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Highlights 

 Photo/thermal dual-curing of a ternary acrylate-epoxy-anhydride mixture is 

studied. 

 Acrylate photopolymerization is followed by thermal epoxy-anhydride 

copolymerization. 

 Isoconversional dynamic kinetic parameters can be used to simulate isothermal 

curing. 

 The isokinetic relationship proved to be a powerful tool to analyze dual-curing 

kinetic. 
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Abstract 

 In this work, the curing kinetics of a new ternary acrylate/epoxy/anhydride thermoset 

system which is used for dual-curing 3D-printing applications is studied. The first curing 

stage is an acrylate free-radical photopolymerization that can also be triggered using a 

suitable thermal radical initiator. The second curing stage is an epoxy-anhydride 

copolymerization initiated at higher temperatures by a nucleophilic tertiary amine. 

Isothermal acrylate photocure kinetics was modeled using a first order rate expression. 

The thermal curing of both reaction stages was studied under by non-isothermal integral 

isoconversional and model fitting methods. Furthermore, they were successfully 

reproduced using a simulation based on the obtained kinetic parameters. Reduced master 

curves and isokinetic relationships were used to validate the kinetic model selected and 

the reliability of the employed methodology. The conditions for obtaining a thermal and 

sequential dual curing can be established with the help of isokinetic temperature. 
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1 Introduction 

Freedom of design, mass customization, waste minimization and the ability to 

manufacture complex structures, as well as fast prototyping, are the main benefits of 

additive manufacturing (AM) or 3D printing [1-3]. Stereolithography (SL) and digital 

light processing (DLP) of acrylate based-formulations are commonly used techniques in 

the 3D-printing of thermosetting polymer parts. SL and DLP are based on layer-by-layer 

solidification of liquid-like reactive thermosetting formulations upon exposure to UV or 

visible light. SL and DLP processing lead to crosslinked materials with superior 

properties and higher resolutions in comparison with other AM techniques. However, SL 

and DLP techniques face certain challenges, in particular regarding material properties 

such as mechanical anisotropy, porosity, geometrical accuracy, and appearance [4,5].  

Hybrid dual-cure formulations combining UV radical homopolymerization of 

acrylates at room temperature with epoxy-curing at higher temperatures are recognized 

to enhance the quality of printed parts significantly. This is due to reduced shape 

distortion during cure and also to the further post-cure after printing. The latter increases 

the overall degree of curing and reduces inhomogeneity.  Recently, cationic 

cycloaliphatic epoxy homopolymerization and epoxy/anhydride or epoxy/dicyandiamide 

copolymerization, have been successfully used as a secondary, thermal curing stage, 

following acrylate photopolimerization. Homogenous and fully cured materials with 

improved mechanical properties have generally been obtained [4-10]. Significant 

improvements have also been achieved by adding a radical thermal initiator, that can be 

activated during the second curing stage [5,7-10]. The addition of thermal initiators and 

a careful selection of curing temperatures enables the sequential dual-curing of these 

materials under thermal activation, if desired [8,9]. 
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Recently, our group described a new hybrid system consisting of a commercial 3D 

printing acrylate resin modified by an epoxy-anhydride mixture that imparts rigidity to 

the final materials [11]. Final materials showed properties far superior to those of the 

commercial resin and excellent shape memory capability was documented as well. 

Moreover, large objects could be manufactured by printing them in halves, followed by 

joining the halves permanently at the second cure stage. As these materials showed good 

potential of applicability, in this work, their dual-curing kinetics will be studied in depth. 

In general, the knowledge of the curing kinetics of thermosets is a fundamental tool 

for their successful processing. With a few and quick experiments, it is possible to know, 

at least tentatively, the adequate processing times and temperatures, even out of the 

experimental range of the tests. This is especially important in dual-curable formulations 

with several reagents and initiators whose interactions can lead to complex kinetic effects. 

Well established curing kinetics allow control over curing sequence and storage stability 

in one-pot dual-curable formulations.  

Photocuring is always performed under isothermal conditions, due to the low curing 

time of acrylates and due to the fact that kinetics hardly depend on temperature. However, 

for thermally controlled curing, there are many approaches, each with its own advantages 

and disadvantages and degree of reliability. An excellent discussion is provided in the 

work of Vyazovkin et al. [12].  

The first curing stage of our acrylate/epoxy/anhydride ternary system is a radical 

photopolymerization of acrylate groups, which was studied isothermally at 30 ºC using a 

phenomenological nth order model. The second stage is an epoxy-anhydride 

copolymerization catalyzed by 4-(dimethylamino)pyridine as anionic initiator. As 

mentioned, it is possible to carry out the first stage purely thermally by using 1,1-di(t-

amylperoxy)-cyclohexane, a thermal radical initiator. Both thermal reactions were 
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studied using integral isoconversional dynamic procedure and autocatalytic model fitting. 

The so-called kinetic triplet, which consists of the activation energy, pre-exponential 

factor and conversion function were found by combining both methods. In contrast to our 

earlier paper with a similar hybrid acrylate-epoxy system, the treatment of the isokinetic 

relationship (IKR) is introduced in this work [9,12]. A correct discussion of the kinetic 

parameters requires the use of rate constant and isokinetic relationship (IKR) in order to 

eliminate the compensation effect between activation energy and pre-exponential factor. 

Model fitting was performed assuming that both thermal stages follow an autocatalytic 

model [13,14], and the selected model was confirmed by using IKR and integral master 

plots procedures. The isokinetic temperature derived from IKR was used to establish the 

dual nature of the formulations and the isothermal curing conditions.  

Dynamic kinetic parameters were used to simulate the isothermal curing of both 

curing stages. The characterization of the whole set of cured materials and the 

quantification of the conversion were performed by calorimetry and Fourier-transform 

Infrared Spectroscopy (FTIR), respectively. 

