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Graphical abstract 

 

 

 

 

 

 

 

Highlights 

▪ Dual-curing kinetics of a ternary acrylate-epoxy-anhydride mixture is studied. 

▪ Acrylate UV photopolymerization is followed by thermal epoxy-anhydride 

condensation 

▪ Calculated kinetic parameters corroborate the dual nature of the curing 

▪ Formulations are potentially useful for stereolithography 

▪ Addition of a thermal radical initiator allows also a purely thermal curing process  
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Abstract 

 In this work, the kinetics of curing of a new family of interpenetrating polymer 

networks (IPNs) obtained by co-formulation of a photocurable acrylic resin with a 

thermocurable epoxy/anhydride mixture is studied. The first curing stage is an acrylate 

free-radical photopolymerization at ambient temperature, and the second curing stage is 

an epoxy-anhydride copolymerization initiated with a nucleophilic tertiary amine at 

higher temperatures. The presence of a diperoxyketal thermal radical initiator added to 

the liquid formulation facilitates uniform and complete acrylate conversion during 

thermal second curing stage and opens the possibility of curing the same materials by 

thermal curing only. The thermal curing kinetics was studied by integral isoconversional 

and model fitting procedures, whereas photocuring kinetics was satisfactorily fitted to a 

first order expression. Thermal curing and storage stability at room temperature were 

successfully simulated by using the isoconversional kinetic parameters. These ternary 

formulations have potential as 3D printable thermosets. 
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1 Introduction 

An in-demand and efficient additive manufacturing method, stereolithography (SL) 

affords high spatial resolutions [1], relatively short build times and can accommodate a 

broad range of chemistries [2,3]. Although SL initially was used as an efficient 

prototyping tool, with the recent advances in polymer chemistry, it shows potential in 

customized manufacturing of high added value materials such as orthodontic plastic 

inserts [4,5], scaffolds for tissue engineering [6,7], electronics [8], soft robotics [9], 

bioinspired graded materials [10] and shape memory materials [11]. 

The majority of SL resins are based on acrylate chemistry, which results in final 

materials with polymerization-induced shrinkage [12] that have poor thermal and 

mechanical performance [13]. To alleviate these problems, the use of different fillers, 

such us fused silica, carbon fibers and other nanofillers, have been reported [14,15]. 

However, the opacity of the fillers leads to poorly cured materials, even after postcuring 

in a UV-oven. Moreover, it is known that the light penetration and cure depth are 

controlled by the photoabsorptivity of the resin, with an exponential decay in light 

intensity, leading to a gradient in conversion within each printed layer, which can range 

from almost complete cure to barely gelled material. This variation causes a property 

gradient within each layer and is responsible for the poor properties of the final material 

compared with the bulk materials. Again, postcuring would increase the degree of 

conversion, but it still would not achieve a complete and homogeneous cure [16].  

Many cured commercial photoresins have low mechanical properties at room 

temperature since the materials are partially relaxed under operation conditions due to 

their low Tgs. A slight increase in Tg can have a dramatic effect on mechanical properties 

if the partially relaxed material reached the glassy state at the working temperature [17]. 

Although vitrification is not the main drawback in SL technology, some photoresins with 
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final glass transition temperatures (Tg) much higher than room temperature can vitrify 

during photocuring, leaving the cure incomplete [18-20]. Full cure could be achieved in 

a subsequent thermal postcuring process at a higher temperature in order to devitrify the 

material, providing a suitable radical thermal initiator was included in the formulation.  

Acrylate radical polymerization has another disadvantage, namely, the inhibition of 

curing by oxygen, which can be alleviated using different strategies such as working in 

an inert environment, increasing the photoinitiator content, increasing the duration and 

the intensity of light exposure and the addition of oxygen scavengers [21]. This latter 

strategy may be interesting when these oxygen scavengers are part of the reagents, as in 

the case of tertiary amines added as initiators or formed during curing [22]. 

Few articles address the use of dual-curing methodology to mitigate some of the 

drawbacks aforementioned. Griffini et al. [23] achieve an increase from 37 to 103 ºC and 

from 2.5 to 3 GPa in calorimetric Tg and storage modulus, respectively, by adding 50 % 

by weight of DGEBA/DYCY mixture to a bisphenol A ethoxylate diacrylate.  Kuang 

et al. [24] developed a novel ink for high-speed 3D printing, which contained a 

photocurable triacrylate and a thermally curable epoxy/anhydride mixture. It reached high 

printing speed and resolution, low volume shrinkage and good mechanical properties, but 

glass transition temperature was barely modified. 

In two publications [13,14], new dual-cure acrylate-based resins were described that 

can be thermally post-processed with the help of a thermal initiator. Both authors recorded 

mechanical property improvements, high conversions and tack-free surface. 

In an earlier manuscript [17], we presented a new dual-curable SL resin, composed 

of a cycloaliphatic epoxy monomer and a radical thermal initiator mixed into a 

commercial multi-acrylate resin. A sequential curing scheme was employed wherein 

acrylate free-radical photopolymerization at ambient temperature was followed by an 
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cationic epoxy homopolymerization at higher temperatures. During second stage the 

unreacted double bonds thermally reacted to yield fully cured materials. These new 

materials have superior thermomechanical properties due to two factors: the incorporation 

of the more densely crosslinked epoxy network and the thermally facilitated increased 

conversion of acrylates. In another recent manuscript [25], we described epoxy-anhydride 

doped poly-acrylate 3D printed materials. These new dual-curable thermosets had wide 

ranges of properties at both curing stages, with epoxy-rich formulations exhibiting 

nanoscale phase separation. In comparison with the neat acrylate, doped formulations had 

increased Tg and modulus at room temperature, as a consequence of their glassy state. 

Dean and Cook studied interpenetrated networks (IPNs) based on radical 

polymerization of methacrylates combined with epoxy-anhydride copolymerization [26], 

vinyl esters combined with epoxy-amine condensation [27] or imidazole-cured epoxy 

[28]. The authors described complex interactions between the reactive components of the 

mixture in terms of curing kinetics and extent of reaction, depending on the type of radical 

initiator and curing agent for the epoxy, and described that the curing sequence could 

have a significant effect on the thermal-mechanical properties and morphology of final 

materials.  

