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Abstract 

Time-Temperature-Transformation (TTT), Temperature-conversion-Transformation (TxT), and  

Continuous-Heating-Transformation (CHT) diagrams are studied for a set of reversible 
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elastomeric and thermosetting covalent networks, based on Diels-Alder (DA) furan-maleimide 

cycloaddition reactions, using different concentrations of furan and maleimide functional groups. 

Microcalorimetry, modulated temperature differential scanning calorimetry and dynamic 

rheometry are used as experimental tools in combination with kinetic modelling. The DA kinetics, 

based on two parallel equilibrium reactions for endo and exo cycloadducts, are optimized for the 

set of reversible networks cured between 20 °C and 90 °C. Each simulated iso-conversion line in 

TTT and CHT, in contrast with irreversible networks, shows a totally different shape with a 

horizontal asymptotic limit at the high temperature side, Tcure, corresponding to the DA equilibrium 

conversion xeq at Tcure. It is also proven that all gelation lines are iso-conversion lines, and that 

each gel conversion can be predicted by the Flory-Stockmayer equation. Moreover, the slight 

differences in the endo-exo kinetics and equilibrium constants lead to a predicted superposition 

and a double asymptotic behavior of the iso-conversion lines in TTT and CHT. As a consequence, 

two subsequent gelation/de-gelation events can occur during non-isothermal cure, as shown in the 

CHT diagram. These phenomena are experimentally confirmed for one of the reversible covalent 

networks.    

 

Introduction 

 

Elastomeric and thermosetting polymers and thermoset composites are based on 

macromolecular network architectures and are therefore produced in situ during the shaping step. 

The network formation is conventionally irreversible, leading also to a unique irreversible 

processing procedure in contrast with thermoplastics which are re-processable and re-shapeable. 

The thermal cure path with pre-curing and post-curing steps should be well-defined in order to 

obtain thermosets and thermoset composites with optimized properties.1–3 Some early studies on 
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gelation, vitrification,4,5 and the relation between cure conversion and the glass transition6 enabled 

to rationalize the chemo-rheological transformations from the liquid state to the gelled or ungelled 

glassy state, and leaded to the further development of the well-known transformation diagrams for 

thermosets. 

Time-Temperature-Transformation (TTT) and Temperature-conversion-Transformation (TxT) 

diagrams for isothermal cure and the related Continuous-Heating-Transformation (CHT) diagrams 

for non-isothermal cure, as developed by Gillham and co-workers,7–16 are excellent tools to 

describe the cure path of thermosetting systems in a systematic and quantitative way.17–22 The cure 

kinetics linking the temperature (Tcure) and time (tcure) of cure with the cure conversion (x), together 

with the relationship between the cure conversion and the glass transition temperature (Tg) of the 

growing network, are necessary to develop a quantitative TTT, TxT or CHT diagram. Important 

transformations or characteristics of the curing system can be indicated, such as the vitrification 

line, the gelation line, lines of constant viscosity before gelation, and also iso-conversion or iso-Tg 

lines (see a schematic representation in  

Figure 1). Gelation is interfering along the cure path and a network architecture is formed in 

case at least one of the reactants in the reactive mixture has an average number of reacting 

functional groups (called ‘functionality’) higher than two. The gelation line is intersecting with the 

vitrification line at Tg,gel, allowing to distinguish between the formation of gelled glasses (Tcure > 

Tg,gel) and ungelled glasses (Tcure < Tg,gel). In case of a step growth polymerization mechanism, 

such as the cure of epoxide-amine systems, the gelation line is an iso-conversion line with 

conversion xgel depending on the functionalities f and g and the initial molar mixing ratio r of the 

reactants’ functional groups according to the Flory-Stockmayer equation:23–25 
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xgel= √
1

r.(f-1).(g-1)
        (1) 

 

Figure 1. Schematic representation of the time-temperature-transformation (TTT) isothermal cure 

diagram for a thermosetting system. Reproduced from 11. 

Reversible covalent polymer networks have been developed as self-healing elastomeric and 

thermosetting materials using the principle of dynamic covalent bonding based on the 

implementation of Diels-Alder forward (DA) and backward (retro-DA) equilibrium reactions.26–35 

In case of cyclic furan dienes and maleimide dienophiles, endo and exo stereoisomers are formed 

according to two equilibria with their respective reaction kinetics and thermodynamic equilibrium 

conditions (see Figure 2).34 Similar transformations of gelation and/or vitrification can occur along 

the cure path, but in contrast with irreversible network formation, the reversible networks can de-

gel again by taking advantage of the reversibility of the reactions and by lowering the reaction 

conversion from above to below xgel (e.g. by increasing Tcure).
26,29,30,33 Up to now, TTT and CHT 

diagrams were only established for irreversible network systems, with some recent examples given 

in 20–22, and not for reversible networks.  
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Figure 2. Furan-maleimide DA cycloadditions with endo- and exo-stereoisomers. Reproduced 

from 35. 

In this work, for the first time, TTT, TxT and CHT diagrams are studied for reversible covalent 

networks based on furan-maleimide DA chemistry. Different concentrations of furan and 

maleimide functional groups lead to a series of elastomeric and thermosetting reversible networks 

with different crosslink densities and Tg-x relationships. The kinetics to construct quantitative 

diagrams and the validity of the gelation line being an iso-conversion line and of the Flory-

Stockmayer equation to predict xgel are investigated. The new features due to the reversibility of 

the covalent networks and the endo-exo parallel reaction equilibria are highlighted. 

 

 

Materials and Techniques 

 

Furan and Maleimide compounds 

 

The reversible networks are prepared using amorphous furan and maleimide Diels-Alder 

compounds with oligomeric propylene oxide spacers. Their origin, molar mass MM, number of 

reacting DA functional groups per molecule or ‘functionality’ f, equivalent molar mass  (MMeq = 

O

N

O

O

+

kendo

kr,endo

kexo

kr,exo

O

N

O

O

Endo

Kinetically favored

O

N

O

O

Exo

Thermodynamically

R1

R2

R1

R1

R2

R2

more stable



 6 

MM/f) and glass transition temperature Tg are summarized in Table 1. The furan compounds are 

synthesized from commercial Jeffamines (M-series and D-series, Huntsman) with furfuryl 

glycidyl ether FGE (Sigma Aldrich). The maleimide compounds are used as received (Specific 

Polymers). A systematic abbreviation is used, mentioning the theoretical functionality, the 

functional group and a number linked to the origin or the synthesis procedure (e.g. 4F230, 3M). 

