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A B S T R A C T   

This work provides a comprehensive thermomechanical and rheological characterization of a high-performance 
epoxy resin synthesized from a vanillin derivative, vanillyl alcohol. The study includes a complete analysis of the 
curing and decomposition kinetics that enabled a Time-Temperature-Transformation plot accounting for gela
tion, vitrification, and resin degradation to be developed. These plots allow one to determine the optimal time 
and temperature processing conditions that will yield the best mechanical properties. Kinetic predictions and 
experimental results showed that this resin can be cured at room temperature in just a few hours, forming a solid 
gelled glass. Enhanced mechanical properties are achieved by post-curing the resin at temperatures above Tg∞ =

85.4 ◦C. With a dynamic storage modulus of 2.7 GPa, this bio-based resin proves to be a sustainable alternative to 
fossil-based resins whose primary source is the ever-prevalent bisphenol A diglycidyl ether. Thermal oxidation is 
the main cause of the mechanical deterioration at high temperatures, as revealed by FTIR spectroscopy.   

1. Introduction 

Thermosetting epoxy resins are known to have excellent mechanical 
properties along with thermal and corrosion resistance. In addition, they 
offer good adhesion to a broad variety of surfaces and are readily 
available on the market. These characteristics have made them the 
preferred choice for multiple industrial applications [1] such as matrices 
for fiber-reinforced materials [2,3], structural adhesives [4,5], paints [6, 
7] or high-performance coatings [8,9]. The extensive use of epoxy resins 
has an inherent environmental cost arising from their thermosetting 
nature; the stability of these cross-linked polymers makes recycling 
extremely challenging, if not impossible. On top of that, most epoxy 
resins are derived from petroleum-based compounds, including 
bisphenol A which is the source of 90 % of all commercially available 
resins [10]. Scientists have struggled to find alternative synthesis 
methods that make use of renewable feedstock and lessen environmental 
impacts. Nevertheless, this pursuit for an alternative eco-friendly sub
stitute to traditional thermoplastic counterparts has led to so-called 
bioplastics. On the other hand, the development of bio-based thermo
sets is not as advanced given that they have received comparatively less 
attention [10], although epoxy resins have been successfully produced 
from the epoxidation of vegetable oils [11,12] or from 

aromatic-containing biomass sources [13,14]. Besides, their 
thermo-mechanical characteristics typically do not match those of 
commercial fossil-based epoxy networks [15], making the search for 
high-performance bio-based thermosets a major issue. 

Lignin is the most abundant natural aromatic compound on Earth 
[16] and because of this some of the most valuable chemicals for 
bio-based epoxy resins are lignin derivatives. Among them, vanillin, (the 
main component of natural vanilla), deserves special mention as it is one 
of the few aromatic compounds that can be synthesized from wood on an 
industrial scale [17]. Advances in vanillin production from lignin 
depolymerization have dispelled some of the initial environmental 
concerns [18] that had arisen from their synthesis, making it a sus
tainable and low-cost process [17] and placing it ahead of other 
bio-based chemicals that rely on much less developed technologies. 
Besides, vanillin is also obtained as a byproduct of the biomass refinery 
[19]. Vanillin-based epoxy resins have been shown to have comparable 
mechanical properties to those prepared from the well-known bisphenol 
A diglycidyl ether epoxide DGEBA. For example, Desnoes et al. prepared 
a cured thermoset epoxy made from diglycidyl ether Schiff base 
monomers from vanillin which has proved to be a suitable alternative to 
DGEBA-based epoxy in high-performance coatings [20]. Recently, Zhi 
et al. successfully developed a sustainable vanillin-based epoxy resin 
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with good flame retardancy and with even higher storage modulus and 
glass transition temperature (Tg) than DGEBA. Both were cured using 
the same 4,4′-diaminodiphenylmethane hardener [21]. Furthermore, 
Savonnet et al. presented a novel approach using divanillin-based epoxy 
precursors that led to bio-based thermosets with phase transitions and 
thermal stabilities comparable to the DGEBA-based network. Therefore, 
vanillin-based epoxies are clearly promising substitutes to bisphenol A 
for designing high-performance thermosets for structural composite and 
adhesive applications [15]. In this paper, we present a new synthesis 
method of a bio-based epoxy resin from vanillyl alcohol as the primary 
resource with promising thermal and mechanical properties. Our study 
includes a characterization of the structure of the epoxy network by 
Fourier-Transform Infrared Spectroscopy (FTIR), and an evaluation of 
its thermomechanical characteristics determined by dynamic mechani
cal analysis (DMA). 

Resin processability is as important to its market uptake as to its 
performance. For this reason, a meaningful evaluation of the resin must 
also include a thorough study of the curing process. Time-Temperature- 
Transformation (TTT) diagrams are particularly useful for optimizing 
resin curing cycles and have been previously applied to epoxy thermo
sets for such purposes [22–25]. Recently, we extended the classical TTT 
curing diagram to include thermal stability, thus leading to a more 
complete and useful processing chart [26]. Such a chart allows us to 
identify the optimal conditions under which we can achieve complete 
cure while avoiding degradation. This diagram relies on predictions 
obtained from kinetic studies. The simplicity of this tool compared to 
complex simulations facilitates rapid decision making at the processing 
stage, ultimately contributing to the adoption of high-performance 
bio-based thermoset and advancing towards the uptake of sustainable 
material solutions. With the aim of generating the corresponding pro
cessability map, the curing and decomposition kinetics of our 
vanillin-based resin were investigated via thermal analysis methods. 
Additionally, thermally induced chemical changes were monitored by 
FTIR. 

