishes over the course of the curing process until it
becomes indistinguishable from the baseline at about
25 min. This indicates that all epoxy groups are con-
sumed during the curing process, achieving complete
conversion within that time frame. Additionally, Figure 3
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FIGURE 2 Isothermal differential scanning calorimetry

measurements of DGEBA cured with either L-tryptophan (top) or
L-tyrosine (bottom) with the addition of 1 wt% of
DYHARD®URAcc57 at temperatures between T = 120 and 140°C.
[Color figure can be viewed at wileyonlinelibrary.com]

(bottom left) shows that the peak corresponding to the
ammonium zwitter-ion (1665 cm ') decreases rapidly
during the first 4 min.** This observation aligns with the
period when the first exothermal peak reaches its maxi-
mum during the isothermal DSC measurements at
140°C. Previous studies on L-tryptophan as a curing
agent for epoxy resins also attribute the peak at
1665 cm™ ! to the ammonium zwitter-ion formed during
the epoxy-amino reaction.*?°

Subsequently, the reaction between the epoxy group
of DGEBA and the carboxylate group of L-tryptophan
forms a p-hydroxyester.® This reaction results in an
increase in the peak intensity at 1720cm ™", correspond-
ing to the C=O vibration of the p-hydroxyester after
4 min (see Figure 3 bottom left). Concurrently, the inten-
sity of the peak at 1412cm ™, attributed to the carboxyl-
ate group of L-tryptophan, decreases over time (see
Figure 3 top right).

Lastly, the epoxy group of DGEBA reacts with the
secondary amino group (3400 cm ') of the indolyl side
chain of L-tryptophan, as indicated by the peak at
3400 cm ™! (see Figure 3 bottom right).”” During the ini-
tial minutes of curing, this signal is superimposed by the
broad peak of the hydroxyl groups, which appears

between 3200 and 3600 cm '. The intensity of the
hydroxyl signal increases throughout the curing process,
as hydroxyl groups are formed as a result of all three cur-
ing reactions. Eventually, the peak at 3400 cm ' disap-
pears from the FTIR spectra, indicating the consumption
of the secondary amino group during the epoxy-amino
reaction.

In summary, the first exothermal peak can be attributed
to the reaction between the epoxy group and the ammo-
nium zwitter-ion of the a-AA backbone of L-tryptophan
(see Figure 4). The second exothermal peak arises from
the reaction between the epoxy group and the carboxyl-
ate group. Lastly, the third peak stems from the reaction
between the epoxy group and the indolyl group.

The sequence of these curing reactions is determined
by the E, of the individual reactions.”” The ammonium
zwitter-ion is significantly more reactive than the carbox-
ylate group of L-tryptophan, which in turn is more reac-
tive than the indolyl group. The lower reactivity of the
indolyl group is due to the aromaticity of the indolyl ring
and the steric hindrance it imposes on the secondary
amino group within it.*>*'

Based on the previously employed analysis scheme,
the curing reactions between L-tyrosine and DGEBA are
assessed using isothermal DSC measurements and FTIR
spectra of precured resin. Unlike the DSC thermograms
of DGEBA cured with L-tryptophan, the isothermal DSC
measurements of DGEBA cured with L-tyrosine display
only two exothermal peaks (see Figure 2 bottom). These
peaks are not distinctly separated but overlap. Given the
chemical structure of L-tyrosine, it can be inferred that
there are three different types of functional groups in
L-tyrosine: the primary amino group, the carboxylic acid
group, and the hydroxyl group of the phenyl side chain.
The discrepancy between the number of functional
groups and the observed exothermal peaks complicates
the assignment of these functional groups to specific exo-
thermal peaks. There are two plausible explanations for
this discrepancy: first, the reactions of two different func-
tional groups occur simultaneously, making it difficult to
distinguish their enthalpies in the DSC thermograms.
Second, one of the functional groups in L-tyrosine does
not react with the epoxy group, resulting in the absence
of a corresponding peak in the DSC thermograms.

