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Abstract The thermal cure kinetics of an epoxidized

linseed oil with methyl nadic anhydride as curing agent and

1-methyl imidazole as catalyst was studied by differential

scanning calorimetry (DSC). The curing process was eval-

uated by non-isothermal DSC measurements; three iso-

conversional methods for kinetic analysis of the original

thermo-chemical data were applied to calculate the changes

in apparent activation energy in dependence of conversion

during the cross-linking reaction. All three iso-conversional

methods provided consistent activation energy versus time

profiles for the complex curing process. The accuracy and

predictive power of the kinetic methods were evaluated by

isothermal DSC measurements performed at temperatures

above the glass transition temperature of the completely

cured mixture (Tg?). It was found that the predictions

obtained from the iso-conversional method by Vyazovkin

yielded the best agreement with the experimental values.

The corresponding activation energy (Ea) regime showed an

increase in Ea at the beginning of the curing which was

followed by a continuous decrease as the cross-linking

proceeded. This decrease in Ea is explained by a diffusion

controlled reaction kinetics which is caused by two phe-

nomena, gelation and vitrification. Gelation during curing

of the epoxidized linseed/methyl nadic anhydride system

was characterized by rheological measurements using a

plate/plate rheometer and vitrification of the system was

confirmed experimentally by detecting a significant

decrease in complex heat capacity using alternating dif-

ferential scanning calorimetry (ADSC) measurements.

Keywords Epoxidized linseed oil � Thermal cure

kinetics � Model-free kinetic methods � Iso-conversional

methods � Diffusion controlled kinetics � Vitrification �
Alternating differential scanning calorimetry

Introduction

Vegetable oils are currently mainly used in the food

industry and for the production of bio-diesel [1], detergents

[2], lubricants [3], paints, and cosmetics [4]. Due to envi-

ronmental problems and increasingly restricted availability

of non-renewable, fossil-based products, vegetable oils

being bio-renewable resources are frequently chemically

modified for further use as renewable biopolymers and

resin matrices for bio-composites. Oxygen insertion via

epoxidation of the unsaturated double-bonds of natural oils

transforms the triglycerides into reactive oxiran moieties

which are capable of further cross-linking via ring-opening

reactions [5–8]. The preparation of such bio-based epoxy

resins from epoxidized natural oils has been studied

already by several authors [9–14]. The epoxidized oils are

mainly cured with cyclic acid anhydrides and used as

matrices for composites [15, 16]. Apart from other
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anhydride hardeners, methyl-5-norbornene-2,3-dicarbox-

ylic anhydride or nadic methyl anhydride (NMA) was used

as a cross-linking agent; since it is liquid at room tem-

perature it can easily be mixed with the resin and the final

cured network possesses a very high heat distortion tem-

perature [17]. The curing of thermo-setting resins is gen-

erally rather complex due to the interaction between

chemical kinetics and the simultaneous changes in their

physical properties and the development of mechanical

properties of the solid material [18].

The initial curing stage of epoxidized linseed oil typically

follows a chemically controlled reaction mechanism. Imid-

azole initiates the curing reaction by opening the oxiran ring

under formation of a zwitterion [19] (Scheme 1, 1). The

subsequent cross-linking of the modified linseed oil can

proceed via two principal pathways: esterification and

etherification [20]. The reaction of the alkoxide anion at the

epoxy backbone with an anhydride molecule leads to for-

mation of a monoester, which in turn may react with an

epoxy group to give a diester (esterification mechanism,

Scheme 1, 2). Alternatively, the alkoxide anion may directly

attack an epoxy functional group which results in an ether

linkage that may undergo further cross-linking. According

to Park and his co-workers [13], the etherfication of epoxy

groups with alkoxides is much slower than the esterification

reaction with anhydrides or carboxylates and hence, reac-

tion 2 (Scheme 1) can safely be assumed to be the dominant

reaction in the present epoxy-imidazole system [21].

