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In this study, we extend the application of Time-Temperature-Transformation (TTT) diagrams, typically
employed to describe thermoset processing, to address both the processing and reprocessing of vitrimers. To that
end, we have used thermal analysis methods to characterize the reactions governing curing and the thermo-
forming of a disulfide-containing epoxy vitrimer. The resulting diagrams, which account for adverse processing
effects such as degradation and vitrification, exclusively rely on predictions derived from isoconversional
methods. Notably, we introduce, for the first time, the application of isoconversional methods to the modeling of

stress relaxation kinetics. Using these diagrams, we have identified the conditions for safe curing and thermo-
forming of the vitrimer. Predictions have been experimentally validated, confirming the robustness and versa-
tility of model-free kinetic analyses.

1. Introduction

The use of polymers for component design is wide-spread across all
engineering disciplines [1]. New formulations are constantly emerging
to fine-tune specific properties such as toughness, resilience, strength, or
transparency, to meet a range of application requirements. Tradition-
ally, thermosets have been the choice for demanding applications as
they offer superior chemical resistance, thermal stability, and mechan-
ical properties compared to thermoplastic materials [2]. However,
because of the current climate emergency scenario society is shifting
towards sustainable materials, an attribute current thermoset do not
have [3]. This shift has led to the development of novel types of
thermoset-like polymers based on the covalent adaptable network
(CAN) concept [4]. CANs differ from thermosets in that the former
contain dynamic covalent bonds in the polymer network. Consequently,
because CANs have the ability to change their topology they can be
reshaped and repaired [5]. Among CANSs, vitrimers stand out because
they maintain their cross-linking connectivity at all times through
associative exchange reactions, allowing their macroscopic properties to
be preserved during reprocessing [6-8]. However, achieving excep-
tional performance is of no use if two fundamental characteristics are
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not fulfilled: processability and low cost. In fact, these two features are
interconnected, with the cost of a product being influenced by the
processing conditions.

The idea of generating a state diagram to assist with deciding on the
processing conditions is not new and has been embodied in the so-called
Time-Temperature-Transformation (TTT) diagrams [9-15]. In the case
of thermosets, TTT diagrams are used to illustrate the kinetics of the
main phenomena involved in the curing process: gelation and vitrifi-
cation. TTT diagrams can also be extended to vitrimer processing
without one having to take any further considerations into account. On
the other hand, the reprocessing of vitrimers is dictated by different
kinetic processes that require a reinterpretation of the concept leading to
a different type of state diagram. We recently proposed a novel TTT
diagram for reprocessing vitrimers that takes into account the kinetics of
their characteristic exchange reaction [13].

TTT plots are generated using thermal analysis methods which allow
one to obtain experimental points of the diagram and, also, to predict
them using kinetic models. Kinetic methods can be classified as model-
fitting or model-free. The former assume that the kinetics follows a
certain reaction model. Mechanistic models, based on an elaborate
theoretical and experimental analysis, can be used to describe the
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evolution of the cure process. This is often an arduous task requiring
expertise in various advanced techniques and a time-consuming multi-
parameter fitting of a set of non-analytical expressions. Alternatively,
the cure reaction in thermosets can be described by phenomenological
reaction models that take into account the autocatalytic nature of the
process. Most typically, researchers rely on empirical expressions
[15-17] such as that proposed by Kamal [16]. Describing the reaction
rate with such simplified expressions carries the risk of not correctly
describing the evolution of the systems in which the kinetics deviates
from these models.

Conversely, model-free methods are more versatile since they are not
tied to a particular reaction pathway. In addition, the assumption that
the state of the system is exclusively defined by the degree of trans-
formation seems to hold for resin systems used in industry [18-28]. In
fact, this is the same principle that underlies the so-called isoconver-
sional methods, which provide accurate predictions over a temperature
range relevant for practical purposes.

In this study, we generate TTT processing and reprocessing diagrams
of a vitrimer, based solely on predictions derived from isoconversional
methods. A novel aspect of our study is the first-time application of this
analytical approach to study the stress relaxation of vitrimers. To
construct the diagrams we use a vitrimer based on aromatic disulfide
bonds, which has properties that are particularly interesting for the
manufacture of composite laminates. The objective of this work is to
discuss and validate the applicability of isoconversional methods in
generating such isothermal state diagrams.