2 Experimental methods 

2.1 Materials 

The photocure resin was a commercial preparation supplied by Spot-A Materials 

(Barcelona, Spain) called Spot-E (abbreviated as E). It is a mixture of aliphatic and 

urethane acrylates that has an average molecular weight of 627 g/mol, and functionality 

1.32. The preparation contains a photoinitiator with an absorption range in the UV-visible 

region of the spectrum. Diglycidyl ether of bisphenol A with trade name EBL 70 (DG 

hereafter) with an epoxy equivalent of 184.5 g/ee was kindly supplied by PO.INT.ER S.r.l 

(Turin, Italy). The anhydride component was hexahydro-4-methylphthalic anhydride 

(abbreviated as MA, 168.19 g/ea) supplied by Sigma-Aldrich. Before each use, the epoxy 
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resin EBL70 was placed in vacuum and dried at 80°C for 2h. The anionic initiator for the 

epoxy-anhydride reaction was 4-(dimethylamino)pyridine (DMAP, Sigma Aldrich) and 

the thermally-activated radical initiator was 1,1-di(t-amylperoxy)-cyclohexane with trade 

name LUPEROX 531M60 (LUP hereafter), supplied by ARKEMA (Colombes, France). 

2.2 Sample preparation 

 Firstly, a stoichiometric epoxy-anhydride mixture containing DMAP at weight ratio 

DMAP/DGMA of 0.025/99.975 was prepared under magnetic agitation at 30 ºC for 10 

min until a clear solution was obtained. This was coded as DGMA100. For the acrylate 

part, LUP was taken to a glass vial or an opaque container and Spot-E was added on top. 

The weight ratio was LUP/E = 0.25/99.75 and the formulation was coded as E100. 

Formulations were prepared under ambient conditions and were coded as ExDGMAy, 

where x and y stand for weight percentages of E100 and DGMA100, respectively. All 

samples were stored in opaque vials under refrigeration to avoid undesired 

photopolymerization. The characterized formulations were E100, E80DGMA20, 

E60DGMA40. E40DGMA60, E20DGMA80 and DGMA100. For curing kinetics 

analysis, only neat formulations and E40DGMA60 were studied. The choice of 

E40DGMA60 stems from our earlier work in which this formulation was shown to 

achieve a good balance between shape consistency at the intermediate curing stage and 

high glass transition temperature at the final stage [10]. For comparison purposes, a dual 

formulation E40DGMA60 without DMAP was also prepared and coded as 

E40DGMA60_noDMPA. 

2.3 Experimental techniques  

The Differential Scanning Calorimetry (DSC) analysis of photo-initiating 

formulations were carried out in a Mettler DSC-821e calorimeter featuring a Hamamatsu 

Lightningcure LC5 (Hg-Xe lamp) with irradiation intensity of 2 mW·cm–2. 
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Approximately 3 mg of sample were cured in uncapped aluminum pans in a nitrogen 

atmosphere. Scans were repeated to be able to subtract the second scan from the first to 

eliminate the thermal effect of UV irradiation. Each run consisted of 1 min of temperature 

conditioning, followed by 6 min of irradiation, and an additional 1 min without 

irradiation. For the rest of the DSC analysis, we used a Mettler DSC 3+ calorimeter. 

Samples of approximately 10 mg were placed in aluminum pans and scanned in an inert 

atmosphere. Dual-curing samples were dynamically cured starting at -80 ºC and ending 

at 300 ºC. Heating rate was 10 K/min. This was done to determine Tg of uncured samples 

(Tg0) and the total polymerization heat (of the entire dual-cure). To measure intermediate 

Tg (Tgint) and the residual polymerization heat of stage 2, UV-cured samples were scanned 

in the same way as above, followed by a second dynamic scan to determine the final Tg 

(Tg). The halfway point of heat capacity step was taken as Tg, as per the DIN 51007 

standard method. The estimation error was ± 1°C.  

For the study of kinetics, non-isothermal curing was performed at heating rates of 

2.5, 5, 10 and 20 K/min up to 300 ºC for the entire dual-curing and also for the second 

curing stage of intermediate materials. E100 formulation was also cured isothermally at 

110, 120 and 130 ºC (stage 1) and compared with the simulation from the results of the 

non-isothermal kinetics analysis in order to validate the methodology. 

Polymerization heats were calculated by integrating the calorimetric signal, dh/dt. A 

relative conversion, α, is defined as follows: 

,t T

tot

h

h






   (1) 

where Δht,T is the heat evolved by time t or up to a temperature T during isothermal and 

dynamic curing experiments, respectively. The total polymerization heat is Δhtot. An 

absolute conversion of each monomer can be calculated by multiplying   by the 

component mole fraction. 
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For spectroscopic analysis, a Brucker Vertex 70 FTIR spectrometer was used which 

features an attenuated total refection (ATR) apparatus (Golden gate™, Specac Ltd) and 

is temperature controlled (heated single-reflection diamond ATR crystal). Acrylate and 

anhydride conversion during isothermal dual-curing was monitored. Real-time spectra 

were collected at 30 °C (stage 1) and 150 ºC (stage 2) in absorbance mode with a 

resolution of 4 cm−1. The wavelength range was from 400 to 4000 cm−1 and 20 scans were 

performed for each spectrum. The same UV lamp as in DSC analysis was used here as 

well. DSC non-isothermal kinetic data was used to simulate a tentative curing time for 

stage 2, as will be shown later.  

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

(carbonyl stretching) were used to monitor acrylate and anhydride conversion, 

respectively, similar to previous works [9,11] 

3 Theory 

3.1  Photocuring 

 Assuming that photopolymerization is a first-order steady state polymerization at the 

initial stage, and since no autocatalysis takes place, the rate of polymerization can be 

defined as [15,16]: 

1/ 2

·[ ]
[ ]i a

p

t

Id M
k M

dt k

 
   

 
    (2) 

The expression can be written in terms of conversion as follows: 

 ln 1 k t         (3) 

where k is an apparent first-order rate constant, kp and kt are the propagation and 

termination rate constants, [M] is the concentration of acrylate, i  is the photolysis 

quantum yield, and Ia is the absorbed light intensity. The product ·i aI  gives the initiation 

rate. 
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 The first-order rate constant k at 30 ºC of all formulations were obtained from the slope 

of ln(1-α) plotted against time t. Neither the activation energy nor any other kinetic 

parameter were determined. 

3.2  Thermal curing 

 Isoconversional and model fitting methods, along with isokinetic relationship (IKR) 

and master plots procedures in their integral form were used to determine the kinetic 

parameters of thermal curing of E100, DGMA100 and E40DGMA60 [9,12,17]. 