The study of the curing kinetics is a fundamental tool to analyze dual-curing systems 

[29,30] as well as to establish safe processing and storage conditions in order to ensure 

controlled curing sequence in formulations containing several reagents and initiating 

systems. This is especially important taking into account the complex interactions 

between the different components that may lead to complex kinetic effects. To the best 

of our knowledge, there is no such treatment of dual-curing kinetics in the context of SL 

resins.  
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Taking all this into account, in the present publication we present the curing kinetics 

and thermal characterization of a new family of acrylate-based SL resins. The first curing 

stage was radical photopolymerization of acrylate groups at 30 ºC and the second stage 

was epoxy-anhydride condensation catalyzed by 4-(dimethylamino)pyridine as anionic 

initiator, along with the thermal polymerization of unreacted acrylate groups initiated by 

1,1-di(t-amylperoxy)-cyclohexane. The extent and rate of both curing stages were studied 

by calorimetry and FTIR spectroscopy. The kinetics of thermal curing was studied by 

integral isoconversional dynamic/isothermal procedure and by autocatalytic model 

fitting. Combining both procedures, the kinetic triplet, activation energy, pre-exponential 

factor and conversion function were determined. The rate constant of the acrylate 

photocuring was determined by fitting conversion data to a first order kinetic model.  

2 Experimental methods 

2.1 Materials 

The SL resin mixture, with trade name Spot-HT (HT hereafter) (Spot-A Materials, 

Barcelona, Spain) is a mixture of aliphatic and urethane acrylates with a double bond 

equivalent of 283.4 g/C=C and a photoinitiator which has an absorption range in the UV-

visible region of the spectrum. Cycloaliphatic epoxy resin 3,4-epoxycyclohexylmethyl - 

3′,4′-epoxycyclohexanecarboxylate (CE), with trade name CYRACURE UVR-6105 

(IGM Resins, Barcelona, Spain) with an epoxy equivalent of 130 g/ee and hexahydro-4-

methylphthalic anhydride (MA, Sigma-Aldrich) with an anhydride equivalent of 168.19 

g/ae were used as epoxy and anhydride comonomers, respectively. The epoxy monomer 

was dried under vacuum at 80°C for two hours and stored into a desiccator before use. 4-

(dimethylamino)pyridine (DMAP, Sigma Aldrich) and 1,1-di(t-amylperoxy)-

cyclohexane with trade name LUPEROX 531M60 (LUP hereafter) (ARKEMA, 
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Colombes, France) were used as anionic initiator and peroxidic radical initiator, 

respectively.  

2.2 Sample preparation 

 First of all, a stoichiometric epoxy-anhydride mixture was prepared and coded as 

CEMA100. Also, neat HT with an added 0,25% by weight of LUP (by manual mixing at 

room temperature), was coded as HT100. Mixtures of different compositions were mixed 

at room temperature and were coded as HTxCEMAy, where x and y indicate weight 

percentages (%) of HT100 and CEMA100, respectively. DMAP was added at 0.025% by 

weight (based on total formulation) to the mixtures and samples were kept under magnetic 

agitation at 30 ºC for 10 min until complete dissolution of DMAP. All samples were 

stored under refrigeration. HT100 and all HTxCEMAy samples were stored in aluminum 

foil wrapped vials to prevent premature activation of acrylate polymerization. For 

simplicity, the initiator amounts will be omitted in referring to the samples. The following 

formulations were studied: HT100, HT75CEMA25, HT50CEMA50, HT25CEMA75 and 

CEMA100. 

2.3 Experimental techniques  

The photocurable samples were UV cured at 30 ºC in a Mettler DSC-821e 

calorimeter appropriately modified with a Hamamatsu Lightningcure LC5 (Hg-Xe lamp) 

with two beams, one for the sample side and the other for the reference side. Samples of 

ca. 3 mg were cured in open aluminum pans in a nitrogen atmosphere. Two scans were 

performed on each sample to subtract the thermal effect of UV irradiation from the 

photocuring experiment, each one consisting of 1 min of temperature conditioning, 6 min 

of irradiation, and an additional 1 min without UV light. The light intensity was calculated 

by irradiation of graphite-filled pans on only the sample side. UV-cured samples were 

postcured on a Mettler DSC3+ calorimeter equipped with an intra-cooler. The UV-cured 
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samples were analyzed from -80 to 250 ºC at 10 ºC min-1 to determine the intermediate 

Tg  (Tgint) and the residual heat of the second stage. After this, a second dynamic run at 10 

ºC/min was carried out to determine the ultimate Tg (Tg). Both thermal analyzers were 

calibrated using an indium standard (heat flow calibration). 

For other calorimetric measurements, we used a Mettler DSC 3+ calorimeter. 

Samples of ca. 10 mg were placed in aluminum pans and were scanned under nitrogen 

atmosphere in the analyzer using various temperature programs depending on the type of 

measurement. Dual curable samples were thermally cured from -80 ºC to 300 ºC at 10 

ºC/min to determine Tg of uncured samples (Tg0) and the total reaction heat (of the two 

curing stages). For kinetics studies, non-isothermal curing was performed at 2.5, 5, 10 

and 20 ºC/min up to 300 ºC for the dual curing and for the second curing stage of 

intermediate materials. For some formulations isothermal curing was performed at 

temperatures of 100, 110 and 100 ºC (stage 1) and 130, 150, 170 and 190 ºC (stage 2).  

Partial and total reaction heats were obtained by integration of the calorimetric signal, 

dh/dt. For each stage, relative conversion, α, was determined by dividing the reaction heat 

released up to a temperature or time to the total reaction heat released during the 

experiment. Absolute conversion of each monomer was determined as the product of 

relative conversion and the mole fraction of the monomer in the formulation.  

The Tg of the uncured, intermediate and final material were determined from dynamic 

scans at 10 °C min−1 (as described above) and taken as the half-way point in the jump in 

the heat capacity step, following the DIN 51007 method in the STARe software by 

Mettler. The estimated error of the determination of Tg was ± 1°C.  

A Brucker Vertex 70 FTIR spectrometer equipped with an attenuated total refection 

(ATR) accessory (Golden gate™, Specac Ltd) which is temperature controlled (heated 

single-reflection diamond ATR crystal) was used to monitor the evolution of acrylate and 
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anhydride groups during isothermal dual curing of the formulations. Real-time spectra 

were recorded at 30 °C (stage 1) and 170 ºC (stage 2) in absorbance mode with a 

resolution of 4 cm−1 and a wavelength ranging from 400 to 4000 cm−1, averaging 20 scans 

for each spectrum. A Hamamatsu Lightning Cure LC5 (Hg-Xe lamp) with one beam 

conveniently adapted to an ATR accessory was used to irradiate the samples during the 

first curing stage. A wire-wound rod was used to set a sample thickness of 25 μm. The 

dual curing process was performed in a similar way to DSC curing, 6 minutes of UV-

irradiation at 30ºC followed by 2 hours at 170 ºC. Curing times and temperatures of stage 

2 were selected, as will be showed later, by simulation using DSC kinetic data. 

Conversions of intermediate and final materials were also checked by real time FTIR at 

30 ºC. The spectra were corrected taking into account the dependence of the penetration 

on the wavelength and normalized using the area of the carbonyl ester band at 1730 cm−1 

(stage 1) and the area of the saturated C-H stretching at 2930-2870 cm-1 (stage 2). The 

peaks at 1407 cm1 (CH2 scissor deformation mode) and 1862-1785 cm-1 (carbonyl 

stretching) were used for monitoring of acrylate and anhydride groups, respectively. 

