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Abstract
A thermo-kinetic model was employed to study the temperature and curing degree distribution in a casting part of a

DGEBA–DDM system during its curing process in an oven. Initially, the curing of the DGEBA–DDM casting part system

was investigated by isothermal and non-isothermal differential scanning calorimetry. A Kamal and Sourour phe-

nomenological model expanded by a diffusion factor was proposed for modeling the curing. The proposed model fit

properly the curing behavior of this system in the analyzed range of temperatures. This model enables the application

within finite element analysis software for modeling the curing process of real thermosetting parts. Finite element-based

program COMSOL MultiphysicsTM was used to simulate the curing process. The model fits properly the initial heating of

the sample until the reaction temperature, the time position at which the temperature starts to increase due to the heat

generated during epoxy–amine reaction and also the rate at which the temperature increases, but it overestimates the

maximum temperatures reached in the system. Nevertheless, the proposed model is shown as a powerful tool to design

optimal curing cycles for thermosetting resins avoiding temperatures closer to the degradation temperature of the system

and avoiding significant temperature gradients inside the sample.
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Introduction

Thermosetting materials are being widely utilized in the

market as a consequence of their excellent mechanical and

thermal properties, especially useful for large consumers

and high technology sectors. Within this group, epoxy

resins are one of the most versatile thermosetting resins

widely used in different applications, such as matrices in

reinforced composites, adhesives in the aerospace industry,

surface coatings, etc. because of their good mechanical

properties, chemical resistance and adhesive strength. In

order to achieve desirable final properties, the curing

kinetics and the changes in physical states during curing

must be monitored [1].

Curing schedules can not only affect the rate of reaction

and the physical states during curing but also change the

possible chemical reactions during curing. As a result,

knowledge of curing kinetics and changes in physical states

during curing is crucial for the control and optimization of

final properties [2]. These transformations are highly

influenced by the epoxy/hardener reaction process. There-

fore, it is important to understand the curing process and its

influence on the final properties of the matrix.

Because of the wrong manufacturing of polymer-matrix

composite components, structural and geometrical/dimen-

sional unconformities can be found. In most cases, these

problems are caused by a wrong design of curing process in

terms of thermal cycle. The geometrical and dimensional

unconformities, that can compromise part assembling,

show themselves in variation between real and nominal

conditions, and are caused by phenomena that happen

during mold heating/cooling. Structural defects, such as

resin degradation and component failure, are caused by
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phenomena that happen during both heating and mainte-

nance at high temperature stage and cooling stage.

The study of processing issues related to thermosetting

composites has become increasingly significant for high

thickness components. Unfortunately, the process condi-

tions for thick composites are not well known. Moreover,

high thickness laminates present other problems, related to

the non-uniformity of the curing process. The manufac-

turer’s recommended curing cycle is often inadequate for

thick composites, because of unfavorable effects such as

large temperature gradient and heat generation. The most

usual problem is a temperature overshoot due to the resin

exothermic chemical reaction. The temperature distribution

in the piece during the curing process is dependent on two

factors, the amount of heating power provided and the

quantity of heat generated by the chemical curing reaction.

This last factor along with a low thermal conductivity of

the resin might lead to excessively high localized temper-

atures that may raise to levels including material degra-

dation [3]. On the other hand, the temperature gradient and

curing degree are accentuated with the increase in the part

thickness. This results in a non-homogeneous curing and an

increase in the residual thermal stresses which lead to an

inhomogeneity of the mechanical properties [4]. This

problem becomes more important as the component

thickness increases [5–9].

In consequence, it is necessary to investigate the curing

process of a component in order to reach an optimum

curing cycle. Such studies can be performed effectively by

numerical modeling which is more general and applicable

to a wider range of problems than analytical solutions. For

thermosetting resins, the curing degree, the temperature,

the reaction rate and the heat generation rate are mutually

dependent. Therefore, the finite element modeling of the

thermosetting curing process requires an iterative proce-

dure coupling reaction kinetics with transient heat transfer

analysis. As shown in literature, process modeling com-

bined with experimental validation allows for a better

understanding of curing processes and the influence of

critical parameters [10–15].