2. Experimental section 

2.1. Materials 

Vanillyl alcohol (4‑hydroxy-3-methoxybenzyl alcohol, 99 %), 
epichlorohydrin, sodium hydroxide (97 %), tetrabutylammonium bro
mide (99 %, phase transfer agent and catalyst), and anhydrous magne
sium sulfate were purchased from Sigma-Aldrich (Germany). A 
commercial curing agent (sd4772) was obtained from Sicomin, France, 
and supplied by Mel Composites (Barcelona, Spain). Solvent, ethyl ac
etate was purchased from Scharlau. 

2.2. Synthesis of bio-based epoxy resin from vanillyl alcohol 

The bio-based epoxy was synthesized from vanillyl alcohol as the 
bio-based resource. A round-bottom flask with a reflux condenser was 
charged with vanillyl alcohol, epichlorohydrin and phase transfer 
catalyst, and heated to 100 ◦C for 5 h with continuous stirring. Next, 
using an ice bath, the flask was cooled to ~0 ◦C before adding a 40 wt% 
NaOH solution dropwise and then allowed to slowly warm to room 
temperature over the course of 1 h. After that, the reaction mixture was 
dissolved in ethyl acetate, washed thrice with DI water, dried over 
anhydrous magnesium sulfate, and concentrated under reduced pres
sure. The successful synthesis of the bio-epoxy monomer was confirmed 
by means of FTIR analysis (Figure S1): the FTIR spectrum shows a 
prominent absorption band at 913 cm–1 corresponding to the presence of 
the oxirane ring. The peaks identified at 1182 and 1508 cm–1 are 
attributed to the stretching vibrations of aromatic C–O and aromatic 
C––C bonds, respectively. The distinctive peaks appearing at 1200–1250 
cm–1 signify the presence of phenol C–O groups. The characteristic ab
sorption band around 2869 cm–1 confirms the existence of the methoxy 

structure (− OCH3) in vanillyl alcohol derivatives. Notably, the FTIR 
spectrum provides confirmation that the initial epoxy resin lacked any 
oligomeric byproduct, as evidenced by the absence of the OH group. 

For the curing process, the resulting epoxy monomer was mixed with 
a commercial curing agent (SD4772 from Sicomin) at a ratio of 30 phr 
(parts of hardener per 100 parts of resin). This proportion was deter
mined to be approximately the stoichiometric ratio of the mixture, such 
that it was the epoxy-to-hardener weight ratio yielding a maximum heat 
of reaction (ΔH) [27,28] (Fig. 1). Hence, ΔH at maximum, 460.4 J/g, 
corresponds to the enthalpy of reaction. This value is within the normal 
enthalpy range of epoxy-amine systems [27,29,30]. 

2.3. Calorimetric measurements 

The curing reaction was monitored using a differential scanning 
calorimeter (DSC) Q2000 from TA Instruments. For that purpose, ex
periments were conducted at various heating rates ranging from 1.25 to 
20 ◦C/min within a temperature range of 0 to 260 ◦C. Uncured samples 
were placed in Tzero low mass aluminum crucibles and tested in an inert 
atmosphere, maintained by a nitrogen gas flow rate of 50 mL/min. An 
empty Tzero low mass pan was used as reference. Based on an analytical 
criterion [31] intended to prevent inaccuracies when determining the 
sample temperature in thermal analysis experiments, we have used 
samples masses bellow 10 mg in all the tests. The curing kinetic pa
rameters, including the apparent activation energy of the reaction and 
pre-exponential factor, were calculated using the Friedman isoconver
sional method outlined in Section (2.8). The evolution of the glass 
transition temperature, Tg, with the degree of cure was also character
ized by means of DSC tests. To do so, various uncured samples were 
heated up to different temperatures at a speed of 10 ◦C/min, targeting 
different maximum temperatures as summarized in table S1. The cor
responding DSC scans are depicted in Figure S2. In compliance with the 
standard methodology, Tg was determined from the midpoint of the 
extrapolated onset and endset transition temperatures. The degree of 
cure was predicted from the recorded evolution of the sample temper
ature during the test, which includes the cooling step. 

2.4. Fourier-transform infrared spectroscopy 

Fourier-Transform Infrared Spectroscopy (FTIR) was used to study 
the structural changes associated with the thermal degradation of the 
resin. Infrared spectra of samples were collected with an ALPHA 

Fig. 1. (single column fitting image) Dependence of heat released with the 
epoxy-to-hardener weight ratio. In brackets, the corresponding parts of hard
ener per 100 parts of epoxy for the measured points. 
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spectrometer from Bruker, in attenuated total reflection (ATR, model 
Platinum). A sample was heated at 20 ◦C/min, and then rapidly 
quenched upon reaching the target temperature. Afterwards, the sample 
was analyzed and then heated again to a higher target temperature. 
Targeted temperatures were in the range of 100 to 300 ◦C at intervals of 
50 ◦C. The IR spectra were obtained after averaging 24 consecutive scans 
over a wavenumber range between 500 and 4000 cm− 1 in transmission 
mode. The spectra interpretation was based on the practical approach 
proposed by Coates [32]. 