2. Experimental details and methods
2.1. Kinetic methods

Thermal analysis (TA) is a set of techniques that allow a particular
material property to be monitored when a sample is subjected to a
controlled temperature program. TA is therefore useful for character-
izing the kinetics of processes that occur during thermal treatment.

For example, DSC allows the evolution of heat to be monitored. Thus,
DSC has been widely used to analyze the cure kinetics of resins. The cure
rate can be determined by DSC by assuming that the degree of cure is
proportional to the heat released during the cure process [29]:
da 1 dH
& " BH di W

TGA is also particularly suitable for characterizing degradation ki-
netics because it monitors the evolution of mass. In this case, it is
generally assumed that the degree of degradation is linearly dependent
on the mass:

_m; —m(1)

at) = ——2 (2)

m; — nmy

where m; and my are the initial and final masses, respectively.

Isoconversional methods are based on the hypothesis that, for a given
degree of conversion o, the conversion rate is only a function of tem-
perature [30,31]:

{dln(dzi/dt)] __E 3
dr-! R

where T is the temperature, R the universal gas constant and E, is the
activation energy at a given degree of conversion. In most real thermally
activated processes, the microscopic energy barriers remain almost
constant as the transformation proceeds [32]. In the case of complex
transformations, the dependence of E, on « is the result of the involve-
ment of different processes, each associated with a particular activation
energy, or the involvement of processes that do not obey the Arrhenius
dependence of the rate constant on temperature [19,20,33]. Hence, in
general, E, must be interpreted as an apparent activation energy rather
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than an actual activation energy.
The transformation rate equation can be obtained from the integra-
tion of Eq. (3):

da

Ea
i Auf(a)exp {——} . 4)

RT

For a given degree of conversion, the conversion rate is fully
described by two parameters: the apparent activation energy E,, and the
product A,f(a).

The aim of isoconversional methods is, therefore, to determine these
two parameters as a function of the degree of conversion. For this pur-
pose, the degree of transformation is discretized into small and constant
intervals; @ = jAa. Thus, the objective is to determine the discrete set of
values Ej and Af(a)|;. To do this, one must perform several experiments
[34,35] at different heating rates, # = dT/dt (non-isothermal) or fixed
temperatures (isothermal). For example, Friedman’s differential iso-
conversional method is based on a relationship derived directly from Eq.
(4:

In (%)j‘i = - 1%+ In(Af(a))|; (5) where the subscript i stands for a
particular experiment, ; for non-isothermal or T; for
isothermal and the subscript j stands for a given degree of
transformation ;. More precisely, for each heating rate and
for a given a; we determine the transformation rate, da/dt|;;,
and the associated temperature, Tj;. According to Equation 5,
the plot of In (%)]._i against the reciprocal of the temperature

should give a straight line. The parameter E; and the product
Af(a)|; are obtained from the slope and intercept,
respectively.
Once we know E; and Af(a)|;, and from the integration of Eq. (4), we
can easily make isothermal predictions:

Xmtn exp |:£_‘;:|

A

At = (6)

Am

where T is the constant temperature, At is the time span between the
degrees of transformation a,, and amin, and amin — am = nAa, i.e. the
calculated values of the degree of transformation follow the same dis-
cretization used to determine the kinetic parameters. Since the inte-
gration is computed at equally spaced values of a, we have used the
closed Newton-Cotes Bode’s formula (n = 5) [36].

Besides, the Roduit method [37,38] can be adapted to work for an
arbitrary temperature program [13,39]. In this case, the dependence of
the temperature with time is given by a discrete set of values Ty = T(ty).
The prediction is based on the summation of Eq. (4) over small time
intervals, Aty:

Qi1 = A +Af(a)|k-e’% Aty 7)

where oy, Ex and Af(a)|, are a, E, and A.f(a) for a given temperature Ty
and Aty is the time span between Ty and T, ;. Thus, the evolution of the
degree of transformation is obtained iteratively starting from k = 0 and
Qg = 0.