While the following conclusions about the curing
reactions between L-tyrosine and DGEBA are more spec-
ulative than the reaction mechanisms between
L-tryptophan and DGEBA, every effort has been made to
support these claims using FTIR spectra and available lit-
erature. Typically, L-tyrosine forms a face-to-face dimer
in which two L-tyrosine molecules align, attracting each
other via electrostatic interactions between their respec-
tive hydroxyl and carboxylate groups.’’ Due to these
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FIGURE 4 Postulated reaction mechanisms of epoxy resin
cured with L-tryptophan. Step 1a + b: Reaction of the ammonium
zwitter-ion.”® Step 2: Reaction of the carboxylate group. Step 3:
Reaction of the indolyl group.

strong interactions, L-tyrosine crystals, which consist of
dimer building blocks, exhibit a considerably higher
Young's modulus and decomposition temperature than
other AAs.>® Additionally, L-tyrosine has significantly
lower solubility compared with L-tryptophan, resulting

in a higher proportion of L-tyrosine crystals in the epoxy
matrix.'""** This increased presence of crystalline
L-tyrosine complicates the analysis of curing reactions
via FTIR, as it is more prevalent in the epoxy matrix than
L-tryptophan in its crystalline form.

Figure 5 (top left) shows that the intensity of the
epoxy group (915 cm™ ') decreases only after 6 min. In
contrast, the intensities of the hydroxyl group (broad
peak between 3200 and 3600cm ') and the
p-hydroxyester (1730 cm ™) increase significantly as early
as 4min.?®> Over the same period, and continuing until
the end of curing, the peak corresponding to the carbox-
ylate group of L-tyrosine at 1412cm ™' remains virtually
unchanged (see Figure 5 top right). The formation of a
p-hydroxyester without changes in the intensity of the
carboxylate group is highly contradictory but is evident
from the data, which has been reliably reproduced.

It is possible that reactions between L-tyrosine mole-
cules themselves are responsible for the observed data.
Typically, amino acids form peptides or di-cyclic peptides
via amide bonds.?”*> If this were the case, the peak at
1730 cm ™" would correspond to the C=0 vibration of an
amide rather than the C=0 vibration of a -hydroxyester.
However, these signals are usually found at wavenum-
bers lower than 1700cm™'. Still, such interpretations
remain speculative.

In contrast to the FTIR spectra of DGEBA cured with
L-tryptophan, there is no peak at 1665 cm ™' indicating
the presence of an ammonium zwitter-ion for DGEBA
cured with L-tyrosine. One possible reason for this
absence might be the face-to-face dimerization of
L-tyrosine. However, peaks at 1155 and 3000 cm™! can
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be attributed to the primary amino group of the a-AA
backbone of L-tyrosine.*®?” The peak at 1155cm ' has
low intensity, which decreases after a few minutes. The
intensity of the peak at 3000cm ' consistently decreases
over time and is indistinguishable from the baseline
after 4 min.

In general, the reaction between hydroxyl groups and
the epoxy group of DGEBA is challenging to detect for
several reasons. First, this reaction results in the forma-
tion of a hydroxyl group and an ether bond. Both of these
functional groups are present both at the beginning and
at the end of the reaction, resulting in no net change in
their signals in the FTIR spectra. Nevertheless, the peak
of the hydroxyl group of the phenyl side chain shows a
distinct peak at 3200 cm™'.>** This peak appears inter-
mittently during certain curing periods but is ultimately
absent at the end of the curing reaction, suggesting it is
likely consumed by the etherification reaction.

In summary, the curing reactions of L-tyrosine and
DGEBA are not fully understood based on the current
data. The apparent presence of p-hydroxyester groups
without a corresponding change in the intensities of car-
boxylate groups cannot be explained with certainty at this
time. However, it can still be concluded that the primary
amino group of L-tyrosine and the hydroxyl group of its
side chain participate in the curing reaction.