The chemical structure of all compounds is shown in Scheme 1. The values of MM, f, and MMeq 

in Table 1 are not fixed, but starting values for the kinetic modelling, which are consistent with 

the range of repeating units in the spacers (see Scheme 1) and the average degree of 

functionalization of the furan and maleimide compounds. Slight variations are possible and 

allowed during the kinetic modelling, as further discussed in Results and discussion (section Cure 

kinetics of furan-maleimide reversible networks).  

 

Table 1. Furan and maleimide compounds for reversible networks 

Abbreviation 

Molar Mass 

(g mol-1) 

fF,M 

Equivalent 

Molar Mass 

(g mol-1) 

Tg 

(°C) 

 

Origin 

2F600 969 1.97 492 -63 

Synthesized from 

M600 and FGE35 

4F230 851 3.90 218 -25 

Synthesized from 

D230 and FGE35 

4F400 981 3.65 268 -35 

Synthesized from 

D400 and FGE35 
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4F2000 2497 3.80 657 -57 

Synthesized from 

D2000 and FGE35 

4F4000 4929 3.80 1297 -65 

Synthesized from 

D4000 and FGE35 

2M230 

384 

(350-408) 

2.00 192 -40 

Specific Polymers 

2M400 600 1.96 307 -49 Specific Polymers 

3M 

661 

(661-778) 

2.75 240 -30 

Specific Polymers 
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Scheme 1. Chemical structures of furan and maleimide compounds of Table 1 with range of 

repeating units in the spacers. 

                                                                       

Mixture preparation 

 

The furan and maleimide compounds of Table 1 and Scheme 1 are used to prepare fresh mixtures 

for the kinetic study and for the study of vitrification and gelation during cure. The molar ratio of 

functional groups r in the initial mixture is calculated as:               

        

r = 
[maleimide]0

[furan]0
         (2) 

With [furan]0 = (fF/MMF).wF and [maleimide]0 = (fM/MMM).wM the concentrations in moles of 

functional groups F and M per weight (kg) of mixture, calculated from the equivalent molar masses 

MMF/fF and MMM/fM (see Table 1) and the respective weight fractions wF = mF/(mF+mM) and wM 

= mM/(mF+mM) with mF and mM the experimental weights of F and M in the sample mixture. All 

F-M mixtures are prepared as stoichiometric (r = 1), based on the equivalent molar masses of Table 

1. The specific F-M combinations to study kinetics (microcalorimetry), vitrification (MTDSC) and 

gelation (rheometry), and the glass transition temperature Tg of the resulting networks after cure 

at room temperature (25 °C) for 7 days are indicated in Table 2, together with the glass transition 

temperature of the freshly prepared mixtures (Tg0) used for the construction of the TTT or CHT 

diagram. 

 

Table 2. F-M mixtures for kinetics (microcalorimetry), vitrification (MTDSC) and gelation 

(rheometry) with Tg after cure at 25 °C for 7 days. Tg0 is included for mixtures for which TTT and 

CHT diagrams are constructed. 



 9 

F-M mixture 4F400-

2M230 

4F2000-

2M230 

4F2000-

2M400 

4F2000-

3M 

4F4000-

2M230 

4F4000-

2M400 

4F4000-

3M 

Tg(RT, 7d) (°C) 18 -42 -42 -41 -62 -60 -63 

F-M mixture 2F600-

3M 

4F230-

2M230 

4F230-

3M 

4F400-

2M400 

   

Tg(RT, 7d) (°C) -34 35 34 -4    

Tg0 (°C) -54 -32 -28 -43    

 

 

Microcalorimetry 

 

A Thermal Activity Monitor TAM III from TA Instruments is used to follow the heat flow of 

the cure of fresh DA mixtures with a sample weight of around 2 g. Isothermal measurements at 20 

°C and 55 °C and non-isothermal measurements from 20 °C to 90 °C at 0.03 K min-1 are performed 

to study the cure kinetics of the reversible networks. The temperature accuracy of the TAM is ± 

0.1 K with a heat flow signal precision of ± 200 nW and a baseline drift of less than 250 nW over 

24h in isothermal conditions. Before lowering the 4 ml sample ampoule and the reference ampoule 

in the microcalorimeter cell, a thermal equilibration step of 15 minutes is needed. To accurately 

determine the exothermic and endothermic heat flow contributions of the endo and exo reaction 

equilibria in the DA mixture, the measured non-isothermal TAM heat flows are corrected for (i) 

the baseline effect of the corresponding empty ampoule, and (ii) the effect of temperature on the 

heat capacity of the measured sample (baseline of the reversible network sample). For the latter 

correction, the heat flow of a full-cured Jeffamine-epoxy (DGEBA) sample of low Tg is subtracted 

(diglycidyl ether of bisphenol A from Sigma, MMeq = 176 g mol-1 cured with 4F2000; Tg = -44 

°C).  
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Isothermal and non-isothermal microcalorimetric heat flow profiles of different furan-maleimide 

mixtures are used to optimize one unique set of kinetic and thermodynamic equilibrium parameters 

to describe the cure rates of all reversible networks. All heat flows used for the optimization of the 

kinetic model parameters are normalized against the sample mass (see section Kinetic modelling). 

 

(Modulated Temperature) Differential Scanning Calorimetry 

 

(Modulated Temperature) Differential Scanning Calorimetry (MT)DSC is performed using a 

Discovery D250 DSC from TA Instruments equipped with a refrigerated cooling system (RC90). 

DSC pans containing ca. 5 to 10 mg of the freshly prepared DA mixtures are immediately used or 

stored in liquid nitrogen to avoid reaction. Hermetic Tzero DSC pans with perforated lids are used 

to assure nitrogen purging in the DSC cell. Quasi-isothermal MTDSC programs of well-defined 

(Tcure, tcure) combinations are performed with a modulation amplitude of 0.5 K and a period of 40 

seconds to measure the specific heat capacity (cp) evolution of the reversible DA reactions as a 

function of Tcure and to quantify the vitrification time (tvit,onset, tvit,mid). Non-isothermal DSC 

measurements are performed at a cooling rate of 20 K min-1 to limit reaction during the cooling 

step and at a heating rate of 5 K min-1 to measure the glass transition (Tg), except stated otherwise. 

The kinetic model (see below) is used to calculate the minor effect on reaction conversion of the 

full thermal path required for all Tg measurements (cooling and heating step after isothermal cure).  