Bands at 810 and 1636-1620 cm-1 for acrylate, 894 cm-1 for anhydride groups and 740 

cm-1 for epoxy groups were also monitored, but not used for quantification. Conversions 

were determined as: 

0

0

1

i

t

ref

t

i

ref

A

A

A

A

        (1) 

where At is the absorbance of the band of interest (𝑖=1407 or 1862-1785 cm-1), Aref  the 

absorbance of the reference band,  and subscripts 0 and t represent initial spectrum and 

reaction time, respectively. 
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3 Kinetic theory 

3.1  Photocuring 

 Free radical polymerization of double-bonds proceeds via a chain-growth mechanism 

with the following stages: (a) dissociation of the initiator to form initiating radicals, (b) 

initiation where a monomer is attached to the radical initiator to form an active radical, 

(c) propagation by growth of the active chain (free radical) through sequential addition of 

monomers and (d) termination by disproportional coupling between radicals. In this 

mechanism, initiation is the rate-determining stage. In contrast to the step-growth 

polymerization, in this mechanism the functional groups can only react with the active 

sites situated at the end of the growing chains and high-molecular-weight polymer chains 

are formed in the early stages of the process.  

 Although the detailed kinetic study of the free radical polymerization can be rather 

complex, it is generally accepted that photopolymerization is first-order in the initial stage 

of the polymerization. Taking this into account and assuming continuous irradiation, 

pseudo-steady state initiator concentration, and bimolecular termination, the rate constant 

of polymerization can be defined as [31,32]:  

1/ 2

·[ ]
[ ]i a

p

t

Id M
k M

dt k

 
   

 
    (2) 

Or in a more compact way as: 

[ ]
[ ]

d M
k M

dt
       (3) 

where k is an apparent kinetic constant, kp and kt are the propagation and termination rate 

constants, [M] is the concentration of monomer (acrylate), and ·i aI  is the initiation rate 

expressed in terms of quantum yield of the photolysis ( i ) and intensity absorbed (Ia ). 
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 Reordering and rewriting Eq. 3 in terms of conversion, the following equation is 

obtained: 

 ln 1 k t        (4) 

 The apparent rate constant k at a given temperature can be obtained from the slope of 

the representation of ln(1-α) against time t. 

 In this work Eq. (4) was used to determine the k of stage 1 (UV-induced 

photopolymerization) at 30 ºC of the different formulations. Activation energy and other 

kinetic parameters were not determined. 

3.2  Thermal curing 

 Isoconversional and model fitting methods were used to determine the kinetic 

parameters in accordance with the ICTAC Kinetics Committee recommendations and the 

results obtained in previous works [33-36].  

 Isothermal curing kinetics have been analyzed by means of an integral isoconversional 

method, based on the assumption that reaction rate at constant conversion is a function of 

temperature only, using the following equation 

,

,

( )
ln lni

i

Eg
t

A RT




 

 
  

 
     (5) 

where A  the frequency factor, E  the activation energy and ,it  the time to reach a given 

relative conversion at temperature ,iT . ( )g   is the integral obtained from a function of 

the relative degree of conversion ( )f  : 

 0

( )
d

g
f

 



       (6) 

 The values of kinetic parameters E  and ln[ ( ) / ]g A , are determined from the slope 

and intercept at the origin of the plot ,ln it  versus ,1/ iRT  respectively (Eq. (5)). If the 
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reaction model ( )g   is known, the corresponding pre-exponential factor can be 

calculated for each conversion. 

 The kinetics of non-isothermal curing has been analyzed by means of an integral 

isoconversional method, namely Kissinger-Akahira-Sunose (KAS), based on the Coats-

Redfern approximation for the solution of the so-called temperature integral [37,38]: 

2

,,

ln ln
( )

i

ii

A R E

g E RTT

 

 





   
     

  

   (7) 

 The values of dynamic kinetic parameters E  and ln[ / ( ) ]A R g E  , are determined 

from the slope and intercept at the origin of the plot 
2

,ln( / )i iT  versus ,1/ iRT  

respectively. Once the activation energy is determined, it is possible to determine the 

parameter ln[ ( ) / ]g A  If the reaction model ( )g   is known, the corresponding pre-

exponential factor can also be easily calculated.  

  Given that both Eq.(5) and (7) are integral methods, the kinetic parameters 

determined from these expressions are equivalent. It is possible to simulate isothermal 

curing based on non-isothermal data starting from the parameters E  and ln[ ( ) / ]g A , 

that is, without needing to know the kinetic model represented by the integral function 

( )g  . This methodology, used in this work, is very useful when simulation is required 

outside the range of the experimental data or the analysis of the curing process under 

isothermal conditions is difficult. 

 In order to determine the reaction model, equations (5) and (7) were rearranged into 

equations (8) and (9) respectively, as follows:  

    (8) 

2

( )
ln lnig AR E

T E RT

    
    

   
   (9) 

1
ln ln

( )

t E

g A RT

 
  

 
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 These expressions constitute composite integral methods that make it possible to 

determine the kinetic triplet from the whole conversion range and all isothermal 

temperatures or heating rates. Representation of ln( / ( ))t g   or 2ln( ( ) / )ig T   against 

1/ RT  throughout the whole conversion range and set of experiments produce a single 

straight line with a slope equal to the isoconversional E or –E, if the kinetic model ( )g   

is right. The preexponential factor A is determined from the intercept at the origin of Eq. 

(8) and (9). 

 It is usually accepted that epoxy-anhydride condensation and thermal acrylate free-

radical polymerizations can be modelled using autocatalytic models. In the present work, 

both curing stages were fitted to an autocatalytic kinetic model with n + m = 2, where n 

and m are the partial orders of reaction [34-36,39,40]. Eqs. (10) and (11) show ( )g   and 

( )f   functions, for the autocatalytic kinetic model used: 

    (10) 

   
2

1
mmf   


       (11) 

 The sequential character of the dual curing process enables the individual study of 

each curing stage. Stage 1 UV-induced photopolymerization was studied at 30ºC 

assuming an nthorder model. Thermal curing of neat stage 1 and 2 and dual formulations 

were studied by isoconversional procedures followed by model fitting, under isothermal 

and non-isothermal conditions. In general, non-isothermal experiments were preferred, 

given the difficulties often faced in the isothermal characterization of the curing process 

by DSC. Nevertheless, FTIR experiments were performed in isothermal conditions.  