3.2 | Curing kinetics

Figure 6 illustrates the E, of DGEBA cured with either
L-tryptophan or L-tyrosine, with and without the

addition of 1wt% of DYHARD®UR500 or
DYHARD®URAcc57, determined using the Kissinger
method, Ozawa method, and MFK. Comparing the effect
of different accelerators on the E, of resin systems pro-
vides valuable insights into the performance of individual
accelerators for these resin formulations. By analyzing
how different accelerators affect the resin systems' E,
alongside their latency properties, manufacturers can
select accelerators that offer adequate shelf-life stability
(latency) while enabling efficient curing during proces-
sing. This dual consideration is crucial for optimizing the
performance of epoxy resin systems in various
applications.

In general, the E, determined via the Kissinger
method, Ozawa method, and MFK exhibit minimal varia-
tion for a specific resin system. When curing DGEBA
with L-tryptophan without any accelerator, the E, is
approximately 100kJmol '. The addition of urea-based
accelerators reduces the E,, with DYHARD®UR500
decreasing it to around 79-85kI mol .
DYHARD®URAcc57 further decreases the E, to approxi-
mately 75-78kJmol ', indicating it is a more potent
accelerator. This difference in E, is likely due to reduced
steric hindrance associated with functional groups
attached to the urea-type groups in DYHARD®URAcc57.
Lower steric hindrance typically facilitates faster reaction
kinetics, resulting in lower E, for curing reactions in
epoxy resin systems.*’

For DGEBA cured with L-tyrosine, the E, values are
slightly lower, ranging from 88 to 92kJmol ' without
the addition of any accelerator (see Figure 6 bottom).
This resin system exhibits minimal curing without an
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to Kissinger (gray), Ozawa (blue), or MFK (orange). [Color figure
can be viewed at wileyonlinelibrary.com]

accelerator, as shown in Figure 8, where the Mettler
Toledo “STARe” software's MFK requires complete cur-
ing DSC thermograms as input to compute a conversion-
dependent E,.*> Upon adding DYHARD®URS500 to the
resin system, the E, decreases to approximately 64—
68 kI mol . The addition of DYHARD®URAcc57 further
lowers the E, to about 57-62kJ mol™'. This reduction in
activation energies with accelerators indicates their effec-
tiveness in facilitating faster curing kinetics.

In Figure 7, the predictions of MFK for a are com-
pared with the experimental @ of DGEBA cured with
either L-tryptophan (orange) or L-tyrosine (blue),
with the addition of 1wt% of DYHARD®URS500 (top) or
DYHARD®URAcc57 (bottom) at 140°C. To align the
experimental a with the predictions from MFK, a time
shift of plus 2min is applied. This accounts for the con-
version that occurred during the heat-up phase before
reaching 140°C, as well as any curing that took place dur-
ing the subsequent cooling down to room temperature in
the DSC.

In general, MFK reliably predicts the a throughout
the curing process. However, for DGEBA cured with
L-tryptophan and the addition of 1wt% of
DYHARD®URAcc57, MFK underestimates the degree of
cure between 80% and 100%. The time required to
achieve nearly complete conversion (a=98%) differs sig-
nificantly with different accelerators: with

0 10 20 30 40 50 60 70 80 90
Time in min

FIGURE 7 aversus time of DGEBA cured with either
L-tryptophan (orange) or L-tyrosine (blue) with the addition of 1 wt
% of DYHARD®URS500 (top) or DYHARD®URAcc57 (bottom)
derived from isothermal differential scanning calorimetry (DSC)
measurements at 140°C (points) compared with the prediction of
MFK (line) derived from dynamic DSC measurements. [Color
figure can be viewed at wileyonlinelibrary.com]

