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The present study describes the development of cure kinetics and chemo-rheological models for an
epoxy vitrimer based on polyimine exchange to elucidate the potential in terms of processing and
accurate process selection. Reaction kinetics is investigated using differential scanning calorimetry. A good
agreement between the model and data can be demonstrated for different stoichiometries by selecting a
parallel reaction approach consisting of an nth-order and an autocatalytic approach. The suggested
chemo-rheological model captures the intrinsically high viscosity of the resin over a broad temperature
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Accepted 17th July 2024 temperature advancement with cure while combining the rheological Winter—Chambon criterion and the
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improved process modeling of vitrimeric resins, facilitate accurate process selection, and pave the way
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1. Introduction

Epoxy resins (EP) represent an important class of thermosets
deeply rooted in many industries and daily life applications.
Their outstanding properties, such as excellent dimensional
stability, thermal stability, mechanical strength, creep resistance,
electrical insulation and chemical resistance, necessitate their use
in various applications (e.g. automobile, aerospace, and electronic
and electrical devices)."™ On the other hand, reversible covalent
networks represent a drawback preventing the epoxy resins from
being reprocessed and recycled, and excluding further repair
based on self-healing.

Integrating covalent adaptive networks (CANs) into epoxy
systems has led to the introduction of a new polymer class
by extending thermosets material properties with remarkable
properties such as recyclability, malleability, and self-healing
which have so far been withheld for thermoplastic materials."*>
Therefore, this new material class, called vitrimers, constitutes
alternatives to conventional epoxy resin materials that open up
the potential for sustainable use by enabling comprehensive
recycling approaches and service life extension through pro-
nounced reshaping and self-healing.**® For this, vitrimers exhibit
the potential to replace traditional thermosetting materials in
various fields to lead to sustainable materials manufacturing.!
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towards the development of composites based on the matrix system investigated in this work.

However, vitrimer research for immediate application use is in its
infancy® and incipient stage.* Considering existing publications
on vitrimers, a wide range focuses on synthesis and materials’
properties on a laboratory scale,”'°™** whereas only a minority
addresses the material’s processing in established FRP manufac-
turing processes."*™°

Commercial vitrimer systems are comparative newcomers to
the field of matrix chemistry, although the concept was first
observed by Leibler and coworkers on a laboratory scale over a
decade ago."” Currently, few commercial systems are available
on the market: Vitrimax™ T100 and T130 by Mallinda, Inc.,'®
Estherm™ and NOWE™ by ATSP Innovations, Inc.’® and
Thioplast®™ series by Nouryon B.V., individually aiming for
different applications.

Mallinda Inc. launched Vitrimax™ T100 and T130, a 2-part
vitrimeric resin system for prepregging applications, in 2021.
Respectively, T100 and T130 describe the final glass transition
temperature Ty .., which are 100 °C and 130 °C in the desig-
nated case. However, the underlying polyimine platform allows
T, to be tuned between 20 and 240 °C.'®?° Mallinda’s unique
polyimine platform is protected by two patents.*** By formu-
lating NH,-terminated oligomers embedded with imines a
dynamic hardener for epoxy resins, Mallinda effectively
addresses the challenge of the condensation reaction inherent
in imine chemistry.” This approach is a proficient technical
solution, preventing water release during network formation
and facilitating the creation of void-free networks.” The platform
is designed for vitrimeric composites and aims to eliminate slow
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processing through resin injection and fiber impregnation by
providing pre-cured prepreg, which can be cured in compression
molding within minutes to enable high-throughput and high-
volume production of structural composite parts.'® Full
pre-curing of the prepregs is a decisive advantage compared to
existing B-stage systems, as no refrigerated storage and trans-
portation is necessary. In ref. 23, the authors demonstrate the
manufacture of discontinuous reinforced flax fiber composites
by vacuum bag molding of T100 resin films. The authors state an
increased adhesion of the vitrimeric resin and the flax fibers
compared to the traditional epoxy resin.”* The partial repair of a
hybrid laminate containing a host resin and the T100 resin in
the damaged areas was demonstrated in ref. 24. Due to the short
processing time, high temperature required for infusion, and
high viscosity of the vitrimer, the authors refrained from lami-
nate manufacturing during the infusion process. Instead, they
used a multi-step process of film stacking and subsequent
infusion with the host resin.

Mechanical and chemical recycling of the resin is possible
by either grinding and reshaping or using reagents utilized in
the resin synthesis.” Grinding and pressurized remolding
through four generations demonstrate excellent mechanical
recyclability, slightly decreasing elastic modulus and maintaining
the ultimate tensile strength.>® Further, immersion of carbon fiber-
reinforced polymer samples in neat diethylenetriamine completely
dissolves the polyimine matrix, thus facilitating chemical recycling
of composite without consuming chemicals and energy.*

As the development of vitrimer matrix materials matures
and the first commercial solution becomes available, the question
of industrially relevant processing of these materials arises. This
involves understanding how vitrimers behave during manufactur-
ing, providing relevant datasets, and modeling their properties to
capture curing kinetics and chemo-rheology under process-
specific conditions.