1
1

( )
1 1

m

g
m








 
  

  
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4 Results and discussion 

4.1 Preliminary characterization of HTxCEMAy formulations 

Dual curing analysis 

 First of all, we studied the sequential and isothermal curing of a HT50CEMA50 

formulation. Figure 1 (stage 1, UV at 30ºC) shows some spectra collected during 

photocuring at 30 ºC of formulation HT50CEMA50. The complete disappearance of 

acrylate groups can be observed, whereas anhydride and epoxy appear to not have reacted 

(region not shown). In Figure 2 the real-time spectra of thermal curing at 170 ºC of neat 

CEMA100 is presented. The virtually complete disappearance of the epoxy and anhydride 

bands is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Evolution of FTIR spectra at 30 ºC for HT50CEMA50 monitored during radical acrylate 

photopolymerization. Jo
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Figure 2. Evolution of FTIR spectra at 170 ºC for CEMA100 monitored during epoxy-anhydride 

copolymerization. 

 

 Figure 3 shows the absolute conversions achieved during the two consecutive curing 

stages in FTIR: 6 min at 30 ºC under UV irradiation (acrylate polymerization) followed 

by 60 min at 170 ºC (epoxy anhydride copolymerization). It can be observed that both 

curing stages reach completion, indicated by a fractional conversion of 0.5 and 1 at the 

end of the first and the second stages, respectively. During stage 1, anhydride and epoxy 

remains unreacted and stage 2 remains dormant until the sample is heated to 170 °C upon 

which the epoxy-anhydride reaction begins in a controlled manner. Figure 3 also shows 

the agreement between the DSC and FTIR data and the accurate simulation of stage 2 

using non-isothermal parameters. As will be discussed later, simulation will be 

considered more accurate than isothermal curing in DSC. Moreover, Figure 3 serves also 

as confirmation of the dual character HTxCEMAy formulations with a well-defined 

curing sequence, which is controlled mainly by the irradiation of the formulation at room 

temperature.  
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Figure 3. FTIR and DSC absolute conversion during isothermal curing at 30 ºC (stage 1, acrylate) and later 

at 170ºC (stage 2, anhydride) for HT50CEMA50. Simulation of stage 2 using non-isothermal kinetic 

parameters is also shown. 

 

 We decided to analyse if the HTxCEMAy formulations could be processed following 

controlled curing sequences in the absence of UV light. Figure 4 shows the DSC traces 

and conversion-temperature plots of different formulations cured dynamically at 10 

ºC/min. Again, a well-defined dual curing sequence can be observed, with two clearly 

separated exothermic events. By comparison with the neat formulations, these can be 

unequivocally attributed to acrylate polymerization (low T) and to the epoxy-anhydride 

condensation (high T). This is also made evident looking at the conversion curves (see 

Figure 4 inset), showing two well-defined curing steps which are proportional to the 

theoretical contribution of each one of the curing reactions, assuming that the heat 

released per double bond and epoxy ring are similar. 

 Figure 4 also shows the effect of each stage on the other. Stage 1 reaction rate 

increases sharply (especially remarkable is the case of pure HT100) at high percentages 

of HT content, despite the shift of the curves at higher temperatures. The DSC profile of 

HT100 suggests that a minimum temperature of 100 ºC is necessary for the thermal 
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decomposition of LUP in the absence of DMAP, but once this occurs, the reaction is very 

fast. At low HT contents, the reaction begins at lower temperatures due to the accelerating 

effect of DMAP, which can promote the decomposition of LUP via chemical reduction 

(redox mechanism) [41]. DMAP bears a dimethylamino moiety that is common in many 

tertiary aromatic amines used for the acceleration of free-radical polymerization 

processes [42]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. DSC thermograms corresponding to the dynamic curing at 10 ºC/min of HTxCEMAy 

formulations. Maximum of HT100 appeared close to 6 W/g. Blue dashed line shows the dynamic postcuring 

of HT50CEMA50 after 6 min of UV irradiation. Inset shows conversion-temperature plots.  

 

 However, the effect of DMAP may be more complex given that it is a nucleophilic 

initiator that can promote the Michael addition to acrylates. As seen in the Scheme 1, the 

nucleophilic addition of the pyridinic nitrogen of DMAP to the acrylate double bond (a) 

would lead to a reaction product with a positive charge that is stabilized within the 

aromatic ring or by the formation of other resonant structures (b). This reaction product 

would not have the reducing potencial required for the redox mechanism in order to 

promote the formation of radicals from LUP [43]. With increasing HT content, the 
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probability of Michael addition of DMAP to an acrylate double bond increases, therefore 

leaving a smaller amount of free DMAP available for the redox activation. In contrast, at 

lower HT content the lower likelihood of Michael addition results in a significant 

contribution of free DMAP to the redox activation of LUP, resulting in a faster activation 

of the acrylate homopolymerization at a lower temperature.   
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Scheme 1. (a) Nucleophilic addition of DMAP to an acrylate double bond and (b) resonant structures of 

addition product.  

 

 Stage 2 is hardly influenced by the relative HT/CEMA content, showing a slight shift 

to lower temperatures when HT content increases. If there was a dilutional effect of the 

acrylate on the concentration of epoxy and anhydride groups and the catalyst, the result 

would be opposite. On the contrary, the results suggest that the apparent concentration of 

reactive groups and initiating species would be similar to that of the neat system, 

indicating that the formed acrylate network is not acting as a diluent and the components 

of the epoxy formulation are phase-separated after the end of stage 1. Indeed, Dean and 

Cook reported a similar effect for the sequential curing of methacrylate/epoxy IPNs [26]. 

Bonnet et al. studied the effect of phase-separation on the reaction rate of epoxy-amine 

thermosets blended with thermoplastics [44], showing an increase in reaction rate when 

reaction-induced phase separation takes place, caused by an increase in the concentration 

of reactive groups in the epoxy-rich phase. Indeed, in a recent work [25] we reported that 
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dual-curable HTxCEMAy formulations with controlled curing sequence produce phase 

separated materials at the nano-scale. The present results suggest that there is already 

some phase separation present in the system at the end of the first curing stage. 

Furthermore, the epoxy-anhydride reaction is even apparently accelerated when 

increasing HT content. This further enhancement of reaction rate can result from a 

positive interaction between the different components of the mixture, such as the 

formation of active species by nucleophilic addition of DMAP to acrylate groups, which 

takes place rapidly at room temperature [43] in combination with the presence of proton 

donors, producing species that can activate the epoxy-anhydride reaction (see Scheme 1 

(a)). 

 Figure 4 also includes the postcuring (by DSC) of HT50CEMA50 after UV curing at 

30 ºC (dashed line). It can be observed that this DSC peak matches in position and size 

with stage 2 of the dual curing, indicating than during stage 1, epoxy-anhydride 

copolymerization does not take place. Again, the effective control of the curing sequence 

(UV curing + thermal curing) of HTxCEMAy formulations is confirmed by these results. 