2.2. Material and thermal analysis techniques

The vitrimer examined in this study is formulated with Araldite XB
6469 (E.E.W = 150 g/eq.), a low-viscosity commercial epoxy resin from
Huntsman (Duxford, UK), which is a combination of two difunctional
epoxies: DGEBA (> 70 %; < 90 %) and 4-Butanediol diglycidyl ether (>
10 %; < 30 %). Additionally, it incorporates an aromatic disulfide
hardener, 4-Aminophenyl disulfide (CAS number 722-27-0), which
provides dynamic cross-linking capabilities. The epoxy-hardener
mixture was prepared at a ratio of 40 phr (parts of hardener per 100
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Fig. 1. Non-isothermal DSC analysis of the vitrimer heated at different rates.

parts of resin) as instructed by CIDETEC, who hold a patent for this
formulation.

The curing reaction kinetics of the vitrimeric resin were investigated
through DSC, employing a Q2000 apparatus from TA Instruments. The
analysis was conducted at five distinct heating rates: 0.6, 1.25, 2.5, 5 and
10 K/min. The experiments were carried out in sealed aluminum T-zero
pans under a high-purity nitrogen flow rate of 50 ml/min, and the tests
were initiated immediately after the resin-hardener mixing to prevent
any substantial transformation prior curing. Gelation and vitrification
kinetics, crucial to the curing process of thermosets and vitrimers, were
indirectly characterized through the modeling of cure reaction and by
establishing the gel point-conversion and Tg-conversion relationships.

Gelation at several temperatures has been determined by the cross-
over point between the elastic modulus (G’) and viscous modulus (G’’),
in accordance with the methodology proposed elsewhere [40,41]. Four
isothermal tests were conducted at temperatures ranging from 100 to
140 °C using an Anton Paar rheometer, model MCR 302e, equipped with
an environmental chamber to control the temperature during the ex-
periments. The uncured sample was positioned between 25 mm diam-
eter aluminum disposable parallel plates and subjected to a rotational
oscillation test with a constant shear strain of 5 % at a frequency of 1 Hz.
Throughout the experiments, the gap (distance between plates) was
consistently maintained at 1 mm.

The evolution of the glass transition temperature (Tg) with the de-
gree of cure was analyzed by means of DSC tests. To explore the corre-
lation between the degree of cure and the glass transition temperature,
various samples were subjected to different temperature programs
leading to distinct levels of conversion. The degree of cure is determined
using Eq. (7) and the temperature-time evolution recorded by the DSC.
We have summarized in Table S1 the temperature history of such tests
along with the predicted degree of conversion. The Tg is determined
following the established methodology [42]; the midpoint between the
extrapolated onset and endset transition temperatures.

The kinetics of the exchange reaction enabling the reprocessing of
vitrimeric resins were characterized through dynamic mechanical
analysis using a DMA Q800 instrument via stress-relaxation tests. These
tests involve applying a fixed deformation to a specimen and measuring
the load required to maintain a constant deformation. Specifically,
stress-relaxation experiments were conducted under tensile mode
following the methodology established in [43]: fully cured specimens
were preloaded at a force of 1 x 107> N for straightness, allowing 30 min
for thermal equilibrium after reaching the testing temperature. The
samples were then stretched by 1 %, and the subsequent stress decrease
was recorded to calculate the stress relaxation modulus.

Finally, dynamic TGA was conducted using a Mettler Toledo
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Table 1
Enthalpies of reaction determined from the integration over time of the DSC
curves shown in Fig. 1.

Heating rate [K/min] AH [kJ/kg] AH per eq. of epoxy [kJ/eq]
0.60 367 77.1

1.25 382 80.2

2.50 385 80.9

5.0 380 79.8

10.0 386 81.1

Average 380+ 4 79.8 £0.7

thermobalance (model TGA/DSC1) to study thermal decomposition ki-
netics. Like the dynamic calorimetric experiments, we also performed
experiments at five different heating rates: 1.25, 2.5, 5, 10, and 20 K/
min, under a flow rate of 60 ml/min of high purity synthetic air and at
1.25, 2.5, 5 and 20 K/min, under a flow rate of 60 ml/min of high purity
Nj. All tests were conducted using 150 pL Al;O3 crucibles, and the
sample mass was kept below 5 mg to ensure a negligible effect of
overheating on the degradation kinetics [44].