2.5. Thermogravimetric study 

A Mettler Toledo thermobalance (model TGA/DSC1), was used to 
monitor the thermal degradation of the cured resin by thermogravim
etry (TG). A series of measurements were carried out at different heating 
rates, from 1.25 ◦C/min to 20 ◦C/min, under a gas flow of 60 mL/min of 
synthetic air, using samples of approximately 6 mg and Al2O3 crucibles 
of 150 μL volume. In addition, simultaneous TGA/FTIR measurements 
were performed to identify the main volatile gases evolved during 

decomposition. To that end, the outlet of the TGA furnace was connected 
to an ALPHA Bruker FTIR through a 40 cm long steel tube that was 
heated to 200 ◦C to prevent condensation. 

2.6. Rheological study 

The evolution of the viscoelastic properties of the resin during the 
curing process was characterized using an Anton Paar rheometer MCR 
302e. The uncured sample was subjected to a rotation oscillation test 
employing a parallel plate geometry, with a constant shear strain of 5 % 
at a frequency of 1 Hz. The gap (distance between plates) was consis
tently maintained at 1 mm. Isothermal measurements were conducted at 
four different temperatures ranging from 50 to 100 ◦C. 

2.7. Dynamic mechanical analysis 

Mechanical testing of 80 × 10 × 2 mm3 specimens cured under 
different conditions was carried out using a Mettler Toledo DMA 
SDTA861 by single frequency deformation in three-point bending. 
Samples were analyzed at a frequency of 1 Hz. Experiments were con
ducted under constant heating from 20 to 200 ◦C at a rate of 2 ◦C/min. 
Besides this, the Tg of the samples was determined from the thermo
grams as the temperature at the maximum intensity of the loss modulus 
peak [53]. 

2.8. Kinetic predictions 

This work follows the same methodology as in [26] to predict the 
evolution of solid state transformations. The approach consists, first, in 
using an isoconversional method [33–37] to determine the dependence 
of the kinetic parameters on the degree of transformation, α, i.e., the 
apparent activation energy, Eα, and the pre-exponential factor, Aαf(α). In 
particular, we have used Friedman’s method [35]. Then, the kinetic 
evolution is directly determined from the time integration of the trans
formation rate, dα/dt, according to the method of Farjas and Roura [38, 
39]: 

αk+1 = αk + Aαf (αk)exp
(

−
Eαk

RTk

)

Δt (1)  

Here, Eαk and Aαf(αk) are discrete values of Eα and Aαf(α) for a given 
degree of transformation αk. Discretization is based on constant time 
intervals, Δt, so that tk = k Δt. Where, k is a natural number, and the 
thermal history is discretized as Tk = T(tk). 

It is important to note that these kinetic predictions are only reliable 
if no significant temperature gradients are generated during processing. 
This is a critical issue in resin curing as the exothermic reaction can 
trigger a thermal runaway in samples surpassing a critical thickness, 
where heat dissipation fails to compensate heat generation [40,41]. In 
previous works we experimentally and numerically investigated the 
formation of thermal gradients under isothermal conditions [26,42] and 
we applied such knowledge to the processing of laminates considering 
factors such as heat generation, propagation, and boundary conditions 
involving thermal convection and mold contact [26]. This resulted in an 
analytical expression that sets the critical thickness for a thermal 
runaway to occur during curing, wc, as a function of temperature.   

where, 

wc,0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δc,0
k

ρq
RT2

m

A Ea
eEa/RTm

√

, (3)  

δc,0 = 2e− θMax arcosh2( eθMax/2), (4)  

θMax = Ea
ΔTMax

RT2
m
, and (5)  

ΔTMax = 1.18684
RT2

m

Ea
. (6)  

and c is the specific heat capacity, q is the enthalpy of the reaction, k is 
the thermal conductivity, ρ is the density, Tm is the mold temperature, A 
is the pre-exponential factor, Ea is the activation energy and h is the 
effective convective coefficient. 

In this work, we have used these same relationships to set the critical 
thickness above which the thermal stability of the resin is not guaran
teed due to overheating. At the same time, we are establishing a criterion 
to identify when our isothermal predictions might lack reliability. For 
the context of hot plate processing, where one side of the laminate is 
exposed to the atmosphere, we estimate the effective convective coef
ficient, ℎ, to be approximately 70 W/(m2K) [43,44]. On the other hand, 
under the hot press processing, we assume a perfect thermal contact in 
both sides of the plate. Thus, h is infinite. As for the thermal conductivity 
we have used a value of 0.2 W⋅m − 1⋅K − 1, typical for epoxies. For pa
rameters A and Ea we used a representative value taken from the kinetic 
study. 