Etherification and esterification take place in parallel to

different extents and their varying relative contributions to

the overall net cross-linking reaction can lead to time- (or,

conversion-) dependent variations in the overall apparent

activation energy during the curing of the epoxy-anhydride

system as determined by model-free kinetic thermo-ana-

lytical methods. Two important phase transitions occur

during curing, namely, gelation and vitrification. Gelation

is the incipient formation of a cross-linked network, and it

is a most distinguishing characteristic of a thermo-set.

Gelation does not usually inhibit the process of curing, and

it cannot be detected by techniques which are sensitive

only to the chemical reaction. The most sophisticated

method for the determination of gelation is rheology [22].

Vitrification is another phenomenon, which may or may

not occur during curing depending on the selected curing

temperature relative to the glass transition temperature Tg

of the fully cured network. During cure the Tg is increasing

until it reaches the highest possible glass transition tem-

perature which is the glass transition temperature of the
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fully cured network (Tg?). When Tg reaches the selected

cure temperature the system vitrifies. Hence vitrification

can be avoided by applying curing temperatures at or above

Tg?. In the case of isothermal curing conditions, vitrifi-

cation occurs once the glass transition temperature equals

the curing temperature whereas in the case of curing under

non-isothermal conditions, vitrification takes place when

the increasing glass transition temperature reaches the

actual curing temperature. If vitrification occurs, then the

reaction rate will undergo a significant decrease and fall

well below the chemical reaction rate, which means that

the reaction becomes controlled by the diffusion of the

reactants [23]. This chemo-rheological transition can be

followed simultaneously with the reaction rate in alter-

nating differential scanning calorimetry (ADSC) [24].

Bio-resins are currently replacing many resins derived

from non-renewable resources in the composites and

automobile industries. Hence, detailed knowledge on the

cure kinetics of such systems is becoming increasingly

important, especially when it leads to reliable predictions

of the end-use properties of the cured network.

Kinetics of epoxy curing with anhydride hardener was

studied by numerous authors [25–27] who generally based

their calculations of rate constants on the fitting of reaction

models. Since such model-based fitting methods consider

only single averaged values of activation energy which are

assumed to be constant throughout the whole course of the

cross-linking reactions, they tend to produce highly

uncertain kinetic predictions for rather complex cure

mechanisms. Model-free (or iso-conversional) kinetic

methods on the other hand rely on conversion-dependent,

non-constant apparent activation energy and therefore are

likely to produce more consistent kinetics results from

isothermal and non-isothermal experiments [28]. Espe-

cially with complex reaction mixtures such as the present

epoxidized linseed oil–imidazole–anhydride system,

model-free kinetic approaches may prove superior to

model-based ones since quantitative knowledge on the

reaction mechanism is not known and the system in

question is not forced within the restrictions of uncertain

mechanistic assumptions.

The cure kinetics of this renewable resin has not been

analyzed by model-free kinetic methods before and the

characterization of the physical phenomena during cure

using rheology and ADSC of this system has yet not been

reported. Hence, in this article, the cure kinetics of this

system was studied using three different model free kinetic

methods, the predictive power of the various approaches

was compared and the development of mechanical prop-

erties as well as the gelation and vitrification behavior of

the cross-linking bio-resin were analyzed by thermal and

rheological methods. The theory behind model free kinetic

analysis is briefly summarized in the next section.

Theory of thermoanalytical methods

Theory of isoconversional kinetic analysis

All mathematical approaches to describe the temperature

dependence of the reaction rate for a specific chemical

reaction are based on the fundamental rate equation [29]:

da
dt
¼ A exp

�E

RT

� �
f ðaÞ ð1Þ

where t is the time (s), T the temperature (K), a the Con-

version (0–1), f(a) the reaction model, R the gas constant

(8.314 J mol-1 K-1), E the activation energy (kJ mol-1),

and A is the pre-exponential factor (s-1).