3. Results and discussion
3.1. Curing kinetics

Like thermosets, the transformation of a vitrimer into a stable three-
dimensional polymeric matrix involves the chemical reaction between
the resin and the hardener. Therefore, a thorough understanding of the
kinetics of this reaction is fundamental for the optimization of vitrimer’s
processing. This section aims to characterize cure kinetics through
thermal analysis experiments.

Fig. 1 illustrates the dynamic DSC analysis of the curing reaction. The
enthalpy of reaction for each experiment is given in table 1. Within the
accuracy of the DSC we obtain a constant value of the enthalpy (relative
deviations are around 1 %), so that for all DSC experiments a full degree
of cure is achieved. The measured enthalpy normalized per epoxy
functionality, at 79.8 kJ/mol, is slightly lower than that of other aro-
matic epoxy-amine systems, which typically fall around 100 kJ/mol
[45-47]. The behavior of this resin closely mirrors that of a previously
studied vitrimer based on a different epoxy resin but cured with the
same hardener [13]. Notably, both exhibit a single exothermic peak in
the 100-270 °C temperature range. Additionally, one can observe the
initiation of a second exothermic process at temperatures around 250
°C. This is not coincidental, as it corresponds to the higher temperatures
that limit the thermal stability of the disulfide bonds of the hardener
[13].

To characterize the kinetics of the reaction, we applied Friedman’s
isoconversional analysis to the experimental data shown in Fig. 1. Fig. 2
shows the dependence of the apparent activation energy, E,, on the
degree of cure along with the correlation coefficient of the linear fitting,
demonstrating a good fit over the entire conversion range. The evolution
of E, with a is also not far from that shown by other epoxy-amine sys-
tems [14,15,48-50]; it shows a high value at very low conversions that
corresponds to the primary amine addition. Then, due to the hydroxyl
groups formed during the reaction, the process becomes autocatalytic
and the activation energy decreases very rapidly to a relatively constant
value around 56 kJ/mol. This low activation energy is similar to that
reported for other epoxy-based resins [50,51] and it is in agreement with
the activation energy of 58 kJ/mol determined for an epoxy vitrimer
[52].

To check the isoconversional fit, we performed a self-consistency test
consisting in calculating the evolution of the curing conversion with
time for the experiments used in the isoconversional analysis, and the
result is represented in Fig. 2.b as continuous lines. To make this pre-
diction we use Eq. (7), where T(t) is the temperature-time evolution
extracted from the experimental curves. From Fig. 2.b it is clear that the
kinetic analysis correctly predicts the measured evolution for the non-
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isothermal experiments.

While the kinetic characterization in Fig. 2 is able to perfectly
describe the non-isothermal curing of the resin, it has its limitations
when extended to isothermal curing. This is because the reaction be-
comes limited by diffusion as the glass transition temperature (Tg) ap-
proaches the processing temperature. This phenomenon is known as
vitrification. To overcome this, it is essential to identify the dependence
of Tg on the curing degree. Notice that the a-Tg relationship also denotes
the maximum fractional conversion predictable by our isoconversional
model, omax, at that specific temperature [18]. In this study, we do not
characterize the kinetics beyond oyayx, as this region loses relevance from
a processing point of view.

We have experimentally determined the Tg for samples cured to
different degrees of conversion, as illustrated in Fig. 3. The corre-
sponding DSC curves for each of these measurements are shown in
Figure S1. The experimental measurements are presented together with
a fit to the empirical DiBenedetto’s equation [53-55]:

(Ty — Too) a
(Tgoo - g‘)) B (1 - (1 7}“)0)’

(€))

where, Tg,, represents the glass transition temperature of the fully cured
resin, and Tgy is the glass transition at zero degrees of cure. A is a fitting

parameter ranging between 0 and 1.

The DiBenedetto fit gives A = 0.64 with an R? value of 0.998. It
should be noted that for many epoxy resins the A value is between 0.5
and 0.6 [56] and a A value of 0.57 has been reported for an epoxy vit-
rimer [52]. Thus, our resin has a slightly higher Tg than the typical
values reported for epoxy-based resins.