Thermal properties 

 Table 1 shows some characteristic parameters of curing and the glass transition 

temperatures of uncured, intermediate and fully cured HTxCEMAy materials. The 

similarity between the experimental reaction heats (values close to 100-110 kJ/ee or 

kJ/C=C) and those reported for similar epoxy-anhydride and acrylate systems [13,35,36] 

indicates that both curing stages are complete, as deduced from the results of FTIR 

analysis. Moreover the reaction heats of first and second curing stages are proportional to 

the amount of reactive species in the formulations. The htot, obtained for the global 

dynamic curing at 10 K/min (without UV irradiation), is close to the sum of h1 and h2, 
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suggesting the ability of LUP to promote the complete thermal free radical polymerization 

of acrylate groups. 

Table 1. Reactions heat h1 (stage 1, UV at 30 ºC),  h2 (stage 2, postcuring at 10 K/min after UV stage 1) 

and  htot.(obtained at 10 K/min). Tg before and after each curing stage (o, int and  indicate before stage 

1, after stage 1 and after stage 2, respectively). 

 

 

 

 

 

 

 

In general, it can be observed that Tg changes proportionally to the composition. The 

intermediate Tg (after acrylate polymerization) decreases with increasing CEMA content, 

due to the plasticizing effect of the liquid CEMA. For all formulations, a significant 

increase in Tg takes place during stage 2 due to the high rigidity of epoxy-anhydride 

network. Formulations HT25CEMA75 and HT50CEMA50 can be optimal candidates for 

3D printing applications, with intermediate Tg below room temperature, low curing 

shrinkage during printing and higher final Tg, that ensures that rigid, glassy materials with 

high modulus at room temperature will be obtained upon completion of the dual-curing 

process [25]. 

Formulation 
Tgo  

(ºC) 

Tgint    

(ºC) 

Tg   

(ºC) 

h1 

(J/g) 

h2 

(J/g) 

h1 

(kJ/C=C) 

h2 

(kJ/ee) 

htot 

(J/g) 

HT100 -70 52  378  107  377 

HT25CEMA75 -67 16 82 271 95 102 113 380 

HT50CEMA50 -64 -30 95 191 189 108 113 382 

HT72CEMA25 -62 -43 116 94.5 282 107 112 377 

CEMA100 -59  229  380  113 379 
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4.2 Kinetic analysis 

Photocuring of HTxCEMAy 

 First of all, the photocuring kinetics of HTxCEMAy set was examined. Figure 5 

shows rate curves obtained from isothermal DCS runs at 30 ºC. As can be seen, within 

seconds upon irradiation, the photocuring of all formulations is complete with a very 

sharp curing profile. It was also verified that exposure to UV light did not produce any 

effect on the epoxy-anhydride, since dynamic postcuring after irradiation shows the same 

profile as the dual curing without light (see Figure 4). Heats of reaction (see Table 1) and 

FTIR analysis also confirm that acrylates react completely during photocuring, while no 

epoxide group reacts. 

 It can be observed in Figure 5 that the addition of CEMA to HT causes a decrease in 

the reaction rate during the photocuring stage, which is proportional to the HT content. 

Furthermore, the photocuring takes nearly the same time regardless of the CEMA content. 

These results could be partially explained taking into account that only the acrylates 

would react in the photocuring stage, while epoxy-anhydride groups would remain 

unreacted. However, the dilution effect caused by the addition of the CEMA component 

should be analyzed. One might expect that the mixture between HT and CEMA would 

produce a dilution of both the acrylate and the photo-initiator, and therefore a stronger 

decelerating effect might be expected. However, given that the dilution of HT facilitates 

light penetration [45], photolysis and photoinitiation rate would be somewhat enhanced, 

making up for the decrease in photo-initiator content (see Eq. 2).  

 A comparison between Figures 5 and 4 reveals the significant difference between 

thermal curing and phocuring rates of acrylates. The peak reaction rate for HT100 is close 

60 W/g for UV activated reaction (at 30 ºC) and 6 W/g for thermal reaction (at 

temperatures greater than 100 ºC). Such a difference is explained by caused by the fast 
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release of active radicals upon photolysis of the photoinitiator in comparison the slower 

activation of the thermally latent LUP, which is also used at a low concentration. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Reaction rate for the isothermal UV-curing at 30 °C of HTxCEMAy formulations. Inset shows 

logarithmic plots of unconverted fractions against time (the colour mapping is the same). 

  Inset of Figure 5 (ln(1-α) versus time) was created using Eq. (4), after a previous 

calculation of the conversion by integration of the calorimetric signal. The slopes of 

straight lines were used to calculate the first-order rate constant at 30 ºC for each 

formulation (see Table 2). As illustrated in Table 2, the polymerization rate slightly 

decreased with increasing CEMA content, but this decrease is lighter than expected, as 

was explained by the compromise between the dilutional effect of CEMA and the 

improvement in light penetration. Correlation coefficients show an excellent fit, which 

validate the methodology used. 

Table 2. First-order rate constants and correlation coefficients for the photopolymerization of HTxCEMAy 

at 30 ºC 

Formulation k (min-1) r 

HT00 9.8 0.9992 

HT75CEMA25 9.3 0.9993 
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HT50CEMA50 8.8 0.9992 

HT25CEMA75 7.5 0.9995 

 

Isothermal curing of HT100 

 In order to study the kinetics of thermally activated stage 1, HT100 was cured 

isothermally at 100, 110 and 120 °C for sufficiently long curing times to ensure 

completion of reaction. Figure 6 shows the resulting DSC traces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. DSC traces and conversions of HT100 isothermally cured at different temperatures (stage 1). 

 

 The evolution of these curves with temperature follows expected trends, shifting to 

longer times on increasing the temperature. Curing behaviour is highly dependent on 

temperature, with a four-fold decrease in reaction rate with every 10 ºC drop of curing 

temperature. This suggests that the curing process is controlled by the decomposition of 

the initiator with high activation energy and not by propagation. 

 From the data shown in Figure 6 the kinetics of curing was established using 

isoconversional analysis and model fitting (autocatalytic model with n + m =2) (Eqs. (5), 

(8) and (10)). Tables 3 and 4 show the results obtained. Activation energy and pre-
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exponential factor are relatively constant throughout the curing, especially between 0.2 

and 0.8 of fractional conversion, and similar to that obtained by model fitting. These 

results, along with the values of the regression coefficients confirm the reliability of the 

methodology and the kinetic parameters. It is observed that activation energies are of the 

same order of magnitude as other unsaturated systems cured by thermal activation of a 

radical initiator [34,46,47]. However, they are significantly higher than in systems where 

the initiator decomposes by the effect of a promoter [41]. 

