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ABSTRACT: A novel method to generate time–temperature–transformation (TTT) diagrams from Differential Scanning Calorimetry

(DSC) data is presented. The methodology starts with dynamical DSC information to obtain the total transformation heat, followed

by an isothermal-dynamic temperature ramp that allows the inclusion of diffusion-controlled reaction kinetic. The cure kinetics is

modeled using an auto-catalytic Kamal–Sourour model, complemented with a Kissinger model that allows the direct prediction of

one energy of activation, DiBenedetto’s equation for the glass transition temperature as a function of the cure degree and adjusted

reaction constants to include diffusion mechanisms. The methodology uses a nonlinear least-squares regression method following J.P.

Hern�andez-Ortiz and T.A. Osswald’s methodology (J. Polym. Eng. 2004, 25, 23). A typical linseed epoxy resin (EP) presents two dif-

ferent kinetics control mechanisms, thereby providing a good model to validate the proposed experimental and theoretical method.

TTT diagrams for EPs at two different accelerator concentrations are calculated from direct integration of the kinetic model. VC 2014

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40566.

KEYWORDS: crosslinking; Differential Scanning Calorimetry; kinetics; thermosets

Received 9 December 2013; accepted 4 February 2014
DOI: 10.1002/app.40566

INTRODUCTION

Thermoset resins are polymers that change irreversibly under

the influence of heat, light, or photomechanical agents. They

pass from a meltable and soluble material to nonmeltable and

insoluble through the formation of a three-dimensional covalent

network.1–3 This molecular structure results in high mechanical,

thermal, and chemical properties, making it suitable to many

applications in engineering. In addition, thermoset resins have

low shrinkage, good dimensional and thermal stability, good

chemical resistance, good electrical properties, and excellent

adhesion properties.4,5

Epoxy resins (EPs) are the most common high-performance

thermoset polymer matrices used today in advanced compo-

sites.1–3,6–8 Due to their performance properties, they are exten-

sively used as coatings, adhesives, laminates, and electronic

encapsulants and in structural applications, which require light-

weight and high strength. EPs are usually composed of short

polymeric molecules, known as oligomers, which contain a

minimum of two epoxide groups and a curing agent. The cur-

ing agent, also known as the hardener, is commonly an amide.

The curing agent reacts with the epoxide functional groups

through a ring-opening addition polymerization. Due to the

size of the oligomers, hardened epoxies come as a compact and

densely crosslinked structure. An EP may contain cyclic or

internal epoxide groups but most of the time they are found to

be terminal. Figure 1 presents a typical epoxide resin: the digly-

cidyl ether of bisphenol-A. This epoxy is produced by the reac-

tion of Bisphenol A with epichlorohydrin in presence of sodium

hydroxide.9

Due to the fact that the functionality of reactants controls the

development and the crosslinked density of the network, it is

possible to tailor and improve epoxy properties for specific

applications, that is, selecting curing agents, epoxy molecules,

and additives. In addition, fillers such as short fibers, metallic

or inorganic particles, and various minerals can also be used in

multiple applications.10–16 It is important to fully understand

the effects of fillers and additives during the curing process, and

it is fundamental to know the processability window of these

resins to optimize part design, properties, and performance.

Novel experimental and theoretical methods that provide a
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better understanding of structure-property relationships would

generate new avenues for material design and applications.

Physical, mechanical, and electrical properties of a thermoset-

ting polymer are directly related to the degree of cure. The

processability of a thermoset resin critically depends on the rate

and extent of polymerization under specific processing condi-

tions. Therefore, kinetic characterization of the reactive resin is

not only important for a better understanding of structure-

property relationships, but it is also fundamental in optimizing

process conditions and product quality.17–22 To make optimum

use of epoxies as structural materials, it is important to know

how the curing process evolves, to what extent the transforma-

tion proceeds, the cured material structure and how all these

variables are influenced and limited by temperature.

The cure kinetics is a complex phenomena and includes several

steps: at the beginning there is a linear formation and growth of

polymer chains, then branching begins and the real crosslinking

occurs at the end. During the process, macromolecules are

linked by chemical bonds (covalent and/or ionic) and a network

with high density of crosslinks is obtained. This structure

restricts the relative movement between molecules and they do

not flow after reheating. These reactions are exothermic and

irreversible.1,23–25 In general, the cure kinetics can be described

by the reaction between two chemical groups denoted as A and

B, which link two chemical groups of the polymeric chain. The

dynamic scanning of the concentration of A and/or B can mon-

itor the reaction. Thus, the cure (or transformation) degree can

be defined as follows,26–28

c5
CA0

2CA

CA0

(1)