According with that, this work studies the curing kinetic

of an epoxy resin with DDM as a curing agent and the

relationship between the curing process parameters and the

final temperature and conversion degree of the thermoset

networks depending on the different thicknesses. The

objective of this study is to gain a fundamental under-

standing of the curing process to thick epoxy casting

products and, in order to predict the temperature distribu-

tion and curing behavior of the thermoset, to develop a

three-dimensional transient heat transfer finite element

model for simulating the curing cycle for a thick epoxy

cylinder part. For this, finite element-based program

COMSOL MultiphysicsTM was used to simulate the curing

process.

Experimental

Materials and methods

An epoxy monomer, difunctional diglycidyl ether of

bisphenol A (DGEBA) supplied by Sigma-Aldrich, with an

equivalent weight of 175–180 g equiv-1 and a hydroxyl/

epoxy ratio of 0.03, was used in this work. The curing

agent, 4,40-diaminodiphenylmethane (DDM) from Sigma-

Aldrich, was a solid difunctional aromatic amine with a

molecular weight of 198 g mol-1 and an amine equivalent

weight of 49.5 g mol-1. Figure 1a, b shows the chemical

structure of the epoxy resin and the amine. DGEBA epoxy

resin was placed in an oven at 80 �C overnight to remove

any water present. DGEBA and amine were used as

received without purification. The epoxy–amine formula-

tions were prepared stirring vigorously for 10 min at 80 �C
the stoichiometric mixture among the DGEBA resin and

the diamine [16, 17].

The experimental validation of the developed model has

been carried out by monitoring the temperature of the

DGEBA–DDM system under several curing time and

temperature conditions. Different amounts of the unreacted

DGEBA–DDM mixture were poured into glasses made of

Pyrex with dimensions of 70 mm of height and 67 mm of

diameter, resulting in 0.5 and 4 cm thickness samples.

Some thermocouples, connected to a data acquisition sys-

tem to monitor the temperature versus time, were placed at

different locations inside the samples in order to determine

the variation of temperature inside the DGEBA–DDM

system during the curing process. Then, samples were put

in an oven at different constant temperatures, 90 and

150 �C. So, the temperature profiles at different points

inside the DGEBA–DDM mixture were recorded through

the curing experiment in order to be compared with the

simulated results. It was assumed that no thermal pertur-

bation was generated by thermocouples.

The precise location of the thermocouples, shown in

Fig. 2, was achieved owing to the use of a metallic or

polymeric mesh as a fastener for the thermocouples. Sim-

ilar results have been obtained with both types of meshes.

Thermocouples were used for monitoring the systems with

0.5 and 4 cm of thickness, respectively.

The kinetic study of the DGEBA–DDM system was

carried out by differential scanning calorimetry (DSC).

DSC measurements were taken in a Mettler-Toledo DSC1

module in nitrogen atmosphere (50 mL min-1), working

with 7–10 mg samples. A fresh sample of all systems was
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prepared before every experimental determination. Both

non-isothermal and isothermal tests were carried out.

In non-isothermal tests, sample was heated from - 60 to

300 �C at a constant heating rate of 10 �C min-1 to

determine the total heat released during the dynamic curing

(DHT). Two consecutive dynamic scans were performed

with these conditions. Dynamic DSC experiments were

also performed to determine the glass transition tempera-

ture of the uncured (Tg0) and completely cured material

(Tg!).

Isothermal tests were performed at temperatures ranging

from 90 to 150 �C to obtain the isothermal reaction heat at

each temperature (DHiso). After each isothermal test,

samples were immediately cooled to room temperature and

subjected to a dynamic scan to 300 �C at 10 �C min-1 to

measure the residual heat of the reaction (DHres). In a

second dynamic scan, the Tg! was determined.

DSC analysis was also employed for the determination

of the specific heat (Cp). This parameter is required for the

finite element model, in order to study the heat transfer in

the DGEBA–DDM system. Determination of Cp was per-

formed using the technique TOPEM which is a temperature

modulated DSC technique. In a single scan, it is possible to

distinguish frequency-dependent phenomena from fre-

quency-independent phenomena. The underlying heating

rate was 0.5 �C min-1, the amplitude of the temperature

pulse was ± 0.5 �C, and the switching time range to limit

the duration of the pulses had the minimum of 15 s and the

maximum of 30 s [18].