 

Dynamic rheometry 

 

Dynamic rheometrical experiments are performed with a Discovery HR-2 hybrid rheometer 

from TA Instruments, equipped with an environmental test chamber. Gel point determination 

during cure of the reversible networks is done between parallel plates of 10 mm diameter (except 

for the system 2F600-3M of a lower initial viscosity, for which plates of 25 mm are used), using 
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0.3, 0.6, 1.0, 1.7 and 3.1 Hz as modulation frequencies. The strain was kept as low as 2% for the 

weakest networks. The gelation time tgel during isothermal and non-isothermal cure, as well as the 

de-gelation time tde-gel during non-isothermal cure, is determined as the time at which the loss angle 

 gets frequency-independent. 

 

Kinetic modelling 

 

For the cure kinetics of the reversible networks a mechanistic model as shown in Figure 2 is 

used, considering the equilibrium reactions between the furan and maleimide functional groups 

and the endo and exo DA cycloadducts. The kinetics of the Diels-Alder and retro Diels-Alder 

reactions for both stereoisomers are described by their corresponding rate constants k(T), obeying 

an Arrhenius equation. This model leads to the following set of ordinary differential equations 

(ODE): 

 
dCi

dt
= ∑ (vij)

R
j=1           (3) 

with Ci (mol kg-1) the concentration and dCi/dt (mol kg-1 s-1) the production rate of component 

i, R the number of reactions involved (R = 2 or 4), vij (mol kg-1 s-1) the formation (or consumption) 

rate of component i in reaction j, which depends on the rate constant kj(T) and the concentrations 

of the components involved in reaction j. The ODEs can be related to the measured reaction heat 

flow profiles normalized against the sample weight: 

 
dqr

dt
= ∑ [

dCi

dt
.∆fHi

0]N
i=1         (4) 

with dqr/dt (W kg-1) the experimental microcalorimetric normalized heat flow, ΔfHi
0 the 

formation enthalpy of component i (kJ mol-1) and N the number of components (N = 4).  

For the model parameter optimizations and the kinetic simulations, in-house developed Matlab 

software is used. 34 The model parameters are the kinetic and thermodynamic parameters of the 
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two DA equilibria of Figure 2, together with the functionalities of the furan and maleimide 

compounds (Table 1). The optimization algorithm to obtain the parameters is based on a least sum 

of squares fitting procedure of the experimental isothermal and non-isothermal normalized heat 

flows with the model predictions of equation (4). Appropriate scaling factors between the kinetic 

parameters, influencing the rate constants k, and the functionalities, influencing the concentrations 

in the rate equations vij of equation (3), are considered.  

The optimized rate constants kendo and kexo (with respective pre-exponential factors A and 

activation energies E), equilibrium constants Kendo and Kexo (= k/kr, with reaction enthalpies ΔrH 

and reaction entropies ΔrS for endo and exo) and functionalities f are summarized in Table 3. These 

parameters are used for the simulations of the kinetically controlled cure of the reversible 

networks. For all simulations, the concentration of the starting products (i.e. [F]0 for the furan 

compound, [M]0 for the maleimide compound, [Endo]0 or [Exo]0 for the DA adducts), along with 

the preparation time and temperature are taken into account. The total DA conversion x, describing 

the formation of the endo and exo adducts for each (Tcure, tcure) cure condition, is calculated 

according to:  

 

x=xendo+ xexo= 
[Endo]+[Exo]

min([F]0, [M]0)+[Endo]0+[Exo]0
     (5) 

with min([F]0, [M]0) the minimum value between [F]0 and [M]0. The calculation of the 

equilibrium DA conversion xeq in case of a stoichiometric mixing ratio ([F]0 = [M]0) is given by: 

 

xeq=
2Ktot[F]0+1-√(2Ktot[F]0+1)2-4Ktot

2 [F]0
2

2Ktot[F]0
      (6) 

with the equilibrium constants Ktot = Kendo + Kexo. 

 The kinetic simulations together with the experimental data from MTDSC and rheometry are 

used to construct the TTT, TxT and CHT diagram of each reversible network. 
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Results and Discussion 

 

Furan (F) and maleimide (M) reactants with different molar masses and a different number of 

reacting functional groups are considered to synthesize reversible networks with a different critical 

reaction conversion at gelation xgel, and different final crosslink densities and glass transition 

temperatures. These compounds and their respective F-M mixtures are summarized in Table 1, 

Scheme 1 and Table 2. The theoretical functionality is two or four and two or three for investigated 

furan and maleimide compounds, respectively, but these values are in practice average values 

based on the preparation procedure of these compounds (Table 1) and consistent with the range of 

repeating units in the spacers (Scheme 1). Slight variations are allowed during the kinetic 

modelling (see section Cure kinetics of furan-maleimide reversible networks). They are combined 

in mixtures in a way that at least one of the functionalities is higher than two to obtain networks 

(Table 2). All F-M mixtures are prepared as stoichiometric (r = 1), based on the equivalent molar 

masses of Table 1. The Tg values after cure at 25 °C for 7 days vary from -63 °C to 35 °C (Table 

2), so that at room temperature both reversible elastomers and reversible thermosets are 

considered.  

 

Vitrification during cure of Furan-Maleimide reversible thermosets 

 

If the increasing glass transition temperature of the curing network reaches the applied cure 

temperature (Tg ≈ Tcure), a vitrification step is interfering which is slowing down the still ongoing 

cure process by mobility restrictions. In this paper, the specific heat capacity signal (cp) of MTDSC 

is used to characterize vitrification as shown in Figure 3 for the (quasi-)isothermal cure of the 

reversible thermoset 4F230-2M230. The initial vitrification process is seen as a drop in cp (cp), 

due to the gradual freezing in of chain segment mobility by the rising Tg which is getting close to 
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Tcure (for more details see 35). Many stages of the progressing degree of mobility restrictions and 

vitrification can be defined, such as the onset, midpoint, inflection point and the endset of cp. 

Note that cp even continues to slowly decrease after the endset of the initial cp drop as a result of 

ongoing diffusion-controlled DA reactions. The linked increase of DA conversion is important for 

the self-healing ability of reversible thermosetting networks; this aspect is worked out in more 

detail elsewhere.35,37 The time tvit,onset at the onset of the drop in cp is further considered in this 

work because this time can be taken as the upper limit for the validity of kinetically controlled cure 

reactions. The effects of diffusion limitations start to interfere for cure times longer than tvit,onset. 