where CA is the concentration of A, CA0
is the initial concentra-

tion of A, and c is the cure degree. To estimate the transforma-

tion directly from this equation is difficult, because it requires a

direct measurement of the concentrations of A and/or B during

the process. Numerous experimental techniques to study resin

cure rates have been reported in the literature with emphasis on

the chemical, physical, and mechanical property changes during

cure.29 Most of the techniques are limited due to the difficulty

in handling a curing resin system as it changes from a liquid to

a solid state. For example, infrared transmittance measurements

have been used to follow the chemical changes occurring in a

curing resin system. These are more sensitive at the early stages

of the process, where the rate of chemical reaction is the high-

est.30,31 Dynamic mechanical analysis32,33 permits the cure pro-

cess to be monitored on a macroscopic level by measuring the

elastic and loss moduli as the resin changes from liquid to rub-

ber and eventually to glass. Another lesser extent techniques

used to characterize the curing behavior are vapor-phase chro-

matography, nuclear magnetic resonance, and torsional braid

analysis.

Differential Scanning Calorimetry (DSC) technique measures

the instantaneous heat, Q, from a reactive sample as a function

of temperature; it can be used directly, accurately and fast to

study the rate of cure from the reaction heat. Assuming that the

exothermic heat during cure is proportional to the extent of

monomer conversion, cure kinetics and physical information

can be estimated from dynamic and isothermal DSC tests.34–44

Therefore, the reaction can be monitored using a relationship

between heat and curing degree, c5Q=QT (where QT is the

total heat released during a reaction). The cure kinetics, dc=dt ,

is then defined as follows

dc

dt
5

_Q

QT

(2)

where _Q is the instantaneous heat rate.

Typically, a DSC measurement is done at constant temperature,

the isothermal test, or at a constant temperature rate, the

dynamic test. However, there are different experimental setups

to determine cure kinetic from DSC data. For instance, in Van

Mele and coworkers45–48 the reaction kinetics of epoxy-amine

mixtures was monitored using quasi-isothermal Temperature

Modulated Differencial Scanning Calorimetry (TMDSC), com-

plemented by a nonisothermal postcure TMDSC experiment

that provides additional real-time information on the reaction.

Jenniger et al.49 and Schawe50 performed DSC and TMDSC to

get a better understanding of the curing process. They used iso-

thermal curing experiments and estimated the curing time

dependence of conversion from the heat flow measurements.

The authors used model-free kinetics (isoconversional methods)

to evaluate the chemically controlled kinetics. The final conver-

sion was found to determine how the curing temperature

changes and the glass transition temperature during the cure

was obtained. A phenomenological expression was introduced

which is independent from the reaction temperature with a sin-

gle parameter considered as the width of the glass transition.

Mondragon and coworkers51–55 proposed an iso-conversional

kinetic analysis monitoring how the glass transition temperature

changes with the degree of conversion for different thermoset-

ting resins. The kinetically controlled region was described satis-

factorily by a second-order kinetic equation and by an m-order

(m < 1) equation after the vitrification is reached.

A convenient summary of the changes occurring during cure of

a thermosetting system and to understand relationships between

the conditions of cure and material behavior is the time–tem-

perature–transformation (TTT) diagram. It was first described

by Gillham and coworkers.32,34,43,56–58 A typical TTT diagram is

shown in Figure 2. It shows the different material states and

characterizes the changes in the material during an isothermal

cure as a function of time. Material states include liquid, sol-

glass, sol/gel-rubber, gel-rubber, sol/gel-glass, gel-glass, and char.

The glass transition temperature (Tg ) of the material is used as

Figure 1. Molecular structure of the epoxy diglycidyl ether of bisphenol-A with nP polymeric repeating units. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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a parameter to monitor the curing reaction. The unreacted

material corresponds to Tg 5Tg ;0, essentially no reaction occurs

because the reactive species are immobilized in the glassy state;

the fully reacted material corresponds to Tg 5Tg ;1, where the

resin is fully cured and it is represented by c51. The various

changes occurring in the material during isothermal cure are

characterized by contours of the time to reach a characteristic

state. Each of these is marked by dramatic changes in the resin

thermomechanical properties. For example, when the crosslink-

ing starts the material turns from a viscous liquid to an elastic

gel; this point is known as gel point (Tg ;gel). This point is criti-

cal in the manipulation of thermosets because after that the

material does not flow and it cannot be processed. The gel

point occurs at a fixed extend of conversion (c5cg in the fig-

ure), this reaction mechanism is not a function of temperature.

Gelation indicates the times required for a system to form an

incipient, infinite molecular network that gives rise to long

range elastic responses at a processing temperature, Tprocess.