 The kinetics of non-isothermal curing were analyzed by means of Kissinger-Akahira-

Sunose (KAS) method, based on the Coats-Redfern approximation for the solution of the 

so-called temperature integral [12,18,19]: 

2

,,

ln ln
( )

i

ii

A R E

g E RTT

 

 





   
     

  

   (4) 

where A  is the frequency factor, E  the activation energy, R the gas constant and ( )g   

the integral conversion function obtained by integration of the differential function ( ).f  

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

from the slope and y-intercept of the plot of 
2

,ln( / )i iT  versus ,1/ iRT , respectively. If 

the reaction model ( )g   is known, the corresponding pre-exponential factor can also be 

calculated. From the y-intercept, it is possible to obtain the parameter ln[ ( ) / ]g A  and 

simulate the isothermal time of curing to reach a given relative conversion at temperature 

, iT , using the following equation which was calculated by integration of the rate equation 

in isothermal conditions:  

,

,

( )
ln lni

i

Eg
t

A RT




 

 
  

 
     (5) 
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 The reaction model was determined on the basis of a composite integral method using 

the following expression obtained by rearranging equation (4): 

2

( )
ln lnig AR E

T E RT

    
    

   
   (6) 

 Given that the curing of epoxy-anhydride and thermal acrylate homopolymerization 

show an autocatalytic-like behavior, using Equation (6), the experimental data from the 

whole conversion range and the whole set of heating rates were fitted to an autocatalytic 

kinetic model with n + m = 2, where n and m are the orders of reaction [9,13,14,17,20]. 

 Eqs. (7) and (8) give ( )g   and ( )f   functions, for the autocatalytic kinetic model 

used: 

    (7) 

   
2

1
mmf   


       (8) 

 Once the model was fixed by model fitting, rate constants k were determined from 

E and A by using the Arrhenius equation. 

The activation energy and the pre-exponential factor may be linked, due to a 

compensation effect, through the following isokinetic relationship (IKR) [11,17,21,22]: 

ln   A aE b      (9) 

where a and b are constants and the subscript  refers to a change producing factor in the 

Arrhenius parameters (in our case, the conversion). The slope a=1/RTiso is a function of 

the isokinetic temperature Tiso and the y-intercept b=ln kiso is the natural logarithm of the 

isokinetic rate constant. According to certain authors, the existence of the IKR 

demonstrates that only one mechanism is present, whereas the existence of parameters 

that do not agree with the IKR implies the existence of multiple reaction mechanisms or 

the proposed mechanism is not accurate. A Tiso value near the experimental temperature 

1
1

( )
1 1

m

g
m








 
  

  
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range also indicates that the model is correct [12,17,21,22]. The kinetic model determined 

by model fitting was confirmed by the existence of IKR with a good regression coefficient 

for the whole kinetic data and also by values of Tiso. This methodology has proven to be 

adequate when the isoconversional activation energy varies only slightly with the extent 

of conversion. 

 Using =0.5 as a reference point, the following integral master equation is easily 

derived from Eq. (4): 

2

2

0.5

0.5

exp
( )

(0.5)
exp



 
 
 
 
 
 

E
T

g RT

g E
T

RT

   (10) 

where g(0.5) and T0.5 are the integral conversion function and the reaction temperature at 

=0.5, respectively. 

 The left side of Eq. (10), is a reduced theoretical curve which is characteristic of each 

kinetic model. The right side of the equation can be obtained from constant heating rate 

experimental data if the activation energy is relatively constant throughout the reaction. 

The graphical comparison of both sides of Eq. (10), can be used to determine the kinetic 

model that best describes the curing process. In this work, this procedure has been used 

to confirm the model obtained by model fitting. An average value of the isoconversional 

activation energy has been used. 

4 Results and discussion 

4.1 Characterization of ExDGMAy formulations 

 To start, the sequential curing of E40DG60 formulation was studied under isothermal 

conditions (stage 1, UV at 30ºC followed by stage 2 at 150 ºC) by FTIR. Stage 2 

temperature was selected based on the obtained kinetic data, as it will be shown later. 

Complete disappearance of absorption bands of acrylate (first curing stage) and epoxides 
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and anhydrides (second curing stage) was confirmed by FTIR analysis (spectra not shown 

here for space considerations).  

 
Fig. 1. FTIR absolute conversion during isothermal curing at 30 ºC (stage 1, acrylate) and later at 150ºC 

(stage 2, anhydride) for E40DGMA60. Simulation of stage 2 using non-isothermal kinetic parameters is 

also shown. 

 

 Fig. 1 shows the absolute conversions obtained from FTIR data. It can be observed 

that stage 1 reaches completion, indicated by a fractional conversion of 0.4, in only 6 

seconds, whereas stage 2 completes in 140 minutes at 150ºC. Epoxy and anhydride groups 

remain unreacted during photocuring at 30 ºC (i.e. stage 1), and samples of intermediate 

stage material stored at 30 ºC remain unchanged for at least 3 months. Moreover, stage 2 

does not start unless the temperature is raised above 120 ºC. This unequivocally confirms 

the sequential dual-curing character of ExDGMAy, which is controlled by 

irradiation/heating on demand. 

 Fig. 2 shows the results of the DSC analysis of the thermal curing of ExDGMAy 

formulations under non-isothermal conditions. The two disparate exotherms point to 

well-separated curing stages. They are associated to thermal acrylate 

homopolymerization and to epoxy/anhydride copolymerization, in increasing order of 
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temperature. Conversion-temperature curves also show two well-defined curing steps, 

with conversion increases paralleling the composition of formulations, corroborating the 

findings in FTIR analysis.  

 

Fig. 2. DSC thermograms corresponding to the dynamic curing at 10 ºC/min of ExDGMAy formulations. 

Blue dashed line shows the dynamic postcuring of E40DGMA60 after 6 min of UV irradiation. Blue dotted 

line shows curing of E40DGMA60_noDMPA. Inset: conversion-temperature plots.  