Besides vitrification, gelation is the other major event affecting the
processing of thermosets. We have determined the time to gelation from
the crossover point of the storage and loss moduli in rheological time
sweep experiments conducted under isothermal conditions at four
different temperatures (Fig. 4).

Following the methodology described in Section 2.2 we have
determined the degree of cure at gelation, g, for each of the 4 exper-
iments. The time to gelation along with the calculated degree of cure
based on isoconversional predictions, is summarized in Table 2.

We obtain an approximately constant value of age = 0.79. In step-
growth systems, gel formation occurs typically at degrees of conver-
sion between 0.5 and 0.8 [57]. In stoichiometric mixtures of
diepoxy-diamine systems, the Flory—Stockmayer model predicts an oge|
= 0.577 and most experimental results approximate 0.6 [58]. Thus, the
gel point of our vitrimer is significantly delayed compared to typical
diepoxy-diamine systems. Actually, high gel conversions have been
described when deviations from the ideal stepwise cross-linking reaction
occur [59,60].

Alternatively, gelation kinetics can be characterized by fitting the
results presented in Table 2 to an Arrhenius temperature dependence.

Into,(T) = A — E/RT. (©)]

Fig. 5 depicts the logarithm of the gel time plotted against the
reciprocal of the curing temperature. From the slope of the linear fit, we
determine an activation energy of 58.5 kJ/mol, which agrees with the
apparent activation energy obtained at age from the isoconversional
analysis, 55.2 kJ/mol (Fig. 2).

3.2. Stress relaxation kinetics

Reprocessing of vitrimers is governed by the exchange reaction be-
tween their dynamic bonds and manifested by a relaxation of the stress
state. Fig. 6 shows the stress relaxation analysis of the epoxy vitrimer.
All isothermal tests performed in the studied temperature range reveal
the expected decay in the relaxation modulus, o, above the transition
temperature where the exchangeable reaction happens rapidly. This is
known as the topological freezing transition temperature (T,) [61].

For the kinetic analysis we assume that the degree of conversion of
the exchange reaction is proportional to the applied load, where a =
0 when ¢ = 0y, and o = 1 corresponds to a fully relaxed state:
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Fig. 4. Isothermal rheological time sweep experiments of the epoxy vitrimer. The spike in Fig. 4.b is an experimental artefact.

Table 2
— Gelation time at different temperatures and the corresponding degree of
conversion determined from kinetic predictions.

Temperature tger [s] Ogel
100 9289.6 0.789
120 3659.4 0.794
130 2357.7 0.793
140 1479.9 0.781
oo —o(t
a(t) = 0—()_ (10)
0o

Fig. 7 shows the result of applying Friedman’s isoconversional
method to the resulting da/dt curves. The apparent activation energy of
the process is close to 120 kJ/mol, increasing smoothly to 140 kJ/mol in
the final stages of the process. To perform the Friedman isoconversional
analysis we first need to calculate the time derivative of the DMA curves
and the transformation rate is very sensitive to noise [62]. To overcome
this problem and taking advantage of the fact that the DMA curves show
a smooth evolution, we have first performed a cubic spline interpolation
[32]. In addition, the sawtooth-like shape of the graphs in Fig. 7 is
related to the fact that the DMA curves do not cover the entire « interval.
As a result, the number of points used in the Friedman linear fit is not
constant; every time this number changes there is a jump.

Commonly, stress relaxation kinetics have been characterized by
fitting the characteristic stress relaxation time, t*, defined as the time
required to relax 63 % of the initial load, to an Arrhenius law [43,63,64]:

Int*(T) = Inzj + E; /RT, (1)

o0 Ecige = 58.5 kimol
8.5
£
8.0
Intercept: -9.7+£0.3
757 Slope: 7.03£0.13
R% 0.999

2.:10 ' 2.:15 ' 2.I50 ' 2.I55 ' 2.I60 ' 2.I65 ' 2.I70
1000/T / K-!

Fig. 5. Logarithm of the gel time plotted against the reciprocal of the curing
temperature.

where, E; is the constant activation energy of the process and 7 is a pre-
exponential factor.