Another phenomenon occurs when the material changes from a

viscous liquid or an elastic gel to a vitreous state, a point

known as vitrification point. In this case, the glass transition

temperature Tg , becomes equal to the curing processing temper-

ature Tprocess. Near the vitrification, the local viscosity affects

the kinetics, which in turn is a function of the extent of reac-

tion and temperature. Thus, the cessation of reaction is not nec-

essarily an indication that the reaction is complete, that is, the

reaction may have been quenched due to vitrification and diffu-

sion is now the control mechanism of the reaction. Subsequent

exposure to temperatures greater than the temperature of cure

could result in further reaction. The S-shaped curve is the vitri-

fication curve and it shows Tprocess as a function of the required

time to reach the vitrification point. The liquid region is

bounded by gelation (above Tg ;gel) and vitrification (below

Tg ;gel). The gel rubber region is bounded by gelation and vitrifi-

cation (above Tg ;gel) in the absence of degradation, and char

formation in the presence of degradation.

In this work, we provide an experimental and theoretical

approach to analyze the cure kinetics of a linseed EP, at two

different hardener concentrations, using DSC data only. Dynam-

ical and a novel dynamic/isothermal DSC tests are used to

obtain parameters for an auto-catalytic Kamal–Sourour model.

This model is then used to simulate different processing condi-

tions, resulting in a TTT diagram. This article is organized as

follows: Materials and Methods section describes the materials

and methods used to characterize the curing reaction. Cure

Kinetics and TTT Algorithm section presents the methodology

used to model the reaction kinetics and the integration method

to obtain the TTT diagram. Results section presents the results

for two EPs. Finally, a list of the main conclusions is summar-

ized at the end.

MATERIALS AND METHODS

EP Description and Preparation

A linseed EP provided by IF Technologies LLC is used. This EP

is considered as based-on-renewable-resource resin.59,60 It con-

tains at least two internal epoxide groups, which will crosslink

by attaching molecules internally to one another, creating

branches that may extend into crosslinked networks. Contrary

to bifunctional terminal groups-epoxies, the hardener is the key

material to form a crosslinked network. However, hardener is

required to have functionalities greater than two to generate

branching that may lead to crosslinking. The used linseed resin

has been epoxidized and used in an epoxidized form by reacting

it with polycarbonic anhydrides to induce the crosslinking

reaction.

The mixture was prepared as follows: the linseed resin is mixed

with the high temperature accelerator using a static mixer with

13 elements, two different hardener concentrations are used: 3

and 5% wt. These concentrations are the minimum and maxi-

mum concentrations recommended by the provider. After mix-

ing, the samples were cooled using liquid nitrogen and kept

cold before the DSC measurements at 212�C.

DSC Measurements

A Netzsch DSC 200 PC instrument, with a corresponding data

acquisition and control system, was used to measure the Tg and

the peak of the curing reaction using dynamic and isothermal

experiments. The instrument operated with a nitrogen flow rate

of about 20 mL/min through the cell. An empty pan was used

as a reference. For the dynamic experiments, samples between

10 and 20 mg where placed inside hermetic aluminum pans

and heated to 260�C using four different heating rates: 1, 2.5, 5,

and 10�C/min. The calibration is done following Netzsch guide-

lines according to the heating rate. Three different heating/cool-

ing cycles are done to identify the melting point of Hg

(218.87�C), In (156.6�C), Sn (231.9�C), Bi (271.3�C), Zn

(419.5�C), and CsCl (645�C). These materials are provided ref-

erence materials in the device. For each melting peak, the maxi-

mum point is obtained; the values are averaged and entered in

the software calibration option.

To obtain the Tg and to capture a diffusion-controlled mechanism,

a novel experimental setup was performed. First, the samples were

cooled down to 2100�C and heated to 25�C at a rate of 2.5�C/

min. Then, isothermal measurements were made to determine the

rate of heat as a function of time; samples are then heated to a

Figure 2. Schematic TTT diagram.34,43,56–58 [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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specific curing temperature using a 5�C/min rate. This tempera-

ture is held for 3 h. After curing each specimen was heated again

at 260�C to ensure a complete transformation and the process is

repeated to obtain the baseline of the experiment. Figure 3(a)

shows the DSC thermogram, where two sections are delimited, the

first one is the actual experiment while the second one is for the

generation of the baseline. The isothermal curing was performed

at three different temperatures, 120, 140, and 160�C for the lower

hardener concentration and four different temperatures, 120, 140,

160, and 180�C for the higher hardener concentration.