  Table 1 reports the reaction heat for the sequential dual-curing process. The 

individual values of the different curing stages were obtained by isothermal photocuring 

of the first curing stage followed by non-isothermal thermal curing of the second stage, 

h1 and h2 respectively. From reaction heats of neat formulations (E100 273 J/g and 

DGMA100 327 J/g) reported in Table 1, the following heats per reactive group have been 

determined: 129 kJ/C=C and 115 kJ/ee. These values are in agreement with those reported 

in the literature for similar systems [5,13]. A theoretical reaction heat of the dual-curing 

formulations was calculated from their composition and the reaction heat of the neat 

acrylate and epoxy/anhydride formulations. The similarity between theoretical and 

experimental reaction heats confirms again that the curing of all formulations have been 

complete (as has also been seen by FTIR). Moreover, the reaction heat obtained from the 

dual dynamic curing at 10 K/min in the absence of UV irradiation, htot, is close to the 

Jo
ur

na
l P

re
-p

ro
of



 15 

sum of h1 and h2, evidencing the ability of LUP to promote the complete thermal free 

radical polymerization of acrylate groups in the absence of irradiation. In addition, it is 

also suggested that it is possible to obtain the same material following different dual-

curing procedures with controlled curing sequence. 

 Fig. 2 shows there is a deceleration effect exerted by liquid epoxy and anhydride on 

the first curing stage, which could be expected taking into account the dilution of the 

reactive species. DSC traces of E100 suggest that the minimum temperature necessary 

for the thermal activation of LUP is 110 ºC. Once activated, the reaction rate increases 

sharply. In a previous work, in which a cycloaliphatic epoxy resin was used instead of 

DGEBA, a somewhat different effect was observed [9]. At low amounts of photocurable 

resin, DMAP exerted an accelerating effect on stage 1 due to the decomposition of LUP 

via chemical reduction and due to the nucleophilic addition of DMAP to the acrylate 

(Michael addition). Although this effect is not as clearly observed in this work, it should 

not be ruled out, since a comparison between the thermograms of E40DGMA60 and 

E40DGMA60_noDMAP might suggest the existence of such an effect (See Fig. 2).  

 On the other hand, Fig. 2 also shows that the second stage curing process is shifted 

to higher temperatures with decreasing DGMA content. This reduction in the reaction 

rate of the second curing stage can be ascribed to a dilution of the epoxy-anhydride 

components, but also to further restriction in the mobility caused by the previous 

formation of the acrylate network. Moreover, it can be seen in Fig. 2 that stage 2 curing 

of E40DGMA60 is identical regardless of how stage 1 is carried out (compare the blue 

solid and dashed lines). In any dual formulation, stage 2 starts only above 150 ºC. Taking 

into consideration this preliminary analysis of the sequential dual-curing kinetics and the 

previous discussion on the reaction heat values reported in Table 1, a perfectly sequential 
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and fully controllable curing process is established for our ExDGMAy family of 

materials. 

 Table 1 also reports the glass transition temperatures of uncured, intermediate and 

fully cured ExDGMAy formulations. The Tg of unreacted dual materials vary in 

accordance with the Tg of their neat components. The Tg of intermediate materials (after 

stage 1) decrease with increasing DGMA content, due to the plasticizing effect of the 

liquid unreacted DGMA. Not surprisingly, in all formulations, a significant increase in Tg 

is recorded after stage 2, the increase being proportional to the DGMA content. The fully 

cured materials have increasing Tg with increasing DGMA content, due to the high degree 

of crosslinking and rigidity of epoxy-anhydride network in comparison to the acrylate 

network. Thermal characteristics of the intermediate and final materials can be tuned by 

simply modifying the initial composition, to obtain loosely or tightly crosslinked 

thermosets. Intermediate materials can be used as adhesives or manipulated to create 

complex shaped objects with shape memory properties after being fully cured. In general, 

all dual formulations seem apt for 3D printing applications. Intermediate Tg below room 

temperature ensure low shrinkage and that no vitrification takes place during printing. 

Final Tg above room temperature ensure glassy materials with high modulus at room 

temperature, which are desirable operation conditions for these materials. In a previous 

work, the shape memory capability of the E40DGMA60 formulation was demonstrated 

[11]. After the partially-cured material was 3-D printed, it could be molded into its desired 

permanent form, which could be fixed by a thermal cure. Temporary shape fixing and 

shape recovery cycles could be implemented through facile heating-cooling programs 

featuring easily accessible temperatures.   
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4.2 Kinetic analysis 

4.2.1. Photocuring of ExDGMAy 

 Firstly, the photocuring kinetics of all ExDGMAy formulations were studied by 

DSC. Fig. 3 shows curing rate and conversion curves obtained from isothermal photoDSC 

runs at 30 ºC. The photocuring of all formulations completes in just two minutes with a 

sharp curing profile, especially at the initial stage. 

 

Fig. 3. Reaction rate for the isothermal UV-curing at 30 °C of ExDGMAy formulations. Inset shows 

conversions against time (the colour mapping is the same) and triangles represent simulated data using first-

order constant and Eq. (3). 

 It was confirmed by FTIR that acrylates react completely, whereas epoxy and 

anhydride groups do not react during irradiation. The addition of the DGMA mixture to 

the photoresin decelerates the curing, due to a dilution effect.  

 

 First-order rate constants, obtained by using Eq. (3) from conversions and times 

(inset Fig. 3), are collected in Table 2. They reflect the decelerating effect exerted by 

DGMA. Correlation coefficients show an excellent fit in the same way as simulated data, 

even out of the range in which the kinetic parameters were obtained. This validates the 
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methodology used. Fig. 3 and the values reported in Table 2 do not suggest any evidence 

of the influence of DMAP on the first stage of curing, contrary to what was reported in a 

previous article Error! Reference source not found.. Indeed, taking Eq. (2) as a 

reference, and assuming that the absorbed intensity I is proportional to the initiator 

content and therefore to the fraction of acrylate formulation in the dual-curing systems, it 

can be observed that the kinetic constant k is proportional to I 0.68, which is very similar 

to the results reported by other authors for 3D-printable acrylate formulations [5]. 

4.2.2 Non-isothermal curing of neat formulations 

 First of all, the kinetics of non-isothermal curing of neat formulations was studied, 

E100 and DGMA100. Fig. 4 gives the resulting DSC traces of both formulations.  

 

Fig. 4. DSC thermograms (solid lines) and conversions (dashed lines) of E100 and DGMA100, non-

isothermally cured at different heating rates. 