By applying this method, we found that E; is 105 kJ/mol (see the
Supporting Information), which is in fairly agreement with the E, values
obtained in our isoconversional analysis.

Extrapolation of this same fit, in combination with Maxwell’s rela-
tion (Eq. (12)), is commonly used to determine T, as the threshold
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temperature at which the viscosity reaches a value of 102 Pa [63-65]:

n= G'T*v

(12)

where the shear modulus, G, was calculated from the tensile modulus as
measured by DMA from the relation:
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G =0o/(2(1+v)), 13)
where v is the Poisson’s ratio. We have considered that v = 0.5, i.e., the
Poisson’s ratio commonly used for rubbers.

This approach results in a T, of 68.8 °C. It is important to note that
this temperature is lower than the glass transition temperature of the
fully cured resin. Therefore, the onset temperature at which the dynamic
bond exchange reaction becomes significant is Tgg,.

In Fig. 6 we have superimposed the predictions of the isoconver-
sional analysis on the experimental data. The method shows notable
inaccuracies for very short times, particularly at low degrees of trans-
formation. These discrepancies are partly magnified when representing
the data in logarithmic scale and are particularly pronounced when
predicting the kinetic behavior for temperatures close to the limits of the
range explored, i.e., 135 and 195 °C. Conversely, the predictions fit
closely to experiments at longer times and intermediate temperatures.

It should be noted that we have fitted the relaxation data to the
stretched exponential and Maxwell models [66-68], these analyses are
detailed in the supplementary information. The Maxwell model is only
able to fit the data over a narrow temperature range, from 130 to 155 °C.
As for the stretched exponential model, we obtain a reasonable fit over a
much wider temperature range, but the exponent p evolves from 0.824
to 0.292 while it is expected to be approximately constant. Thus, for the
vitrimer analyzed, none of these models is able to provide a reliable
description of the stress relaxation kinetics. Therefore, the isoconver-
sional approach proposed here is an interesting alternative when the
classical models do not provide a reliable description of the relaxation
kinetics.

3.3. Thermal degradation kinetics

Prolonged exposure of the vitrimer to excessive temperatures will
compromise its thermal stability during processing and reprocessing. It
is therefore necessary to understand the kinetics of thermal degradation
in order to prevent any deterioration in mechanical properties. We
carried out a characterization of the vitrimer degradation based on the
thermally driven mass loss criterion using non-isothermal TGA. In Fig. 8
we have plotted the normalized TGA curves and their time derivative
(dTG) obtained when the vitrimer was heated at different heating rates.

All the thermograms obtained in air show clearly two main dTG
peaks, starting at around 250 °C and continuing beyond temperatures of
550 °C. The initial stage, which marks the onset of degradation, is
consistent with the expected thermal stability of the disulfide bonds
[13], as noted above. While, in practical terms, only the first stage holds
significance, both processes must be considered as a whole for the
application of isoconversional methods. This is because it is imperative
to define a physical state common to all experiments corresponding to
100 % process conversion. Since it is not possible to separate the two
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Fig. 8. Dynamic TG analysis of the vitrimer heated at different rates. Flowing gas: (a) synthetic air and (b) Na.
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Fig. 10. - Processing map: Solid lines depict the isoconversional glass transition
lines corresponding to advancing degrees of cure. (In brackets, the corre-
sponding glass transition temperature). The gelation isoconversional line is in
bold. Red dotted lines represent the time below which a tolerable degradation
degree of 1 %, 2 %, 3 %, and 5 % is not exceeded. The grey dashed area in-
dicates the conditions in which the vitrimer is in a vitreous state.

stages due to overlapping, we have defined total degradation as being
achieved when the mass is virtually zero. Fig. 9.a shows the dependence
of the apparent activation energy on the degree of degradation deter-
mined by using Friedman’s method on the experiments outlined in
Fig. 8. From the self-consistency test shown in Fig. 9.b, we can state that
the kinetic analysis correctly predicts the evolution of the constant
heating experiments up to a degree of conversion of 0.4, above this
degree of degradation the predictions clearly deviate from the measured
evolution. However, to construct the processing map it is sufficient to
correctly predict the kinetics up to a degradation degree of 0.05.
Moreover, in the 0.01 < a < 0.1 range, E, evolve from around 150
kJ/mol initially to approximately 200 kJ/mol. This correlation is sup-
ported by a robust fit with a high correlation coefficient (Fig. 9.a, right
side axe) and, again, is consistent with [13].