This new experimental ramp is used to avoid the typical diffi-

culties of isothermal tests, where the rapid heating of the sample

generates uncertainties in the initial part, thereby inducing

errors during the heat evolution. It allows the generalization of

the method previously proposed by Hern�andez-Ortiz and Oss-

wald,23,26–28 where isothermal difficulties were solved using

dynamic DSC data. However, this method is applicable for

materials that do not undergo diffusion-controlled mechanisms

during reaction, that is, silicon rubbers. The proposed method-

ology in this article, extracts fundamental information from

dynamic tests and from the novel dynamic/isothermal ramps.

The DSC data obtained from the dynamic and isothermal experi-

ments were analyzed using the Netzsch DSC analysis software

(Proteus), where additional treatment for the isothermal experi-

ments was needed. Using the subtract tool of the software, the

baseline obtained in the second run of the isothermal experiment

is subtracted from the first run of the experiment to find the real

peak of curing. Figure 4 shows the resultant DSC experiment.

CURE KINETICS AND TTT ALGORITHM

The DSC experiments provides the degree of cure, cðtÞ, and the

cure evolution, dc=dt ; the kinetics is then modeled with a trans-

formation equation and the parameters, for such expression, are

obtained numerically. Kinetic analysis of thermoset cure

involves a proper selection for the kinetic model that fits the

experimentally observed behavior. The required kinetics, eval-

uated by DSC, assumes that the reaction rate, dc=dt , is directly

proportional to the rate of heat generation during the exother-

mic cure reaction (ordinate of DSC curve).26,48,61–63

The most used expressions are essentially semiempirical in nature,

whereas others are based on the detailed chemical mechanisms of

the thermosetting cure (mechanistic models). Essentially mecha-

nistic models are intrinsically more complex and more difficult to

implement than empirical models. In empirical models, the

kinetic expressions, that is, the rate of cure is described by a set of

rate constants. In general, a kinetic model relates the rate of con-

version to some function of c and T . It is a common assumption

that the functional dependence on c is separated from the

dependence on T , so that the basic rate equation is23,61,64,65

dc

dt
5kðTÞf ðcÞ (3)

where

kðTÞ5Ae2 E
RT (4)

E is the activation energy, A is the frequency factor, R is the

universal gas constant, and T is temperature. This equation is

known as Arrhenius equation. With regard to f ðcÞ, there are

several models used in the literature for the kinetics of thermo-

sets during cure.64–69 There are phenomenological, mechanistic

models and those that attempt to follow complicate reaction

kinetics. Any model can, in principle, be used for the fitting

methodology proposed in this work. The curing model selection

can be done according to particular preferences or depending of

the thermosetting material.

In particular, for this article, the semiempirical auto-catalytic

Kamal–Sourour model17,70 was selected. It is a widely used

model for EPs6,26–28,31,38,71,72 and is defined as follows,

dc

dt
5ðk11k2cmÞð12cÞn (5)

where m and n are the orders of reaction, c is the degree of

cure, and ki are rate constants, described by Arrhenius expres-

sions. The first rate constant (k1) characterizes the initial reac-

tivity including the effect of catalysts, while the second (k2)

characterizes the auto-catalytic effect of the groups generated

during the reaction. We used this model accounting for its

applicability for the EPs and other type of thermosetting and

elastomeric materials.

Figure 3. Novel Dynamic/Isothermal DSC thermogram: (A) experimental

ramp including the baseline subtraction; (B) DSC thermogram after the

baseline subtraction. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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This study uses the numerical methodology proposed by

Hern�andez-Ortiz and Osswald26 to find the kinetic parameters

using dynamical DSC data. The methodology started from the

work of Hadiprajitno et al.,27 who used a nonlinear regression

fit to obtain the kinetic parameters from isothermal DSC data.

However, the authors realized that significant part of the

information was lost during the initial temperature ramp. In

addition, they found that most kinetic parameters were temper-

ature dependent. From this work, Hern�andez-Ortiz and Osswald

developed a numerical method27 that, instead of fitting the

kinetics parameters directly, it would seek for polynomial coeffi-

cients of temperature dependent expressions, using dynamic DSC

Figure 4. Schematic algorithm flowchart for fitting methodology.
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data only. The method was used by Hern�andez-Ortiz and Oss-

wald23,73 and by Lopez et al.28 to characterize the curing reaction

of phenolic and silicone rubber materials. In these works, the

authors realized that the fitting process was improved when a

physically relevant activation energy is obtained directly from the

measurements. Recall that in a numerical fitting, the kinetic

parameters are numerical values with meaningless significance.

Therefore, they included a methodology proposed by Kis-

singer74,75 to obtain one activation energy (see Appendix A). The

other kinetic parameters are fitted to the data retrieved from the

DSC measurements via a nonlinear least-squares algorithm devel-

oped by Marquardt76 and Levenberg.77 Details of the numerical

implementation are in the Appendix B.