From the integral of a dynamic DSC thermogram, both

conversion, a, and the change of conversion with time,

a(t) = da/dt, are determined at a specific cure time (t). The

a(t) value is determined from dynamic runs as the ratio

between the heat released until time t and the total heat of

the reaction according to Eqs. 2 and 3:

a tð Þ ¼ DHp

� �
t
=DH0 ð2Þ

da ðtÞ=dt ¼ dH=dtð Þ=DH0 ð3Þ

Integration of the enthalpy curve from t0 to t yields the

degree of conversion a(t) for any time t between t0 and t?
as the ratio Ht0:::t/H? where H? is the integral of the

enthalpy curve from t0 to t? and Ht0:::t is the integral of the

enthalpy curve from t0 to t [15]. The differential da/dt for

each time t between t0 and t? was calculated as Ht/H?

where Ht is the current measured enthalpy at time t.

Based on the Arrhenius equation (1), the progress of a

chemical reaction is described by three kinetic parameters,

the pre-exponential factor, A, the activation energy, E, and

the reaction model, f(a). Classical kinetic analysis requires

a priori knowledge on the reaction mechanism and hence is

model-dependent. The reaction model f(a) may take vari-

ous forms based on different types of reactions or processes

(phase boundary reaction, diffusion, chemical reaction,

nucleation, nucleus growth). However, the curing of ther-

mosetting resins such as the chemically modified linseed

oil mixture investigated in the present study is rather a

complex multi-step process than a simple chemical reac-

tion of quantitatively known mechanism [8]. Hence, clas-

sical model-dependent kinetic analysis is not suitable to

predict cure kinetics for the exact reaction model is usually

unknown. For complex processes model-free kinetics or

so-called iso-conversional methods have been developed

which assume that the effective activation energy at a

particular degree of cure, a, is independent of the temper-

ature program (iso-conversional principle). Multiple stud-

ies [23, 30] have been performed already for complex

thermoset curing mechanisms using the iso-conversional
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principle which impressively illustrate the potential of

MFK approaches for the understanding of complex

cross-linking reactions. The methods can be divided into

differential and integral methods. In the current work, the

differential method of Friedman (FR) [31] and the integral

methods of Kissinger–Akahira–Sunose (KAS) [32, 33] and

Vyazovkin in its advanced form (VA) [34, 35], were used

to predict the dependence of the effective activation energy

on the degree of cure, E(a), for the resin mixture of an

epoxidized linseed oil with methyl nadic anhydride as

curing agent and 1-methyl imidazole as catalyst. The the-

ory behind model–free kinetic approaches, starting from

basic rate equations to the prediction of activation energy

using different models are discussed in more detail in

several recently published papers [34–37].

From the three calculated activation energy curves, E(a),

and the dynamic DSC data of any heating rate b the time

(ta) required for a certain degree of cure at an arbitrary

isothermal temperature T0 can be estimated using the fol-

lowing formula [38]:

ta ¼
R Ta

0
exp �Ea

RT

� �
dT

b exp �Ea
RT0

� � ð4Þ

Alternating differential scanning calorimetry

Differential scanning calorimetry with modulated temper-

ature signal is the principal of ADSC which provides some

beneficial information for the thermal characterization of

the polymeric materials. The simultaneous measurement of

heat capacity, heat flow, and the phase angle between heat

flow and heating rate enables a more detailed study of the

polymer systems both in isothermal or quasi isothermal and

non-isothermal conditions. ADSC is based on the temper-

ature modulation during a constant heating rate in the non-

isothermal experiments:

T ¼ T0 þ q0t þ AT sinðxÞt ð5Þ

where x = 2p/tp, T(t) is the temperature as a function of

time, T0 the initial temperature (�C), q0 the Underlying

heating rate (�C min-1), tp the period (min), x the angular

frequency, AT the amplitude (�C).

The detailed theory and calculation of complex heat

capacity, reversing and non-reversing heat flow are dis-

cussed elsewhere [39–42].

Experimental

The bio-based resin used in the present study was a com-

mercial epoxidized linseed oil supplied by Cognis GmbH,

Düsseldorf (Dehysol B 316 having Acid value 0.43 KOH/g,

iodine value 3.0 g I2/100 g). It was cured with hardener,

methyl-5-norbornene-2,3-dicarboxylic anhydride (NMA)

purchased from Sigma–Aldrich, in the presence of

1-methyl imidazole initiator from Sigma–Aldrich. The

chemical structures of the reactants are shown in Fig. 1.