125 L-tryptoph:
~tryptophan
100 | = Lrvrosine 1053 o0 g 005 o
o 75 4
2 504
o0 32I,7
& 95
0 .|
-13.2
—25
No Accelerator DYHARD®UR500 DYHARD® URAcc57
FIGURE 8 T, of DGEBA cured with either L-tryptophan

(orange) or L-tyrosine (blue) without any accelerator or with the
addition of 1wt% of DYHARD®URAcc500 or
DYHARD®URAcc57 at T =140°C for 2h derived from dynamic
differential scanning calorimetry measurements. [Color figure can
be viewed at wileyonlinelibrary.com]

DYHARD®URS500 as accelerator, it takes about 48 min
for DGEBA cured with L-tryptophan and approximately
80 min for DGEBA cured with L-tyrosine. In contrast, the
addition of DYHARD®URAcc57 as an accelerator
reduces the necessary time for 98% conversion to 16 min
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for L-tryptophan and 76 min for L-tyrosine, respectively.
The more rapid curing with DYHARD®URAcc57 is likely
attributed to lower steric hindrance associated with the
urea group of this accelerator compared with
DYHARD®URS500, making DYHARD®URAcc57 a more
potent accelerator for these resin systems.*’

Notably, the curing of DGEBA with L-tyrosine
requires significantly more time compared with curing
with L-tryptophan, irrespective of the accelerator used.
This observation is intriguing given that the E, for the
curing of DGEBA with L-tryptophan generally exceeds
that for DGEBA cured with L-tyrosine (see Figure 6).
Still, both the E, and the preexponential factor in the
Arrhenius equation play pivotal roles in governing curing
kinetics. The preexponential factor accounts for the
frequency of collisions and the likelihood that these colli-
sions result in a reaction. It is influenced by factors, such
as molecular geometry, orientation, and steric
hindrance.*!

In summary, these findings demonstrate that MFK
can effectively predict the conversion kinetics during the
curing of DGEBA using either L-tryptophan or
L-tyrosine, under isothermal conditions and with two
urea-based accelerators. Moreover, the choice of AA as a
curing agent and the type of accelerator exert a substan-
tial influence on the curing time required. Lastly, the
time needed to achieve complete conversion in AA-cured
epoxy resins is comparable but still slightly longer than
that observed for DGEBA cured with dicyandiamide in
the presence of DYHARD®URS500.*

Figure 8 illustrates the T, of DGEBA cured with
either L-tryptophan (orange) or L-tyrosine (blue) under
two conditions: without any accelerator and with the
additon of 1wt% of DYHARD®URS00 or
DYHARD®URAcc57, cured at T=140°C for 2h, based
on dynamic DSC measurements. The T of the resin sys-
tems, approximately —15°C (see Figure 9), indicates min-
imal curing at T=140°C. The addition of an accelerator
significantly enhances the T of the resin systems, partic-
ularly those cured with L-tyrosine. For instance, T,
increases from —13.2 to 98.8°C with DYHARD®URS500.
Similarly, DGEBA cured with L-tryptophan shows an
increase from 32.7 to 105.3°C in Tg. Interestingly, the
type of accelerator used systematically affects the T, of
the thermosets. Specifically, compounds incorporating
DYHARD®URS500 exhibit T, values approximately 4.1-
4.8°C higher than those using DYHARD®URAcc57.

3.3 | Latency

The latency of resin systems employing different AAs as
curing agents and various urea-based accelerators is

evaluated based on shifts in Ty and viscosity increase
due to curing during storage. Figure 9 presents the glass
transition temperatures of uncured resin systems after
different storage durations at 23°C.