Results and discussion

Kinetic analysis

In Fig. 3, non-isothermal tests are represented (first and

second dynamic scans). The first dynamic curve shows a

change in the heat flow at low temperatures, around

- 16 �C, due to transition from the glassy to the liquid

state of the unreacted mixture, Tg0. As temperature

increases, the epoxy–amine reaction transforms the initial

mixture in a higher molecular weight system, thus giving

rise to the exothermic peak. During the reaction process,

gelation and network formation occurred as well. In the

second dynamic scan, the glass transition of the cured

sample was determined, around 164 �C. The heat of reac-

tion value, DHT, was determined from integration of the

non-isothermal DSC curve and is related to the total heat

flow as it is expressed in Eq. (1) and was found to be

531.4 J g-1. This value is in agreement with the reported

O
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Fig. 1 Chemical structures of a DGEBA epoxy resin; b 4,40-diaminodiphenylmethane (DDM)
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Fig. 2 a Device employed to fix the position of the thermocouples in the system. Thermocouples location at epoxy–amine systems with

thicknesses: b 0.5 and c 4 cm

Thickness effect on the generation of temperature and curing degree gradients in epoxy–amine… 1869

123



results for the epoxy–amine reaction [19–21] and indicates

the complete conversion of epoxy groups.

DHT ¼ r
dQ

dT

dT

dt
ð1Þ

Polymerization kinetics of DGEBA–DDM system was

studied by means of isothermal tests at different tempera-

tures ranging from 90 to 150 �C. Figure 4a displays the

isothermal DSC curves for DGEBA–DDM system at dif-

ferent temperatures (heat flow vs. time). These curves show

a single exothermic peak for each isothermal run. The

reaction rate, which is proportional to the rate of heat

generation, passes through a maximum and then decreases

as a function of curing time. The maximum peak value

decreases and shifts to longer times with decreasing the

isothermal curing temperature. Such behavior is typical of

an autocatalytic reaction in which the own reaction prod-

ucts act as catalysts [22].

The heat released during the isothermal test (DHiso) is

the area integrated below the resulting curve spanning from

time zero (t0) to the end of isothermal stage (tend), Eq. (2).

DHiso ¼ r
dQ

dt
ð2Þ

Figure 4b, c displays the subsequent non-isothermal

DSC scans. As expected, Fig. 4b shows that the residual

heat of reaction decreases with an increase in isothermal

curing temperature. The decrease in residual heat of reac-

tion and increase in Tg shows the progress of curing

reaction with temperature. Fig. 4c shows the glass transi-

tion temperature of the completely cured material.

Table 1 collects all the values of reaction heat deter-

mined from the isothermal DSC tests and the subsequent

dynamic scans: the isothermal heat of reaction at a specific

temperature (DHiso), the residual heat of reaction (DHres)

and the total heat of reaction (DHtot = DHiso ? DHres). In

addition, the Tg! values of the cured samples are also

collected in Table 1. It can be observed that as the tem-

perature increases, the isothermal heat generated in the

reaction systematically increases, whereas the residual heat

of reaction decreases. Thereby, the total heat of reaction
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remains practically constant in the range of values reported

in the literature [23, 24]. The total heat of reaction is a little

smaller than the dynamically found (531.4 J g-1), due to

the heat losses at the beginning of the isothermal curing.

The curing process of a thermosetting resin results in

conversion of a low molecular weight monomers or pre-

polymers into a highly crosslinked, three-dimensional

macromolecular structure. The curing degree, a, is gener-

ally used to indicate the extent of the resin chemical

reaction. a is proportional to the amount of heat given off

by bond formation and is usually defined as shown in

Eq. 3:

a ¼ DHiso

DHtot

ð3Þ

For an uncured resin a = 0, whereas for a completely

cured resin a = 1.

Typical plots of a versus time are reported in Fig. 5,

whose shape clearly evidences the autocatalytic nature of

the process. At each specific temperature, it can be

observed that a increases rapidly with time. For higher a
values, the increase becomes slower, to level off to a

limiting conversion a(T). Increasing the curing

temperature, the conversion increases faster and leads to

higher a(T).

Kinetic model development

Once the curing behavior of the resin has been examined

by DSC, it is important to find a simple and accurate

kinetic model to describe the curing behavior. A variety of

kinetic models have been developed to relate the reaction

rate and curing degree. Curing kinetics models can be

classified into two categories, phenomenological models

and mechanistic models. Mechanistic models consider the

individual chemical reaction taking place in the thermoset

system, so they are difficult to handle from the modeling

point of view. However, phenomenological or semi-em-

pirical models do not require a deep knowledge of the

reaction mechanism, so they are the most common models

to describe thermoset curing reactions [23, 25]. The phe-

nomenological Kamal and Sourour model of curing

kinetics seems to be the model most widely used in the

literature for epoxy systems [24, 26]. This model, expres-

sed by Eq. (4), accounts for an autocatalytic and non-au-

tocatalytic reaction in which the initial reaction rate is not

zero.