One of the main challenges associated with vitrimers is that
they are difficult to process - relative to conventional thermo-
sets — because the addition of dissociative side chains increases
the viscosity of the reactive system before cure.** Vitrimers
beyond the gelation point possess even higher viscosity due to
the newly formed bonds and can be challenging for many
processes designed for thermoplastics.>»?” Therefore, the
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processing poses challenges based on the highly viscous
nature”'*?*?” that restricts processing and necessitates pro-
cess design adaptations that must be assessed individually for
each application. For this reason, the majority of studies
documented in the literature employ the film impregnation
process to manufacture composite laminates based on poly-
imine exchange.?***

However, the overall processing characterization of vitrimers
for their optimal application, namely cure kinetics, chemo
rheology, and glass transition development models, is currently
not addressed. To bridge this gap, the present paper elucidates
the cure kinetics and chemo-rheological properties of a wide-
spread polyimine-based vitrimeric resin to elucidate the process-
ability and possible manufacturing methods for vitrimer resin.
Throughout composite processing, cure-related phenomena such
as residual stress buildup can cause microcracking and material
degradation based on exothermal heat generation, directly affect-
ing product quality. Further, defects, such as porosity and dry
spots, are influenced by the rheological behavior of the matrix
system and its changes during processing. For this, an in-depth
understanding of these processes for vitrimeric matrix materials
can facilitate adapting and optimizing processing conditions like
filling, consolidation, and curing, as well as subsequent thermo-
forming processes.

2. Materials and methods
2.1 Materials

A polyimine-based vitrimer resin system Vitrimax™ T100 is pur-
chased from Mallinda, Inc. The two-component vitrimer resin
system consists of a epoxy resin (EP) and hardener (H) component.
The resin constituent mixture consists of a diglycidyl ether bisphe-
nol A (DGEBA), poly[(o-cresyl glycidyl ether)-co-formaldehyde]
and poly[(phenyl glycidyl ether)-co-formaldehyde]. The hardener
component is a patent-protected branched imine containing amine
system. The supplier lists the following sections in the hardener:
diethylenetriamine, 4,4’-diaminodicyclohexylmethane and an
unspecified vitrimeric imine hardener. While the first two possess
active amine functionalities, the imine hardener is also expected to
bear amine functions. Therefore, the exact amine equivalent weight

@ = Permanent epoxy-amine bond
® = Dynamic imine bond

= Free amine units

Fig. 1 Illustration of vitrimers based on imine exchange.

6290 | Soft Matter, 2024, 20, 6289-6301

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00724g

Open Access Article. Published on 29 July 2024. Downloaded on 3/11/2026 3:59:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

is unknown, preventing theoretical crosslink density calculations,
as suggested in ref. 28. Fig. 1 illustrates the mechanism of imine
exchange in dynamic networks.

The supplier suggests mixing ratios of 1.5:1 to 2.5:1 (hard-
ener to resin component) to adjust viscosity depending on the
targeted manufacturing process. For infusion applications,
mixing ratios of 1.5:1 (S1) are recommended, whereas mixing
ratio changes to 2.5: 1 (S2) for the film impregnation process to
manufacture prepregs. Our work encompasses stoichiometries
S1 and S2 to cover the full range of possible processing
windows and provide a comprehensive understanding of the
polyimine vitrimer material behavior.

2.2 Methods

Next, methods to assess the curing reaction, viscosity develop-
ment, and evolution of glass transition temperature during
curing are introduced in the present section and bridged to the
proposed modeling approaches.

2.2.1 Thermogravimetric analysis. Initial thermogravi-
metric analysis (TGA) is carried out to determine the degrada-
tion temperature Ty and maximum applicable measurement
temperature, while excluding any significant change in mass.
During the DSC analysis, the released heat flow is measured as
a specific quantity of the sample mass, which is not determined
gravimetrically immediately after the measurement of reactive
systems. For this, a constant sample mass is assumed during
the measurement. Therefore, the change in mass during the
DSC measurement in the temperature interval of 23-600 °C is
first analyzed using TGA with a heating rate of 10 K min .
Small batches of 17 & 2 mg are analyzed using SDT Q600 from
TA Instruments Inc.

2.2.2 Reactions kinetics. Differential scanning calorimetry
represents a widespread method to analyze reaction kinetics
based on the exothermal heat flow of the curing reaction. With
a final glass transition temperature Ty, . of 82 °C (S1) and 71 °C
(S2) according to DSC measurement and suggested curing
temperatures of 135 °C,'® the resin is likely to maintain the
rubbery state (T' > T ) during the complete curing process.
Therefore, no hindering of the reaction by diffusion in the
glassy state, is expected and which justifies the exclusion of a
separate diffusion component in the kinetic model.

For the preparation of DSC specimen to characterize the
reaction kinetics, the hardener is preheated in a convection
oven at 60 °C for 90 min. After adding the resin, small batches
of 5 g are mixed for 3 min using a centrifuge speed mixer by
Hauschild GmbH & CO. KG, Germany, while applying a vacuum
pressure of 50 mbar. After mixing, the reactive mixture is
immediately cooled and stored at —25 °C to avoid premature
curing.

Before every DSC measurement, frozen small samples of
2-3 mg are placed into hermetic crucibles. The DSC analysis
uses the mDSC250device from TA Instruments Inc. All mea-
surements are carried out in a nitrogen atmosphere with
50 ml min~" flow rates. Dynamic DSC scans with 5, 7.5 and
10 K min~ " heating rates are carried out at 0 to 225 °C
temperature intervals. Subsequent cooling to 25 °C and
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reheating to 150 °C at 2.5 K min~' determines the T, of the
samples. Further, temperatures of 120, 140 and 160 °C are
selected to characterize the isothermal curing process. The DSC
signals are integrated to calculate the evolution of reaction
enthalpy using a linear baseline for dynamic and a strictly
horizontal baseline for the isothermal runs.