 

 It can be seen that the curing of each formulation takes place in a completely different 

temperature range with only a slight overlap in a region of intermediate temperatures. 

Moreover, the curing behavior of DGMA100 is more sensitive to temperature than that 
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of E100. These results suggest that each system has unique kinetics and that with a 

suitable selection of temperatures, a completely sequential thermal curing can be achieved 

in dual formulations. In addition, in these formulations, all unreacted acrylates remaining 

from a 3D-printing stage will thermally cure, concurrently with the epoxy-anhydride 

reaction, thanks to the thermally initiated radical generator employed. 

 Using the data shown in Fig. 4 in isoconversional analysis and model fitting 

(autocatalytic model with n + m =2) (Eqs. (4), (6) and (7)), the curing kinetics was 

investigated. Tables 3, 4, 5 and 6 show the results obtained for both neat formulations. 

Activation energy and pre-exponential factor are fairly constant throughout the curing 

with some minor variations without any physicochemical implications. Furthermore, the 

values are similar to those obtained by model fitting. These results, along regression 

coefficients close to unity, confirm the reliability of our methodology. It is observed that 

activation energies of E100 are slightly higher than other unsaturated systems where a 

thermal radical initiator less latent than LUP is used [17,23,24]. The kinetic triplet (E, A, 

g()) associated to the curing of DGMA100 is similar to that obtained for other epoxy-

anhydride systems activated by tertiary amines [19,25,26]. 

 It is common in the literature to use activation energy (E) for reactivity comparison 

purposes, given that systems with high E react more slowly than those with low E. This 

reasoning can be valid in many cases, unless a compensation effect exists between the E 

and the pre-exponential factor (A). Thus, a system with high E can react faster than 

another with lower E if A is also high. To avoid misinterpretation, it is more appropriate 

to use the rate constant k as a comparison parameter since it includes the effects of both 

parameters, E and A. In consequence, the reactivities of the two curing stages were 

compared from the value of k at 150 ºC (k150 ºC, see Tables 3-6). Although the E of E100 

is higher than that of DGMA100, the rate constants show the opposite trend. k150 ºC of 
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E100 is more than 300 times greater than k150 ºC of DGMA100, in accordance with the 

much lower thermal reactivity of the epoxy/anhydride mixture. The strongly different 

reactivity of the two curing stages highlights the dual nature of the ExDGMAy mixtures. 

This will be confirmed later in the study of curing kinetics of a dual formulation, where 

the mutual dilution effect enhances the sequential character of the curing process (see Fig. 

2). 

 Values of k30 ºC allow comparison of the curing stages and the mechanisms of 

activation (see Tables 2, 4 and 6). The great difference of k30 ºC between 9.1 min-1 for 

E100 (neat stage 1, UV activated) and 3.4·10-5 min-1 for DGMA100 (neat stage 2, thermal 

activated) hints the high storage stability of the ExDGMAy mixtures at 30 ºC and the 

feasibility of their sequential processing (UV irradiation, followed by thermal activation). 

Moreover, the value of k30 ºC=2.98·10-9 min-1 for E100 (thermal) indicates that the addition 

of the highly latent LUP does not endanger the storage stability of the formulations. 

 In Fig. 5, the simulation of isothermal cure of E100 is shown in comparison to 

experimental data. The simulation was performed using non-isothermal parameters of 

Table 3 and Eq.(5). The selection of temperatures was difficult since below 110 ºC the 

curing hardly commences and above 130 ºC it is extremely fast. As can be seen in Fig. 5, 

the simulated curves fit reasonably well with experimental data, in spite of the uncertainty 

in the determination of the reaction heat under isothermal conditions at the beginning and 

at the end of the curing process. In any case, the use of dynamic DSC data, obtained in a 

relatively simple way, is a useful and fairly accurate tool for estimating isothermal curing 

times, which are usually more difficult to obtain. 
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Fig. 5. Conversions against time for isothermal curing of E100 at different temperatures. Triangles 

represent simulated data using non-isothermal data of Table 3 and Eq. (5). 

 

4.2.3. Non-isothermal dual curing of E40DGMA60 

 As a proof of concept, E40DGMA60 formulation was selected to study the dual-

curing kinetics. Fig.6 shows thermograms and conversions at different heating rate. The 

kinetic data obtained by isoconversional method and model fitting are given, in respective 

order, in Tables 7 and 8. Despite a clear sequence of stages, some overlapping is observed 

which might bias the determination of the kinetic parameters. Therefore, isoconversional 

data at 0.4 are not included. 
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Fig. 6. DSC thermograms (solid lines) and relative conversion (dashed lines) of E40DGMA60 at different 

heating rates. 

 

 

 

 The results reported in Tables 7 and 8 confirm the difference between the kinetics of 

the two thermal curing stages, as is also evident from Fig. 6. Again, due the compensation 

effect between E and A, the rate constant should be used to compare the kinetics (k150 ºC, 

stage 1 is much higher k150 ºC, stage 2).  

 The kinetic parameters obtained are consistent with those obtained previously for 

E100 and DGMA100. The dilution effect of liquid DGMA on radical 

homopolymerization as well as the mobility restrictions exerted by the acrylic network 

on epoxy-anhydride copolymerization, shown previously in Fig. 2, are corroborated by 

comparing k150 ºC of neat and dual formulations (see Tables 4, 6 and 8). k150 ºC=2.59 cm-1 

of E40DGMA60 (stage 1) is much lower than k150 ºC=38.9 cm-1 of E100 whereas k150 

ºC=0.081 cm-1 of E40DGMA60 (stage 2) is nearly half of k150 ºC=0.16 cm-1 of DGMA100. 

 Although the obtained kinetic parameters of the dual formulations are correct as 

indicated by the regression coefficients, the overlapping between stages conceal their 

Jo
ur

na
l P

re
-p

ro
of



 23 

exact kinetics. In some regions, the parameters should be considered as average values of 

the two stages and will depend on the composition of the formulation and the degree of 

overlap. To determine a more accurate kinetic triplet of each stage, the following two 

strategies are proposed: 1- The deconvolution of the dynamic DSC peaks and, 2- 

photocuring the formulations followed by non-isothermal postcuring of the intermediate 

materials. The latter strategy is only applicable to curing stage 2. In both cases, the 

isoconversional methodology and model fitting will be applied. 