da=dt ¼ k1 þ k2a
mð Þ 1 � að Þn ð4Þ

where a is the curing degree or conversion, da/dt the rate of

conversion of epoxy groups at a given time t, k1 and k2 are

rate constants, m and n are the kinetic exponents of the

reaction, and (m ? n) gives the overall order of the curing

reaction. k1 describes the rate constant of the reaction of

partial order n catalyzed by an accelerator (non-autocat-

alytic), k2 is the rate constant of the autocatalytic reaction

of partial order m. The kinetic constants k1 and k2 are

temperature dependent, usually assumed to follow an

Arrhenius relation according to Eq. (5),

ki ¼ Ai exp � Ei

RT

� �
ð5Þ

where ki andEi are the rate constant and the activation energy,

respectively; Ai is the frequency factor which is a constant,

R is the universal gas constant (8.314 J mol-1 K-1), and T is

the absolute temperature. The kinetic parameters of the cur-

ing reaction are obtained by fitting the data obtained from the

DSC measurements to the phenomenological reaction mod-

els. Thus, the kinetic model discussed above allows calcula-

tion of Ei, using linear regression on data obtained at different

temperatures.

The fitting curves from the experimental data to the

autocatalytic Kamal and Sourour kinetic model are shown

in Fig. 6, where the dots are the experimental rates and the

full lines are the fitting curves. Clearly, the experimental

curves accord well with the fitting ones at the early stage,
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Time/min
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110 °C
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Fig. 5 Conversion versus time profiles for DGEBA–DDM system at

different temperatures

Table 1 Results of isothermal DSC measurements and subsequent

dynamic scans

T/�C DHiso/J g-1 DHres/J g-1 DHtot/J g-1 Tg!/�C

90 459 70 530 169

110 490 37 526 170

120 508 22 529 172

130 509 13 522 169

150 513 12 525 172
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but at high conversion (a[ 0.8), a discrepancy appears

because of the diffusion-controlled reaction kinetics.

Increasing the isothermal curing temperature delays this

deviation to higher conversions, because of the improved

chain mobility in the network at high temperatures.

Kinetic parameters of the Kamal and Sourour model (k1,

k2, m and n) are summarized in Table 2. They were

determined fitting the experimental data from each

isothermal curve by means of Levenberg–Marquardt non-

linear regression analysis to the Kamal and Sourour

equation. As shown in Table 2, k2 is much greater than k1,

indicating that the autocatalytic reaction is much faster

than the non-autocatalytic reaction. The orders of reaction,

m and n, change slightly with temperature, reflecting the

complex nature of the reaction mechanism, but their sum is

in the range 2.5–3 which is in a good agreement with the

literature for epoxies [27].

Considering the Arrhenius law, Eq. (5), and plotting Ln

k1 and Ln k2 versus 1/T (Fig. 7) can be calculated the

activation energy for the non-autocatalytic reaction, E1,

and for the autocatalytic reaction, E2. Table 3 also shows

the constants A1 and A2, and the average values for the

kinetic exponents of the reaction (n and m) and the overall

order of the curing reaction (n ? m). These data indicate

that for the same reaction system, E2 is somewhat lower

than E1, in good agreement with values obtained by other

authors for similar systems [28, 29].

The obtained results indicate that the Kamal and Sour-

our kinetic model allows obtaining a good fit to experi-

mental data in the first stages of reaction, but deviations are

observed at high levels of conversion due to the diffusion-

controlled reaction kinetics. In this region, the glass tran-

sition temperature of the reactive system reaches the curing

temperature and the resin passes from a rubbery state to a

glassy state. At this stage, the reaction rate undergoes a

decrease and the viscosity increases, so the mobility of the

unreacted groups is hindered and the rate of conversion is

controlled by diffusion rather than chemical factors. The

reaction rate decreases with the increase in conversion and

approaches to zero at the end of the reaction, as the glass

transition temperature Tg increases. To consider the dif-

fusion effect, Chern and Phoehlein proposed another defi-

nition of the reaction rate by adding a diffusion factor to

the kinetic model [30], which is defined in Eq. (6).

da
dt

� �
Diffusion

¼ f ðaÞ 1

1 þ exp C a� acð Þ½ � ð6Þ

where 1/(1 ? exp[C(a - ac)]) is the diffusion control

factor, C is an empiric parameter which is temperature

dependent, ac is the critical curing degree at which diffu-

sion initiates (the value of the conversion at rate of con-

version da/dt = f(a)/2, and f(a) is the kinetic expression of

the previous Kamal and Sourour model expressed in Eq. 5.