Additional DSC runs are conducted to measure the T, at
various cure states. First, the specimens were exposed to an
isothermal dwelling for specific times and rapidly cooled by
40 K min~" to 0 °C. The high curing rates minimize the
potential for subsequent post-curing during the cooling pro-
cess. Subsequently, the specimens were reheated to 250 °C at
10 K min~', and T, and the residual reaction enthalpy are
determined according to eqn (1)*°

AHRr

E=1- 8
AI"IR,IOtal

(1)
whereas AHy represents the remaining reaction enthalpy AHg
and AHp tota1 the total reaction enthalpy. The average AHg ¢ota Of
the non-isothermal DSC measurements with heating rates of
2.5, 5, 7.5 and 10 K min~"' is determined. The total reaction
enthalpies are determined to AHgr ; =230 £ 16 ] g 'and AHg s, =
159 ] ¢ ' £ 20 g~ " based on non-isothermal measurements. We
assume that the enthalpy measured corresponds only to the
curing epoxy-amine reaction, as any energy exchange due to
imine bond exchange exhibits a zero net effect. By ensuring that
the curing before cooling down is carried out at a temperature
above T, (so that no vitrification occurs) and by starting the
heating scan immediately after cooling, reasonable results can be
obtained.***!

2.2.3 Kinetic modelling. The curing of resins represents
an important step during the processing of the resin systems.
For this, various computational methods have been developed
to fit data derived from dynamic or isothermal DSC measure-
ments into an appropriate mathematical expression. For a

d
single-step reaction the curing rate d—f is expressed by eqn (2):**

de
dr —

k(T)f(S), (2)

whereas ¢ is the time, T the temperature, f(£) the mathematical
model function that represents the reaction mechanism and (7)
is the rate constant which is described by the Arrhenius law:*>

—-E
k(T)y=A4- — 3
(1) = 4-e0( 77 ) ®)
with E, representing the activation energy, A the pre-exponential

factor and R the universal gas constant. In case of dynamic

. . dT .
measurements which a constant heating rate f = 4 fan (2) is

transformed the following expression:
dé 4 AW
=_. — . 4
exp (RT)J(i) (4)

de f
For identifying the unspecified parameters of eqn (4) based on
experimental values of &, T and ¢, either so called model free or
isoconversional or model-based fitting approaches can be
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applied,* whereas the latter lacks in consideration of vitrifica-
tion, which slows the curing reaction.**** Isoconversional meth-
ods can be further divided into integral (Kissinger,>> Ozawa-
Flyn-Wall (OFW)***” and Vyazovkin®®) and differential methods
such as Friedman.*®

Model-free methods rely on the assumption that the activa-
tion energy E; solely depends on the degree of cure ¢ and that
the function value f() is not altered by the temperature and the
apparent reaction rate.”® For single-step reactions E, is inde-
pendent of £. In case the activation energy derives from a
constant value, one can assume that the crosslinking exhibits a
more complex behaviour and involves multiple reaction mechan-
isms that require supplementary investigation.*® In that case, it
has been shown that strong variations in E: are a major source of
integral errors and yield to significant differences between integral
and differential methods.*"** To overcome these drawbacks,
advanced techniques have been developed by Vyazovkin®>** that
compute the temperature integral considering E; variation in the
computation.**** According to the advanced method by Vyazonv-
kin the optimal E: minimises equation eqn (5):

n n

ZZ

i=1 j#i

E 5
EC’T (5)

whereas the subscripts i and j indicate the datapoints of
two experiments performed under different heating rates.* J is
evaluated over small intervals A¢ to consider the variation of E
and is described by eqn (6)

t:

4

J[E:, Ti(te)] = J exp {R}I,E(ét)} dr. (6)

The proposed method utilizes numerical integration of the tem-
perature integral and is applicable to any temperature program
T{(t) of i measurements.

2.2.4 Rheometry. The rheometer measurements pursue
two objectives: first, the viscosity development of the resin
and hardener component is assessed at different temperatures
(i), representing the conditions for any injection and fiber
impregnation process. Second, isothermal dwellings at elevated
temperatures (ii) assess the time to reach the gelation point
(GP) and viscosity development during isothermal cure. The
rheological characterization is carried out using two different
rheometers.

For measuring the viscosity development (i), a HAAKE MARS
III rheometer (Thermo Fisher Scientific Inc., USA) in parallel
plate geometry, with a 20 mm diameter and 1 mm gap is used.
A temperature-controlled test chamber realizes heating with
temperature tolerances set to 0.1 °C. The initial shear viscosity
of both individual components (Hardener, Resin) and the
uncured reactive mixture (S1, S2) is measured while applying
a constant controlled stress (CS mode) of 1 Pa, and the samples
are heated from 30 °C to 120 °C with a heating rate of 1 K min "
to recording the temperature-dependent steady-state viscosity
development.

For measuring the GP and viscosity development during
cure (ii), isothermal measurements are conducted at 90 °C and

te—AE
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and 110° on an MCR502 rheometer from Anton Paar Benelux
B.V. with a plate diameter of 25 mm. Using the multi-wave
option, an oscillating deformation amplitude of 0.1 x 103

the parallel plate configuration with a gap of 1 mm is applied at
frequencies of 1, 2, 4 and 8 Hz. Strain sweeps were carried out
for S1 and S2 after curing to ensure the applied strain 1 x 1073
was within the linear viscoelastic region of the polymer. Guar-
anteeing preparation times smaller than 2.5 min while applying
the resin on the rheometer plates, closing the gap, and starting
the rheometer measurements minimizes premature curing.

