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A B S T R A C T   

A lack of fundamental knowledge about the kinetic mechanisms governing the processing and reprocessing of 
vitrimers forces a trial-and-error procedure to be adopted when choosing treatment conditions. In this work, we 
develop diagrams to be used as a straightforward tool to decide the curing and thermoforming parameters of 
vitrimers. The thermal stability of a disulfide containing epoxy has been evaluated by means of thermal analysis 
methods. By characterizing the kinetics of the curing and decomposition of the resin through a model-free kinetic 
method, we have been able to generate an intuitive processability map based on Time-Temperature- 
Transformation plots. The resulting chart allows for the optimum curing conditions that will avoid degrada
tion to be identified. A similar chart for reprocessability has been obtained by considering the exchange kinetics 
of the characteristic stress relaxation behavior of vitrimers.  Furthermore, we have incorporated into the dia
grams criteria to determine the critical thickness below which a tolerable thermal gradient is not exceeded. Our 
diagrams have been experimentally validated, thus proving to be a useful and valid tool for rapid decision- 
making situations.   

1. Introduction 

To improve energy efficiency in transport, using composite materials 
as lightweight structural components is a generalized trend in industries 
such as aerospace and the automotive industry [1,2]. Within structural 
composites, thermoset matrices have been the most popular choice to 
date [3] as they provide good mechanical properties and good adhesion 
to the fiber. However, thermosetting resins cannot be recycled [4] and, 
in the current climate-emergency context, this is a major drawback that 
has led to promising alternatives now being considered [5]. Among the 
top options are the so-called vitrimers; a new type of resin based on the 
covalent adaptable network (CAN) concept that offers a good balance 
between sustainability and performance [6–8]. Vitrimers are covalently 
cross-linked polymers and at service temperatures they behave like 
thermosets. The distinctive feature of these novel eco-friendly resins is 
that external stimuli such as light or temperature can trigger the topo
logical rearrangement of their covalent network, thus, making them 
remoldable and self-healing and, therefore, repeatedly recyclable and 

repairable [9]. Of all the vitrimers, it is the epoxy-based ones that excel 
in the availability of monomers and ease of synthesis which, in turn, 
facilitates their scalability in an industrial setup [10]. In particular, 
epoxy vitrimer composites incorporating reversible crosslinks based on 
aromatic disulfides offer excellent mechanical properties and their use 
in industrial applications is straightforward [11–13]. 

As with any other resin, one of the key points that will ultimately 
determine the commercial success of aromatic disulfide-containing 
epoxy vitrimers is curing time. Long curing times increase 
manufacturing costs and limit production to low-to-medium-volume 
batches. However, pushing the curing processes to shorten production 
times may lead to a sudden and accelerated increase in the reaction rate 
that raises the sample temperature locally by tens or even hundreds of 
degrees. This phenomenon, known as thermal runaway, is self- 
sustained, resulting in zero control over the process treatment. Given 
the occurrence of a thermal runaway, overheating can be so high that it 
may even exceed the degradation temperature of the resin, thus 
affecting the mechanical properties of the material [14]. Esposito et al., 
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studied the effect of curing overheating on the mechanical behavior of 
fiber-reinforced epoxy laminates [15]. The study reported interlaminar 
shear strength losses of up to 13 % due to overheating. This could be a 
particularly critical issue in vitrimers using aromatic disulfide hardeners 
since their thermal stability is slightly lower than that of other com
mercial hardeners commonly used for curing thermosets [16]. 

Many models attempting to describe the kinetics of the curing re
action of thermosetting resins have been proposed. The most popular is 
undoubtedly that proposed by Kamal [17–19] based on the 
Šesták–Berggren equation [20] which accounts for the autocatalytic 
nature of the reaction. By coupling these models to the heat transport 
equations, many researchers have numerically analyzed the tempera
ture evolution of a resin during curing. For instance, William et al. [21] 
numerically analyzed the particular case of a graphite/epoxy composite 
with the aim of obtaining uniform and controlled conversion degrees in 
autoclave-processes. The authors targeted an optimum degree of con
version, less than 100 %, at which the best compromise between Tg and 
mechanical properties at room temperature is obtained. Their analysis 
led them to propose a cycle where overheating did not exceed the pro
grammed temperature by more than a few degrees, thus preventing the 
mechanical properties from being impaired. Besides, their simulations 
revealed that, for thick samples subjected to high heating rates, curing 
could even result in an incipient thermal degradation of the resin. 
Michaud et al. [22], when trying to address the problem arising from the 
formation of thermal gradients during resin curing, proposed an 
empirical autocatalytic model to phenomenologically describe the 
curing kinetics of thick-section RTM composites. More recently, Leister 
et al. [23] adapted the Kamal–Sourour curing model to fit the experi
mental data of an Araldite epoxy resin. They took into account the 
dependence of the degree of cure on system parameters such as the 
thermal conductivity or specific heat of the resin. The model was 
implemented in a finite element program and solved for the 
three-dimensional case; roughly reflecting the experimentally measured 
evolution of the temperature within the sample. Simulations based on 
realistic numerical models such as Leister’s are a preventive tool to 
anticipate possible unwanted overheating. Nevertheless, this type of 
models requires hours of computation and do not provide a criterion 
that allows optimizing the curing cycle beyond a pure trial-and-error 
approach. 