In the latter case a correction has to be applied to the kinetically controlled cure rate by means of 

a diffusion factor, which is beyond the scope of this paper. The time tvit,mid at the midpoint of the 

cp drop is used as a first approximation of the cure conversion at which Tg ≈ Tcure. cp(tvit,mid) is 

calculated as the drop in cp between the extrapolated tangents of the measured cp-curve, so that 

½cp is the measured cp-value at tvit,mid. The drop in cp is getting smaller with increasing Tcure, as 

seen at 0 °C, 25 °C and 45 °C in Figure 3. At higher Tcure, only partial vitrification is occurring 

and the degree of vitrification is decreasing till the system is no longer vitrifying during cure, as 

seen for instance at Tcure = 60 °C in Figure 3.  

While MTDSC is an excellent tool for the characterization of the initial stages of (partial) 

vitrification during cure, the detection of gelation is not possible, and therefore neither is making 

the distinction between the formation of ‘sol/gel’ glasses and ‘sol’ glasses (see Figure 1). The issue 

of gelation will be further discussed in the next section.  
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Figure 3. Specific heat capacity of MTDSC during isothermal cure of 4F230-2M230 at 0 °C, 25 

°C, 45 °C, and 60 °C.   

 

Gelation during cure of Furan-Maleimide reversible networks 

 

The formation of polymer networks always involves an intermediate gelation step. The gelation 

step is interfering during cure in a mold or reaction vessel to shape the final elastomeric or 

thermosetting object, after which the object is no longer re-shapeable in case of irreversible 

networks. Gelation also occurs during cure of reversible networks. After a cure time tgel 

corresponding to a critical reaction conversion xgel and a glass transition Tg,gel, the gel point is 

reached when the first crosslinked molecule of ‘infinite’ molar mass, still swollen by unreacted 

compounds, is macroscopically filling the reaction vessel. This incipient network architecture is 
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an intermediate stage evolving towards the network’s final properties by a further increase of 

conversion and Tg.  

The characterization of tgel in isothermal conditions at Tcure is not possible with MTDSC, but can 

be done by dynamic rheometry, as shown in Figure 4 for the mixtures 4F400-2M400 (elastomeric 

network) and 4F230-2M230 (thermosetting network) at 10 °C, 50 °C and 70 °C. The criterion to 

reach the gel point is that the rheometrical loss angle  becomes independent of frequency, which 

is characteristic for the incipient network formation.33,38–41 The crossing of  for different applied 

frequencies (indicated by arrows) can clearly be observed for 4F400-2M400 at all temperatures, 

as expected for an elastomer, but for 4F230-2M230 only at 70 °C and 50 °C, and not for the lowest 

temperature at 10 °C. The critical loss angle at gelation is between 60° and 65°, thus above 45°, 

meaning that gelation is still viscous-dominated.41 This is also the case in other reversible Diels-

Alder networks (see Figure S1).33,35  

The system 4F230-2M230 behaves as an elastomer at 70 °C, but shows thermosetting properties 

below 57 °C. At 50 °C, a frequency dependent (partial) vitrification step with a maximum in the 

loss angle is observed after gelation indicating a ‘sol/gel glass or gelled glass’. At 10 °C, no 

crossing of  and so no gelation, is observed before the onset of vitrification and in this case a ‘sol 

glass or un-gelled glass’ is formed (see also Figure 1). During vitrification the storage shear 

modulus increases, but the measured value is limited to a plateau value around 4 MPa, instead of 

the expected GPa level, due to the compliance of the rheometrical set-up, which is designed for 

liquids and visco-elastic materials and not for thermosetting solids with too high elastic moduli 

(see Figure S2). Although the rheometrical information during cure contains information on 

(partial) vitrification, this measuring technique is less suited than MTDSC to characterize the 

initial stages of vitrification in a quantitative way. Indeed, the onset of vitrification is masked by 
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the preceding gelation step, which is causing an analogous effect of increasing elasticity on the 

expected changes in loss angle and storage shear modulus. For this reason the rheometrical data 

on gelation are combined with MTDSC data on (onset of) vitrification to construct TTT and CHT 

plots of the studied reversible networks. 

 
Figure 4. Loss angle obtained by dynamic rheometry during isothermal cure of 4F400-2M400 and 

4F230-2M230 at 10 °C, 50 °C, and 70 °C.  
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Cure kinetics of Furan-Maleimide reversible networks 

 

Reliable cure kinetics are needed to enable the construction of quantitative TTT and CHT 

diagrams and to validate the Flory-Stockmayer equation at gelation for these reversible networks. 

Isothermal and non-isothermal microcalorimetric normalized heat flow profiles of different 

furan-maleimide mixtures are used to optimize one unique set of kinetic and thermodynamic 

equilibrium parameters to describe the cure rates of all reversible networks.  

The kinetic model is based on two equilibria with forward and backward rate constants, 

describing the reversible DA reactions for the endo and exo cycloadducts, as shown in Figure 2. 

The optimization procedure is also taking into account slight deviations of the initial set of 

averaged furan and maleimide functionalities of Table 1. Non-isothermal microcalorimetric 

(normalized) heat flow data, measured from 20 °C to 90 °C at 0.03 K min-1, in combination with 

isothermal data at 55 °C, the middle of the temperature interval, are used to fit the model 

parameters. Note that to ensure reliable kinetics, only data without any influence of mobility 

restrictions by vitrification are considered, i.e. at Tcure sufficiently above the rising Tg of the curing 

reversible network. All F-M mixtures of Table 2 (except these with the highest concentrations), in 

a stoichiometric mixing ratio (r = 1, according to data of Table 1), are considered for the non-

isothermal profiles, together with isothermal profiles at 55 °C of the mixtures with the highest 

concentration of functionalities (4F230-2M230, 4F400-2M230, and 4F230-3M). The optimized 

activation energies, pre-exponential factors of DA and retro-DA reactions for endo- and exo-

cycloadducts, the respective reaction enthalpies and entropies, and the optimized functionalities 

are summarized in Table 3. Examples of the experimental microcalorimetric profiles and the 

simulated profiles with the optimized parameter set of Table 3 are shown in Figure 5 (non-

isothermal data) and Figure 6 (isothermal data at 55 °C). Additional isothermal data at 20 °C (not 
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used for the parameter optimization) are shown in Figure S3. An excellent agreement is found 

between experimental and simulated profiles, considering that all experimental profiles for the 

series of networks with a variation in the concentrations of functional groups are described with 

one unique parameter set. Note that microcalorimetry is needed for a sufficient accuracy of the 

heat flow data. The non-isothermal heat flow profiles are more complex than for irreversible step 

growth network polymerization. A typical non-isothermal experiment shows a sequence of an 

exothermic step, followed by an endothermic, exothermic and a final endothermic step. These two 

exothermic and two endothermic contributions are the consequence of the delicate balance of the 

parallel endo and exo reaction equilibria. In the first exothermicity, the forward endo and exo DA 

reactions are dominant, while the second exothermic step, after the endothermic retro DA reaction 

of the endo cycloadduct, is only governed by the further formation of the exo cycloadduct. The 

second final endothermicity is the result of the retro DA of this exo cycloadduct. Low reaction 

enthalpies over a wide temperature interval are observed in these reaction steps (ranging between 