The GP of a thermosetting resin corresponds to the material-
specific DOC of incipient percolated network formation. This point
becomes relevant from an engineer’s point of view as viscosity
increases exponentially,****> which prevents further processing.*®
Further, the formation of the mechanical moduli at the GP
commences most residual stresses in the composite
material,””*® whereas, before gelation, the development of stresses
is of secondary importance, as relaxation occurs immediately.*’
Different rheological’*® and dielectric>>> evaluation methods
have been proposed for detecting gelation. Within the present
work, the rheological-based Winter-Chambon criterion is
utilized.>® The criterion describes gelation as the frequency-
independent point of time at which the loss factors of different
frequencies intersect. Based on the determined point of time, the
DOC present at GP ({gp) can be estimated using the reaction
kinetic model. Usually, gelation is not indicated as a point of time
but rather as a temperature-independent &gp.”">*

Further, viscosity development during the cure represents
another important measure, also measured in (ii). The Castro-
Macosko model given in eqn (7)** represents a well-established
modeling approach to describe the viscosity development for

¢ < Cop:
E A+B¢
71(T7 é) Mo €Xp (RT) (%) ’ (7)

whereas 5, represents the initial viscosity, E the activation
energy and A and B model parameters. Indeed, the Castro-
Macosko model combines two models, (a) cure kinetics and
(b) viscosity model and requires time-consuming determina-
tion of curing kinetics,>* but represents a widely used approach
and is already implemented in various commercially available
software solutions.’>>® Besides that, more recent approaches
exhibit solely time-dependent viscosity development and
require no comprehensive cure kinetics characterization by
DSC54,57,58

Apart from the Arrhenius law in eqn (7), the Vogel-Fulcher
equation® can be used to express the temperature-dependence
of the shear viscosity 7, at low shear rates:

no(T) = 1y exp (TT—ATV)’ (8)

with 7, representing a fitting parameter, 7, the activation
temperature and Ty the Vogel temperature which is typically
located below the glass transition temperature.’® Although the
zero-shear viscosity of CANs is essentially driven by the covalent
exchanges of the crosslinks,?” eqn (8) excludes any effect of the
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covalent exchange of cross-links in the incident state of the
reactive mixture. Substituting eqn (8) into eqn (7) yields eqn (9):

fGP

T A+B¢E
n(T,&) =nyexp (ﬁ) (m) . ©)

eqn (9), therefore, assumes that the superimposed viscosity
development of crosslinking and covalent bond exchange can
solely be described as cure-dependence.

The viscosity of the hardener and epoxy mixture 7, in the
initial state (¢ = 0) can be calculated as the rule of logarithmic
additivity according to the Arrhenius law, which has already
been applied to the initial viscosity of epoxy resins:*’

Inne = erIn(nr,e) + @un(yeo), (10)

with ¢g, ¢y describing the resin and hardener weight fraction
and nr and ny the corresponding shear viscosities.

3. Results and discussion
3.1 Thermogravimetric analysis

Fig. 2 confirms onset degradation associated with a 5% mass
of S1 and S2 at temperatures of 292.3 °C and 267.5 °C, which are
in the range of epoxy materials bearing imine bonds.'® The
derivative of the sample weights confirms a delayed degradation
of S1 compared to S2. The observed decrease in the thermal
stability for S2 might be attributed to the increased dissociating
tendency of imine bonds at elevated temperatures.'® Based on
TGA results, a maximum temperature of 225 °C is set during DSC
analysis to exclude premature material degradation for both
stoichiometries.

Now that degradation during the DSC measurements can be
excluded, the reaction behavior is discussed in the upcoming
section.

3.2 Activation energy

First, the E-dependency for heating rates of 1.5, 2.5, 5, 7.5 and
10 K min~" is evaluated from 0.01 to 0.99 within intervals of
0.01. Fig. 3 shows E; calculated according to eqn (5) and (6).
For S1, the activation energy ranges from 50 kJ mol ' to

S1 o S2

100 - 00ococceee000000000ea: Ik

80

ol
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60

10

Sample weight [

S 1-0.5
20 o4 & KRG ’

Derivative sample weight [%/*C|

. . . . . 1
0 100 200 300 100 500 600
Temperature [°C

Fig. 2 Sample weight change of stoichiometries S1 and S2 during TGA
indicate the onset of degradation.
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80 kJ mol ™', which is higher than conventional epoxy-amine
reactions typically varying from 20 kJ mol " to 60 k] mol ~*.°*
The higher initial activation might be attributed to the higher
early-stage viscosity of the vitrimeric resin compared to con-
ventional epoxy resins, as more energy is required to influence
fluidity among the molecule chains. With the proceeding
curing reaction, the viscosity increases with the increase of
the curing degree, enforcing even more energy for motion
among molecule chains.*'

At ¢ ~ 0.6, the close-to-linear relation of activation energy
and degree of cure increases, and higher energies are required
to maintain the reaction. This higher energy might be
explained by the network formation at gelation, accompanied
by a substantial viscosity increase, further restricting the
adequate activation energy. Once the epoxy curing system has
exceeded the gel point, the diminutive molecules (imine, amine
and epoxy) may become confined within the polymer matrix,
necessitating a series of diffusion jumps before engaging in a
chemical reaction.®® This circumstance that the E, for diffusion is
higher than the activation energy of the chemical reaction®*
indicates that vitrification does not remarkably restrict the reaction.
Further, the final E, value is well above the activation energy for
diffusion of small molecules (20 k] mol~").*® Instead, a sub-reaction
with a higher activation energy becomes predominant.

For S2, relatively constant activation energies are observed at
intervals of 0.1 to 0.9, whereas sudden increases are observed at
the initial and final stages of the reaction. The initial activation
energies of S2 might be attributed to the higher initial viscosity
of the S2 mixture (56.9 Pa s for S1 and 135.9 Pa s S2 at 50 °C).