3. Results and discussion 

3.1. Curing 

Fig. 2a. shows the DSC thermograms obtained from the dynamic 
curing of the bio-based epoxy-hardener system upon constant heating at 

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
]

, (2)   
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various rates. All the experiments reveal a unique exothermic reaction 
peak, which is assigned to the cross-linking reaction. The graph includes 
the heat of the cure determined from the area under the DSC signal. The 
overall heat released during the curing process is close to 450 J/g for all 
experiments. This value agrees comparatively with the experiments 
conducted to determine the stoichiometric epoxy-hardener ratio 
(Fig. 1). Discrepancies between different measurements may derive 
from the difficulty in establishing a good baseline. The corresponding 
conversion lines (Fig. 2b) show that, even for the slowest heating rates, 
all curves undergo a smooth evolution. Thus, we can neglect any 
perturbation on the kinetics caused by the non-isothermal vitrification 
of the resin [45]. The dependence of the apparent activation energy, Eα, 
on the degree of cure results from the Friedman’s isoconversional 
analysis using the conversion curves is depicted in Fig. 3. The apparent 
activation energy remains constant within the 55 to 65 kJ/mol range, 
until conversion rates reach 80 %, which is in agreement with published 
data for epoxy-amine systems [23,25,26]. From this degree of cure on
wards, there is a sustained raise in the energy required for the reaction to 
proceed, a trend widely reported and diversely justified, including 

diffusion-related limitations [26,46–48] or the steric hindrance of sec
ondary amines [26,49]. In any case, in this work we approach this issue 
from a purely phenomenological point of view with the sole purpose of 
providing valid predictions. With this in mind, the high correlation co
efficient obtained in the isoconversional fit (Fig. 3) ensures the robust
ness of the method and its ability to predict the curing degree for a 
temperature range that covers most practical situations. 

Fig. 4 shows the viscoelastic behavior of the hardener-epoxy system 
during curing under isothermal conditions at four different tempera
tures. All tests indicate that initially the mixture behaves as a liquid since 
the shear loss modulus, G’’, is several orders of magnitude greater than 
the shear storage modulus, G’. As the sample cures, both moduli increase 
rapidly. However, G’ increases at a much higher rate than G’’ up to the 
point where the elastic component predominates, thus consolidating the 
transition from liquid to solid. In rheology measurements, the gel point 
can be approximately taken as the temperature where G’ equals G’’ 
[50]. Based on these experimental measurements, αgel, can be then 
determined from the kinetic analysis. Table 1 summarizes the pre
dictions of αgel for each isothermal measurement. It is noteworthy that 
the predicted values of αgel remain fairly constant, ranging between 0.37 
and 0.4. These results confirm the isoconversional nature of αgel, (i.e., for 
a given thermoset it corresponds to a constant degree of cure), irre
spectively of the temperature history [51]. Gelation in epoxy-amine 
systems typically occurs between 50 and 60 % conversion [52]. Lower 
αgel is commonly attributed to the high functionality of the building 
blocks [53]. 

We have characterized gelation kinetics by fitting the data of Table 1 
to an Arrhenius temperature dependence model: 

lntgel(T) = A − Egel
/

RT. (7) 

Fig. 5 shows the logarithmic representation of the gel time as a 
function of the reciprocal of the curing temperature in Kelvins. From the 
linear regression slope, we obtain an activation energy of 57.6 kJ/mol, a 
result that agrees closely with the apparent activation energies obtained 
from the isoconversional analysis shown in Fig. 3; Eα =55.4 kJ/mol at 
the gel point (α=αgel). 

We have also established the relationship between the glass transi
tion temperature and the degree of cure to predict vitrification using the 
Di-Benedetto-equation [54,55]: 
(
Tg − Tg0

)

(
Tg∞ − Tg0

) =
λα

(1 − (1 − λ)α) (8)  

where, Tg∞ and Tg0 are the glass transition temperatures of the fully 
cured resin and that of the initial mixture of monomers (zero degree of 

Fig. 2. (2-column fitting image) a) DSC thermograms of the bio-based epoxy 
system when curing at different heating rates. b) Corresponding degree of cure 
as a function of temperature obtained from the integration of DSC 
thermograms. 

Fig. 3. (single column fitting image) Dependence of the apparent activation 
energy, Eα, on the degree of curing, α. 
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cure), respectively. The parameter λ lies between 0 and 1 and can be 
understood as the ratio of the isobaric heat capacities of the fully reacted 
and uncured resin [55]. This work takes λ as a fitting parameter. 

Fig. 6 shows the evolution of the glass transition temperature as 
curing progresses. The Tg smoothly devolves from an initial Tg0= − 45.4 
◦C to a Tg∞ = 85.4 ◦C at the completion of the reaction. Experimental 
points fit Eq. (2) with a lambda of 0.571±0.026 (R2=0.996). To put this 
in perspective, the Tg∞ of this bio-based resin is similar or even higher 
than that of some commercial DGEBA adhesives used for mechanical 
repairs of damaged components such as the ARC 858 from A.W. Ches
torn (Tg∞ = 69.5 ◦C) and the Steel Ceramic (Tg∞ = 89 ◦C), produced by 
MultiMetall [52]. It is higher also than the DGEBA-TETA system (Tg∞ =

71 ◦C) [56] with multiple applications as a binding and coating material 
in the aerospace, marine and infrastructure sectors [57]. 