 Fig. 7 shows the partial overlapping between the curing stages and the deconvolution 

performed for E40DGMA60 at 2.5 K/min using the curve-fitting method with the 

Gaussian–Lorentzian sum area function of the program PeakFit (Jandel Scientific 

Software, San Rafael). A good fit can be observed between the experimental curve and 

the curve obtained as a sum of the deconvoluted ones. 

 

Fig. 7. DSC thermograms, curves obtained by deconvolution and the sum of the deconvoluted curves for 

E40DGMA60 cured at 2.5 K/min. 

 

 Fig. 8 shows the conversion curves obtained by integration of the deconvoluted peaks 

from the experimental data at 2.5, 5, 10 and 20 K/min. Even though there appears to be a 

region where both stages can take place concurrently (around 120-150 ºC), the curing 
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stages take place in completely different temperature regions and at different reaction 

rates. This suggests that a careful temperature selection would allow a perfectly sequential 

curing. Tables 9 and 10 show kinetic parameters obtained from the curves of Fig.8, that 

can be used to establish tentative cure conditions. 

 

 
Fig. 8. Relative conversion at deconvoluted stages (stage 1 solid lines and stage 2 dashed lines) against 

temperature for E40DGMA60 at different heating rates. 

Tables 9 and 10 show the results that are equivalent to those obtained directly by 

dual curing (Tables 7 and 8), although they must be considered more accurate since the 

overlap between stages has been eliminated. Regression coefficients ranged between 

0.9998 for stage 1 and 0.9962 for stage 2 (not shown for space considerations).  

 

It is noticeable that the kinetic models obtained from the analysis of stage 1 and stage 

2 in the E40DGMA60 formulation are very similar to the ones obtained from the 

independent analysis of neat E100 and DGMA100 formulations. These results suggest 

that there is little interference between the first and second curing stage components, other 

than a dilution effect producing a decrease in the curing rate of the dual-curing 

formulation. 
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4.2.4 Stage 2 non-isothermal curing of E40DGMA60 after UV irradiation 

 In order to study the overlap-free stage 2 of dual-curing, E40DGMA60 

formulation was firstly cured at 30 °C (stage 1 only). After that, it was dynamically 

scanned to isolate stage 2. Fig. 9 shows heat flows and conversions versus temperature at 

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

range as stage 2 of non-isothermal dual-curing without deconvolution (see Fig. 6) or after 

deconvolution (see Fig. 8). The fact that no stage 2 reaction takes place during UV 

irradiation suggests that the parameters obtained in this section should the most reliable. 

Moreover, this methodology yields much better regressions and the kinetic parameters 

are more constant throughout the conversion range, indicating that the fluctuations 

detected in dual curing (with or without deconvolution) can be attributed to mathematical 

artifacts and not to appreciable kinetic changes, as it will be proven with the help of 

isokinetic relations.  

 

 

Fig. 9. DSC thermograms (solid lines) and relative conversion (dashed lines) of E40DGMA60 at different 

heating rates after photocuring at 30 ºC. 
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Tables 11 and 12 show the kinetic parameters associated to stage 2. If the values are 

compared with the ones reported in Tables 9 and 10, an excellent agreement is observed, 

which confirms the validity of the methodology used. The kinetic parameters in Table 11 

were used in Eq. (5) to simulate the isothermal curing at 150 ºC, with reasonably good 

results, as is shown in Fig. 1. 

 

 

 

 

4.2.5. Validation of the kinetic model  

  Identifying an appropriate model is of paramount importance in model fitting. If this 

is not done correctly, the kinetic parameters will be meaningless. According to the 

literature and our previous works, an autocatalytic model with n+m=2 is assumed for 

both thermal curing stages. The application of the model-fitting methodology produced 

highly consistent results regardless of the specific method employed, i.e. regardless of the 

treatment of experimental data. It was also noticeable that the kinetic model governing 

the first and second curing stages was hardly affected by the dilution effect in the dual-

curing formulation in comparison with the neat E100 and DGMA100 formulations. In 

this section, further validation of the model is provided by means of a graphical method 

based on master plots, which can be used to visually establish the correct model prior to 

numerical fitting in order to obtain the exact parameters. Moreover, the relative reactivity 

of the different curing stages and the feasibility of the sequential dual-curing scheme are 

reinterpreted in terms of the IKR relationships. 

 First of all, the integral reduced master plots shown in Fig. 13 were used. In this plot, 

the theoretical curves are given for a set of usual kinetic models (power, D3, A3, R3, 

n+m=2) [11,16,26] and compared with experimental data. It can be seen that both stages 

fit well with an autocatalytic model (n+m=2) with n close to 1.7-1.8 and 1.5 for stage 1 
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and stage 2, respectively. Thus, it can be easily observed that other types of models should 

be completely discarded. Moreover, good starting values of the kinetic parameters for the 

numerical fitting method can be easily obtained. 

 

 

Fig. 10. A comparison of the theoretical integral master plots of g()/g(0.5) versus α with the experimental  

master curve at 10 K/min for E40DGMA60 dual formulation. Experimental data of stage 1 corresponds to 

the deconvoluted curve and of the stage 2 to the formulation cured after UV curing.  

 

 Finally, the kinetic model and the dual nature of formulation were validated by using 

isoconversional activation energies and pre-exponential factors and the isokinetic 

relationship (IKR). Regardless of the formulation or the methodology used, the kinetic 

model hardly varies at any stage. Fig. 11 shows the IKR plots for all data obtained (Tables 

3, 5, 7, 9 and 11). As can be seen, the kinetic data are perfectly grouped in two IKRs in 

different regions of the plot, according to the different reactivity of both stages. These 

results suggest that the selected model is correct and that some changes in the activation 

energies observed should be attributed to experimental fluctuations, rather than any 

mechanism changes. It should be noted that a variation of the activation energy near the 
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isokinetic temperature, Tiso, lead to a quasi-invariant rate constant, enabling different 

values of activation energy to represent the same kinetic event [27].  

 

Fig. 11. Isokinetic relationships (IKRs) associated with each curing stage for the n+m=2 model. For stage 

1, data from E100 and E40DGMA60 (dual and dual deconvoluted) are grouped. For stage 2, data from 

DGMA100 and E40DGMA60 (dual, dual deconvoluted and neat stage 2 after stage 1 UV) are grouped. 