For a\ ac, the expression (1/1 ? exp[C(a - ac)] tends to

unity and the kinetic reaction is chemically controlled.

When the conversion reaches its critical value, ac, (1/

1 ? exp[C(a - ac)] = 0.5. For a[ ac, (1/

1 ? exp[C(a - ac)] tends to zero and the reaction rate

dramatically decreases and finally stops.
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Table 2 Kinetic rate parameters obtained with the applied Kamal and

Sourour model for the DGEBA–DDM system studied at different

temperatures

T/�C k1/s-1 k2/s-1 m n n ? m R2

90 5.0 9 10-5 1.5 9 10-3 1.15 1.51 2.66 0.97

110 1.3 9 10-4 3.0 9 10-3 1.08 1.49 2.57 0.99

120 2.0 9 10-4 4.1 9 10-3 1.08 1.39 2.47 0.99

130 4.1 9 10-4 6.0 9 10-3 1.08 1.56 2.64 0.99

150 7.9 9 10-4 1.2 9 10-2 1.03 1.58 2.61 0.99
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Figure 8 shows the correlation between experimental

kinetic data and the simulated curve based on the Kamal

and Sourour model with and without including the diffu-

sion-controlled term for the system DGEBA–DDM cured

at 90 �C. It is interesting to note that the theoretical pre-

diction of the Kamal and Sourour model fails at conver-

sions close to gelation area, which in a bifunctional

epoxy—tetrafunctional amine system is around a = 0.5.

After gelation, the viscosity of the system is increasing and,

therefore the kinetics, instead of being controlled by the

chemical reactivity of the functional groups, becomes more

and more controlled by the diffusion of these groups in the

vicinity of the glassy state. On the contrary, when the

diffusion factor is considered in the kinetic model (Chern

and Phoehlein kinetic model), the experimental results

were accurately simulated until high conversion values.

Table 4 summarizes the kinetic parameters of the Kamal

and Sourour model expanded by a diffusion factor, deter-

mined fitting the experimental data from each isothermal

curve in a similar way as it explained above. Once again, k2

is much greater than k1, indicating that the autocatalytic

reaction is much faster than the non-autocatalytic reaction.

Moreover, the order reactions, m and n, practically remain

constant with the temperature, being slightly lower than

values obtained applying the Kamal and Sourour model

without considering the diffusion factor. Thereby, the

overall order of the curing reaction (n ? m) is also lower.

Finally, it can be observed in Table 4 that the critical

curing degree at which diffusion initiates (ac) increases

with temperature, that is, the diffusion factor is less

important when the temperature rises. This increase with

the temperature could be fitted by a linear function [27]. On

the other hand, the diffusion control factor is higher at

lower temperatures; hence, parameter C was logically

found as a decreasing function of temperature.

The activation energies for the non-autocatalytic reac-

tion, E1, and for the autocatalytic reaction, E2, were

determined by considering that k1 and k2 follow the

Arrhenius law (Fig. 9). The obtained values for E1 and E2

were 64 and 45.8 kJ mol-1, respectively, Table 5. These

data indicate that for the same reaction system, E2 is

somewhat lower than E1, in good agreement with values

obtained by other authors for similar systems [11, 12]. The

activation energies found considering the diffusion process

are slightly higher than ones obtained when the diffusion

process is not considered.

Finite element model

For a fluid, the heat transfer equation in terms of temper-

ature is based on Fourier’s heat conduction equation the

transient heat transfer and an internal heat generation term,

and can be described by Eq. (7).

qCp

oT

ot
þ qCpu � rT ¼ r � krTð Þ þ Q ð7Þ

where q, Cp and k are the density, the specific heat capacity

and the thermal conductivity of the composite material,

respectively, u is the velocity vector, T is the absolute

temperature, and Q is the heat source. This equation

assumes that mass is always conserved.

For a thermoset resin, the heat generation source in

Eq. (7) represents the exothermic effect of the curing

reaction. This term is directly related to the curing rate by

Eq. (8).