Note that the α-Tg relationship depicted in Fig. 6 can alternatively be 
viewed as the αmax-Tproc relation, where Tproc is the processing tem
perature, indicating the point where curing transitions from being 
reaction-controlled to diffusion-limited. Therefore, αmax represents the 
maximum degree of curing above which our predictions become 

unreliable at such particular Tproc. In this study, we have chosen not to 
characterize the kinetics beyond αmax, as once the sample vitrifies, the 
predictions lose relevance from a processing perspective due to a sig
nificant decrease in the reaction rate. 

We have experimentally validated the reliability of the model under 
isothermal conditions. To this end, we have treated several samples 

Fig. 4. (2-column fitting image) Isothermal rheological time sweep experiments of the bio-based epoxy resin.  

Table 1 
Gelation time at different temperatures and the corresponding degree of con
version determined from kinetic predictions.  

Temperature (◦C) tgel [s] αgel 

50 9289.6 0.37 
60 3659.4 0.38 
80 2357.7 0.40 
100 1479.9 0.39  

Fig. 5. (single column fitting image) Logarithm of the gel time plotted 
against the reciprocal of the processing temperature. 
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placed in hermetic aluminum pans in a silicon bath, maintaining various 
constant temperatures and durations. DSC scans of these treated samples 
are provided in Figures S3, S4, and S5. In Fig. 7, we present a detailed 
comparison between the predicted degrees of cure and those measured 
by calorimetry, derived from the residual enthalpy of reaction. Addi
tionally, we have compared the measured glass transition temperature 
(Tg) with predictions generated using the Dibenedetto fitting method, 
which also relies on isoconversional predictions. The findings from 
Fig. 7 confirm that the model effectively predicts kinetics with fair 

accuracy across the 30 to 140 ◦C temperature range for both short and 
long durations, encompassing most practical situations. This validation 
is accomplished either by directly confirming degree of curing through 
residual enthalpy or indirectly through Tg measurements. 

3.2. Degradation 

The mass evolution when the fully-cured sample is heated in air at 
different heating rates decreases steadily above an onset temperature 
(Fig. 8). The degree of thermal decomposition relates directly to this 
mass loss. All thermograms exhibit two main mass loss steps: an initial 
process entailing irreversible structural changes, followed by the com
plete combustion of the resin. Only the initial stage of the first process is 
relevant in practical terms. When combustion becomes relevant, 
degradation would be so significant as to rend the polymer useless. In 
particular, it is important to characterize the onset of degradation as this 
determines the maximum temperature of service. 

FTIR spectroscopy upon heating revealed the structural changes that 
could cause mechanical deterioration. Fig. 9 illustrates the main mo
lecular alterations induced in the range from 1550 to 1850 cm− 1, where 

Fig. 6. (single column fitting image) Evolution of the glass transition tem
perature, Tg, with the degree of cure. 

Fig. 7. (1.5-column fitting image) Experimental validation of the iso
conversional model for predicting curing kinetics under isothermal conditions 
at different temperatures (circles: 30 ◦C; triangles: 80 ◦C; squares: 140 ◦C). 
Comparison between predicted values (empty red marks) and experimental 
measurements (filled blue marks) for the degree of conversion (above) and the 
glass transition temperature (below). X marks show measured Tg values for 
samples that underwent an initial curing step at low temperature (see Sec
tion 3.3). 

Fig. 8. (single column fitting image) TG thermograms of the cured resin 
heated at different heating rates. 

Fig. 9. (single column fitting image) FTIR spectra of the cured resin heated 
up to different temperatures according to the procedure described in Sec
tion 2.4. 
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structural changes associated with thermal oxidation manifest [58]. Up 
to 200 ◦C, no structural changes occur. All spectra show two 
well-defined peaks at 1580 and 1610 cm− 1, which are attributed to the 
bending of amino groups and the C=C stretching of aromatic rings, 
respectively [59]. The first indications of degradation appear above 200 
◦C with the growth of two new bands at 1650 and 1730 cm− 1. These 
peaks correspond to the formation of amide and carbonyl groups, the 
most distinctive sign of thermal oxidation in epoxy resins [58,60]. 

Thermal oxidation appears with an appreciable mass loss observed in 
the TG curves (Fig. 8), suggesting a degradation mechanism involving 
chain scissions. Fig. 10.a shows a characteristic IR spectrum of the 
volatiles evolving at 356 ◦C from a sample heated at 20 ◦C /min, right at 
the peak of the dTG signal (Fig. 10.b). It reveals the release of gases such 
as CO2, CO and H2O vapor, while the remaining peaks are consistent 
with the simultaneous generation of several organic species such as 
aliphatic hydrocarbons and organic compounds: the peaks found in the 
3200 to 2700 cm− 1 region are characteristic of hydrogen-carbon- 
containing molecules and are assigned to several C–H stretching 
modes [32]; the multiple band structure in the 1150–950 cm− 1 region 
along the intense peak at approximately 1510 cm− 1 correspond to the 
in-plane C–H vibrations and C–C stretching of aromatic compounds, 
respectively [32,59]. Likewise, the sharp peak around 3600 cm− 1 is 

consistent with the emission of phenolic compounds [32,61]. When 
plotting the evolution of some of these characteristic peaks (Fig. 10.b), 
one notices that they do coincide with the mass loss rate determined 
from the dTG signal. While at low temperatures the decomposition is 
dominated by the emission of organic volatiles, curves of 1508 and 2973 
cm− 1 wavelengths, whereas at high temperatures the emission of carbon 
dioxide (combustion) dominates. The evolution of the organic volatiles 
is not progressive. After an initial pseudo-induction period at a slow rate 
mass loss, (reaching 5 % mass loss), there is a sudden rate increase 
associated to thermal oxidation becoming critical. We take this point as 
the onset for thermal degradation. 