The epoxidized linseed oil (ELO) was mixed with NMA

in stoichiometric amounts (anhydride equivalent/epoxy

equivalent) and the mixing proportion along with 1-methyl

imidazole (1-MI) was ELO:NMA:1-MI = 100:80:1.8.

The DSC measurements were performed by a MET-

TLER TOLEDO 822e instrument (Greifensee, Switzer-

land) and STAR� software was used for the evaluation of

the DSC curves. The linseed oil was mixed well with the

reagents at room temperature and for each experiment

approximately 5–6 mg of the mixture was weighed in the

hermetic aluminium DSC pan. The pan was sealed by

crimping and heated from 25 to 300 �C at three different

scanning rates 10, 15 and 20 �C min-1 in a nitrogen

atmosphere. Kinetic analysis according to the model-free

approaches by FR and KAS were performed with the

computer program Excel. For kinetic analysis according to

the VA method, the STAR� software package from Mettler

Toledo (Greifensee, Switzerland) was used.

The ADSC measurements were performed in the same

DSC instrument. The non-isothermal ADSC experiments

were done at heating rates of 1 �C min-1 with an ampli-

tude of modulation of 0.5 �C for 60 s to calculate the heat

capacity (in J g-1 K-1) as a function of temperature. In a

second heating run of the fully cured sample under other-

wise same conditions the heat capacity of the fully cured

network was determined. The glass transition temperature

of the fully cured epoxy resin was determined from the

traces of heat capacities, phase angle and heat flow signals

obtained at an underlying heating rate of 1 �C min-1 and a

modulation of 0.5 �C and 60 s. The temperature range

considered for all ADSC measurements was between 100

and 220 �C, because within this temperature range the

curing reaction occurs. The dynamic glass transition tem-

perature Tg? was determined at the midpoint of the vari-

ation in the modulus of the complex heat capacity [42].

H3C

CH3

CH2

O

O

O

N

N

C

C

a

b

Fig. 1 Chemical structures of

methyl-5-norbornene-2,3-dicar-

boxylic anhydride (nadic anhy-

dride) (a), 1-methyl imidazole (b)
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The rheological behavior of the resin during cuing was

characterized using Physica MCR 101 Rheometer from

Anton Paar GmbH (Graz, Austria). Dynamic temperature

sweep measurements were carried out with parallel plate

geometry using a linear temperature program at a heating

rate of 10 �C min-1 ranging from 25 to 180 �C with an

angular frequency of 10 s-1 and a constant deformation of

10%. The complex viscosity (in Pa s), the storage modulus

G0 (in Pa) and the loss modulus G00 (in Pa) were recorded

versus time and temperature, respectively. To characterize

the transition from the sol- to the gel-state (gelation) the

temperature at which the storage modulus G0 intersects the

loss modulus G00 was determined.

Results and discussion

Alternating differential scanning calorimetry analysis

The total heat flow signal shows an exothermic peak which

is characteristic for the curing reaction. The total enthalpy

measured by dynamic DSC (DH = 64 J g-1) was almost

identical to the curing heat flow as measured in the ADSC

experiment (63 J g-1). The complex heat capacity, total

heat flow signal, and the degree of cure with respect to

temperature are shown in Fig. 2. In Fig. 2, the complex

heat capacity starts to decrease at around 120 �C until a

temperature of 160 �C is reached. At temperatures above

160 �C the complex heart capacity increases again. The

significant decrease of complex heat capacity is indicative

of vitrification at low heating rate (1 �C/min) and the

subsequent increase corresponds to a devitrification pro-

cess. As soon as vitrification occurs, the kinetics of curing

becomes diffusion controlled.