Q ¼ vrqrDHT

da
dt

ð8Þ

where a is the curing degree, qr is the density of the resin,

vr is the resin volume fraction which in this case is 1, and

da/dt is the reaction curing rate. The da/dt term has been

previously defined in ‘‘Kinetic model development’’

section.

In order to analyze the heat transfer in the DGEBA–

DDM system taking into account the effect of the

exothermic reaction, a numerical procedure was proposed
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Fig. 8 Isothermal conversion rate versus conversion profiles for

DGEBA–DDM system cured at 90 �C. The lines represent the

theoretical prediction of the Kamal and Sourour model

Table 3 Kinetic rate parameters obtained with the applied Kamal and Sourour model for the DGEBA–DDM system

A1/s-1 A2/s-1 E1/kJ mol-1 E2/kJ mol-1 m n n ? m

2.39 9 104 3.25 9 103 60.2 44.2 1.08 1.51 2.59
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in which a finite element-based program COMSOL Mul-

tiphysicsTM was employed to perform transient heat

transfer analysis and to simulate the curing reaction of the

thermoset system. A two-dimensional finite element anal-

ysis on an axisymmetric slice was performed.

First, the transient heat transfer model is defined in the

heat transfer module of the software to obtain the tem-

perature profile. Then, a general form equation is consid-

ered separately in the partial differential equation (PDE)

module to evaluate the curing kinetics and curing degree

reached in each element. The transient simulations were

conducted with a direct PARDISO solver and backward

differentiation formula (BDF). A step-time size of 1 s was

used to predict accurate results. Due to the axial symmetry,

the final geometry has 2 domains, 9 boundaries, and 8

vertices, and the mesh was performed using the predefined

extra-fine option resulting in 435 domain elements and 157

boundary elements for the system with a thickness of

0.5 cm (Fig. 10a) and 1197 domain elements and 175

boundary elements for the system with a thickness of 4 cm

(Fig. 10b).

In the model, a convective boundary condition on the

faces of the glass exposed to the oven environment mod-

eled the thermal loading. The boundary condition was set

as free external convection and described by Eq. (9).

�n � �k � rTð Þ ¼ h Text � Tð Þ ð9Þ

where n is the normal vector of the boundary, h is the free

convection coefficient to air defined by h = hair(L, pA,

Text), being L the wall height (9.7 cm), pA absolute pressure

(1 atm), and Text the temperature of the heater (90 or

150 �C).

For solving the analysis, the thermo-physical properties

of the thermoset system and the glass are required. For the

Pyrex glass, the main parameters are Cp = 850 J kg-1 K-1,

k = 1.4 W m-1 K-1 and q = 2.23 kg m-3. For the

DGEBA–DDM system, constant values for the thermo-

physical properties at room temperature were assumed. The
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Fig. 9 Arrhenius-type plots of rate constants Ln k1 and Ln k2. The

solid lines represent the linear fit

Table 5 Kinetic rate parameters obtained with the applied Kamal and Sourour model expanded by a diffusion factor for the DGEBA–DDM

system

A1/s-1 A2/s-1 E1/kJ mol-1 E2/kJ mol-1 m n n ? m

6.63 9 104 4.37 9 103 64.0 45.8 0.99 1.26 2.25

Fig. 10 Mesh and boundary conditions for the system with a

thickness of a 0.5 cm and b 4 cm

Table 4 Kinetic rate parameters

obtained with the applied Kamal

and Sourour model expanded by

a diffusion factor for the

DGEBA–DDM system studied

at different temperatures

T/�C ac k1/s-1 k2/s-1 m n C n ? m R2

90 0.87 4.0 9 10-5 1.1 9 10-3 0.99 1.27 23.8 2.26 0.99

110 0.93 1.3 9 10-4 2.6 9 10-3 1.01 1.39 24.6 2.40 0.99

120 0.97 1.9 9 10-4 3.3 9 10-3 0.98 1.09 5.84 2.07 0.99

130 0.98 4.0 9 10-4 4.8 9 10-3 1.01 1.27 5.60 2.28 0.99

150 1.00 7.7 9 10-4 1.0 9 10-2 0.96 1.31 5.08 2.27 0.99
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density was taken from the DGEBA resin, with a value of

1168 kg m-3, and for the thermal conductivity, a constant

theoretical value of 0.2 W m-1 K-1 was considered since

it appears that the slight change of thermal conductivity

with temperature has negligible effects on the thermal

model [31–33]. Concerning the Cp, the variation of the heat

capacity with the conversion degree and the reaction

temperature was obtained by DSC and included in the

thermal model [34, 35].