From a practical point of view, models leading to analytical ex
pressions are undoubtedly much more useful for rapid decision-making 
situations. Previously, we determined an analytical relationship that 
readily provided a criterion for avoiding significant temperature gradi
ents forming within a sample in thermal analysis experiments [24]. Our 
analysis accounted for heat propagation and the heat released by an 
exothermic reaction in samples heated at a constant rate. Recently, we 
further developed the model to account for isothermal conditions and 
low enthalpic reactions [25]. The resulting analytical expression is 
especially appealing for predicting thermoset resin overheating during 
curing. 

The thermal stability of vitrimers is also at risk during reprocessing. 
Thermoforming vitrimers requires temperatures high enough to activate 
the exchange reactions, however, at high temperatures this recombi
nation process competes with the thermal degradation of the polymer. 
Just as with thermoplastics when they are repeatedly melted down for 
recycling [26], thermal degradation might lead to detrimental changes 
in the properties of reprocessed vitrimers. Such changes would result in 
a significant loss of material performance that may end up disabling it 
for certain applications. Therefore, for thermoforming processes one 
needs to understand the dynamic stress relaxation behavior of the vit
rimers. Some aromatic disulfide-containing epoxy vitrimers have shown 
remarkably rapid relaxation times without the need to incorporate 
catalysts [27]. Ruiz de Luzuriaga et al., provided a methodology to 
adjust the dynamic properties of these types of vitrimers to match the 
requirements of different processing technologies. In their work, the 
success of the proposed thermoforming cycles was evaluated on the 

basis of the storage modulus drop of the post-processed material. Still, 
there is no formal criterion to guarantee thermal stability during 
reprocessing beyond tests. 

An intuitive way to assess the feasibility of a process is to graphically 
describe the effect of the main processing variables, such as cycle time, 
temperature, or sample thickness. Based on their own thermochemical 
model, Gayot et al., developed processing maps for the polymerization 
of thick metracrylic films [28]. The authors coupled curing kinetics to 
the critical conditions for void formation due to local monomer boiling. 
Likewise, our overheating prediction [25], together with a curing kinetic 
study and a degradation kinetic study, would allow us to develop a 
processing map for our epoxy vitrimers cured with aminophenyl disul
fide hardeners. In this work, we build diagrams that provide an accurate 
picture of the conditions under which complete curing of the 
epoxy-based vitrimer can be achieved whilst avoiding degradation. To 
that end, we will develop Time-Temperature-Transformation (TTT) 
plots, as these are especially useful for optimizing thermally driven 
processes. This type of graphical representation has been previously 
applied to epoxy thermosets to optimize curing cycles [19,29]. TTT di
agrams are even helpful in predicting the reversible nature of polymers 
based on dissociative covalent adaptive networks, such as those based 
on dynamic Diels-Alder linkages [30]. To complete the processability 
map, we will characterize the evolution of the glass transition temper
ature, Tg, as a function of epoxy conversion. Likewise, we develop a 
similar diagram for reprocessability, accounting for stress relaxation and 
degradation kinetics, thus resulting in a powerful tool for the optimi
zation of thermoforming and self-healing cycles while assuring the 
thermal stability of the vitrimer. 

2. Materials and methods 

2.1. Materials 

The formulation of the epoxy-based vitrimer was supplied by Cidetec 
(Donostia-San Sebastian, Spain), which holds the patent for it. The 
formulation is the same as that presented by Ruiz de Luzuriaga et al., in 
the vitrimer labeled as V2 in their previous work [11]. It consists of 
commercially available functional epoxy groups DGEBA (Araldite 
LY1564) and a new (also commercially available) hardener with dy
namic cross-linking based on aromatic disulfide species (4-Aminophenyl 
disulfide). For the mixing, the NH equivalents were set as 1.1 per epoxy 
group. 

2.2. Calorimetric experiments 

For the calorimetric experiments, we have used the Q2000 apparatus 
of TA. The heat flow calibration of the apparatus in the entire temper
ature range of interest was carried out using sapphire discs. The ex
periments were performed under a constant flow of nitrogen of 50 mL/ 
min. Prior to each DSC run, a small amount of uncured sample (4–6 mg) 
was sealed into a standard aluminum pan. Curing kinetics was analyzed 
under non-isothermal conditions (Section 2.5) from DSC measurements 
taken at a series of constant heating rates, ranging from 1.25 ◦C/min to 
20 ◦C/min, over a temperature range from 0 to 300 ◦C. A number of 
uncured samples were cured to different target degrees in accordance 
with non-isothermal predictions based on an isoconversional kinetic 
analysis (Section 2.6) [31]. Following standard procedure, their Tg was 
determined as the midpoint of the extrapolated initial and final transi
tion temperatures [32]. The specific heat capacity (Cp) of the vitrimer 
was obtained by following the ASTM standard method E-1269 [33] 
(Fig. 1). A Tg∞ of 133 ◦C was determined from the transition change 
observed in the evolution of heat capacity. 