As is known the primary amine reaction has a lower activa-
tion energy than the secondary. Therefore, the overall increase
in activation energy can be attributed to a higher ratio of
secondary to primary amine curing reactions as the degree of
cure increases. This circumstance explains the increase in
activation energy in both S1 and S2 and the increase at a higher
degree of cure for S2 compared to S1. In that case, primary
amines exhaust at a lower degree of cure in S1 due to a lower

——S81 ——=82

Activation energy [kJ/mol]

L L L

04 05 06 07 08 0.9 1
Degree of cure

40 L 1 L
0 0.1 0.2 03

Fig. 3 E:-Dependency for S1 and S2 derived from the advanced Vyazovkin
method (egn (5) and (6)).
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amine-to-epoxy ratio. At later stages (¢ < 0.7), which corre-
sponds to the gelation point, the viscosity increase causes
higher activation energy increases as more energy is required
to achieve the motion of molecule chains.®!

As indicated in Fig. 3, the change of E: emphasises that the
crosslinking exhibits a more complex behavior and involves
multiple reaction mechanisms that require supplementary
investigation. Therefore, a model-based kinetic model
approach is selected to model the reaction kinetics.

3.3 Reactions kinetics

For the model-based kinetic modeling, isothermal and dynamic
DSC scans were evaluated using multivariate analysis of six mea-
surements at three different heating rates (5, 7.5, 10 K min™ ") and
three isothermal curing temperatures (120, 140, 160 °C). A parallel
reaction approach consisting of an nth-order and an autocatalytic
type was selected for describing the reaction behavior of the reactive
system for different mixing rations separately:

dé

= klém(]

o\ 1— ny
= O"+a(1 - )",

a1

ki = Kichem = A5, (12)

with n, m, E; and A; representing fitting parameters and R, the
molar gas constant. The seven parameters of the reaction
kinetic model are computed using a genetic algorithm in
Matlab, MathWorks Inc, USA. The differential equation
(eqn (11)) is solved numerically using ode45 solver with the
initial condition ¢ = 0. The model parameters are determined
simultaneously for the six data sets so that isothermal and non-
isothermal conditions contribute equally. Isothermal measure-
ments are included in the fitting routine as these are vital for
accurately modeling isothermal cure.*® Table 1 provides an
overview of the fitted parameters for the different stoichio-
metric ratios according to eqn (11) and (12).

Further, Fig. 4 and 5 compare measured data and the
proposed model for both stoichiometries, stating a good agree-
ment between modeling and experimental data.

The comparably smaller total heat flow of S2 compared to S1
is indicated by smaller peak values in the range of 0.41 W g™ "
and 0.62 W g ', respectively. It represents the findings of the
less pronounced total reaction enthalpies of S2. Further, Fig. 4
confirms a similar initial E; (Fig. 3) as the reaction initialises at
temperatures of 50 °C for S1 and S2.

Fig. 6 compares the modeled cure development for isother-
mal curing of S1 and S2. A slightly faster reaction of S2 can be
identified, which manifests strongly at higher conversion
levels. Times to reach a degree of cure of 0.7 at 120 °C vary

Table1 Parameters for the reaction kinetic modeling disrobed by eqn (11)
and (12)

m  ny A [log(s™)] E1 [K] mol "] n, A, [log(s™")] E, [kJ mol™"]
S1 2.45 1.36 3.08 39.13 2.73 7.81 75.02
S2 1.06 1.09 3.71 45.26 2.88 7.62 73.51
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from 445 s to 355 s for S1 and S2, respectively. This seems
reasonable as S1 exhibits higher E: values then S2 at £ > 0.4
which might be attributed to the delayed reaction process of S1
at later stages. Further, the excess of amine groups generally
increases with increasing amine content.®*°

This accurate model provides the basis of process develop-
ment for the DGEBA/imine/amine systems based on the stoi-
chiometric formulations (S1, S2) utilised within the present
paper. Modifying the formulation by altering the epoxy-to-
amine hydrogen ratio yields qualitatively similar kinetics with
changes in the values of the cure kinetics model parameters as
demonstrated for S1 and S2. Similarly, the proposed model is
specific to the dynamic imine bonds involved in the formula-
tion and captures their overall effect in terms of both the
occurrence of exchange reaction and impact on the crosslink-
ing polymer structure.

3.4 Development of glass transition temperature

Beneath the reaction kinetic modeling, DSC is utilized to partly
cure the resin system and provide data for correlating the
degree of cure to the glass transition temperature development,
which can approximated by the Di-Benedetto equation:®°

AE (13)

T =172

Tooo — Tg,O) + Ty,
with T, o representing the initial, T, ., the final glass transition
temperature and /A a fitting parameter. Fig. 7 shows measure-
ment data and modeling according to eqn (13). And the
parameters are provided in Table 2. Glass transition tempera-
ture develops from —16.78 °C and —15.42 °C to 82.14 °C and
71.05 °C for S1 and S2 respectively.

The DSC values differ from the value given in the TDS of the
resin, which is given with 100 °C according to dynamic
mechanical analysis (ASTM 7028) for S1."® The final T, should
be highest for the stoichiometric composition of resin and
hardener.®* A deviation from the stoichiometric composition,
both upwards and downwards, results in a reduction in T.
Typically, T, increases with the degree of cure (Fig. 7), at the
same time yielding a higher crosslink density.®” This correla-
tion suggests that samples processed at the stoichiometric
composition exhibit the highest crosslink density, thus yielding
the highest T,. As Ty ., of S1 is located above T, ., of S2, S1 is
expected to be closer to the stoichiometric mixture.