+20 and -70 J.(mol F or M)-1) compared to the values for irreversible cure reactions, which are e.g. 

around -100 kJ.(mol epoxy)-1 for a typical epoxy-amine cure.42 Baseline stability and sensitivity 

are therefore important requirements. Note that the two switches from exo- to endothermicity, and 

the intermediate switch from endo- to exothermicity on the non-isothermal cure path occur at 

intermediate points of two local maxima, and one intermediate minimum in the total DA 

conversion. At these points, the microcalorimetric heat flow values pass through zero (see crossing 

of normalized heat flow signals with dotted reference lines in Figure 5). The position of these 

maxima and minimum and the link with rheometrical data are further discussed in the section 

Construction of CHT diagram of reversible networks (see Figure 15).    
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The main conclusions about the optimized kinetic and thermodynamic parameters of Table 3 

(right column) are: 

- The formation of the endo cycloadduct has a lower activation energy than the exo cycloadduct 

and is faster at 298 K; 

- The retro DA reaction of the exo cycloadduct has a higher activation energy than the endo 

cycloadduct; 

- The exo cycloadduct is more stable than the endo cycloadduct.  

These findings are in line with a previously published parameter set that was optimized using 

only data of the reversible network 4F400-2M400 (Table 3, left column).34 Slight changes make 

the new optimized set more suitable to describe accurately the microcalorimetric heat flows and 

the independently determined gel points for the global series of reversible networks of this work. 

The most important changes are observed for the parameters of the exo cycloaddition. As 

mentioned, the optimization procedure is also considering slight deviations of the initial set of 

averaged furan and maleimide functionalities of Table 1. Deviations of maximum 0.10 on the 

average functionality are allowed (see Table 3) and further improve the simulation of the 

experimental results. These variations are acceptable in view of the slight uncertainties on the 

(equivalent) molar masses of the starting compounds (see Materials and Techniques). Even with 

this fine-tuning of functionalities, less accurate results are obtained using the previous parameter 

set (keeping only the functionalities of 4F400 and 2M400 fixed, see middle column of Table 3). 

The new optimized parameter set will therefore be used throughout the further discussion in this 

paper. 

 

Table 3. Kinetic and thermodynamic parameters of endo and exo DA equilibria, and functionalities 

of furan and maleimide compounds 
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Kinetic/thermodynamic 

parameters 

Previous 

parameter 

set34 

Previous 

parameter set34 

with optimized 

functionalities 

Optimized 

parameter 

set 

ln(ADA,endo) (kg mol-1 s-1) 13.1 13.1 13.4 

EDA,endo (kJ mol-1) 58.5 58.5 59.4 

ln(kDA,endo) (kg mol-1 s-1) at 298 K -10.5 -10.5 -10.5 

ln(ArDA,endo) (s-1) 31.0 31.0 30.9 

ErDA,endo (kJ mol-1) 113.0 113.0 113.1 

ln(krDA,endo) (s-1) at 298 K -14.6 -14.6 -14.7 

ln(ADA,exo) (kg mol-1 s-1) 13.6 13.6 14.7 

EDA,exo (kJ mol-1) 62.6 62.6 64.6 

ln(kDA,exo) (kg mol-1 s-1) at 298 K -11.7 -11.7 -11.4 

ln(ArDA,exo) (s-1) 31.5 31.5 31.4 

ErDA,exo (kJ mol-1) 122.6 122.6 123.6 

ln(krDA,exo) (s-1) at 298 K -18.0 -18.0 -18.4 

ΔrH0
endo (kJ mol-1) -54.6 -54.6 -53.7 

ΔrS0
endo (J mol-1 K-1) -149.1 -149.1 -145.1 

ΔrH0
exo (kJ mol-1) -60.0 -60.0 -59.0 

ΔrS0
exo (J mol-1 K-1) -149.5 -149.5 -138.9 

Average functionalities  

(MMeq in g mol-1) 

Table 1 f(4F400) and 

f(2M400) fixed 

Optimized 

set 

f(2F600) 1.97 (492) 1.87 (518) 1.87 (518) 

f(4F230) 3.90 (218) 4.00 (213) 4.00 (213) 
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f(4F400) 3.65 (268) 3.80 (268)34 3.75 (261) 

f(4F2000) 3.80 (657) 3.70 (675) 3.70 (675) 

f(4F4000) 3.80 (1297) 3.70 (1331) 3.70 (1331) 

f(2M230) 2.00 (192) 2.10 (183) 2.10 (183) 

f(2M400) 1.96 (307) 2.00 (307)34 1.95 (308) 

f(3M) 2.75 (240) 2.66  (248) 2.65 (249) 

 

 

 

 
Figure 5. Microcalorimetric normalized heat flows for non-isothermal cure at 0.03 K min-1 

between 20 °C and 90 °C of different reversible DA systems (corrected for baseline and heat 

capacity effects). Experimental profiles (full lines) and simulated profiles with optimized 

parameter set of Table 3 (dashed lines). Zero heat flow level indicated by dotted line. 
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Figure 6. Microcalorimetric normalized heat flows for isothermal cure at 55 °C of different 

reversible DA systems. Experimental profiles (full lines) and simulated profiles with optimized 

parameter set of Table 3 (dashed lines). Zero heat flow level indicated by dotted line. 
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with this result, as the corresponding ratio r = 1 also lies within the range of the maximum of Tg, 

indicated by the horizontal arrow in Figure 7. 

 

 
Figure 7. Glass transition Tg (x) as a function of molar mixing ratio r for reversible network 4F230-

2M230, cured at 80 °C for 90 min, and measured in heating at 20 K min-1 after a cooling to -70°C 

at 20 K min-1. The values of r are calculated with the optimized MMeq,4F230 and MMeq,2M230 of 

Table 3. Vertical dashed line: optimized r = 1. 
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This curved Tg-x relation is in contrast with the nearly linear Tg-x relation of 4F230-2M230 

given in 35, with a value λ ≈ 1. The nearly linear relationship of the latter is due to the (slightly) 

off-stoichiometric mixing conditions and the plasticizing effect of the excess compound on Tg. 