2.3. Thermal degradation study 

Thermogravimetric analysis of the fully-cured resin has been carried 
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out in air using a Mettler Toledo thermo-balance, model TGA/DSC1. 
Samples were heated at a series of constant rates, ranging from 1.25 ◦C/ 
min to 20 ◦C/min, under a dynamic atmosphere (flow rate of 55 ml/min 
of carrier gas and 15 ml/min of the protective gas). Experiments were 
conducted at atmospheric pressure and uncovered 70-μl-Al2O3 pans 
were used. In-situ TG-FTIR was performed to monitor the evolution of 
the volatiles during the decomposition of the samples heated at 20 ◦C/ 
min. To do so, the TG was coupled to the gas cell (Bruker ALPHA model) 
through a 40-cm-long steel tube kept at 200 ◦C. Interpretation of the MS 
spectra of the volatiles was made according to NIST reference spectra. 

2.4. Thermal conductivity test 

A self-made Poensgen apparatus was used to measure the thermal 
conductivity, k, of the fully cured vitrimer. A 5 mm thick plate of cured 
vitrimer was heated under a controlled heat flux until a constant tem
perature difference was reached. The thermal conductivity was calcu
lated from the one-dimensional Fourier’s law expression, assuming the 
heat losses through the thickness of the plate to be negligible. Following 
this method, a k of 0.136 W/(K⋅J) was obtained at 50 ◦C. 

2.5. Isoconversional kinetic analysis 

Both resin curing and resin degradation exhibit complex reaction 
kinetics. Because of this, determining accurately the kinetic parameters 
is a challenging task when attempting to apply model-fitting methods. 
Conversely, methods based on phenomenological models are more 
versatile [10.1002/pen.10777]. For instance, isoconversional methods 
allow the kinetic parameters to be determined without the need to 
reveal the specific mechanism governing the reaction and have been 
successfully applied to adjust the curing kinetics of thermoset resins 
[34–38]. Among isoconversional methods, the so-called differential and 
advanced ones account for the dependence of kinetic parameters on the 
degree of transformation, α. These methods are based on the assumption 
that for a given α, the transformation rate is a function of temperature, T, 
and degree of transformation, α (0 ≤ α ≤ 1): 
[

dln(dα/dt)
dT − 1

]

α
= −

Eα

R
(1)  

where Eα is the apparent activation energy for this degree of trans
formation and R is the ideal gas constant. The integration of Eq. (1) leads 
to: 

dα
dt

= Aαf (α)e− Eα/(RT) (2) 

Eq. (2) can be used to calculate the evolution of the reaction once Eα 

and Aαf(α) have been determined. To that purpose we used Friedman’s 
differential isoconversional method which can be derived by the line
arization of Eq. (2) [39]. 

ln

[(
dα
dt

)

Tα,i

]

= ln[Aαf (α)] − Eα

RTα,i
(3) 

To determine the kinetic parameters for a given α, Eα and Aαf(α), 
several experiments were performed at different heating rates βi 
(β ≡ dT/dt). Then, for each heating rate dα/dT|α,i and Tα,i are deter
mined. Notice that, for a certain value of α, the term ln[Aαf(α)] is con

stant and the left-hand side of Eq. (2), ln
[
βi
(

dα
dT

)

Tα,i

]
, shows a linear 

dependence on the reciprocal temperature. For this linear relationship, 
Eα/R and Af(α), have been obtained from the slope and the y-intercept, 
respectively. 

2.6. Predicting the evolution of solid-state transformations 

By applying Friedman’s method, the evolution of the kinetic pa
rameters with the degree of transformation is obtained as a series of N 
discrete sets of values, Eα,j and [Aαf(α)]j, where the step employed for the 
discretization of α(t) is αj-1 = 1/(N - 1). 

Farjas and Roura [31,40] have developed a prediction method that 
can be applied to an arbitrary temperature program.  The dependence of 
temperature on time is discretized into constant time intervals, Δt, so 
that tk = k Δt where k is a natural number and Tk = T(tk). The method 
is derived directly from Eq. (2) by replacing the differentials by 
increments: 

αk+1 = αk + Aαk f (αk)exp
(

−
Eαk

RTk

)

Δt (4) 

Here, Eα,k and [Aαf(α)]k. are determined by an interpolation algo
rithm [41] from the discrete sets of values Eα,j and [Aαf(α)]j. 

Following Farjas and Roura’s approach [31,40], in this manuscript 
the kinetic evolutions have been determined directly from the time 
integration of the transformation rate. This methodology has been 
applied both to predict the kinetics of curing and decomposition under 
isothermal conditions, and to predict the degree of curing in samples 
treated under dynamic conditions (Experiments performed to study the 
evolution of Tg with the degree of curing). 