Table 3. Kinetic parameters determined by isoconversional integral of isothermal stage 1 curing of HT100 

(neat stage1) 

 E (kJ/mol)  (min) a (min-1) r 

0.1 137 -41.78 42.76 0.9988 

0.2 140 -42.45 43.62 0.9983 

0.3 142 -43.15 44.44 0.9980 

0.4 144 -43.76 45.15 0.9977 

0.5 147 -44.43 45.91 0.9977 

0.6 149 -45.22 46.80 0.9982 

0.7 152 -45.81 47.48 0.9992 

0.8 148 -44.53 46.33 1.0000 

0.9 122 -35.75 37.73 0.9989 

Average 144 -43,36 44.84 0.9985 

a Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model (see Table 4) 

 In order to compare the reactivities of the different curing stages and activation 

mechanisms, Table 4 also includes the rate constants at 30ºC and 150 ºC calculated using 

Arrhenius equation and model fitting activation energy and pre-exponential factor. The 

drastic change of k30ºC from 4.8·10-6 min-1 for thermal activation to 9.8 min-1 for UV 

activation highlights the difference between the activation mechanisms and confirms that 
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adding LUP to the formulations does not jeopardize storage stability, since LUP is hardly 

reactive at 30 ºC. 

Table 4. Kinetic parameters determined by model fitting analysis of isothermal stage 1 curing of  HT100 

(neat stage1) 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
a 

(min-1) 

k 150ºC 
a
   

(min-1)  

1.23 0.77 145 45.57 0.9953 4.8·10-6 61.8 

a Rate constant k  determined at 30 ºC and 150 ºC by using Arrhenius equation 

Non-isothermal curing of CEMA100 

 The kinetics of curing of the neat formulation CEMA100 was studied. Due to the fact 

that CEMA100 has a very high Tg (229 ºC, see Table 1), the kinetics was studied under 

dynamic conditions to avoid the effect of vitrification during isothermal curing. 

Figure 7. DSC thermograms (solid lines) and relative conversion (dashed lines) of CEMA100 at different 

heating rates 

 

 Figure 7 shows DSC traces and conversion-temperature plots of CEMA100 cured 

dynamically at different heating rates. As expected, the curves shift to higher 
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temperatures on increasing the heating rate. A slight effect of vitrification on the 

conversion curve at 2.5 K/min is observed, in agreement with previous results reported 

for neat CEMA formulations cured with 1-MI as initiator [35]. Compared to isothermal 

curing of HT100, CEMA100 cures at much higher temperatures, indicating that 

HTxCEMAy formulations can be cured using a temperature-controlled sequential dual-

curing programme, as suggested by Figure 4.  

 Curing kinetics was established using Eq. (7) (isoconversional analysis) and Eqs. (9) 

and (10) with autocatalytic model with n + m =2 (linear model fitting method), and the 

data shown in Figure 7. Table 5 and 6 show the isoconversional and model fitting kinetic 

parameters obtained, respectively. The quality of the fit is evident once more, from the 

constancy of the isoconversional parameters and the similarity of activation energies and 

pre-exponential factors obtained by both methods. The value of activation energy (ca. 69 

kJ/mol) and the reaction orders are similar to those obtained for other epoxy-anhydride 

systems activated by a tertiary amine [35,36,48,49]. 

Table 5. Kinetic parameters determined by isoconversional integral of non-isothermal stage 2 curing of 

CEMA100 (neat stage2) 

 
E 

(kJ/mol) 
 (min)  (min) a (min-1) r 

0.1 67 7.84 -16.83 16.49 0.9986 

0.2 67 7.38 -16.38 16.43 0.9986 

0.3 68 7.20 -16.20 16.52 0.9990 

0.4 68 7.10 -16.11 16.64 0.9992 

0.5 69 7.03 -16.05 16.77 0.9994 

0.6 69 6.97 -15.99 16.91 0.9995 

0.7 70 6.91 -15.94 17.07 0.9995 

0.8 70 6.86 -15.90 17.29 0.9996 

0.9 72 7.08 -16.15 17.94 0.9995 
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Average 69 7.06 -16.06 16.90 0.9994 

a Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model (see Table 6) 

 The lower k150ºC for stage 2 (see Table 6) with respect to its value for thermal 

activated stage 1 (see Table 4) is a further confirmation of the sequential character of the 

thermal curing of HTxCEMAy mixtures. Moreover, during stage 1, epoxy groups hardly 

react. However, if one compares the constant at 30 ºC, k30ºC, of HT100 (Table 4) and 

CEMA100 (Table 6), the trends are reversed. At low temperatures, DMAP activates the 

condensation of CEMA more effectively than LUP activates the free radical 

polymerization of acrylates. It is acknowledged that the rate constant k is a more reliable 

proxy to reactivity [50] than activation energy solely, because k combines the activation 

energy and the pre-exponential factor which may exert competing effects on curing rate. 

The radical acrylate homopolymerization of HT100 is controlled by the thermal 

decomposition of LUP, which has a high activation energy reflecting its latent character. 

In contrast, CEMA100 has a much lower activation energy because of the non-latent 

character of the initiator. Because of this, the curing process of HT100 slows down more 

drastically with decreasing temperature.  

Table 6. Kinetic parameters determined by model fitting analysis of non-isothermal stage 2 curing of 

CEMA100  

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
a 

(min-1) 

k 150ºC 
a
   

(min-1)  

1.48 0.52 68 16.75 0.9953 2.5·10-5 0.071 

a Rate constant k  determined at 30 ºC and 150 ºC by using Arrhenius equation 

Non-isothermal dual curing of HT50CEMA50 

 HT50CEMA50 formulation was selected to study the dual-curing. Figure 8 shows 

conversions and DSC curves at different heating rates. Again, the evolution of these 

curves follows the expected trends, shifting to higher temperatures on increasing the 
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heating rate. Although the curing seems highly sequential, some overlapping of stages is 

observed, which may affect the determination of the kinetic parameters. 

 

Figure 8. DSC thermograms (solid lines) and relative conversion (dashed lines) of HT50CEMA50 at 

different heating rates 

 

 Table 7 and 8 show the kinetic data obtained by isoconversional and model fitting 

methods, respectively. Isoconversional data at 0.5 are not included due to the slight 

overlap between stages in this region. This conversion represents the transition between 

stages. The results reported in these tables confirm the significant difference between the 

kinetics of the two curing stages. The kinetic parameters of stage 2 are similar to those 

obtained for neat CEMA (see Tables 5 and 6), although k shows a slight increase in the 

dual formulation, in accordance with the data shown in Figure 4 and accompanying 

discussion. Stage 1 activation energy of the dual formulation decreases in comparison to 

the neat HT100 due to the lower activation energy of the redox decomposition of LUP 

promoted by DMAP [41,46]. The comparison of the rate constants k at 30ºC and 150ºC 

between neat stage 1 (see Table 4) and the dual-curing shows that the accelerating effect 

Jo
ur

na
l P

re
-p

ro
of



 30 

of DMAP dominates at low temperature, and the dilutional effect of CEMA dominates at 

high temperature.  