The Tg-x relation is unique for a specific thermosetting system, as long as the mixing ratio r is 

fixed. A change in initial mixing ratio r will lead to a modified Tg-x relation. A maximum value 

of Tg at each conversion is found in stoichiometric mixing conditions. The effect of r on Tg is not 

the same at each conversion, leading to an eventual linearization of the curved plot for r = 1. The 

curvature, as found in Figure 8 and described by equation (7), is the result of the increasing 

crosslink density at conversions above the gel point, and is also observed for many other 

thermosetting networks.42,43 A thermodynamic model can link the fitting parameter λ to the ratio 

of cp at Tg1 to cp at Tg0.
46 Δcp1 and Δcp0 can be obtained by extrapolation of the cp(Tg)-x plot 

(Figure S5). The model prediction gives λ = Δcp1/Δcp0 = 0.80, in good agreement with the 

experimental fitting parameter λ = 0.77 of Figure 8.     

 

 
 

Figure 8.  Tg-x relation for reversible network 4F230-2M230: experimental Tg for different cure 

times at Tcure = 55 °C (●) and Tcure ≤ 30 °C (▲), DiBenedetto model (equation (7)) with optimized 

Tg0 = -35.7 °C, Tg1 = 56.5 °C and λ = 0.77 (dashed line). 
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Independent cure measurements of fresh stoichiometric mixtures are performed at 55 °C as a 

function of cure times up to 2 months, and the Tg evolution is followed. Each measured Tg value 

is expressed as a conversion by means of the Tg-x relation (Figure 8) and plotted in Figure 9 as a 

function of isothermal cure time (log scale). The evolution of conversion is also simulated with 

the optimized kinetics of network formation (Table 3). An excellent fit with the experimental data 

is observed. At first a large increase of DA conversion is seen as a result of endo and exo 

cycloadduct formation with a ratio still slightly in favor of the endo adduct. In a later stage (beyond 

20 h) a second step in conversion increase is observed due to the further formation of the more 

stable exo adduct at the expense of the (kinetically favored but less stable) endo adduct. The 

evolution of the endo and exo conversion and of the exo/endo ratio is also indicated in Figure 9. 

Starting from a value of 0.54, a value of 14.7 near equilibrium is reached. The data of Figure 9 are 

a strong confirmation of the interaction of the two equilibria describing the endo/exo Diels-Alder 

cycloadditions (Figure 2). 

 

   
Figure 9. Isothermal cure of reversible network 4F230-2M230 at 55 °C. Measured Tg values are 

calculated as conversion values (-) for each cure time, with a width in conversion corresponding 

to the width around Tg. Curves of total DA (green), endo (blue) and exo (red) conversion are 

simulated with kinetics of Table 3, together with exo/endo ratio (dashed).  
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Construction of TTT and TxT diagram of reversible networks 

 

The experimental data tgel from dynamic rheometry, and tvit,onset and tvit,mid from MTDSC can be 

used in the construction of the Time-Temperature-Transformation (TTT) diagram, describing the 

isothermal cure path of a reversible network in a plot of Tcure vs. log(tcure). Lines of constant 

conversion can be simulated using the optimized cure kinetics of network formation (Table 3). 

This is illustrated for the reversible elastomers 4F400-2M400 and 2F600-3M in Figure 10, and for 

the reversible thermosets 4F230-2M230 and 4F230-3M in Figure 11.  

 

Figure 10. TTT diagram of reversible elastomers 4F400-2M400 and 2F600-3M. Experimental tgel 

(▲). Simulated iso-conversion lines (dashed) using kinetics from Table 3 (from x = 0.1 to x = 0.9 

with increments x = 0.1) and gelation line at <xgel> (colored). 
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Figure 11. TTT diagram of reversible thermosets 4F230-2M230 and 4F230-3M. Experimental tgel 

(▲), tvit,onset (●) and tvit,mid (○). Simulated iso-conversion lines (dashed) using kinetics of Table 3 

(from x = 0.1 to x = 0.9, with increments x = 0.1), gelation line at <xgel>  (colored), (onset of) 

vitrification trendlines (dotted) and lines of Tg evolution at Tcure (dash-dotted). 
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conditions with different equilibrium constants Kendo and Kexo. It leads to a superposition and a 

double asymptotic behavior as noticed most clearly for the simulated lines of high constant 

conversion (see Figure 10 and Figure 11). This simulated behavior cannot be observed in the 

experimental gelation data of the thermosetting systems of Figure 11, because these systems react 

too fast and tgel is too short for reliable measurements of gelation at a sufficiently high Tcure. For 

the reversible elastomeric system 4F400-2M400, which reacts slower, the onset of the predicted 

superposition effect can experimentally be observed at sufficiently high Tcure for gel points at 

conversions around xgel ≈ 0.64 (see Figure 10). However, this effect is most clearly observed in the 

experimental gel points of the system 2F600-3M, occurring at higher conversions around xgel ≈ 

0.87 and lower Tcure. These rheometrical gelation data are a strong experimental validation for the 

furan-maleimide chemistry with two equilibria accounting for the endo-exo stereoisomerism of the 

cycloadducts. Note that a similar effect, but in this case of two superimposed vitrification lines, 

was observed in the TTT diagram of an irreversible epoxy-amine thermoset, cured in off-

stoichiometric conditions,12 and an epoxy-amine system cured according to a mechanism with a 

double set of Arrhenius parameters.22 

All gelation data tgel at Tcure of Figure 10 and Figure 11 can be calculated as gel conversions xgel 

at Tcure by means of the optimized cure kinetics of Table 3. The results for all reversible networks 

are plotted in Figure 12. It seems that xgel is independent of Tcure and can be fitted by a horizontal 

line at an average gel conversion <xgel> for each network system (colored lines). It means that the 

gelation line in the TTT diagram of these reversible networks can be considered as an iso-

conversion line at <xgel> (these gelation iso-conversion lines are also shown in Figure 10 and 

Figure 11 (colored lines)). This finding is in agreement with Flory’s theory for gelation in 

irreversible networks formed according to a step-growth polymerization mechanism.47 Moreover, 
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the experimental values of <xgel> are in good agreement with the predicted values of the Flory-

Stockmayer equation (see equation (1)). These predictions, calculated using the optimized number-

average functionalities according to kinetics (Table 3), are also represented in Figure 12 for 

comparison (dashed lines with corresponding value). Note that for compounds that are not 

monodisperse in functionality, functionality-average functionalities should be used in the Flory-

Stockmayer equation.2 The use of number-average functionalities leads to an overestimation of the 

predicted gel conversions. However, the furan and maleimide compounds with flexible spacers 

used in this work might generate a fraction of intramolecular cycles, increasing the experimental 

<xgel> too. Therefore, the observed agreement might be the consequence of both predicted and 

experimental xgel values slightly shifting in the same direction.  