2.7. Overheating criteria 

Due to the exothermic nature of the curing reaction and the relatively 
low thermal conductivity of thermosets, overheating and even thermal 
runaway can occur when a sample exceeds a critical thickness, 
depending on the thermal history. Thermal runaway occurs when heat 
dissipation cannot compensate for heat generation. Below this critical 
thickness, heat dissipation equals heat generation and the system rea
ches a steady state, this is the so-called subcritical state [42,43]. Still, the 
formation of temperature gradients in the subcritical state leads to 
non-uniform curing and even matrix degradation and delamination [15, 
44–46]. Recently, we have experimentally and numerically explored the 
formation of thermal gradients within the thickness of thin laminates 
under isothermal curing conditions [25]. To do so, we considered a flat 
plate geometry and we took into account heat generation and heat 
propagation. For the boundary conditions, we assumed that one side of 
the laminate is in perfect thermal contact with a mold, while on the 
other side heat transport is governed by thermal convection. This is a 
reasonable assumption for curing resins since at typical processing 
temperatures the contribution of thermal radiation is negligible. Our 

Fig. 1. (single column fitting image) - Evolution of the specific heat capacity.  
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analysis led to establishing an analytical expression for the critical 
laminate thickness, wc, related to a given tolerated overheating, ΔTmax:  

where, 

wc,0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δc,0
k

ρq
RT2

m

A Ea
eEa/RTm

√

and δc,0 = 2e− θMax arcosh2( eθMax/2), θMax

= Ea
ΔTMax

RT2
m

(6)  

and c is the specific heat capacity, q is the enthalpy of the reaction, Tm is 
the mold temperature and h is the effective convective coefficient. 

Besides, we also determined the maximum allowable overheating 
before the reaction kinetics develop into a thermal runaway [47]: 

ΔTMax,c = 1.18684
RT2

m

Ea
(7) 

The critical thickness for a thermal runaway to occur was then 
derived by simply combining Eqs. (5) and (7). 

In this work, we have used these relationships to define the 
maximum thickness below which we can ensure not exceeding a toler
able overheating. To apply these criteria, all physical parameters were 
measured, albeit except for the effective convective coefficient, h, which 

could only be roughly estimated and was taken to be 70 W/(m2K), a 
commonly accepted value in laminate curing simulations [15,48]. 

2.8. Thermoforming experiments 

To assess the thermoforming capability of the vitrimer, two coupons 
were fully cured and tested. The specimens were flat shaped laminates 
with length, width, and thickness of 80, 10 and 3 mm, respectively. Each 
sample was heated in a liquid silicone bath at 155 ◦C for different times 
forcing them to remain bent at a constant curvature during the treat
ment. For this purpose, we built an accessory consisting of two 
concentric metal curved segments between which the specimen is placed 
(Fig. 2.a, and Fig. 2.b). By means of screws, it is possible to apply 
pressure to the specimen to force it to bend and adopt the curvature of 

the tooling. The inner and outer radii of the deformed sample are 
approximately 100 and 103 mm, respectively. The final curvature of the 
samples, once cold and out of the tooling, is used to evaluate the 
reshaping capacity of the vitrimer. 

3. Results and discussion 

3.1. Curing 

The DSC curves for the curing of the epoxy vitrimer heated at rates 
ranging from 1.25 to 20 K/min are shown in Fig. 3. As expected for 
thermally activated processes, the peak temperature, Tp, shifts to higher 
temperatures and the peak becomes wider with increasing heating rates 
[49]. Table 1 summarizes the enthalpy of the reaction determined from 
the peak area, with values ranging from 425 to 364 J/g. Note that, 
immediately after the peak the DSC signal slightly rises and extends to 
temperatures above 250 ◦C. This heat flow signal corresponds to the 
onset of the resin’s thermal decomposition and evidences that, for 
heating rates higher than 10 K/min, thermal degradation is overlapping 
the final curing stages. Thus, only those experiments performed at rates 
of 1.25, 2.5, 5 and 10 ◦C/min have been considered for determining the 

Fig. 2. Accessory and coupons for the thermoforming experiments.  

Fig. 3. Non-isothermal cure behavior of the resin obtained from DSC experi
ments performed at different heating rates. 

wc = wo

[

2 −
(

1 + 0.63
[
h

w0

k

]1.2
)− 1]

[

1+ 1.6
c
q

ΔTmax − 1.1
(

c
q

ΔTmax

)2

+ 2.3
(

c
q

ΔTmax

)3
]

, (5)   
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enthalpy, thus resulting in 415.8 ± 6 J/g. 
Based on the experiments of Fig. 3 performed up to a heating rate of 

10 ◦C/min, the kinetics governing curing have been analyzed using 
Friedman’s isoconversional method. The evolution of the kinetic pa
rameters, Eα and Aαf(α), with the degree of conversion is depicted in 
Fig. 4. Eα exhibits values in the region of 55 –70 kJ/mol which are in 
agreement with those commonly obtained for epoxy-amine systems [19, 
29]. Up to an approximately 50 % degree of transformation, the 
apparent activation energy has a rather flat evolution, fluctuating be
tween 55 and 57 kJ/mol. Once the halfway point of the curing process is 
passed, Eα increases steadily up to completion. These two 
well-differentiated regions in the evolution of Eα indicate that curing is a 
complex process. The flat evolution stage could indicate that this region 
is dominated by the reaction of primary amines with the epoxy groups. 
The increase in activation energy may well denote the time at which the 
secondary amines produced start reacting with another epoxy group 
which yields a tertiary amine, or to the low mobility of longer chains 
[50,51]. A further explanation could be provided by the fact that, at high 
conversion, curing is slowing down due to diffusion limitations related 
to the gelation of the epoxy network [38,52–54]. 