 

 Although IKRs regression coefficients are high (see Fig. 11), a more accurate 

discussion, following the perspective of Tiso, is reached without grouping all data in only 

two IKRs. Table 13 shows the IKRs of neat formulations and of stage 1 and 2 of 

E40DGMA60. The deconvoluted kinetic data from the curing of E40DGMA60 (Table 9, 

stage 1) and data from the stage 2 curing of the same formulation after photocuring at 30 

ºC (Table 11) were selected to represent stage 1 and 2, respectively, and were used to 

determine the IKRs of Table 13. 

The good regression of IKRs and their Tiso within the experimental temperature range 

validate the kinetic model selected by model fitting [21,28]. Moreover, the values of Tiso 

are related to the reactivity of the formulation and they help rationalize the kinetic effects 

observed in this work. Low values of Tiso indicate higher reactivity since the curing can 

take place at lower temperatures. From data in Table 13, one can see the higher reactivity 
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of stage 1 in comparison with stage 2 and the strongly sequential character of the thermal 

dual curing (Tiso,stage 1<<Tiso,stage 2). The mutual deceleration effect is also evident from the 

increase of Tiso of E40DGMA60 from 103 to 121 ºC (stage 1) and from 167 to 218 ºC 

(stage 2), with respect to the neat formulations. 

5 Conclusions 

 The dual-cure kinetics of a new family of ternary acrylate/epoxy/anhydride 

thermosets is investigated. The two sequential steps are acrylate radical polymerization 

initiated by UV or heat, followed by thermal epoxy-anhydride copolymerization at higher 

temperatures. A first order model satisfactorily fits photocuring kinetics. The thermal 

curing was studied by isoconversional, model fitting, reduced master plot and isokinetic 

relationship methodologies. 

 The sequentially of the dual curing process and the storage stability of the initial and 

intermediate materials was proven by the obtained kinetic data, which suggested different 

rate constants for acrylate homopolymerization and epoxy-anhydride reaction. Through 

a suitable selection of temperatures for each stage, a well-defined curing sequence without 

overlapping between curing stages can be obtained. Stage 1 can be initiated by UV 

irradiation and stage 2 can be initiated thermally. If a thermal radical initiator is used, 

stage 1 can be initiated thermally as well. This initiator would also allow complete curing 

of the acrylate groups during stage 2. This is especially relevant if these formulations are 

used in 3D printing, in which, generally, the conversions achieved are incomplete and 

non-uniform throughout the printing geometry. 

 The addition of an epoxy-anhydride component contributed greatly to mechanical 

performance, manifested as significant glass transition temperature increases over the 

neat acrylate photoresin. Prepared materials show a wide range of properties, with highly 
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flexible and shape-conformable intermediate materials and highly crosslinked, solid final 

materials.  

 Among the different kinetic methods used, the isoconversional method allows a 

relatively precise determination of the activation energy and an accurate simulation of the 

curing, even at temperatures fairly outside the experimental range. Moreover, this is 

accomplished without requiring any well-defined kinetic model. Due to the compensation 

effect between the activation energy and the pre-exponential factor, the use of the rate 

constant is advocated, since it takes into account both parameters as proxies of reactivity. 

In this case, the kinetic model would be required, which, unless previously known, can 

be constructed using the reduced master curves and then refined by means of model 

fitting.  

 Isokinetic relationship and the associated isokinetic temperature are other useful tools 

that allow the determination of the kinetic model and to elucidate whether the changes 

observed in the kinetic parameters during cure are due to mechanistic changes or due to 

the compensation effect. The isokinetic temperature also has reactivity implications: low 

isokinetic temperatures suggest high reactivity. In fact, this parameter can be extremely 

useful in dual curing. A highly sequential curing is expected when the isokinetic 

temperature of the stages is greatly different. 
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Table 1. Reaction heats h1,exp (stage 1, UV at 30 ºC),  h2,exp (stage 2, postcuring at 10 K/min after UV 

stage 1) and htot,exp (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).

Formulation 
Tgo  

(ºC) 

Tgint    

(ºC) 

Tg   

(ºC) 

h1,exp 

(J/g) 

h1,theo 

(J/g) 

h2,exp 

(J/g) 

h2,theo 

(J/g) 

htot,exp 

(J/g) 

htot,theo 

(J/g) 

E100 -75 19 19 273 273 0 0 276 273 

E80DGMA20 -69 -3 35 220 219 65 65 286 284 

E60DGMA40 -63 -16 51 162 164 130 131 292 295 

E40DGMA60 -56 -23 62 107 109 195 196 303 305 

E20DGMA80 -49 -31 80 53 55 260 261 313 316 

DGMA100 -41 -41 159 0 0 327 327 327 327 

 

 

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

at 30 ºC 

Formulation k (min-1) r 

E100 9.1 0.9988 

E80DGMA20 6.7 0.9982 

E60DGMA40 5.0 0.9983 

E40DGMA60 4.0 0.9954 

E20DGMA80 2.9 0.9938 

 

  

Jo
ur

na
l P

re
-p

ro
of



 36 

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

E100 (neat thermal stage1) 

 
E 

(kJ/mol) 
 (min)  a (min-1) k150 º C

 a (min-1) r 

0.1 190 48.53 57.29 28.11 0.9933 

0.2 195 49.72 59.09 42.48 0.9949 

0.3 200 50.93 60.72 54.44 0.9963 

0.4 206 52.58 62.73 66.21 0.9975 

0.5 215 55.07 65.55 78.42 0.9988 

0.6 226 57.74 68.56 84.00 0.9989 

0.7 231 58.77 69.94 70.19 0.9980 

0.8 223 55.55 67.08 39.94 0.9983 

0.9 195 46.19 58.17 15.99 0.9991 

Average 210 53.21 63.67 55.40 0.9983 

a Pre-exponential factor and rate constant determined by using the isoconversional parameters and the autocatalytic 

model (see Table 4) 

 
Table 4. Kinetic parameters determined by model fitting analysis of non-isothermal stage 1 curing of E100 

(neat thermal stage1) 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
  

(min-1) 

k 150ºC  

  (min-1)  