Analogously to the curing analysis, we used Friedman’s method to 
evaluate the degradation kinetic parameters from the dynamic TG ex
periments of Fig. 8. For the analysis, we defined 100 % degradation 
conversion as the physical state achieved when the mass is virtually zero 
[26,62]. The dependence of the apparent activation energy, Eα, on the 
degree of decomposition when thermal oxidation prevails over com
bustion reveals a gradual increase from 80 kJ/mol up to roughly 200 
kJ/mol (Fig. 11). The high correlation coefficient of the isoconversional 
fitting ensures the reliability of the predictions. In the following, we will 
use this adjustment to establish an overcuring criterion. 

We validated the decomposition kinetic model with a TG experiment 
designed to closely emulate isothermal testing conditions. The proced
ure involves an initial stabilization stage at room temperature, followed 
by a heating ramp at maximum furnace power up to the degradation 
temperature, an isothermal stage at the degradation temperature, and a 
subsequent cooling ramp down to room temperature. Another stabili
zation stage at room temperature concludes the process. These initial 
and final stabilization stages enable the thermobalance to accurately 
measure the initial mass and monitor the mass throughout the cooling 
stage. The experimental evolution of the degree of conversion has been 
compared to the predicted evolution, taking the sample temperature 
evolution recorded by the apparatus as input (Fig. 12). The results 
demonstrate that the kinetic model successfully predicts the kinetics of 
degradation across the range of degradation degree of interest allowing 
us to accurately predict the above defined onset for thermal 
degradation. 

3.3. Processing map 

Following our previous work [26], we propose a TTT chart to assist 
in choosing the appropriate processing conditions of this bio-based resin 
(Fig. 13.a). Such a diagram relies on the curing and decomposition ki
netic analyses of Sections 3.1 and 3.2, respectively, and accounts for 

Fig. 10. (single column fitting image) a) FTIR spectrum of volatiles detected 
during the thermal oxidation of the resin. Spectrum registered at 356 ◦C for a 
sample heated at 20 ◦C/min b) TG-FTIR of the cured resin heated at 20 K/min. 

Fig. 11. (single column fitting image) Dependence of the apparent activation 
energy, Eα, on the degree of conversion, α, for the thermal degradation of 
the resin. 
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undesirable side effects such as thermal degradation or vitrification. 
Fig. 13.a shows, in blue, several predicted isothermal conversion- 

time lines spanning from a degree of cure of 50 % to 99 %. The dia
gram indicates the glass transition temperature corresponding to each 
degree of conversion. Predictions extend over the 10 to 250 ◦C tem
perature range, where the required curing times span 5 orders of 
magnitude. In addition, we have added the gelation transition charac
terized in Fig. 5. Likewise, based on the evolution of Tg with the degree 
of cure, we have predicted the time to vitrification under isothermal 
conditions. The vitrification line delimits the region where the sample 
has reached the glassy state. Note that, even at a temperature as low as 
10 ◦C, the resin gels before it vitrifies, i.e., it forms a gelled glass [63]. 
This is not a trivial observation, as the difference between forming gelled 
(Tcure>Tg,gel) or ungelled glass (Tcure<Tg,gel) entails that the sample 
would maintain its consistency during a potential post-curing process in 
the first case, but not in the second. Besides the low temperature, the 

relatively short time it takes to obtain a solid part with little or no 
heating is also remarkable. For example, the predictions indicate that it 
is possible to cure this bio-based resin at 30 ◦C in just a few hours. 
Precisely, the gelation point is exceeded after just 2.5 h of treatment, and 
vitrification is achieved in slightly less than 10 h. We have experimen
tally confirmed this through experimental observations. Fig. 14 exhibits 
the different frames of the time evolution of a sample that has been kept 
at 30 ◦C. After 2 h (Fig. 14.a), the resin remains in the liquid state with a 
honey-like viscosity. Three hour later, (i.e., after 5 h), the gelation 
condition has been met: continuous covalently bonded chains were 
extending throughout the macroscopic sample as the entire mixture 
became a single semi-rigid solid (Fig. 14.b). Finally, after keeping the 
sample at 30 ◦C for a whole day, it became completely rigid (Fig. 14.c). 
The observed progression of the rheological properties is in full agree
ment with our diagram (Conditions labeled as A, B and C in Fig. 13), thus 
validating its low temperature region. 