3.2. Vitrification 

The build-up of crosslinking upon the reaction of epoxy groups with 
the hardener is accompanied by an increase in Tg. This relationship is 
well described by the DiBenedetto equation [55] (Eq. (8)) which is the 
most common way to model Tg changes with the degree of cure [21,56, 
57]. 
(
Tg − Tg0

)

(
Tg∞ − Tg0

) =
λα

(1 − (1 − λ)α), (8)  

where Tg,0 and Tg,∞ are, respectively, the transition temperatures of the 
uncured and fully-cured resin. As for λ, this is a parameter that lies be
tween 0 and 1 which is used to fit the experimental data. Fig. 5 shows the 
evolution of Tg for a series of samples cured to different degrees. The 
glass transition ranges from − 26 ◦C, for an uncured sample, up to 133 ◦C 

at the maximum degree of crosslinking. The experimental data has been 
fitted following Eq. (8) obtaining a λ value of 0.399±0.024 with R 
squared equal to 0.994. 

3.3. Thermal degradation 

The mass evolution curves resulting from the thermal decomposition 
of the fully-cured vitrimer when heated at different rates show that 
decomposition takes place in two stages (Fig. 6). The onset of the first 
stage, which defines the stability of the resin, increases along with the 
heating rate from approximately 250 to 300 ◦C over the range of 
experimental conditions investigated. The two stages are not indepen
dent processes since the degree of transformation after the first dTG peak 
clearly depends on the heating rate. 

The produced volatiles have been monitored by an FTIR coupled to 
the TG, revealing that the first stage corresponds to the thermal degra
dation of the resin while the second stage is related to oxidative com
bustion. Among the foremost volatiles detected over the course of the 
low-temperature peak, 4-Isopropylphenol (one of the main products of 
the thermal degradation of Bisphenol-A Diglycidyl Ether) stands out. It 
is also important to note the detection of sulfur dioxide; unambiguously 
attributable to the decomposition of the disulfide hardener. Thus, these 

Table 1 
The peak temperatures and the heats of reaction at different heating rates.  

β (◦C/min) Tp (◦C) ΔH (J/g) 

1.25 137.4 415 
2.5 154.2 414 
5 170.7 425 
10 188.9 409 
20 208.3 364 
40 231.3 374  

Fig. 4. Activation energy, Eα, (Left-side axe) and A(α) f(α) (Right-side axe) as a 
function of curing degree obtained from Friedman’s isoconversional method. 

Fig. 5. Evolution of the glass transition temperature, Tg, with the degree of 
curing obtained from DSC measurements. 

Fig. 6. Non-isothermal degradation behavior of the fully-cured resin obtained 
from TG experiments performed at different heating rates in N2. 
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two compounds permit the thermal stability of the two building blocks 
constituting the studied vitrimer to be compared. We have traced the 
release of these two volatiles by tracking the infrared light absorbed at 
their main characteristic absorption frequency. In particular, we focused 
on tracking the most intense absorption peaks of their FTIR patterns. 
(1178 and 1377 cm− 1 for 4-Isopropylphenol and SO2, respectively). By 
superimposing the resulting evolutions (Fig. 7), we conclude that the 
thermal stability of the resin is primarily undermined by the stability of 
the hardener. Upon breaking the hardener, the backbone of the resin 
decomposes shortly thereafter, and the two mechanisms of degradation 
are then coupled to the point of simultaneous occurrence. The peaks of 
evolution of both 4-Isopropyl phenol and SO2 match the maximum 
transformation rate of the first process (Fig. 7). The second decompo
sition stage is largely dominated by the characteristic release of CO2 gas 
(monitored absorption frequency of 2358 cm− 1) from the combustion of 
carbon-containing molecules. At this stage, 4-isopropylphenol is no 
longer detected as it is not stable at such high temperatures. On the other 
hand, the evolution of sulfur dioxide still follows that of the dTG curve. 

We used the Friedman isoconversional method to characterize the 
thermal decomposition kinetics of the epoxy resin systems from the 
curves in Fig. 6. Due to the non-applicability of isoconversional methods 

to the two separate steps of the decomposition, (because they are not 
independent processes), both steps have been analyzed as a unique 
transformation. However, considering the purpose of this work, only the 
evolution of the kinetic parameters during the early stages of the 
decomposition have been of interest in assessing the stability of the 
vitrimer. Therefore, Fig. 8 only shows the evolution of the apparent 
activation energy up to a transformation degree of 10 %. As shown in the 
figure, Eα increases steadily with the degree of transformation from an 
initial 150 kJ/mol to about 220 kJ/mol at α = 10 %. In the analyzed 
range, the method used to calculate Eα shows correlation coefficients 
close to one. 