 

 
Figure 12.  Conversion at gelation xgel as a function of the isothermal cure temperature Tcure (▲) 

for different reversible networks, 2F600-3M (blue), 4F400-4M400 (purple), 4F230-2M230 (red), 

4F230-3M (green). Colored lines: <xgel>. Colored dashed lines and predicted xgel by Flory-

Stockmayer equation. Data according to Table 3 (optimized set). 
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All vitrification data of tvit,onset and tvit,mid at Tcure from MTDSC are represented by trendlines in 

Figure 11 for 4F230-2M230 and 4F230-3M. The evolution of Tg with isothermal cure time, 

calculated from the Tg-x relation, is also indicated in Figure 11 for a few isothermal cure 

temperatures. The evolutions are only partly indicated in this plot, as they don’t start from Tg0 of 

these networks (see Table 2). The Tg-lines should cross the trendline of tvit,mid at Tcure, if tvit,mid is a 

good approximation of the cure conversion at which Tg ≈ Tcure (see MTDSC results). It can be seen 

that this is a plausible assumption, with a better fit for the reversible thermosetting system 4F230-

3M than for 4F230-2M230. Note that the iso-conversion lines in Figure 11 for conversions 

exceeding tvit,onset and certainly tvit,mid are no longer depicted, as diffusion control sets in beyond 

tvit,onset, and only iso-conversion lines assuming kinetic control can be simulated. 

 

TxT diagram 

Only the data of tvit,onset at Tcure can be converted into the conversion at the onset of vitrification 

xvit,onset by means of the optimized cure kinetics (Table 3), since they are considered to be the 

limiting cure times of kinetically controlled DA reactions. The data of tvit,mid at Tcure can’t be 

converted in the same way because of the interference of diffusion control. The conversion at 

vitrification xvit, however, can be calculated as a function of Tcure, using the Tg-x relation of the 

reversible thermoset and assuming that Tg equals Tcure at vitrification (see Table S1 for 4F230-

2M230 (equation (7)) and Table S2 for 4F230-3M (35)). These data of xvit,onset and xvit can be used 

to fit empirical equations describing the conversion at (the onset of) vitrification as a function of 

Tcure, as shown by the trendlines in the Temperature-conversion (property)-Transformation (TxT) 

diagram of the reversible thermoset 4F230-2M230 (Figure 13). This TxT plot also shows the DA 

equilibrium line, the gelation line, and trendlines of constant viscosity before gelation. The 

formation of gelled glasses and un-gelled glasses can be distinguished. The TxT plot of the 
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reversible thermoset is comparable with a TxT diagram of an irreversible thermoset, except that 

full conversion is never reached, as conversion is restricted to values below the DA equilibrium 

xeq at Tcure (see shaded area of not accessible stable (Tcure, x) combinations in Figure 13). As a 

consequence, at Tcure > 148 °C, at which xeq crosses <xgel>, the system can no longer gel, and this 

also leads to the horizontal asymptotic behavior of the gelation line in TTT (not shown in Figure 

11). This ability of de-gelation is of practical importance for re-shaping the reversible network by 

a temperature switch from below to above this limiting temperature, and vice versa. In the 

reversible thermoset 4F230-2M230, however, 148 °C is too high to avoid thermal degradation, 

and a lower limiting temperature for de-gelation would be beneficial for a reversible/repeatable re-

shaping process (see also gelation/de-gelation in CHT diagram).  

   

 
Figure 13. TxT diagram of reversible thermoset 4F230-2M230 with conversion at gel point xgel 

(▲), onset of vitrification xvit,onset (●), and dynamic viscosity ’ (■) as a function of isothermal 

Tcure. The gelation line at <xgel> (red), the equilibrium conversion line xeq (dashed), the onset of 

vitrification and the vitrification (dotted) trendlines, and the trendlines of constant dynamic 

viscosity (from 1 Pa s (grey) to 10,000 Pa s (green) with increments of a factor 10) are indicated. 

Not accessible (Tcure, x) combinations are indicated as shaded area. Vertical lines together with 
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trendlines indicate the separation between sol glass, sol/gel glass, sol/gel elastomer, and viscous 

melt. Data according to Table 3 (optimized set) and Table S1. 

 

 

Construction of CHT diagram of reversible networks 

 

The Continuous-Heating-Transformation (CHT) diagram, describing the non-isothermal cure 

path of a reversible network in a plot of Tcure vs. heating time (linear scale or log-scale), can also 

be simulated using the optimized cure kinetics of Table 3. This is illustrated for the reversible 

elastomers 4F400-2M400 and 2F600-3M in Figure 14 (log time scale). The thermosetting systems 

are not considered here, because the vitrification process followed by devitrification during non-

isothermal cure can’t be simulated as long as diffusion control is not included in the kinetic 

modelling (out of the scope of this paper).  

 

 
 

Figure 14. CHT diagram of reversible networks 4F400-2M400 and 2F600-3M. Simulated iso-

conversion lines (dashed) using kinetics of Table 3 (from x = 0.25 to x = 0.90, with increments x 

= 0.05), gelation line at <xgel> (color), and lines of constant heating rate (dash-dotted), starting 
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from 0.001 K min-1 with increments of a factor 5 for 4F400-2M400 up to 3.125 K min-1 and a 

factor 2 for 2F600-3M up to 0.032 K min-1. 