The six parameters in the Kamal–Sourour (auto-catalytic) model,

namely a1, a2, E1, E2, m, and n can be fitted to the experimental

DSC data. The Kamal–Sourour parameters to be fitted are:

x5fm n a1 E1 a2 E2 g (6)

As mentioned, the first activation energy, E1, is determined

through the Kissinger kinetic model. The idea behind this selec-

tion is to found a physical meaningful value for E1, representing

the change of the curing reaction peak with the heating rate

(the maximum reaction rate occurs at Tpeak). Correspondingly,

the activation energy, E2, is also considered constant. The

remaining parameters a1, a2, m, and n are the new targets for

the nonlinear minimization; with the additional consideration

that each of them is a function the temperature. It is assumed

that this dependence follows a polynomial expansion, that is,

xi5ai11ai2T1ai3T 21rðT 3Þ (7)

where i51; . . . ; 4 and the components, aij , of a matrix A are the

new targets for the fitting:

x5

m

n

a1

a2

E2

0
BBBBBBBB@

1
CCCCCCCCA

5

a11 a12 a13

a21 a22 a23

a31 a32 a33

a41 a42 a43

E2 0 0

2
666666664

3
777777775

1

T

T 2

0
BB@

1
CCA1rðT 3Þ (8)

Notice that aij provide expressions for the kinetic parameters in

the Kamal–Sourour model. However, these parameters do not

Figure 5. Dynamic DSC fittings for the aliphatic EPs: (A) curing rate and (B) cure degree for an epoxy with 3% wt. hardener; (C) curing rate and (D) cure

degree for an epoxy with 5% wt. hardener. In these fittings the diffusion-controlled reaction mechanism is not included because during a dynamic DSC experi-

ment the reactions progresses until the reactants are consumed. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Kamal–Sourour Model Constants Obtained in Dynamic Experiments for an Aliphatic Epoxy Resin with 3% wt. Hardener

Parameter Value Units

a1 1:51 3 104
2 7:90 3 101T11:04 3 1021T2 s21

E1 4:30 3 104 kJ/mol

a2 27:09 3 103
1 3:45 3 101T 2 4:24 3 1022T2 s21

E2 3:76 3 104 kJ/mol

m 24:11 3 101
1 1:97 3 1021T 2 2:15 3 1024T2 –

n 25:85 3 101
1 2:53 3 1021T 2 2:70 3 1024T2 –
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have a physical meaning, they provide a numerical fit to the

behavior provided in the range of experiments. There are, in

consequence, “good” and “bad” fittings, a touch of sense that is

obtained with experience. Some tips of guidelines can help to

find the “good” fits, for example, it is recommendable that the

coefficients in the polynomial expansion decrease as the order

of the polynomial increases. Fittings where the coefficients do

not decrease can be improved by increasing the order of the

polynomial interpolant.

The Kamal–Sourour model will accurately predict the degree of

cure during the first stage of the reaction. However, at later

stages of cure, once the reaction if controlled by diffusion the

model will overpredict the degree. When the reaction is con-

trolled by diffusion, the mobility of chemical reactants and

active ends becomes the limiting step. Following the TTT dia-

gram in Figure 2, the rational behind this is that before the vit-

rification line the mobility of reactants and chains is high, once

the glass transition temperature is equal to the processing tem-

perature (vitrification), the mobility decreases abruptly, and

thermal motion (diffusion) will serve as the limiting mechanism

for the reaction. Modifying the rate constants in the Kamal–

Sourour model includes the diffusion-controlled kinetics. This

was first proposed by Rabinowitch,78 defining overall rate

constants:

1

ki

5
1

ki;c
1

1

kd

(9)

where ki is the new rate constant of the ith reaction, ki;c is the

Arrhenius dependent rate constant, and kd is the diffusion rate

constant, which is defined as follows

kd5ade 2
Ed
RTð Þe 2b

fð Þ (10)

where ad and b are adjustable parameters, Ed is the activation

energy for the diffusion process, and f is the equilibrium frac-

tional free volume given by

f 50:00048ðT2Tg Þ10:025 (11)

where Tg is the instantaneous glass transition temperature dur-

ing cure. For kd � ki;c, which is the case prior to vitrification,

the overall rate constant is governed by the Arrhenius rate

Table II. Kamal–Sourour Model Constants Obtained in Dynamic Experiments for an Aliphatic Epoxy Resin with 5% wt. Hardener