Another ADSC measurement of the fully cured epoxi-

dized linseed oil was made to determine Tg? calculated at

the midpoint of the variation in the modulus of the complex

heat capacity. The Tg? for the current curing system is

176 �C (Fig. 3). According to Montserrat et al. [43], as the

heating rate under non-isothermal curing conditions is

increased, the time interval during which the system

remains in a glassy state becomes shorter until the phe-

nomenon of vitrification is totally avoided. If on the other

hand under isothermal curing conditions the selected cur-

ing temperature is chosen high enough, the glass transition

temperature Tg of the system remains always below the

curing temperature and the system does not reach the

glassy state at all [43]. Hence, the high glass transition

temperature of the epoxy system studied confirms that

there is the risk of vitrification in case of very low heating

rates for non-isothermal curing (Fig. 2) and at isothermal

process temperatures below the Tg?, respectively.
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Isoconversional kinetic analysis

The calculated activation energy Ea dependence on con-

version a using three different iso-conversional methods

for the curing of epoxidized linseed oil with anhydride

hardener are shown in Fig. 4. It is observed, that the KAS

method shows a gradual decrease in activation energy at

the initial stage of the cure before it remains constant until

40% conversion; with increasing conversion (a C 40%)

again a decrease in activation energy is observed. Evident

from Fig. 4 is also the very similar dependence of Ea on

conversion of the FR- and VA-approaches. The KAS

method yields a similar trend in Ea as calculated with the

two other methods for conversions a C 40%; however, the

changes in the absolute values of the activation energy at

higher conversions are smaller and a stronger decrease in

activation energy is only calculated for the final stage of

cross-linking. These deviations in the activation energy

versus conversion profiles among the various MFK

methods are the result of the different mathematical

approximations used by these methods [38].

The increase and decrease in the activation energy

regime shows the complexity and also the molecular

weight dependence of the epoxidized linseed oil cure. Park

et al. [21] describe that the cross-linking of epoxies with

anhydrides initially mainly proceeds via esterification

while in the beginning of cure etherification plays no sig-

nificant role. It is only in the later stages during cross-

linking that etherification starts to contribute significantly

to the overall curing mechanism until the final cross-linked

network has reached gelation. Hence, in the studied epoxy-

anhydride-imidazole system, the observed changes in

activation energy at the initial stage of cure at around 18%

conversion might be explained by a gradual shift in the

relative importance of the contributions of esterification

and etherification pathways.

Except for chemical changes in terms of new bond

formation and an increase in molecular weight, there are

also physical changes taking place during cure such as the

development of mechanical properties. At an early stage,

the reaction medium is liquid and is mainly composed of

co-monomers and oligomers. As the reaction proceeds, the

molecular weight of the forming polymer increases and due

to this viscosity and the glass transition temperature

increase as well. Since molecular mobility is strongly

associated with the degree of cross-linking of the polymer

chains, it decreases once network formation occurs until

the cross-linked network has restricted molecular mobility

so much that the resin changes from the liquid to the solid

state, which can be either rubbery or glassy (if there is any

vitrification). As seen from the Ea-profiles calculated by the

VA and FR approaches (Fig. 4), the activation energy

drops from initially 95 to 50 kJ mol-1 in the end. This

decrease in activation energy above 18% conversion can be

explained by an increasing diffusion control of the curing
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that is associated with vitrification [23]. In an earlier study

by Sbirrazzuoli et al. [44] on the curing kinetics of the

diglycidyl ether of bisphenol A (DGEBA) with m-phen-

ylenediamine (m-PDA), the decrease in activation energy

was also explained by a shift of the rate determining step

from a kinetic to a diffusion controlled regime. The dif-

fusion control was associated with the processes of gelation

and vitrification that occur on curing and cause a dramatic

decrease in molecular mobility.

In order to validate the kinetic models, an experimen-

tally measured conversion versus time profile for an arbi-

trary isothermal temperature (at 180 �C) was compared

with the calculated corresponding conversion versus time

profiles as predicted by the three Ea curves at the same

isothermal temperature (Fig. 5). The isothermal curing

temperature of 180 �C was chosen above the Tg? to avoid

the effect of vitrification. It was found that, the FR and VA

methods provide more consistent and accurate Ea functions

than does the KAS method. The curing time predicted by

the KAS method is lower as compared to the experimental

value whereas minor deviations in the opposite direction

were observed with both the FR and VA methods (Fig. 5).

Among the three methods VA method is closer to the

measured value although all three models predicted the

actual curing reaction very well at the initial stage of cross-

linking below 40% conversion.