Both the apparent activation energies and the shapes of the TG
curves obtained in N3 and air in the early stages of the decomposition are
similar. This similarity arises from the fact that the decomposition is
initiated by the thermal decomposition of the disulphide hardener [13].

3.4. Processing map

The kinetics of curing and degradation have been summarized in
Fig. 10 in the form of a TTT diagram that serves as a processing map.
Based on predictions derived from the isoconversional analysis in Sec-
tions 3.1 and 3.3, the diagram illustrates the time dependence of these
phenomena under isothermal conditions over the temperature range
from 50 to 220 °C. The successive solid contour lines in the diagram
reflect progressively higher degrees of cure and are correlated with the
glass transition temperature by the DiBenedetto fit. This plot takes into
account the maximum conversion achievable before vitrification, otmax,
which delimits the zone in which the vitrimer is in the glassy state. We
have also highlighted in bold the degree of conversion that marks the gel
transition, age. The red dotted lines take into account the degradation
kinetics and establish several degrees of degradation in the range of 1 to
5 %. Integrating these different transformations into a unified plot un-
veils the window of processing conditions (temperature-time) where
both degradation and vitrification are avoided, thus ensuring attaining
the desired degree of cure.

To validate the reliability of the diagram in its different regions, we
performed tests designed to explore the conditions that lead to the
different possible states of the resin. For instance, samples A and B were
treated at 130 °C for 30 min and 3 h, respectively, aiming at cure degrees
below and above gelation. Under these conditions, sample A should
have reached an o of 58 %, while sample B should have reached an o of
94%. These degrees of conversion correspond to Tg values of 36.6 °C and
93.8 °C, respectively. This is in reasonably good agreement with the
measured values of 34.2 °C and 99.6 °C obtained by calorimetric mea-
surements (see Figs. 11a and b).

Sample C was heated at 80 °C for five days, aiming at the vitrification
region. An indirect validation that a sample has vitrified is the occur-
rence of physical ageing, a direct consequence of the metastable nature
of glassy amorphous polymers [69]. Physical ageing manifests itself as
an endothermic peak at a temperature that depends on the ageing time
[70,71]. Sample C shows this characteristic relaxation event upon
heating in a DSC scan (Fig. 11.c). The onset of relaxation is marked by a
fictive temperature [71] at around 100 °C, dictated by the structure of
the glass. Predicting the peak shift with ageing requires an under-
standing of the relaxation kinetics in the glass transition region [71],
which is beyond the scope of this work.

Finally, sample D was treated at 210 °C for 1.5 h and lies in the region
where significant degradation is expected. Specifically, this sample was
expected to experience a loss of 2 to 3 % of its initial mass. A ther-
mogravimetric experiment, replicating these conditions confirmed our
prediction with a measured mass loss of 2.7 % (Fig. 12). Although the
measured and predicted degradation are in excellent agreement, a very
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accurate prediction for the early stages of degradation cannot be ex-
pected due to the small mass losses measured by the TG and the accuracy
of the kinetic model. However, the aim of the transformation diagram is
not to accurately predict degradation in the early stages, but to have an
estimate of the time-temperature conditions to avoid thermal
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Fig. 13. Reprocessing map of the epoxy vitrimer: Blue solid lines show the time
required to relax stress by several degrees. Red lines show the time below which
a tolerable degradation degree of 1 %, 2%, 3 % and 5 % is not exceeded.

degradation. Furthermore, we observed a Tg of 93.4 °C, which is about
10 °C below Tg,,, despite an extended processing time well beyond the
completion of curing. This decrease in Tg is also indicative of the ma-
terial experiencing degradation.
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Fig. 14. Deformed cupons after the second reprocessing step. Left) Sample E, Right) Sample F.