3.4. Processing map 

The time required to reach a certain degree of cure under constant 
temperature conditions has been predicted from the kinetic parameters 
obtained by the Friedman isoconversional analysis as described in Sec
tion 2.6. The black lines in Fig. 9.a show the time required to reach a 90 
%, 95 % and 100 % degree of cure for isothermal processing cycles 
ranging from 70 to 250 ◦C. Analogously, the kinetic analysis of the 
decomposition yielded time-temperature-dependent lines accounting 
for thermal stability. By overlaying both kinetic processes in the same 
TTT diagram, it is possible to define the maximum processing temper
ature that guarantees a desired extent of crosslinking while keeping 
degradation below a tolerable limit. From Fig. 9.a, it can be concluded 
that, for the studied vitrimer, complete curing is not attainable at tem
peratures above 215 ◦C without exceeding a degradation of more than 
0.1 %. Besides, from the intersection of the curing and tolerated 
degradation lines, the minimum processing time is also defined. To 
continue with the example where the degradation bar is as low as 0.1 %, 
it is not feasible to fully cure the resin in less than 600 s. 

While this analysis sets the limits of the upper processing tempera
ture range, the lower boundary is set by the phenomenon of vitrification. 
It is reasonable to assume that the rate of curing in the glassy state is 
negligible at constant temperature [57]. Therefore, we considered the 
reaction to stop progressing when Tg matches the processing tempera
ture. Taking this point into consideration, the dotted portion of the 
isoconversional lines show the temperature range where our kinetic 
analysis is no longer valid for predicting the evolution of cure. The 
vitrification line has been added to the same TTT processing diagram to 
facilitate the identification of the maximum degree of cure achievable at 
temperatures below Tg,∞. Hence, from Fig. 9.a it can be noted that, it 
would not be convenient to treat our epoxy resin below 100 ◦C if our 
target is to achieve curing degrees higher than 90 %. From the combi
nation of all three kinetic processes, (i.e., curing, degradation and 
vitrification), a powerful and intuitive map results in which an optimal 
window of processing conditions for the vitrimer can be identified. 

Yet, a very important ingredient is missing from this scenario: ge
ometry. Ignoring sample thickness, the diagram would fail to address the 
inherent problems caused by thermal gradients along the thickness of 
the sample. Inhomogeneities in mechanical properties, residual stresses 
causing warpage [58] or even uncontrolled degradation of the resin, are 
some of the common issues of concern. From Eq. (5), one can calculate 
the maximum thickness above which a tolerable temperature gradient 
will not be exceeded during processing. The solution is not 
time-dependent, so we have included an independent diagram in (Fig. 9. 
b) to account for the sample thickness. Two solid green lines have been 
added as criteria for the maximum processable thickness if thermal 
gradients are to be avoided. The light green line sets the limit for an 
overheating of 5 ◦C, while the dark green line marks the limit for 10 ◦C. 
It must be highlighted that these conditions are obtained by neglecting 
convective heat losses (h = 0 in Eq. (6)). Therefore, this condition would 
be useful to set a lower limit when preparing thin plates by infusion. For 
the case of a plate that is heated from one side inside an open mold, we 
have considered h = 70 W/(m2K) [15,48], plotted as dashed lines in the 
same figure. As we pointed out in Section 2.7, there is a maximum 

Fig. 7. TG-FTIR of the decomposition of the fully-cured epoxy vitrimer heated 
at 20 ◦C/min in air. 

Fig. 8. Apparent activation energy as a function of curing degree obtained from 
Friedman’s isoconversional method. Right-side axe shows the correlation co
efficient of the method. 
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overheating, Eq.. (7), above which the reaction becomes unstable 
leading to a thermal runaway. A critical thickness can be determined 
imposing this maximum overheating as the value of ΔTmax in Eq. (5). 
Above this critical thickness the overheating overcomes the critical one 
and the reaction becomes unstable, i.e., when ΔTmax = ΔTmax,c we 
obtain the critical thickness for a thermal runaway to occur. Therefore, 
to complete the diagram, we have included the processability criterion 
that defines the critical threshold at which the sample is expected to 
experience a thermal runaway. For this criterion we have also plotted 
both limiting conditions: h = 0 and h = 70 W/(m2K). 

Once all the elements of these processing maps have been presented, 
we illustrate their use with a particular example, i.e., given a tolerated 
overheating of 10 ◦C, the maximum processing temperature for a 2-mm- 
thick plate processed by infusion should not exceed 150 ◦C. At that 
temperature, a minimum accepted degree of cure of 95 % would require 
at least 40 min of processing time. Under these conditions, neither 
degradation nor vitrification are of concern. 