Table 7. Kinetic parameters determined by isoconversional integral non-isothermal curing of 

HT50CEMA50 

 
E 

(kJ/mol) 
 (min)  (min) a (min-1) r 

0.1 75 14.39 -16.59 22.61 0.9966 

0.2 89 18.26 -20.63 27.43 0.9988 

0.3 98 20.24 -22.70 30.16 0.9993 

0.4 108 22.31 -24.87 33.11 0.9996 

0.45 108 21.56 -24.13 33.02 0.9969 

Average 1 91 19.35 -21.78 29.26 0.9988 

0.55 72 9.67 -11.83 19.40 0.9991 

0.6 71 8.91 -11.05 18.75 0.9989 

0.7 71 8.27 -10.41 18.35 0.9993 

0.8 71 7.92 -10.07 18.33 0.9995 

0.9 74 8.10 -10.29 19.01 0.9996 

Average 2 72 8.57 -10.73 18.77 0.9993 

a Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model. g(α) was 

determined using relative conversion from 0 to 1 for each stage 

 

Table 8. Kinetic parameters determined by model fitting analysis of both stages of HT50CEMA50 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
a 

(min-1) 

k 150ºC 
a
   

(min-1)  

Stage 1 

1.80 0.20 92 28.30 0.9938 2.7·10-4 8.4 

Stage 2 

1.58 0.42 72 17.87 0.9992 2.7·10-5 0.084 

a Rate constant k  determined at 30 ºC and 150 ºC by using Arrhenius equation 
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Stage 2 non-isothermal curing of HT50CEMA50 

 To study the second stage of dual-curing without any overlapping of stage 1, 

HT50CEMA50 formulation has been dynamically cured at different heating rates after 

being photocured at 30 °C. Figure 9 shows heat flows and conversions versus temperature 

at different heating rates. As expected, the DSC peak appeared at the same temperature 

zone as stage 2 of non-isothermal dual-curing (see Figure 4). On the heat flow curves 

given in Figure 9, shoulders can be seen at the low temperature region associated to 

DMAP activation, similar to what was observed in previous works [51]. This shoulder is 

also observed in dual-curing (see Figure 8) albeit not clearly due to the slight overlap 

between stages. 

 

 

Figure 9. DSC thermograms (solid lines) and relative conversion (dashed lines) of HT50CEMA50 at 

different heating rates after photocuring at 30 ºC. 

 

 Table 9 and 10 present kinetic parameters obtained from the curves in Figure 9. 

Isoconversional parameters are relatively constant throughout the whole conversion range 
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except at the beginning of curing when initiator activation slightly increases activation 

energy and pre-exponential factor. The kinetic parameters are similar to those obtained 

for stage 2 in thermal dual-curing (see Tables 7 and 8) and neat CEMA100 (see Table 5 

and 6). Nevertheless, the reactivity of stage 2 of HT50CEMA50 formulation is slightly 

higher than that of the neat CEMA100, as discussed above. Isothermal curing at 120-190 

ºC (after UV irradiation at 30 ºC) was also studied (results not shown) and the kinetics 

data produced were similar to those shown in Tables 9 and 10, but poor regression 

coefficients were obtained due to the difficulty in obtaining reliable kinetic data and their 

analysis. 

 

Table 9. Kinetic parameters determined by isoconversional integral analysis of non-isothermal stage 2 

curing of HT50CEMA50 (neat stage 2 after stage 1 UV). 

 
E 

(kJ/mol) 
 (min)  (min) a (min-1) r 

0.1 80 13.20 -22.38 21.16 0.9973 

0.2 71 9.66 -18.72 18.07 0.9966 

0.3 68 8.32 -17.33 17.07 0.9983 

0.4 67 7.98 -16.98 17.03 0.9980 

0.5 68 7.83 -16.84 17.18 0.9970 

0.6 68 7.68 -16.69 17.32 0.9959 

0.7 69 7.47 -16.49 17.44 0.9954 

0.8 69 7.25 -16.28 17.61 0.9957 

0.9 70 7.01 -16.05 17.96 0.9939 

Average 70 8.39 -17.42 17.76 0.9963 

a Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model 
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Table 10. Kinetic parameters determined by model fitting analysis of non-isothermal stage 2 curing of 

HT50CEMA50 (neat stage 2 after stage 1 UV) 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
a 

(min-1) 

k 150ºC 
a
   

(min-1) b 

1.71 0.29 70 17.70 0.9963 5.0·10-5 0.125 

a Rate constant k  determined at 30 ºC and 150 ºC by using Arrhenius equation 

 

 The kinetic parameters obtained in this section seem to be the most accurate for stage 

2 so far. This is because the overlap at around the fractional conversion of 0.5 in thermal 

dynamic dual curing and the problems of heat detection in isothermal curing are avoided. 

Therefore, this methodology will be used to compare the kinetics of stage 2 among the 

different dual HTxCEMAy formulations.  

Kinetic parameters of thermal curing of HTxCEMA formulations 

 In this section we compare the dual-curing kinetics of all formulations. The detailed 

study of the curing kinetics of HT100, CEMA100 and HT50CEMA50 were described in 

previous sections. HT25CEMA75 and HT75CEMA25 were studied in the same way as 

HT50CEMA50, and the results obtained were qualitatively similar to those of 

HT50CEMA50.  

 Table 11 shows the results obtained by model fitting which were equivalent to the 

results of isoconversional analysis. For dual formulations, whereas stage 1 kinetic data 

were obtained by non-isothermal curing, without separating the two stages by 

deconvolution, stage 2 data were obtained by non-isothermal postcuring of irradiated 

formulations. Results of neat formulations HT100 and CEMA100 were also included to 

facilitate comparison. 
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Table 11 Kinetic parameters determined by model fitting analysis of all HTxCEMAy formulations studied.  