3.5. Reprocessing map

We have generated a diagram analogous to the processing map for
reprocessing vitrimers, where the role of the curing reaction is taken
over by the dynamic bond exchange reaction (Fig. 13). This plot main-
tains the same degradation criteria but omits the glassy state region,
since the temperature range of interest is above the Tg,. In Fig. 13, the
solid lines describe contours of constant degree of conversion for the
stress relaxation kinetics described in Section 3.2. The diagram shows
the time required for relaxation expanding from 10 to 90 % of the initial
stress at 10 % intervals. We have also included, in bold, the classical
criterion (t*) corresponding to a stress relaxation of 63 %. The inter-
pretation of Fig. 13 thus reveals a clear range of safe conditions, indi-
cating that thermoforming is feasible without significant degradation.
Moreover, this novel representation also offers valuable insights into the
residual stress state that persists after post-reprocessing; thus going
beyond the considerations made by other researchers to date. This is of
significant importance, as an excess of residual stresses has the potential
to diminish the load-carrying capacity, weaken the strength, and shorten
the service life of the composite material in question [72,73].

Residual stresses also pose a significant obstacle to achieving precise
geometrical tolerances. For instance, angled parts may experience
’spring-in’, causing difficulties during assembly with other components.
This issue, commonly observed in the processing of composite material
[74,75], extends to the thermoforming of vitrimers. In this context, the
reprocessing map can be utilized to ensure the quality of reshaping.

To underscore the value of the reprocessing map, we follow a pro-
cedure that unfolds in two stages. The first stage consist in reprocessing
two flat samples, each measuring 80x30x3 mm?, into a curved mold
(Figure S7) under conditions E and F as indicated in Fig. 13. For this
purpose, the sample is immersed in a silicone bath held at a constant
temperature for a designated period. After the completion of the
reprocessing stage, the sample is cooled to room temperature and then
extracted from the mold. As a result of this first stage the sample retain
the curvature of the mold (Fig. S8) and accumulate residual stress due to
their deformation. Based on our predictions, during this first stage, the
sample reprocessed under conditions E (122 °C for 30 min) only relaxes
63 % of the stresses, a relaxation level that is commonly used to deter-
mine the characteristic reshaping time of vitrimers [76]. On the other
hand, sample F is treated at a higher temperature and for a longer time
(143 °C for 2 h) with the aim to relax well beyond the 90 % of the
stresses induced by the mold.

At room temperature, the sample shape is partly maintained because
itis in a glassy state, with the strain rate *frozen’. However, if the sample
is heated again above Tg, residual stresses would be relaxed and a partial
recovery of the initial shape would take place. To confirm that the stress
accumulated on the sample depends on the reprocessing conditions, we
perform a second stage that consist of heating the sample outside the
mold and above Tg. While sample E displays a pronounced spring-in
effect, resulting in a final curvature much greater than that of the
mold, sample F maintains its shape with minimal spring-in (Figure S9).
A comparison of the final shape of the two reprocessed samples is shown
in Fig. 14.

4. Conclusions

The kinetics of curing, degradation, and stress relaxation in a
disulfide-containing epoxy vitrimer have been investigated using the

Friedman isoconversional method. This complete characterization has
been captured in the form of two TTT diagrams describing the primary
reactions that take place during the processing and reprocessing of the
resin.

We have shown that Friedman isoconversional analysis applied to
dynamic calorimetric experiments is useful for predicting the evolution
of the glass transition under isothermal conditions when the cure ki-
netics are controlled by the reaction. Furthermore, the predictions
accurately describe resin gelation within the limits defined by the
thermoanalytical data used to feed the model.

The decomposition behavior of the vitrimer studied, well described
by isoconversional model in the first stages, suggests that its thermal
stability is dictated by the stability of the disulfide bonds that give the
vitrimer its ability to flow.

Finally, we have applied isoconversional analysis for the first time to
characterize the kinetics of the stress relaxation in a vitrimer. The
analysis yielded an apparent activation energy for the disulfide bond
exchange reaction in the range of approximately 100-140 kJ/mol over
the 10-90 % relaxation interval of the initial stresses. Predictions based
on this kinetic characterization are in good agreement with the experi-
mental results, especially for long reprocessing times.
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