Parameter Value Units

a1 2:80 3 104
– 1:52 3 102 T12:07 3 1021T2 s21

E1 4:25 3 104 kJ/mol

a2 22:04 3 101
1 1:08 3 1021T – 1:40 3 1024T2 s21

E2 1:05 3 104 kJ/mol

m 2:45 3 101
21:35 3 1021T11:96 3 1024T2 –

n 4:48 3 101
21:86 3 1021T11:97 3 1024T2 –

Figure 6. Dynamic/isothermal DSC fittings for the aliphatic EPs: (A) curing rate and (B) cure degree for an epoxy with 3% wt. hardener; (C) curing

rate and (D) cure degree for an epoxy with 5% wt. hardener. In these fittings, the diffusion-controlled reaction mechanism is not included, resulting in

poor fittings. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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constant, and for kd � ki;c, which is the case after vitrification,

the overall rate constant is governed by the diffusion rate

constant.

An extra relationship is required for the glass transition temper-

ature, where a unique one-to-one relationship between the glass

transition temperature and conversion can be made. This is

commonly done using the DiBenedetto’s equation,79 that is,

Tg 5Tg ;01
ðTg ;12Tg ;0Þkc

12ð12kÞc (12)

where Tg ;0 is the glass transition temperature of the noncured

resin, Tg ;1 is the glass transition temperature of the fully reacted

network, and k is a structure dependent parameter, defined by

k5DCp;1=DCp;0, where DCp is the difference in heat capacity

between the glassy and rubber state for each state of cure.

RESULTS

An algorithm and a computer software were developed imple-

menting the nonlinear regression fitting technique for the cure

kinetics and to generate the TTT diagrams. Figure 4 shows the

algorithm schematic representation to perform the fitting. Full

implementation of the algorithm was done in Fortran, minimi-

zation package MINPACK (netlib.org) was used. Codes and

routines are available for free download.

The total transformation heat, QT , is determined for the EP at

both hardener concentrations as the area below the curing curve

at a dynamic temperature ramp. For the EP with 3% wt. QT 5

246.71 J/g, while for 5% wt. QT 5 253.93 J/g. The total heat of

reaction remained constant at each of the concentration over

multiple heating rates. For each rate, three individual replicate

runs were performed and the value of the standard deviation was

63.58 J/g for the 3% wt. epoxy, while 62.17 J/g for 5% wt. one.

Figure 5 shows DSC dynamic experiments and fittings for both

the EPs. In this fitting, the diffusion-controlled mechanism is not

included because during a dynamic experiment the reaction pro-

gresses until the reactants are consumed (notice how the cure

degree always reaches 1.0). All dynamic scans had a similar shape,

and there is an excellent agreement between the model and the

experiments. The absolute error in the fitting was 7.07 3 1027

for the 3% wt. epoxy and 8.98 3 1027 for the 5% wt. epoxy.

Tables I and II list the values for the polynomial coefficients of

each kinetic parameter. After QT is measured and the dynamic

DCS fittings are performed, we proceed to seek for the kinetic

parameters of the dynamic/isothermal experiment [see Figure

3(a)]. The results for two EPs are shown in Figure 6. In the fig-

ure, it can be seen how the model is not able to follow the

experiments. The reason is that the Kamal–Sourour model can-

not, by itself, account for diffusion-controlled kinetics. Therefore,

it is necessary to modify the model to account for these diffusive

effects to accurately predict the degree of cure at late stages of

processing. Notice that if the processing temperature is always

higher than the glass transition temperature, the effects of diffu-

sion can be neglected. Some thermosetting and elastomeric mate-

rials follow this physics; however, EPs are commonly processed

under conditions that include diffusion control reaction kinetics.

Before the diffusion-controlled mechanism is included by modi-

fication to the reaction rates, the glass transition temperature as

a function of cure must be fitted as well (DiBenedetto’s equa-

tion). The values for the glass transition temperature are

selected from the isothermal part of the test: for each tempera-

ture the rate of cure will decrease dramatically, indicating the

diffusion-control mechanism dominance and the corresponding

cure degree for that glass transition temperature. Figure 7 shows

the fitting for DiBenedetto’s equation. The points are Tg values

obtained in the isothermal DSC experiments, while the continu-

ous lines are DiBenedetto’s equation. The parameter k was

obtained using a nonlinear regression fit, with an additional

correction that ensures that the fitted Tg ;1 cannot be higher

than the experimental value.

Once diffusion is included, the model can represent the experi-

mental observations. Figure 8 shows the curing rate and the

degree of cure for the EPs considering diffusion. The agreement

is now entirely satisfactory. Tables III and IV list the polynomial

coefficients for the complete fitting; it includes the kinetic

Figure 7. Experimental Tg and DiBenedetto’s equation: (A) EP with 3%

wt. hardener; (B) EP with 5% wt. hardener. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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parameters from the Kamal–Sourour and the diffusion control

reaction parameters.