To validate our diagrams, we have studied three samples of 
approximately 5 mg in weight, labeled as A, B and C (Fig. 9.a). They 
have been isothermally treated at different temperatures and for 
different times in the thermobalance. Afterwards, their glass transition 
temperature has been measured by DSC. Assuming that the uncured 
resin was spread homogeneously at the base of the thermobalance cru
cible, we can infer that the thickness of the treated samples lies around 
0.25 mm. Within the temperature range studied, this thickness is low 
enough to avoid any significant overheating and, certainly, sufficiently 
thin to prevent a thermal runaway (Fig. 9.b). Results of the mass loss 
recorded and the Tg obtained for each of them are summarized in 
Table 2. The specimen labeled as sample A has been heated at 100 ◦C for 
10 h. As expected, no degradation was observed at this temperature. If 
we stick only to the kinetics of curing, this sample should have reached a 
degree of cure higher than 95 %. This would imply a Tg in the 120 to 130 
◦C range (Fig. 5). Instead, the measured glass transition was only 99 ◦C 
(Fig. 10.a), very close to the expected 100 ◦C when considering the 

phenomenon of vitrification. In addition, the DSC signal shows the 
activation of an exothermic process once in the rubbery state (shaded 
area in Fig. 10.a), consistent with the reaction of the remaining uncured 
fraction. Sample B was heated for 60 min at 150 ◦C, conditions in which 
vitrification is not expected. Here the measured Tg of 129.5 ◦C (Fig. 10.b) 
is indeed within the expected temperature range for samples cured be
tween 95 and 100 %. As in sample A, no mass loss was recorded. Finally, 
sample C was treated at 235 ◦C for 40 min, a long enough period to well 
guarantee curing completion. Nevertheless, at these operating temper
atures, degradation kicks in and decomposing takes place. In accordance 
with our diagram prediction, we have recorded a mass loss of 2.3 %. 
Degradation had a strong impact on the Tg which, far from the 133 ◦C of 
Tg,∞, was only as low as 114 (Fig. 10.c). 

3.5. Reprocessing map 

The primary reaction allowing the thermoforming of aromatic di
sulfide containing vitrimers is a thermally-activated radically-mediated 
mechanism [27]. Its kinetics for the studied vitrimer have already been 
analyzed through stress relaxation tests [11]. The analysis yielded an Ea 
of 187 kJ/mol and a characteristic stress relaxation time at 200 ◦C, 
τsr

∗200, of 20 s. Stress relaxation is a characteristic time-dependent 
behavior of vitrimers and is analyzed by applying a fixed deformation 
to a specimen and measuring the load required to maintain it constant. 
The stress relaxation time, τsr, governs how fast a vitrimer can be 
reprocessed and has a temperature dependence that follows an Arrhe
nius relationship: 

τsr(T) = τsr,0exp
(

Ea

RT

)

(9) 

Based on the kinetic study of Luzuriaga et al. [11], we generated a 
TTT diagram for reprocessing the vitrimer in which τsr determines the 
minimum thermoforming time, τT. This is not a very restrictive criterion 
since τsr is the time necessary to relax just a 63.2 % of the initial stress. 
We have added the limits corresponding to 2τsr and 3τsr corresponding to 
86.4 and 95 % relaxation respectively. As with processing, degradation 
constraints to the time and temperature of the cycle are also taken into 
account. Hence, the same tolerable limits of Fig. 9 have been added to 
Fig. 11 accounting for thermal stability. 

The sample thickness affects the time needed to homogenize the 
temperature during heating, τh. Therefore, assuming that a thin plate is 
immersed in an isothermal bath, τT has been calculated as the sum of 

Fig. 9. a) Processing map of the epoxy vitrimer: Black lines show the time required to reach a 90 %, 95 % and 100 % degree of cure under isothermal conditions. Red 
lines show the time below which a tolerable degradation degree of 0.1 %, 1 % and 5 % is not exceeded. The blue dashed line establishes the point when curing stops 
progressing due to vitrification (dotted lines predicted conversion time if vitrification is neglected). b) Green lines establish the critical processable thickness above 
which a tolerable overheating of 5 ◦C (light green) and 10 ◦C (dark green) is exceeded. As for orange lines define the critical threshold at which the sample is expected 
to experience a thermal runaway (solid lines: convective heat losses are neglected (h = 0 in Eq. (6)); dashed lines: convection heat losses are considered (h = 70 W/ 
(m2K) in Eq. (6))). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Validation experiments for the processing map.  

Sample Tiso[ ◦C] time [min] Mass loss [%] Tg [ ◦C] 

A 100 6000 0 99.0 
B 150 60 0 129.5 
C 235 40 2.3 114.0  
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stress relaxation and temperature homogenization times: 

τT = τsr + τh (10) 

The following approximation has been used to calculate τh [59]: 

τh =
ρce

k
w2

4
Td − T0

Ts − T0
(11)  

where T0, Ts and Td are the room temperature, the cycle temperature 
and the temperature at center of the plate, respectively. We have tar
geted a tolerated temperature difference (Ts − Td) of 5 ◦C. 

In Fig. 11, the lines corresponding to the minimum thermoforming 
time for thin plate laminates of 1, 10 and 100 mm have been plotted as 
dashed lines. The diagram has been restricted to isothermal reprocessing 
cycles ranging from 100 to 250 ◦C. The intersection of these lines with 
the tolerable degradation limits establishes the maximum thermoform
ing and self-healing times and temperatures. Fig. 11 shows that, while 
samples with thicknesses of less than 1 mm can theoretically be taken to 
temperatures as high as 250 ◦C, thicker samples must be kept at low 

temperatures for long periods of time. We should point out that the 
thermal conductivity of the laminate can be significantly increased with 
the addition of fibers which, in turn, would reduce τh and consequently 
τT. While considering the effects of the fiber in the reprocessing of FRP 
composites with vitrimer matrices is beyond the scope of this work, it 
would be an interesting issue to address in further studies. 