1.73 0.27 207 62.51 0.9939 2.98·10-9 38.9 

 

  

 
ln

AR

g E

 
 
  

ln A

Jo
ur

na
l P

re
-p

ro
of



 37 

 

Table 5. Kinetic parameters determined by isoconversional integral of non-isothermal stage 1 curing of 

DGMA100 (neat thermal stage2) 

 
E 

(kJ/mol) 
 (min)  a (min-1) k150 º C

 a (min-1) r 

0.1 74 10.76 19.42 0.18 0.9964 

0.2 75 10.57 19.66 0.17 0.9983 

0.3 76 10.36 19.73 0.16 0.9989 

0.4 76 10.20 19.79 0.15 0.9992 

0.5 77 10.05 19.85 0.15 0.9994 

0.6 77 9.86 19.87 0.15 0.9995 

0.7 76 9.59 19.82 0.16 0.9995 

0.8 76 9.19 19.69 0.17 0.9995 

0.9 74 8.60 19.49 0.20 0.9991 

Average 76 9.92 19.72 0.16 0.9993 

a Pre-exponential factor and rate constant determined by using the isoconversional parameters and the autocatalytic 

model (see Table 6) 

 

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

DGMA100 (neat thermal stage 2) 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
a 

(min-1) 

k 150ºC 
a
   

(min-1) b 

1.51 0.49 75 19.61 0.9959 3.38·10-5 0.16 
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Table 7. Kinetic parameters determined by isoconversional integral non-isothermal curing of 

E40DGMA60 

 
E 

(kJ/mol) 
 (min) a (min-1) ln k150 ºC  a (min-1) r 

0.1 152 37.9 46.33 1.40 0.9944 

0.2 161 35.51 44.53 1.06 0.9975 

0.3 149 28.51 37.81 0.45 0.9949 

Average 1 153 34.41 43.36 0.99 0.9961 

0.5 77 9.64 19.34 0.10 0.9981 

0.6 76 8.96 18.87 0.08 0.9978 

0.7 74 8.24 18.38 0.08 0.9976 

0.8 73 7.55 17.98 0.08 0.9974 

0.9 72 6.96 17.83 0.09 0.9972 

Average 2 74 8.26 18.46 0.08 0.9993 

a Pre-exponential factor and reaction rate determined by using the isoconversional parameters and the autocatalytic 

model (see Table 8). 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 E40DGMA60 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC  

(min-1) 

k 150ºC    

(min-1)  

Stage 1 

1.78 0.22 151 43.93 0.9991 1.7·10-7 2.59 

Stage 2 

1.56 0.44 74 18.38 0.9936 2.08·10-5 0.081 
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Table 9. Kinetic parameters of both stages determined by isoconversional integral procedure after 

deconvolution.  

 E (kJ/mol) (min) a (min-1) k150 º C
 a (min-1) 

 1 2 1 2 1 2 1 2 

0.1 166 93 39.50 14.84 47.88 23.63 2.23 0.05 

0.2 170 85 40.42 12.11 49.47 21.24 3.11 0.05 

0.3 177 81 42.14 10.72 51.66 20.09 4.05 0.05 

0.4 174 79 41.10 9.76 50.96 19.33 4.15 0.05 

0.5 172 73 39.98 8.02 50.14 17.72 3.97 0.05 

0.6 168 75 38.69 8.32 49.16 18.27 3.67 0.05 

0.7 161 73 36.11 7.63 46.88 17.78 3.13 0.06 

0.8 152 71 33.08 6.99 44.23 17.41 2.60 0.06 

0.9 145 65 30.26 5.22 42.00 15.99 2.17 0.08 

Average 166 77 39.78 8.32 48.36 19.01 3.30 0.056 

a Pre-exponential factor and rate constant determined by using the isoconversional parameters and the autocatalytic 

model (see Table 10) 
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Table 10. Kinetic parameters determined by model fitting analysis of both stages of E40DGMA60 by 

deconvolution 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC  

(min-1) 

k 150ºC    

(min-1)  

Stage 1 

1.79 0.21 164 47.78 0.9999 2.91·10-8 3.07 

Stage 2 

1.53 0.47 74 18.87 0.9944 9.44·10-6 0.05 

 

 

Table 11. Kinetic parameters determined by isoconversional integral of non-isothermal stage 2 curing of 

E40DGMA60 (neat stage2 after stage 1 UV) 

 
E 

(kJ/mol) 
 (min)  a (min-1) k150 º C

 a (min-1) r 

0.1 72 9.28 17.88 0.07 0.9988 

0.2 74 9.24 18.28 0.07 0.9998 

0.3 74 9.05 18.38 0.06 0.9999 

0.4 75 8.89 18.44 0.06 1.0000 

0.5 74 8.62 18.38 0.06 1.0000 

0.6 74 8.23 18.19 0.06 0.9999 

0.7 73 7.81 17.99 0.07 0.9999 

0.8 73 7.49 17.94 0.07 0.9997 

0.9 73 7.35 18.23 0.07 0.9992 

Average 74 8.62 18.20 0.066 0.9998 

a Pre-exponential factor and rate constant determined by using the isoconversional parameters and the autocatalytic 

model (see Table 12) 
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Table 12. Kinetic parameters determined by model fitting analysis of non-isothermal stage 2 curing of 

E40DGMA60 (neat stage 2 after stage 1 UV) 

n m 
E  

(kJ/mol) 

ln A   

(min-1) 

r k 30ºC 
  

(min-1) 

k 150ºC  

  (min-1)  

1.51 0.49 74 18.17 0.9999 1.69·10-5 0.066 

 

 

 

Table 13. Isokinetic parameters calculated by using Eq. (9) from isoconversional data for n+m=2 model. 

Formulation 
a 

(mol/kJ) 

b        

(min-1) 

Tiso          

(ºC) 

kiso                 

(min-1) 
r 

E100 (neat stage 1) 0.318 -3.467 103 0.0312 0.9978 

E40DGMA60 (dual stage 1) 0.305 -2.219 121 0.1087 0.9984 

DGMA100 (neat stage 2) 0.273 -0.866 167 0.4208 0.9985 

E40DGMA60 (dual stage 2) 0.245 0.172 218 1.1876 0.9956 
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