The topology freezing temperature Ty of the investigated
imine-based vitrimer system has not been disclosed yet. Since
the topology freezing temperature Ty in polyimine networks is
governed by T, it can be assumed that Ty is located below or
equal to the T, value.*”*® In addition to the glass transition, the
transition from viscoelastic fluid to gel also characterizes a
critical point in the processing of vitrimers, as the time for
injection and the fiber impregnation process is limited by this
transition. Therefore, the gelation point is discussed next.

3.5 Gelation point

Usually, gelation is not indicated as a point of time but
rather as the degree of cure {gp reached at gelation.51'52 The

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison of non-isothermal data and kinetic model for a mixing ratio S1 (left) and S2 (right).
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Fig. 5 Comparison of isothermal data and kinetic model for a mixing ratio S1 (left) and S2 (right). The accuracy of the model is assessed by taking

measurements at 100 °C and comparing them with the model data.
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Fig. 6 Comparison of the isothermal curing process for S1 and S2.
Winter-Chambon criterion and crossover of storage and loss
modulus can be applied to indicate the gelation time. Fig. 8

depicts typical features of a sol-gel transition by gelation. The
loss modulus G’ dominates the very early stages of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Correlation of degree of cure and glass transition temperature for
S1 and S2 according to egn (13).

isothermal curing. However, storage modulus G’ vigorously
grows with increasing reaction time. As crossover of storage
and loss modulus is strictly valid for balanced
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Table 2 Parameters according to egn (13)

A Tgo [°C] Ty, [°C]
s1 0.36 ~16.78 82.15
S2 0.25 ~15.42 71.05
stoichiometries,®®”® Winter-Chambon criterion is selected as it

is also valid for imbalanced stoichiometries, as shown in the
seminal works of Winter and coworkers.>°

The measured temperature profiles during rheological analysis
are used to solve eqn (11) numerically and convert measured
gelation time to the present degree of cure {gp. In this way, the
non-isothermal, non-steady state interval at the beginning of the
measurement (filling and closing the rheometer, heating up) is
also considered in the evaluation. The results of three measure-
ments at different temperatures for S1 and S2 are shown in
Table 3. The reported standard deviations might be attributed
to slightly different temperature equalization effects during the
measurement. Even though applying a defined heating rate could
have eliminated the uncontrolled heating at the beginning of the
measurement, we selected isothermal measurements to map the
process conditions of infusion and molding in isothermal molds.

For S1, gelation is reached at an average {gp of 0.5, which is
below the data published for epoxy resins within the range of
0.54-0.77.>*757% still, gelation times and the resulting gp
slightly vary depending on the temperature. One possibility
might include slightly different temperature histories during
the loading of the samples and changing temperature gradients
within the test specimens.

Further, GP is identified before the crossover point of the
storage and loss moduli, which aligns with the observations in
ref. 50 for imbalanced stoichiometries. Still, the network junc-
tions were assumed to be due to permanent chemical cross-
links only and not due to any other association phenomenon
which is to be questioned for the investigated vitrimeric system.
Most likely, at designated curing temperatures 7 > T, dynamic
bond exchange expected to occur at the measurement tempera-
tures. Further, the definition was found for chemical gels which
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Table 3 Results for the point of gelation time according to the Winter—

Chambon criterion and degree of cure at GP (¢gp) calculated from egn (11)
and (12)

T[°C] tep [min] Egp
S1 90 14.1 £ 0.3 0.48 £ 0.02
110 8.1 £0.3 0.51 £+ 0.04
S2 90 17.5 + 0.2 0.62 + 0.01
110 11.4 £ 0.2 0.70 £+ 0.03

are formed by end-end-linking reaction.’® Therefore, it ignores
the existence of side reactions of the commercial reagents.®
A variety of slow side reactions such as homopolymerization of
epoxide by etherification or ionic polymerization, cyclization,
and various side transformation and degradation reactions, are
known for epoxy/amine compounds.”® These circumstances
might lead to a reduced gelation time.

Surprisingly, S2 exhibits longer gelation times and, there-
fore, greater {gp values. Typically, gelation can be delayed by
reducing the amount of crosslinker,”* which was not observed
based on our results. Therefore, we assume that, with higher
amounts of dynamic covalent bonds, the exchange mechan-
isms earlier dominate the storage modulus development of S2
and affect the rheological gelation criterion. This is particularly
noticeable in the considerably smaller G’ of S2 compared to S1.
Higher hardener content reduces the ratio of epoxies to imines
and the overall number of permanent crosslinks in the system.
Therefore, the structure exhibits more elastic behavior because
the ratio of dynamic to permanent bonds in the S2 system is
higher, yielding a delayed gelation.

Beneath the gelation time, the viscosity development during
the processing is essential to identify a suitable processing
window and assess next.

3.6 Viscosity development

The temperature-dependent viscosity development of the resin
and hardener constituents and the mixtures S1 and S2 in the
incident stage is shown in Fig. 9. The initial viscosity decreases

G'. 1 Hz G'. 4 Hz G'. 8 Hz
______ G 1Hz s (3, 4 G, 8 Hz
----------- tan 8, 1 Hz sesceesscs tan §, 4 Ha tan 5, 8 Hz
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Fig. 8 Determination of the gelation point for S1 (left) and S2 (right) at 90 °C. Triangles indicate frequency-dependent crossover of storage and loss
modulus and the diamonds indicate the gelation point according to the Winter—Chambon criterion.
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with increasing temperature as a result of enhanced molecular
mobility.