 

 

Iso-conversion and gelation/de-gelation 

Iso-conversion lines as well as lines of different heating rate are shown in Figure 14. Simulation 

of the gelation line is done with the assumption that the conversion at gelation stays the same in 

isothermal and non-isothermal conditions, independent of temperature, and therefore has the value 

<xgel> obtained from the TTT diagram (Figure 10) and Figure 12. The iso-conversion lines and the 

gelation lines in the CHT diagrams have a similar shape with a double asymptotic behavior as 

those in the respective TTT diagrams, but they are calculated according to cure paths of constant 

heating rate instead of isothermal cure paths. The crossing of a specific heating rate with the iso-

conversion lines indicates for which combination of non-isothermal Tcure with heating time a 

certain DA conversion is reached. The crossing of the gelation line with lines of constant heating 

rate shows when gelation, but also de-gelation will occur. The fact that de-gelation is possible is a 

special characteristic of these reversible networks, due to the reversible covalent bonding of the 

DA cycloadducts. In the reversible network 4F400-2M400 the de-gelation should happen around 

130 °C (see Figure 14), irrespective of the chosen heating rate, which is too high to be detectable 

due to interfering side reactions, such as homopolymerization of free maleimide functional 

groups.30,37 In the reversible network 2F600-3M, however, the predicted de-gelation step should 

be detectable at sufficiently slow heating rates (see Figure 14). The experimental results for the 

non-isothermal cure of the reversible network 2F600-3M at heating rates from 0.04 K min-1 down 

to 0.013 K min-1 are shown in Figure 15 (linear time scale). The observed gelation (▲) and de-

gelation (△) steps are indicated for the chosen heating rate. Even a double consecutive gelation/de-
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gelation step is observed at the slowest heating rate of 0.013 K min-1, as also predicted by the 

simulated gelation line according to the optimized kinetics of Table 3. Only a minor change in DA 

conversion of 0.5 % from 0.870 to 0.875 is needed to have a perfect fit with the gelation line (see 

dashed blue line in Figure 15). As expected, no gelation at all is observed at a heating rate of 0.018 

K min-1 or higher (see also Figure S6 and S7). 

 

 
 

Figure 15. CHT diagram of reversible network 2F600-3M. Simulated iso-conversion lines 

(dashed) using kinetics of Table 3 (from x = 0.80 to x = 0.92, with increments x = 0.01), gelation 

line at <xgel> (blue), and lines of constant heating rate from 0.04 K min-1 to 0.013 K min-1. 

Experimental points of gelation (▲) and de-gelation (△). Trendlines of maximum and minimum 

conversion as a function of heating rate (dotted).  

 

Again the experimental criterion for gelation and de-gelation during non-isothermal cure is that 

the rheometrical loss angle  becomes independent of frequency. This is illustrated in Figure 16 

for the cure at 0.013 K min-1 (see black arrows), together with the evolution of the dynamic moduli 

and the dynamic viscosity. In between gelation and de-gelation, the moduli and viscosity pass 
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through a maximum, as a result of a concurrent maximum in DA conversion. In between the first 

de-gelation and the second gelation, the moduli and viscosity pass through a minimum, as a result 

of a concurrent minimum in DA conversion (the trendlines of maximum and minimum conversion 

as a function of heating rate are indicated in Figure 15). Two maxima and one minimum are 

observed in Figure 16, due to the parallel equilibria of endo and exo cycloadducts with slightly 

different kinetics. These local maxima and minimum are consistent with the crossing of the 

microcalorimetric heat flows from exo- to endothermic values, and vice versa, at the zero heat 

flow level (see discussion of non-isothermal DA cure kinetics and Figure 5). These phenomena of 

maxima (minimum) in moduli and viscosity occur for all heating rates, but gelation/de-gelation 

events only happen if, additionally, loss angles  cross and get independent of frequency. While a 

double gelation/de-gelation event is predicted for heating at 0.015 K min-1 (see Figure 15), only 

one gelation/de-gelation event at the lower temperature side is experimentally observed for this 

heating rate (see Figure S8). This deviation is again caused by minor changes in the predicted total 

DA conversion, consistent with the blue dashed line in Figure 15.  

To the best of our knowledge, this is the first time that a gelation/de-gelation event - in some 

conditions even two consecutive gelation/de-gelation events - is measured in a covalent network. 

It is obvious that kinetic modelling is indispensable for a successful detection and interpretation 

of such experiments. 
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Figure 16. Loss angle, dynamic moduli and dynamic viscosity as a function of frequency during 

non-isothermal cure of 2F600-3M at 0.013 K min-1. 

 

Conclusions 

Time-Temperature-Transformation (TTT), Temperature-conversion-Transformation (TxT), and  

Continuous-Heating-Transformation (CHT) diagrams are constructed for reversible covalent 

networks, based on furan-maleimide Diels-Alder (DA) cycloaddition reactions. Using different 

concentrations of furan and maleimide functional groups, a variety of elastomeric and 
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thermosetting reversible networks with different crosslink densities and Tg-x relationships are 

studied. Microcalorimetry, modulated temperature differential scanning calorimetry and dynamic 

rheometry are used as experimental analytical tools in combination with kinetic modelling to 

construct the corresponding diagrams. These results on reversible networks are innovative, as it is 

the first time that these networks are studied in a systematic way with concepts used to study the 

cure characteristics of irreversible networks. The major differences with irreversible networks are 

stressed. 

Reliable DA kinetics are indispensable for the quantification, the simulation and the 

interpretation of important characteristics of the TTT, TxT, and CHT diagrams of reversible 

networks. For this purpose, the  DA kinetics of a mechanistic model, with two parallel equilibrium 

reactions for endo and exo cycloadducts, are optimized by means of microcalorimetric data 

between 20 °C and 90 °C. The optimized kinetic data set, valid for all studied reversible networks, 

shows that (i) the formation of the endo-cycloadduct has a lower activation energy than the exo-

cycloadduct and is faster at 298 K, (ii) the retro DA reaction of the exo-cycloadduct has a higher 

activation energy than the endo-cycloadduct, and (iii) the exo-cycloadduct is more stable than the 

endo-cycloadduct.  

Each simulated iso-conversion line in TTT and CHT, compared to irreversible networks, shows 

a totally different shape with a horizontal asymptotic limit at the high temperature side, Tcure, 

corresponding to the DA equilibrium conversion xeq at Tcure. Moreover, the slight differences in 

the endo-exo kinetics and equilibrium constants lead to a predicted superposition and a double 

asymptotic behavior of the iso-conversion lines in TTT and CHT. It is also proven that all gelation 

lines are iso-conversion lines with a double asymptotic behavior, and that each gel conversion can 

be predicted by the Flory-Stockmayer equation.  
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The reversible covalent bonding allows de-gelation of the network by an appropriate choice of 

experimental conditions, e.g. by increasing Tcure after isothermal cure or during non-isothermal 

cure by further heating, as shown in the respective TTT and CHT diagrams. As a consequence of 

the parallel equilibria for endo and exo cycloadditions, two subsequent gelation/de-gelation events 

can occur during non-isothermal cure. These phenomena are experimentally confirmed for one of 

the studied networks.  

The TTT and CHT diagrams developed in this work help to correctly interpret analytical results 

on reversible networks and are useful for the design and processing of new covalent networks for 

self-healing applications.    
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