The vitreous state is a metastable phase in which the reaction be
comes diffusion controlled [64]. As the reaction slowly progresses to
ward equilibrium, internal stresses associated with molecular 
conformation changes may occur [65]. As a result, some macroscopic 
properties of the material might evolve over time (e.g. brittleness), 
which can greatly impair the mechanical performance of the polymer 
[66]. This phenomenon, known as physical aging, can be characterized 
by calorimetry through the enthalpy of relaxation that the resin un
dergoes when heated above its glass transition [67,68]. Fig. 15 shows a 
DSC scan of the sample cured at 30 ◦C after having spent 2 days at room 
temperature. The signal shows an intense endothermic peak revealing 
that the resin has been aging at room temperature (solid line in Fig. 15). 
In the transition from the glassy to the rubbery state, the sample relaxes 
stresses in an irreversible endothermic process that is not observed in a 
second scan performed immediately after the first one (dashed line in 
Fig. 15). In this second scan, the characteristic heat-capacity jump of the 
glass transition can be clearly seen. Note that the curing has progressed 
to a Tg higher than 50 ◦C, significantly above the 30 ◦C at which the 
sample vitrified. 

Curing the sample at low temperatures impairs performance. Supe
rior mechanical properties require post-curing the resin at temperatures 
above Tg∞. However, thermal degradation may no longer be negligible 
at too high temperatures and treating the resin for an unnecessarily 
prolonged period might severely hinder its mechanical response. We 

Fig. 12. (single column fitting image) Experimental validation of the iso
conversional model for predicting degradation kinetics under isothermal con
ditions. The left axes depict the comparison between the predicted degree of 
conversion (dashed blue line) and experimental measurement (solid blue line). 
On the right axes, the programmed thermal history (dashed red line) is con
trasted with the measured evolution of the sample temperature (solid red line). 

Fig. 13. (color should be used in print; 2-column fitting image) Processing map: a) Blue lines show the time required to reach a certain degree of cure leading to a 
given glass transition temperature under isothermal conditions. Red line sets the onset for thermal oxidation based on the criterion stablished in Section 3.2. Green 
dashed line and the purple solid line indicate the time required for gelation and verification, respectively. b) critical threshold at which the sample is expected to 
experience a thermal runaway (solid line: hot press); solid line: convection heat losses are considered (hot plate). 
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have included the onset for thermal degradation under isothermal 
conditions in the processing chart. The delimited area defines the region 
where the sample has been overcured, revealing that the resin will 
experience considerable degradation within a few hours at temperatures 
higher than 250 ◦C, yet maintains thermal stability for weeks when 
temperatures remain below 150 ◦C. The optimal post-curing conditions 
should aim to achieve a high degree of crosslinking while avoiding 
entering into the thermal degradation zone. Note that the TTT diagram 
is still useful to roughly estimate the post-curing conditions, as the low 
degree of transformation achieved in the first stage of processing ac
counts for only a small fraction of the total post-processing time at 
higher temperatures. To illustrate this point, we replicated the series of 
isothermal experiments at 140 ◦C that we used to validate the kinetic 
model, but this time including a first stage curing at 30 ◦C for 5 h (Fig. 7). 
The DSC scans of the post-cured samples are detailed in Figure S6. The 
results demonstrate that, in practical terms, the impact of the initial low- 

temperature stage on the prediction of Tg is not significant. 
As stated above, over-curing results from prolonged exposure to 

excessive temperatures. To exemplify overcuring experimentally, we 
have post-cured 3 samples that were initially processed at 30 ◦C up to 
vitrification, under different conditions (Conditions D, E and F in 
Fig. 13). The corresponding IR spectra of the post-cured specimens are 
shown in Fig. 16. Sample D (Fig. 13) was post-cured at 140 ◦C for 1 h, 
and expected to reach a degree of cure of approximately 99 %. The very 
low intensity of the IR peaks associated with thermal oxidation indicate 
that the specimen has suffered little or negligible degradation. More
over, sample E does not show any evidence of degradation either, 
despite extending the post-curing time at 140 ◦C up to 5 h. Likewise, the 
amide and carbonyl bands do not grow either; in accordance with the 
predictions. In contrast, sample F, treated for 5 h at 230 ◦C, shows an IR 
spectrum reflecting a very intense thermal oxidation, validating the 
degradation criterion. 

Degradation of the resin involves a change in color (Fig. 17). The 
samples treated for 5 h at 140 ◦C show the same colorless, almost 
transparent, appearance of the epoxy monomer, while the sample 

Fig. 14. (2-column fitting image) Different time frames showing the evolution of the rheological properties of the bio-based resin during the curing at 30 ◦C: (a) 2 
h, b) 5 h and c) 24 h. 

Fig. 15. (single column fitting image) DSC scan at 10 ◦C /min of sample 
cured at 30◦ for 2 days (solid line) showing the characteristic enthalpy relax
ation profile of a physically aged thermosetting polymer. Dashed line shows a 
subsequent DSC scan of the same sample in which the irreversible endothermic 
peak is not observed. 