For this, the temperature-dependent viscosity development
is approximated by the Vogel-Fulcher equation (eqn (8)) for the
resin and hardener and parameters are summarised in Table 4.
Average relative errors RE of 0.9% (EP) and 1.6% (H) confirm
an excellent agreement between the measurement data and
the model.

By applying eqn (10) the viscosity development of stoichio-
metries S1 and S2 is calculated and depicted in Fig. 10 with the
experimental data of S1 and S2. A good agreement between
experimental and model data is demonstrated in the incident
stage before initiating the curing reaction. At temperatures of
48 °C for S1 and 55 °C for S2, the viscosity starts increasing
significantly, which is attributed to the initiation of the curing
reaction. For this, below these temperatures, the curing reac-
tions process is of subordinate importance for the viscosity
development. This observation is in line with the DSC results
(Fig. 4), which confirms the initiation of exothermal heat flow
at these temperatures of 45 °C for S1 and 50 °C for S2. The
slightly lower temperatures captured during DSC measure-
ments might be attributed to different sample masses utilized
during DSC (<5 mg) and rheometer measurement (& 500 mg).
Smaller sample masses favor initiating the curing reaction by
heat transfer’>’® and yield temperature differences of less than
5 °C for S1 and S2.

For S2, the uncured material possesses an initial viscosity of
25 Pa s at 70 °C, which is in line with the reported values of 30-
50 Pa s in ref. 24 and the viscosities documented in the TDS,
which indicates a viscosity of 30 Pa s at 70 °C according to
ASTM D2196."® The viscosities of S1 are consistently located
below S2 as the contribution of the high-viscous hardener
component decreases.

Beneath the viscosity of the resins in the incident uncured
state, which mainly affects the fiber impregnation behavior, the
viscosity development during the curing process is measured
and captured in Fig. 11. The opposing effect of viscosity
increase caused by the initiation of the curing reaction and

O EP - data @)
EP - model

H - data )
H - model

S1 - data S2 - data

100 ¢

Shear viscosity [Pa-s|

10°

102 1 L |
30 60 90 120

Temperature [°C]

Fig. 9 Temperature dependent change in shear viscosity of epoxy resin
(EP) and hardener (H) and the reactive mixture for different mixing ratios.
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Table 4 Parameter according to Vogel-Fulcher equation (egn (8)) and
average relative errors

wlmPas] T, [c]  T[C  REY
Resin 0.55 282.35 —29.85 0.9
Hardener 970.78 190.92 —15.36 1.6
S1 51.47 214.36 —19.77 —
S2 119.54 206.42 —18.37 —
O S1-data =eeeeees S1 - calc S1 - model
O S2- data eeeeeees S2 - calc S2 - model

10

Shear viscosity [Pa-s|
= —
< <

s

10° : '
30 60 90 120

Temperature [°C|

Fig. 10 Modeled temperature-dependent change of shear viscosity
based on the logarithmic rule of mixture. The square indicates viscosity
measured by a viscometer (ASTM D2196) according to the data given in
the TDS for S2.

viscosity decrease by initial heating of the resin sample
becomes evident at all temperatures and in both stoichiome-
tries. Following the initial delay, the viscosity increases steadily.
The incident viscosities of S2 are located above S1, and with
increasing temperature, the incident viscosity decreases. How-
ever, deviations between the expected values according to
eqn (8), and the measured values are identified. Predicted
incident viscosities of 4.3 Pa s and 2.2 Pa s for S1 at 90 °C
and 110 °C, respectively are well below the measured viscosities
of 12.4 Pa s and 7.5 Pa s.

This circumstance might be attributed to two causes: (i) the
reaction already initiates during the loading of the rheometer
plates, and (ii) the initial temperature captured by the thermo-
couple is probably higher than the bulk temperature of the
resin. Both circumstances yield an increased incident viscosity.
The incident viscosity is comparably high to the required levels
for liquid composite molding, which is typically located in the
range of 10-50 mPa s.””7? As the incline at the gelation point is
not as strongly pronounced eqn (9) cannot accurately reflect the
behavior of the vitrimeric resin. A pole location at ¢ = £gp seems
unsuitable, so that eqn (9) is modified yielding in:

. . Ty ] — &\ Bree
n'(T,8) =mng eXp<T——Tv) <T> -

For substituting 7, in eqn (9) we assume that the viscous part
(n") of the complex viscosity (#*) measured in the linear

(14)
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Fig. 11 Time-dependent complex viscosity development (1 Hz) for iso-
thermal curing at 90 °C and 110 °C. Diamonds indicate gelation times
according to Table 3.

viscoelastic region equates with steady shear viscosity at low
shear rates (j < 2).% In the initial stage, we take a neglectable
influence of solid contribution for granted. Further, experimental
data confirm #' > 7" so that n, = »; is confirmed in the initial
stage. Complex viscosity is the only type of viscosity that can be
measured above gelation, commonly determined when the steady
shear viscosity of the resin approaches infinity. Consequently,
chemorheological models use complex viscosity to predict the
behavior of reacting polymer systems beyond their gel point.**
This justifies our selection of complex viscosity for the investigated
vitrimer, as the pre-gelation (infusion) and post-gelation (malle-
ability, film stacking) are both relevant.

The model data are approximated separately for S1 and S2
(Fig. 12), and Table 5 summarises the parameters of the
empirical model. A sufficient agreement between measurement
data and fit can be confirmed with average relative errors RE of
14.1% for S1 and 12.7% for S2.