The complete kinetic fitting is used to build the TTT diagrams.

First, at a specific temperature the cure is resolved by direct

integration for 50,000 h to get as much information as possible.

Then, the times in which cure values are 0.1, 0.2, 0.3, 0.4, 0.5,

0.6, 0.7, 0.8, 0.9, and 1.0 are identified; these isoconversion

curves are plotted in a temperature versus time diagram.

DiBenedetto’s equation is used to calculate the glass transition

temperature as a function of cure; these are included in the dia-

gram to represent the vitrification line of the material. Figure 9

presents the TTT diagrams for the EP at the two hardener con-

centrations. When Tc < Tg ;1, isothermal curing undergoes two

different stages. The first one is controlled by the chemical reac-

tivity of functional groups; the curing reaction takes place in

the liquid state, and the Tg of the system is lower than the Tc .

The reaction rate depends on Tc , until Tc5Tg . At this point,

the second stage of curing starts. The system vitrifies, and the

reaction decreases considerably until the reaction becomes

Figure 8. Dynamic/isothermal DSC fittings for the aliphatic EPs: (A) curing rate and (B) cure degree for an epoxy with 3% wt. hardener; (C) curing

rate and (D) cure degree for an epoxy with 5% wt. hardener. In these fittings, the diffusion-controlled reaction mechanism is included. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Kamal–Sourour Model Constants Modified with Diffusion Parameters Obtained in Dynamic/Isothermal Experiments for an Aliphatic Epoxy

Resin with 3% wt. Hardener

Parameter Value Units

a1 4:00 3 104
– 2:34 3 101T13:52 3 1021T2 s21

E1 4:30 3 104 kJ/mol

a2 22:72 3 103
1 6:52 3 106T 2 4:24 3 1022T2 s21

E2 9:99 3 104 kJ/mol

m 2:55 3 100
21:25 3 1025T1 2:86 3 1028T2 –

n 21:95 3 100
1 8:72 3 1024T – 1:94 3 1025T2 –

k 2:58 --

b 21:93 3 1021
1 8:72 3 1024T 2 1:94 3 1025T2 --

ad 1:76 3 1021
2 7:93 3 1022T 1 8:94 3 1024T2 s21

Ed 28:83 3 1027 kJ/mol
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practically inhibited by a restricted reacting groups mobility,

which prevents full conversion. The reaction time required for

reaching Tc5Tg , is called vitrification time tv . The increase of

the hardener concentration affects slightly the Tg ;0 (only 1�C)

but it has an important effect in Tg ;1, changing from 175.5�C

for the 3% wt. hardener to 215�C for 5% wt. Besides, a 5% wt.

concentration causes early vitrification.

CONCLUSIONS

The cure kinetics of linseed EP with two different hardener con-

centrations was studied. It indicates that only one reaction

occurs over the complete cure in the temperature range 20–

250�C. Isothermal experiments performed by DSC indicate the

reaction is controlled by diffusion and show time dependent

rate of heat evolution of the epoxy material. At the beginning,

there is an increase in the slope corresponding to the dynamical

part of the experiment, after that the curves show the time

dependent rate of heat evolution of an epoxy sample. The exis-

tence of a peak in each isothermal curve suggests the catalytic

effect of the chemical groups present in the reaction products.

A decrease in the rate of the curve was observed shortly after

the peak. This phenomenon was more pronounced at the high

concentration of accelerator. This change could be identified

with the onset of a diffusion-controlled reaction mechanism

due to the increased viscosity of the system. It can also be asso-

ciated with the gel point and the formation of an infinite

network.

The effect of diffusion control can be incorporated into the

reaction kinetics by modifying the overall rate constant. During

the course of isothermal curing, both in the kinetically and

diffusion-controlled regimes, the overall rate constant is

assumed to be a combination, in parallel, of the chemical rate

constant and the diffusion rate constant. The temperature

dependence of the kinetically controlled rate constant is given

by the Arrhenius-type expression, whereas a modified form of

the DiBenedetto’s equation gives the diffusion-controlled rate

constant. Calculation using such modified rate constants

Table IV. Kamal–Sourour Model Constants Modified with Diffusion Parameters Obtained in Dynamic/Isothermal Experiments for an Aliphatic Epoxy