Rheological behavior

The rheological behavior of the linseed oil resin changes

with respect to time and temperature. Gelation and vitrifi-

cation are the two major physical transformations that

occur during cure and both can be monitored using rheo-

logical measurements.

Gelation is the physical transformation that occurs

during cure once the average molecular weight reaches

infinity. In contrast to vitrification, gelation does not usu-

ally inhibit the curing process and hence the rate of con-

version typically remains unchanged. The rheological

behavior during non-isothermal curing of the epoxidized

linseed oil was studied using a parallel plate rheometer at

two different heating rates 1 �C min-1 (Figs. 6a, 7a) and

10 �C min-1 (Figs. 6b, 7b). As discussed earlier, if the

heating rate during non-isothermal cure is chosen high

enough, then with an increase in curing temperature the

increasing glass transition temperature Tg is always below

the curing temperature and vitrification is avoided. The

rheological data for two heating rates (1 and 10 �C min-1)

are depicted in Fig. 6. Considering the temperature range

from 25 to 40 �C (Fig. 6a) and the temperature range from

25 to 60 �C (Fig. 6b, respectively), which represents a

stage prior to the actual curing reaction, it is seen that the

loss moduli G00 in both cases are higher than the storage

moduli G0, which means that viscous effects dominate the

system before the cross-linking starts. With further

increasing temperature, the values of G00 decrease although

they are always larger than the values of G0 (see Fig. 6a,

temperature range from 40 to 80 �C and Fig. 6b, respec-

tively, temperature range from 60 to 100 �C).
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At the gelation point, the network structure changes

from a sol to a gel state and from this stage on, the network

structure begins to expand, and the sample transforms from

a viscous substance into a visco-elastic material. This

transformation is observed in the temperature region from

80 to 120 �C in Fig. 6a for the low heating rate and in the

temperature region from 100 to 170 �C for the high heating

rate. The gelation point is identified in the plot of G0 and G00

versus temperature, where the viscous modulus equals the

elastic modulus [45–47]. In the present ELO-NMA-1-MI

system, gelation occurs at a conversion of ca. 18% which is

independent of the applied heating rate (as evident from

comparison of Fig. 6a, b). This value also corresponds to

the significant maximum in Ea observed for the activation

energy-versus-conversion plot obtained from the MFK

analysis discussed in the previous section (Fig. 4).

After gelation, a state has been reached, where the

reactants cannot anymore move freely and molecular

mobility decreases further with an increase in temperature.

This is reflected by the rapid increases in both viscous and

storage modulus which were observed at conversions larger

than 18% in Fig. 6a and b. At this stage, there is no viscous

flow anymore and the system transforms to either a rubbery

or a solid state. In Fig. 6a the gel structure has changed into

a glassy structure due to the vitrification effect which is

observed by the substantial increase in the storage modulus

and a maximum in the loss modulus, similar to the study by

de la Caba et al. [48]. For the present ELO-NMA-1-MI

system this phenomenon is observed in the temperature

region between 125 and 160 �C; it means that the system

arrives at vitrification long before completion of the reac-

tion when a low heating rate is employed for the curing.

Vitrification is reversible upon further heating and hence, at

temperatures[160 �C devitrification of the partially cured

resin occurs, which is visible by the decrease in the storage

modulus at these high temperatures in Fig. 6a. These

findings are in good agreement with the ADSC data at the

same low heating rate (compare Fig. 2) where at temper-

atures [160 �C a devitrification effect is observed.

In Fig. 6b, which summarizes the rheological behavior

at a heating rate of 10 �C min-1, there is no sign of vitri-

fication, which can be proven by comparison of the mod-

ulus values at the different heating rates. At the same level

of conversion (30% conversion), both modulus values for

the heating rate 1 �C min-1 (G0 = 7.6 9 105 and

G00 = 3.2 9 104) are comparatively higher than those

obtained when a much higher heating rate of 10 �C min-1

was applied (G0 = 1.1 9 105 and G00 = 7.3 9 103). Above

the gel point, the sample in Fig. 6a transforms into a glassy

state which is observed by the very high modulus whereas

the sample in Fig. 6b transforms into a rubbery state with a

significantly lower modulus.