The suggested empirical approach offers the advantage of not
implying an instantaneous increase in viscosity at the gel point
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Fig. 12 Cure-dependent complex viscosity development for S1 and S2
measured at 1 Hz.
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Table 5 Parameter according to egn (14)

A B c RE[%)
S1 1.26 —15.60 12.95 14.1
S2 1.08 —13.82 11.63 12.7

but rather a considerably smoother transition. Furthermore,
eqn (14) captures the viscosity development for an extended
range (¢ < 0.85) instead of ¢ < &gp, which may find applications
for the forming of semi-finished products in the cross-linked
state, such as demonstrated in ref. 14. Moreover, eqn (14) does
not require the determination of £gp. Note that for vitrimers, the
evolution of zero-shear viscosity above T is not only driven by
the the crosslinks but also the temperature-dependent covalent
exchanges of dynamic bonds.>” Consequently, the viscosity of
vitrimers is, at a certain point, essentially controlled by the bond
exchange reaction kinetics, which exhibits Arrhenius-like gra-
dual viscosity variations."®* Above T, the dynamic exchangeable
reaction occurs in a shorter timescale than the timescale of
material deformation, leading to the topological rearrangements
of the network structure and resultant macroscale flow.*>® As
infinite network formation manifests at gelation,** which essen-
tially affects the macroscopic behavior of the system,”* the effect
of macroscale flow reveals at the gelation point.

Introducing an inflection point through eqn (14) indicates
that the complex viscosity development is not strictly
dominated by one mechanism (curing reaction) but by various
superimposed and partly counteracting mechanisms. After the
initial increase in viscosity up to ¢ &~ &gp, which is charac-
terised by the rapid proceeding of the curing reaction and
therefore dominated by the crosslinking, the dynamic
exchangeable reaction effect becomes relevant, preventing
the exponential growth in viscosity. As the bond exchange mecha-
nism becomes fast at temperatures above T, which is located in
or below the T, region**®® for the investigated imine system, bond
exchange is likely to occur during the rheometer measurements.
Exposed to elevated temperatures above T, the viscosity decreases
because the cross-links can rearrange, permitting the changes to
defuse and the network topology to fluctuate. Therefore, it is
reasonable to assume that the further increase in viscosity after
gelation is compensated by the exchange of dynamic bonds. For
this, the model covers the superimposed effect of crosslinking
and the temperature-dependent covalent exchanges of dynamic
bonds on the viscosity of the resin. The influence of more
dynamic crosslinks becomes evident as more pronounced macro-
scale flow, and therefore, lower viscosity is measured, although S2
exhibits a higher incident viscosity. Thus, the fraction of dynamic
crosslinks anticipates a more pronounced macroscale flow and
effect on the complex viscosity. Finally, Fig. 13 summarises the
overall complex viscosity development of S1 and S2 based on the
suggested model, which covers superimposed effects of cross-
linking and dynamic covalent bond exchanges. A comparison
with the measurement data reveals shortcomings of the model at
low degrees of cure, especially for S1. We consider that the
thermal differences between the measured temperature profile
and the actual temperature in the sample and the partly

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Holistic modeling approach to cover temperature and cure-dependence of the complex viscosity development for S1 (left) and S2 (right).

undefined heating process may be responsible for this. Still,
complex viscosity values for ¢ < 0.35 (S1, RE = 4.8%) and ¢ <
0.2 (S2, RE = 6.9%) are well mapped by the model, justifying its
application, especially for pre-cured laminates with subsequent
hot-pressing or reforming. Although the two similar vitrimeric
systems studied can be described well with the proposed model,
generalizability and transferability to other systems must be
examined. For vitrimeric resins systems particularly suitable for
infusion applications, the initial viscosity is expected to be
significantly lower (0.01-0.1 Pa s*), so it needs to be confirmed
if the suggested model is also capable of depicting a far greater
range of viscosity development or if it is limited to vitrimers of
high viscous nature.

It is worth mentioning that the suggested model covers a
broad temperature range and expands the validity range to ¢ <
0.85 compared to the Castro-Macosko, providing a comprehen-
sive description of the vitrimeric material behavior. Contrary to
intuition, the model demonstrates that stochiometry S2,
despite an initially higher viscosity, exhibits lower viscosities
at a high degree of crosslinking and is, therefore, better suited
for composite thermoforming applications, which are challen-
ging because of the intrinsically high viscosity of vitrimers."*

4. Conclusion

Within the present investigation, a phenomenological cure
kinetic model has been developed for an imine-containing
epoxy vitrimer, depending on the underlying stochiometry.
Further, the development of glass transition temperature and
the viscosity during cure were modeled, capturing a broad
range of viscosities and covering a relatively high degree of
cure, even above the gelation point.

The development of activation energy during cure indicates
multiple reaction mechanisms and suggests a supplementary
investigation founded on model-based kinetic approaches. The
selected autocatalytic model accurately describes the under-
lying curing mechanism of both stoichiometries by adjusting
the model parameters. The development of glass transition
temperature is described using the Di Benedetto equation.

The suggested chemo-rheological model accurately (average
relative errors smaller than 7% for the partly cured state)

This journal is © The Royal Society of Chemistry 2024

represents the rheological behavior of the resin, even after
gelation. These models capture the superimposed effect of
dynamic bond exchange and network formation based on
crosslinking and are characteristic of the specific combination
of imine bonds and epoxy/amine crosslinking systems. There-
fore, the presented results represent an essential prerequisite to
guide the application of imine-based vitrimeric systems to
individual processing conditions and set the scene for the
development of vitrimeric epoxy matrix-based composites.

Abbreviations
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CANs  Covalent adaptive networks

DSC Differential scanning calorimetry
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Hardener

GP Gelation point

TGA Thermogravimetric analysis
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