Consistent with experimental observations and pre-
dictions from MFK (refer to Figure 7), resin systems uti-
lizing L-tryptophan as the curing agent exhibit lower
latency, indicating higher reactivity compared with those
employing L-tyrosine. Furthermore, the incorporation of
DYHARD®URAcc57 as an accelerator results in lower
latency relative to DYHARD®URS500. This difference in
latency between accelerators stems from their distinct
molecular structures and consequent variations in steric
hindrance at their urea groups.*’ Specifically, over an
eight-week period, the Ty of DGEBA cured with
L-tryptophan and DYHARD®URS00 increases by approx-
imately 5°C, whereas its counterpart using
DYHARD®URAcc57 shows an increase of more than
10°C during the same duration.

Figure 10 displays the norm of the complex viscosity
of DGEBA cured with L-tryptophan under two condi-
tions: neat (without any accelerator) and with the addi-
tion of 1wt% of DYHARD®URS500 (top) or
DYHARD®URAcc57 (bottom), following various storage

L-tryptophan
_5 -| ®@L-tyrosine
&
2 10
&~
®
518§ e € @ e
T T T T T T T
0 1 2 3 4 5 6 7 8
Time in weeks
L-tryptophan
_5 -| ®@L-tyrosine °
&
';;C —10 ®
&=
([ J
—15 1@ L ® hd
T T T \ \ \ T
0 1 2 3 4 5 6 7 8
Time in weeks
FIGURE 9 Ty of DGEBA cured with either L-tryptophan

(orange) or L-tyrosine (blue) with the addition of 1 wt% of
DYHARD®UR500 (top) or DYHARD®URACC57 (bottom) after
different storage periods at T=23°C derived from dynamic
differential scanning calorimetry measurements. [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 10 Norm of the complex viscosity of DGEBA cured
with L-tryptophan without the addition of any accelerator (neat)
and with the addition of 1 wt% of DYHARD®URS00 (top) or
DYHARD®URAcc57 (bottom) after different storage periods at

T = 23°C. [Color figure can be viewed at wileyonlinelibrary.com]

periods at T = 23°C. Please note that portions of the vis-
cosity functions in Figures 10 and 11 are omitted due to
significant noise observed in the data following specimen
failure. As expected for a visco-elastic fluid, initially, the
viscosity of the neat resin decreases with increasing tem-
perature due to the greater average distance between
molecules and reduced friction during relative motion.
This viscosity decrease follows an Arrhenius-type behav-
ior, evident from the linear trend observed in the semi-
logarithmic plot. However, deviations from this initial
trend occur around 40°C, where the viscosity reaches a
minimum of approximately 4.8 Pas. Subsequently, the
viscosity increases to about 6 Pa s at 85°C. Similar steps
or plateaus in the viscosity function have been observed
in epoxy resin cured with L-arginine.** Further tempera-
ture increase leads to another viscosity decrease, albeit
with a shallower slope compared with earlier trends,
reaching a minimum around 186°C at 0.2 Pas. At this
point, the viscosity increase due to cross-linking of the
neat resin system begins to outweigh the viscosity
decrease from temperature effects. Consequently, curing
initiates a sharp increase in viscosity, continuing until
the end of the measurement at 195°C. This behavior
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FIGURE 11
with L-tyrosine without the addition of any accelerator (neat) and
with the addition of 1 wt% of DYHARD®UR500 (top) or
DYHARD®URACcc57 (bottom) after different storage periods at

T = 23°C. [Color figure can be viewed at wileyonlinelibrary.com]

Norm of the complex viscosity of DGEBA cured

reflects the complex interplay between temperature-
dependent viscosity changes and the onset of resin cross-
linking during curing.