Formulation n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 150ºC 
a
    

(min-1)  

Stage 1 

HT100 1.23 0.77 145 45.47 0.9952 61.8 

HT75CEMA25 1.65 0.35 128 39.53 0.9984 23.2 

HT50CEMA50 1.80 0.20 92 28.30 0.9938 8.4 

HT25CEMA75 1.76 0.224 78 24.18 0.9983 6.6 

Stage 2 

HT75CEMA25 1.61 0.39 64 15.93 0.9981 0.139 

HT50CEMA50 1.71 0.29 70 17.70 0.9963 0.125 

HT25CEMA75 1.65 0.35 71 17.93 0.9997 0.117 

CEMA100 1.48 0.52 68 16.74 0.9995 0.071 

a Rate constant k  determined at 150 ºC by using Arrhenius equation 

 

 Activation energy and the rest of the kinetic parameters change regularly with 

composition. Activation energy of the first curing stage decreases from 145 kJ/mol to 78 

kJ/mol because of the effect of the redox mechanism promoted by DMAP on the 

decomposition of LUP and activation of the radical polymerization. At higher 

temperatures the reaction rate increases significantly on increasing the HT content, as 

indicated by k150ºC, because of the higher activation energy of the purely thermal 

decomposition mechanism. Second stage kinetic parameters are relatively constant, but 

the kinetic constants clearly reflect the change in reactivity with changing HT content, as 

discussed above. The kinetic data also confirms the sequential dual character of 

HTxCEMAy formulations, with significantly higher k150ºC at stage 1 compared to stage 

2.  
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 Figure 10 features the Arrhenius plot of lnk versus the inverse of temperature, 

obtained using activation energies and pre-exponential factors from Table 11. lnk at 30 

ºC of the photocuring is also included (filled triangle). 

 

Figure 10. Arrhenius plot, lnk versus 1000/RT for all formulations and curing stages studied. Thermal stage 

1 and stage 2 are represented with filled and empty circles respectively, with the same colors. 

 

 The Arrhenius plot is divided in four thermal sections with different reactivities: a) 

UV region at low temperatures where only HT polymerization takes places, b) a useless 

region where both stages do not react in a reasonable time frame, c) a region where HT 

reacts thermally and CEMA could react but extremely slowly and d) a thermal region at 

higher temperatures where CEMA reacts conveniently and HT very quickly. Region “d” 

is the most convenient for postcuring of dual 3D printing systems, since it ensures a 

complete stage 2 and completely reacted acrylates which otherwise remain not fully 

reacted after 3D printing. This plot also indicates that, although the curing can be carried 

out sequentially given proper selection of stage temperatures, the situation may change 

upon storage at low temperatures. This is because, at such low temperatures, the kinetic 

constant of the thermally activated radical polymerization and the epoxy-anhydride 
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copolymerization become similar in magnitude, in spite of the extrapolation error. This 

suggests that prolonged storage at room temperature might result in the activation of the 

epoxy-anhydride reaction in the first place, instead of the radical acrylate polymerization. 

 All in all, Figure 10 provides an exhaustive summary of the hitherto kinetic 

discussions, and it achieves this without losing its intuitive appeal. The intersecting 

Arrhenius plots featured in the figure suggest once more that a simple interpretation of 

reaction rate based on the assumption that a low activation energy implies a faster 

reaction, may prove wrong depending on the value of pre-exponential factor and on 

reaction conditions. However, it also shows that the difference in activation energy does 

have a significant effect on the temperature dependence of the different processes, and 

this can be taken to advantage in the design of safe curing procedures for dual curing 

systems such as the one presented in this work or other systems [43]. 

Simulation of the curing 

 Simulation of the curing is a powerful tool when the conversions are difficult to 

obtain experimentally or when curing times are extremely long. Figure 3 shows the good 

fit between the experimental data of stage 2 (170 ºC) of HT50CEMA50 formulation and 

the simulation using the non-isothermal data in Table 9. This is an expected result as long 

as the simulation is performed within the experimental data range, whether the data is 

isothermal or dynamic.  

 Good storage stability is essential for commercial 3D printing formulations, since the 

prepared formulations are usually stored at room temperature. In this section, the results 

from our 50-day stability tests are presented. Uncured samples HT50CEMA50 were 

stored in an oil bath at 20ºC and the daily evolution of Tg and residual heat were monitored 

by performing dynamic DSC scans at 10 K/min. The loss of stability is manifested as a 
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decrease in residual heat, accompanied by an increase in Tg. Using residual heats, the loss 

of storage stability could be quantified as an increase of conversion. 

 Figure 11 shows some DSC postcuring thermograms at different storage times. A 

slight increase in Tg and a slight decrease in stage 2 heat flow peak intensity can be 

observed. Observing the figure, one can note that the initial peak (associated to acrylate 

homopolymerization) remains unchanged in 50 days. Therefore, one can safely postulate 

that at 20 ºC, LUP cannot decompose and that only DMAP, although very slowly, is able 

to activate stage 2. In accordance with this idea, the evolution of the conversion during 

stability was simulated, considering that only stage 2 is plausible during storage. The 

evolution of relative stage 2 conversion during storage at 20 ºC was evaluated as: 

 ·2tot res

tot

h h

h


 



    (12) 

where Δhtot is the total reaction heat at 10 K/min, Δhres is residual heat at 10 K/min after 

different storage times. The factor of 2 is used to transform absolute conversion to relative 

conversion (HT50CEMA50 formulation). 

 The inset of Figure 11 shows the stage 2 relative conversion as a function of storage 

time. It can be observed that the formulation is relatively stable during the first 20 days. 

An increase in conversion is observed afterwards. In either case, after 50 days, the 

formulation is still far from its gel point and as such, still apt for 3D printing.  

 To perform the simulation, the isoconversional parameters given in Table 9 were 

extrapolated at 20 ºC. The relatively good fit supports the earlier postulation and it 

validates the simulation methodology used (see inset Figure 11). 
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Figure 11. Evolution of Tg and residual heat of HT50CEMA50 during stability test at 20 ºC. Inset shows 

the stage 2 conversion versus storage time. 

5 Conclusions 

 In this work, the curing kinetics of a new family of dual-curable thermosets was 

analysed. The curing takes place sequentially in two steps: acrylate polymerization by 

UV light or by thermal activation; followed by thermal epoxy-anhydride curing. 

Photocuring kinetics was satisfactorily represented by a first order model and the thermal 

curing was studied by isoconversional and model fitting methodologies. 

 The dual nature of the curing process has been proven both directly by experiments 

and also indirectly by analysing the kinetic parameters. Experimentally, the use of a 

thermally triggered radical initiator ensured full acrylate conversion which was otherwise 

not achievable solely by photopolymerization in 3D printing. Although formulations are 

intended for stereolithography, the addition of the thermal radical initiator amplifies the 

domain of application for these thermosets and facilitates their preparation through 

conventional and purely thermal procedures.  

 The use of the activation energy alone to establish the reactivity may lead to errors. 

It is safer to use the rate constant which incorporates the effect of both the activation 
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energy and the pre-exponential factor. Within the conventional temperature range of the 

dual-curing, it has been proven that the acrylate photocuring rate constant is one order of 

magnitude higher than its thermal counterpart, and fifty times higher than epoxy-

anhydride condensation rate. 

 The isoconversional methodology used herein is a useful and simple tool that allows 

a comprehensive analysis of kinetics without requiring any well-defined kinetic model. It 

enables one to simulate the curing process, even at temperatures way out of the 

experimental range. 
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