The complex viscosity (see Fig. 7a, b) runs through a

minimum of 159 m Pa s for the heating rate of 1 �C min-1

and 4 mPa s for the heating rate 10 �C min-1, respec-

tively, before the actual start of the curing reaction. After

gelation, the molecular weight reaches infinity and com-

plex viscosity increases with an increase in temperature

and conversion, which is also evident from Fig. 7. These

rheological data can also be used to interpret the findings

regarding the activation energy profiles described in the

previous section. According to Sbirrazzouli et al. [49],

viscous relaxation causes the initial difference in the Ea

dependencies and at the stage where viscosity increases

after a certain degree of conversion, the activation energy

decreases due to a restricted molecular mobility. The

conversion dependence of complex viscosity is related to a

change in molecular mass and network development, so for

the step growth polymerization the molecular mass of the

polymer chains increases gradually. The gradual increase

in complex viscosity with respect to conversion is observed

in Fig. 7a and b. In Fig. 7a, the rapid non-linear increase

in complex viscosity is observed from the onset of
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vitrification at 18% conversion and this non-linear increase

occurs up to conversions of 60%. The onset of vitrification

is the same as the result predicted using ADSC measure-

ments for the same heating rate 1 �C min-1 (Fig. 2). At the

low heating rate, Tg approaches the glass transition tem-

perature of the fully cured network Tg?. Hence, the rate of

reaction and the rate of the increase in Tg will drop further

allowing the reaction temperature to surpass the Tg, which

results in devitrification above 60% conversion. During

devitrification, the non-isothermal transformation from a

glassy state into a liquid or a rubbery state will occur,

which is observed by the constant complex viscosity in

Fig. 7a at conversions [60%. The vitrification and devit-

rification effects are not observed for the measurement at

heating rate of 10 �C min-1, the samples gel but do not

vitrify and instead undergo transition into a rubbery state.

In Fig. 8, the changes in apparent activation energy as

calculated by the VA method are compared with changes in

the complex heat capacity as measured by ADSC at a

heating rate of 1 �C min-1. In Fig. 8, at conversions above

the gel point at a = 18%, the transition from the gel to the

glassy state caused by vitrification is observed by the

drastic decrease in complex heat capacity (until a conver-

sion of a & 60%) and a concomitant decrease in the

activation energy in this range from 95 to 75 kJ mol-1,

which is indicative of diffusion control in the cure system.

The dramatic decrease in molecular mobility causes a

drop in complex heat capacity and due to this the acti-

vation energy values also decreased in the region of 20 to

60% conversion. The increase in complex heat capacity

above 60% conversion corresponds to devitrification. Due

to the restricted molecular mobility after reaching the gel

point the activation energy drops irrespective of the

heating rate.

Conclusions

The cure kinetics of an epoxidized linseed oil with an

anhydride hardener was analyzed by the Friedman (FR),

Kissinger–Akahira–Sunose (KAS) and Vyazovkin (VA) iso-

conversional methods. The FR and VA methods provided

consistent apparent activation energy for the complex epoxy

curing. The complicated curing mechanism was well pre-

dicted by the model free kinetic methods and provided

insight into the cure mechanism of epoxidized linseed oil

with the anhydride hardener. The validation experiments

showed that the VA method predicted more precisely the

experimental values as did the other two methods. At the

initial stage of conversion (a), an increase in activation

energy was observed which might be due to the slow initi-

ation mechanism. Gelation occurred at around 18% con-

version and was determined quantitatively from rheological

measurements. Once after initiation, during propagation

(after gelation), a decrease in activation energy was

observed, which was due to the transition from chemical to

diffusion controlled process regardless of the heating rate.

But at the lower heating rate the diffusion controlled process

was predominantly influenced by the chemo-rheological

effect called vitrification, which was observed by the abrupt

decrease in complex heat capacity. The effect of vitrification

was visible in rheological measurements where at the same

degree of conversion the viscosity for the vitrified medium

was higher than for the non-vitrified medium. During the

non-isothermal cure the vitrification was followed by

devitrification identified using ADSC measurement.
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