Interestingly, the addition of the accelerator itself sig-
nificantly alters the viscosity function. Specifically, incor-
porating 1 wt% of DYHARD®URS500 reduces the peak
height and induces a rapid viscosity decrease thereafter.
Consequently, the viscosity minimum occurs at much
lower temperatures (128°C) and lower viscosity levels
(0.07 Pa s) compared with the neat resin system. Compar-
ing viscosity functions after different storage periods
reveals that the peak height, indicating deviation from
the expected viscosity decrease, diminishes with longer
storage durations. Concurrently, the viscosity at 25°C
steadily increases from approximately 40 Pas at zero
weeks to around 240 Pa s at 8 weeks. However, even after
the maximum storage period tested, viscosity can still be
reduced over an extended time-frame to levels suitable
for various epoxy resin manufacturing processes, includ-
ing prepreg production and curing.**

Consistent with the lower E, (refer to Figure 6), faster
curing rates (see Figure 7), and more pronounced shifts
in Ty (see Figure 9) observed in resin systems using

85U8017 SUOWWOD SAIEe.D 3(gedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N 10} AIq1T 8UIUQ A8]IAA UO (SUOIPUCD-PUE-SWLB}W00 A8 |1 Afe.d1|BulUoy/:Sdny) SUONIPUOD pue swie 1 8y} 88S *[6202/£0/.T] uo Areiqiauliuo A&(1m ‘yneiheg eersoniun Aq 0TS dde/z00T 0T/10p/woo A8 1M Alelq puljuo//Sdiy wolj pepeoiumod ‘v ‘520z ‘829v.60T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ROTHENHAUSLER ET AL.

vt | WiLEY-Applied Polymer

CIENCE

DYHARD®URAcc57 compared with DYHARD®URS500,
the viscosity of the former increases more significantly
over the same storage period (see Figure 10 bottom). Spe-
cifically, viscosity at 25°C rises from approximately
40Pas at zero weeks to roughly 1800Pas at 8weeks.
Even after 8 weeks of storage at room temperature, the
viscosity can still be minimized to 0.2 Pas by increasing
the temperature.

Figure 11 illustrates the viscosity functions of the resin
systems using L-tyrosine as the curing agent. Interestingly,
the neat resin system exhibits a consistent decrease in vis-
cosity as temperature increases up to 195°C. This behavior
aligns with its lower reactivity, as evidenced by the slower
curing rates and lower T; observed after curing (see Fig-
ures 7 and 8). With the addition of urea-based accelera-
tors, both resin systems containing L-tyrosine as the
curing agent show the emergence of a viscosity peak in
their respective functions. Over prolonged storage
periods, this peak shifts to lower temperatures and
diminishes in magnitude. Moreover, the increase in vis-
cosity at 25°C due to storage is more pronounced for
resin systems incorporating DYHARD®URAcc57 com-
pared with those with DYHARD®UR500.

4 | CONCLUSION AND OUTLOOK

This study provides a comprehensive analysis of the cur-
ing reactions, curing kinetics, and latency of DGEBA
cured with either L-tryptophan or L-tyrosine in the pres-
ence of commercially available urea-based accelerators.
The curing process in resin systems using L-tryptophan
as the curing agent involves three distinct curing reac-
tions, corresponding to the primary amino group, the car-
boxylate group, and the indolyl group of L-tryptophan. A
schematic curing mechanism is proposed based on DSC
thermograms and FTIR spectra of precured resin. In con-
trast, there is less definitive data for resin systems using
L-tyrosine as the curing agent. DSC thermograms indi-
cate two exothermal peaks, which contrasts with the
expected three functional groups: primary amino group,
carboxylate group, and phenyl group of L-tyrosine.

The E, of the resin systems are fairly consistent
regardless of the evaluation method used. Overall, the «
can be reliably predicted via MFK for all resin systems
studied.

In summary, the inclusion of both accelerators facil-
itates rapid curing at elevated temperatures, while
maintaining adequate processability of the resin systems
for up to 4 weeks of storage. However, the choice
between DYHARD®URS500 and DYHARD®URAcc57
depends on the specific trade-offs deemed most critical:
opting for longer storability with slightly extended

curing times, or prioritizing shorter production cycles at
the cost of a marginally reduced shelf-life. This decision
hinges on balancing the requirements of production
efficiency and storage stability tailored to the applica-
tion's needs.
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