Fig. 16. (single column fitting image) FTIR spectra of the post-cured resin 
held at different temperatures during different timeframes. 
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treated at 230 ◦C has darkened, turning brownish (Fig. 17). 
Fig. 18 illustrates the dynamic mechanical analysis thermogram of 

two specimens processed following the conditions E and F. The ther
mogram reveals a single mechanical relaxation over the temperature 
range from 40 to 140 ◦C, which is attributed to the glass transition re
gion. Such broad glass transition region can be associated with a high 
damping capacity [31]. For the sample treated at 140 ◦C we obtained a 
Tg of 84.5 ◦C which corresponds to the extrapolated onset of the storage 
modulus reduction [69]. This criterion roughly provides an upper tem
perature threshold for practical applications of the resin. Furthermore, it 
aligns well with the Tg∞ obtained from DSC measurements for the 
fully-cured resin, pointing to the predicted high degree of cure (> 99 %, 
Fig. 11). In the sample treated at 230 ◦C, the effect of chain scission 
manifests itself through a decrease in Tg down to 70 ◦C. The detrimental 
impact of degradation is further highlighted by looking at the temper
ature at which the maximum intensity of the loss modulus peak occurs. 
This criterion, although less commonly employed in the literature, 
provides another valid method for determining Tg. For samples E and F, 
this method yields values of 88 ◦C and 75 ◦C, respectively. 

Concerning the tensile storage modulus, E’, at room temperature we 
obtained 2.7 GPa and 2.85 GPa for the low and high temperature post- 
cured samples, respectively. This dynamic property relates to the stiff
ness of the polymer [31]. The storage modulus of this bio-based resin is 
comparable to that of other vanillin-based structural epoxies with 

thermomechanical properties similar to DGEBA. For example, high 
performance polymers based on divaniline epoxides synthesized in [18] 
gave an E’ within 2.12 to 3.49 GPa and were comparable to the 3.12 of 
the DGEBA polymer they used as a reference. 

From this analysis, it is evident that overcuring significantly in
fluences thermo-mechanical properties. Although it is beyond the scope 
of this work, correlating the evolution of modulus and other mechanical 
properties, such as impact resistance, with the degree of degradation 
would enhance the predictive value of processing diagrams based on 
TTT-plots. 

Overcuring for prolonged periods of time is not the only reason that 
can negatively affect the mechanical properties of the resin. Ensuring a 
uniform temperature distribution during resin processing is key to avoid 
undesirable effects such as non-uniform curing, matrix degradation or 
even delamination [70–72]. Besides, the absence of significant thermal 
gradients within the sample it is necessary to accurately rely on kinetic 
predictions. Of particular concern is the risk of thermal runaway, 
especially in thick samples, were heat generation can exceed heat 
dissipation [40,41]. Using the analytical criteria outlined in Eq. (2), 
Fig. 13.b illustrates the critical thickness at which curing progresses into 
a thermal runaway. The dashed line corresponds to conditions appli
cable to hot press processing, while the solid line represents those for hot 
plate processing. Within the temperature range of 50 to 250 ◦C, this 
critical thickness exponentially decreases 3 orders of magnitude from 
approximately a centimeter to a tenth of a millimeter. This result un
derscores the limitations of relying solely on TTT diagrams without 
taking geometric factors into account. The synergistic use of both 
Figs. 13.a and 13.b presents a more robust methodology for effectively 
determining the most suitable processing conditions. 

4. Conclusions 

A novel bio-based epoxy thermoset was successfully prepared from a 
vanillin-based epoxy and commercial amine-based hardener from 
Sicomin showing promising thermos-mechanical properties. Curing and 
degradation kinetics of the resin have been characterized, thus allowing 
the construction of a TTT diagram to assist with defining optimal pro
cessing conditions. The diagram reveals a wide processing window for 
this resin within the parameter range of existing commercial epoxy 
resins [73], greatly facilitating its introduction into the market. The 
diagram takes into account vitrification, gelation, and thermal degra
dation, and has been experimentally validated. The processing diagram 
and its experimental validation confirm the following findings: 

- Eα obtained using Friedman’s isoconversional method ranges be
tween 55 and 65 kJ/mol for a conversion of less than 80 %, in line 
with the typical behavior observed in epoxy-amine systems. This 
characterization does not describe reaction kinetics in the glassy 

Fig. 17. (color should be used in print; 1.5-column fitting image) a) Sample post-cured at 140 ◦C for 5 h; b) sample post-cured at 230 ◦C for 5 h.  

Fig. 18. (single column fitting image) DMA thermograms showing the evo
lution of the tensile storage and loss moduli as a function of temperature ob
tained from two samples processed in accordance with conditions E (solid lines) 
and F (dashed lines). Test were performed in air at a constant heating rate of 2 
◦C /min. 
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state. However, it effectively identifies the vitrification transition. 
The resin can cure at temperatures as low as room temperature, 
gelling at an αgel = 38.5 % prior to vitrification. However, low 
temperature curing causes physical aging to occur at room temper
ature which embrittles the polymer. This, together with the resulting 
low Tg, underlines the importance of post-curing.  

- An optimal post-curing allows thermomechanical properties to be 
attained that are similar to those obtained with commercial resins 
based on DGEBA. In particular, the resin can reach an elastic 
modulus of 2.7 GPa and a Tg of 85 ◦C.  

- Analysis of thermal degradation kinetics is characterized by an Eα 
that gradually rises from 80 kJ/mol to roughly 200 kJ/mol in the 
initial stages of decomposition (α<0.1). Over-curing, which is 
properly predicted with the processing chart, has a direct impact on 
thermo-mechanical properties and causes the thermal oxidation of 
the resin resulting in a significant loss of the glass transition tem
perature. Thermal oxidation darkens the resin. 
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