Resin with 5% wt. Hardener

Parameter Value Units

a1 1:52 3 104
2 8:46 3 101T1 1:18 3 1021T2 s21

E1 4:25 3 104 kJ/mol

a2 2:43 3 1023
2 6:56 3 10212T 2 1:28 3 10214T2 s21

E2 1:86 3 105 kJ/mol

m 21:80 3 101
1 1:95 3 1024T 2 5:87 3 10216T2 –

n 26:24 3 101
2 2:60 3 1021T 2 2:45 3 1024T2 –

k 2:42 –

b 5:84 3 1022
1 3:26 3 1025T 12:92 3 1026T2 –

ad 21:35 3 100
2 5:90 3 1023T 2 7:24 3 1024T2 s21

Ed 8:86 3 104 kJ/mol

Figure 9. TTT diagrams: (A) EP with 3% wt. hardener; (B) EP with 5%

wt. hardener. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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provides good correlation with the experimental results at all

cure temperatures.
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APPENDIX A: KISSINGER’S MODEL

The Kissinger model74,75 has been established for dynamical

regime and shows the effects of time and temperature on the

reaction. It starts with defining an order n kinetics,

dc

dt
5kð12cÞn (A1)

where dc=dt is the change of conversion with time, c is concen-

tration, n is the reaction order, and k is defined by

k5ae 2 E
RTð Þ (A2)

an Arrhenius equation where a is a factor, E is the activation

energy, R is the universal gas constant, and T is the processing

temperature. Including the Arrhenius expression in the kinetics

will result in

dc

dt
5ae 2 E

RTð Þð12cÞn (A3)

During the reaction, temperature rises and the reaction rate,

dc=dt , will reach a maximum. Once the reactants are consumed

the reaction rate will drop to zero. The maximum deflection in

differential thermal analysis occurs in a temperature at which

reaction rate is maximum; this temperature is defined by Tpeak

when d=dtðdc=dtÞ is zero. Integrating by parts eq. (A3), an

expression for the unreacted material is obtained, that is,

1

12n

1

ð12cÞn21
21

 !
5

aRT 2

E _T
12

2RT

E

� �
e 2 E

RTð Þ (A4)

or better,

2
E

R
5

d

dð1=TÞ ln
_T

T 2
peak

 !
(A5)

Therefore, the activation energy can be obtained as the slope of

a line that relates rate of reaction with temperature.

Physically, the reaction occurs when the molecules have

enough energy to overcome the barrier generated by the acti-

vation energy. When temperature increases, the number of

molecules with enough kinetic energy is higher and the proba-

bility to overcome the energy barrier is higher. Assuming that

the molecules follow a Maxwell–Boltzmann distribution, the

fraction of molecules whose kinetic energy exceeds the

activation energy can be inferred and it increases rapidly as

the temperature is raised.

APPENDIX B: MATHEMATICAL MODEL AND NONLINEAR
LEAST-SQUARES METHOD

Three vectors are needed from the DSC experiment at each

reaction rate: temperature, degree of cure, and reaction rate:

T5fT1 T2 . . . . . . TN21 TNg
c5fc1 c2 . . . . . . cN21 cNg

dc

dt
5

dc

dt

� �
1

dc

dt

� �
2

. . . . . .
dc

dt

� �
N21

dc

dt

� �
N

� �
(B1)

where N is the number of experimental data.

The basic idea behind every least-squares approximation is to

minimize the mean squared difference between the experi-

ments and the selected function by varying the coefficients

that define such function, that is, the polynomial coefficients

for the kinetic parameters in the Kamal–Sourour model.

Because the function that is selected to fit the experimental

data is nonlinear, regular least-squares method cannot be used.

Levenberg and Marquardt76,77 proposed a nonlinear fitting

method that uses the fundamentals behind the Newton–Raph-

son method for the solution of nonlinear equations.80,81 The

nonlinear squares method starts, similar to nonlinear solvers,

from an initial guess for the A matrix containing the polyno-

mial coefficients; thus, the initial kinetic parameters are

defined by

x0;i5½A�0f1 Ti T 2
i g (B2)

The idea is to find the minimum a function fiðxÞ,

min
1

2

XN

i51

fiðxÞ2
" #

(B3)

defined as follows

fiðxÞ5
dc

dt

� �
i

2
dc

dt
ðx0;iÞ (B4)

The x vector is updated in an iterative fashion, following the

gradient given by the minimization function, assuming that the

initial guess in contained within the global minima of fiðxÞ:
xk5xk212½Jðxk21ÞT Jðxk21Þ1jI �21

Jðxk21Þf ðxk21Þ (B5)

where xk5½A�kf1 T T 2g, J is the Jacobian, k the iteration

step, and j is parameter that controls the size of the updating

step:

j50 if xk2xk21 � Jðxk21ÞT Jðxk21Þ21
Jðxk21ÞT f ðxk21Þ (B6)

and j 2 ð0; 1� otherwise.
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