In the low-temperature region, the reprocessing of vitrimers is 
controlled by the so-called topology freezing temperature (Tv), which 
sets the limit for reversible network topology through dynamic ex
change. Tv is theoretically defined as the temperature at which the 
viscosity reaches a value of 1012 Pa⋅s [60]. Above this viscosity 
threshold, somewhat arbitrary, chemical exchanges are considered to be 
negligible. The established methodology for Tv measurement relies on 
an extrapolation of the relaxation time using the Maxwell equation and 
assumes a linear temperature dependency of viscosity [61–63]. This 
methodology yields a Tv as low as 118 ◦C, well below the 133 ◦C of Tg,∞. 
When Tv is much lower than Tg, chain mobility is frozen in the glassy 
state [64]. In such a case, Tg marks the practical boundary of the vit
rimer’s stress relaxation behavior and, as such, has been represented in 
our diagram. We have completed the diagram by including a secondary 
y-axis relating viscosity to temperature. This information is useful to the 
extent that viscosity dictates the reprocessing techniques to be used. 

To validate our diagram, we performed two experiments in which 
flat samples were bent and heated in a silicon bath at 155 ◦C (Details in 
Section 2.7).  At this temperature, the sample is above Tv and, thus, the 
topological rearrangement of the vitrimer should cause a permanent 

Fig. 10. DSC measurements of Tg from samples listed in Table 2.  

Fig. 11. Reprocessing map of the epoxy vitrimer: The blue solid line shows the 
characteristic stress relaxation time under isothermal conditions. Dashed lines 
set the minimum termoforming time for thin plate laminates of 1, 10 and 100 
mm. Red lines show the time below which a tolerable degradation degree of 
0.1 %, 1 % and 5 % is not exceeded. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 12. Validation experiments for the reprocessing map.  
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shape change. However, it is the treatment time that will ultimately 
determine the success at thermoforming. Sample D was kept at this 
temperature for only 5 min. According to Fig. 11, not enough time to 
thermalize and relax the stresses. On the contrary, sample E was heated 
for 1 hour, i.e., well above the characteristic relaxation time of the vit
rimer. Fig. 12 shows the final shapes of the two specimens after treat
ment. While sample E approximately kept the same radius of curvature 
of the tooling (100 mm), sample D has a much bigger final radius (140 
mm). Therefore, indicating that in the latter, a significant part of the 
deformation has returned as elastic strain. These results not only support 
our reprocessing map, but also highlight the need to establish clear 
criteria for reprocessing. Let us note that, when shaping the vitrimer in a 
mold, it was enough to exceed the least restrictive criterion (τsr) in order 
to achieve a large degree of deformation. However, it is highly unlikely 
that this reprocessing time would be sufficient for the so-called "self- 
healing", a process that requires high pressures and, in addition to stress 
relaxation, involves the kinetics of other mechanisms that we did not 
considered [65]. 

4. Conclusions 

A complete thermal characterization along with the determination of 
the conditions for avoiding thermal gradients during the curing and 
reprocessing of thin vitrimer plates has led to the creation of processing 
and reprocessing maps for an aromatic disulfide-based vitrimer. 
Although the study was carried out for a purely resin plate, these types of 
diagrams could be easily applied to the case of laminates containing 
fibers (glass, carbon, etc.). To do so, one only has to change the over
heating and thermal runaway conditions by choosing the appropriate 
specific heat and thermal conductivity properties of the composite. The 
main findings of this work are listed below: Eq. (3)-(4), Eq. (9)-(11)  

- The curing process was characterized via DSC, obtaining an enthalpy 
of 416 kJ/mol and an apparent activation energy that varies along 
the process within 55 to 70 kJ/mol. We have also shown that Tg 
changes with α can be fitted to the DiBenedetto equation with a 
λ=0.4, a Tg,∞ = − 26 ◦C and a Tg,∞=133 ◦C.  

- Thermogravimetric experiments showed that, upon heating in air, 
the studied vitrimer undergoes a two-step decomposition process 
related to degradation first and combustion later. FTIR-EGA analysis 
of the volatiles released during the low-temperature decomposition 
step reveals that the thermal stability of the resin is determined by 
the stability of the disulfide hardener. As for degradation kinetics, an 
apparent activation energy in the range of 150 to 220 kJ/mol for the 
early stages of the decomposition (α<0.1) was determined.  

- Analytical criteria for overheating in combination with kinetic 
studies allowed for a refined TTT diagram to be constructed which 
can be used to disclose the optimal heating conditions for the rapid 
production of vitrimer epoxy plates. Our diagram accounts for 
vitrification and thermal degradation and has been experimentally 
validated.  

- We have constructed a TTT-like diagram based on stress relaxation 
and degradation kinetics to optimize the resin thermoforming cycle. 
By taking into account the temperature homogenization time, the 
limitations for thermoforming a resin plate have been established. 
We have experimentally validated our criterion. 
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