In the modeling, it was assumed that no resin flow or

thickness reduction occurs during the curing process. The

heat equation can be solved considering that at t = 0,

T = T0 and a = a0 (a0 = 0), where T0 and a are the initial

temperature and curing degree of the material, respectively.

For the validation of the model and for testing its reli-

ability, the curing of the DGEBA–DDM system was car-

ried out into Pyrex glasses in an oven at constant

temperature, as it is described in the experimental part, and

temperature profiles inside the system were recorded

throughout the experiment and compared with the numer-

ical results provided by the finite element model. Figure 2

shows the thermocouples location for the experiments at

the different thicknesses.

Different experiments were performed with constant

oven temperatures of 90 and 150 �C and epoxy–amine

systems with different thicknesses (0.5 and 4 cm). Fig-

ure 11 shows the temperature profiles at different points of

the middle thickness section in the system with a thickness

of 0.5 and 4 cm at 90 and 150 �C obtained through the

experiment and compared with the numerical simulation

results.

The samples were introduced in the oven at tempera-

tures around 60 �C, and they were monitorized for

250 min. Both experimental and modeled data showed an

increase in the samples initial temperatures until the tem-

perature of the test was reached. The model fitted quite

properly this first heating step. Thereafter, the samples

temperatures increase faster, as a consequence of the heat

generated inside the samples due to the epoxy–amine

reaction, until the system reached a maximum temperature.

As it was expected, for systems cured at lower tempera-

tures, these maximum temperatures are lower and were

achieved at longer times than for systems cured at higher

temperatures. For all the analyzed conditions, the time

position of the peak predicted by the model correlated

properly with the experimental data, and also the rate at

which the temperature increase (slope of the profile).

However, the model predicted temperatures higher than the

temperatures measured by the thermocouples because the

model overestimated the heat generated by the resin during

curing. This could be due to a heat dissipation problem, no

considered in the model. The difference is higher than the

ones reported in bibliography [15, 33]. This could be due to

the high curing temperatures employed in this work and the

high heat of reaction for DGEBA–DDM system that

implies a generation of a high quantity of heat in a short

period of time.

Concerning the thickness effect on the temperature

response of the material, it can be observed that an increase

in the thickness generates an increase in the maximum

temperature reached in both points of the system for all the

studied curing temperatures. This effect is even more sig-

nificant in the center of the material, so the curing degree

evolves differently. In a system cured at 150 �C, for a

thickness of 0.5 cm, the maximum peak temperature in the

center of the piece (thermocouple 1) was around 235 �C,

whereas this peak was of 283 �C for a thickness of 40 mm

(thermocouple 1). This fact highlights the necessity of an

accurate thermo-chemical model to design the curing in

order to avoid the use of temperatures close to the degra-

dation temperature of the material.

For all the analyzed condition, the temperatures reached

at the central point of the system and at the edge were

different in both experimental and modeled data. The

temperature at the edge was lower because the heat gen-

erated in the sample was dissipated faster. The differences

between the center and the edge temperatures were even

higher than 55 �C, for experimental and modeled data,

depending of the curing temperature and thickness of the

sample.

The temperature gradient across the thickness of the

sample has also been analyzed. Figure 12 shows the

experimental and modeled temperature profiles at different

points of the middle position (points 1, 3 and 5) and of the

edge position (points 2, 4 and 6) at 90 and 150 �C for the

systems with a thickness of 4 cm. It can be observed that

experimental temperature is quite similar in the central area

and in the edge. Only a small reduction in the experimental

maximum temperature for the points closer to the glass is

observed, due to some insulating effect of the glass and to

the heat dissipation contribution.

The proposed model can help to analyze the temperature

gradient and the curing degree generated in a specific

system. Figures 13 and 14 show the temperature and curing

degree distribution provided by the model inside the

epoxy–amine system cured at 90 �C after different curing

times for the system with a thickness of 0.5 cm (Figs. 13a,

14a) and 4 cm (Figs. 13b, 14b).

In the system with 0.5 cm thickness, the heating started

as a consequence of the heat in the oven and this heat

propagated from the external part until the center of the

system in a fast way, as the volume of resin to be heated is

small. A slight reaction is caused by this temperature, and

the curing degree slightly increased. The temperature in the

center of the system started to increase fast due to the heat

generated by the epoxy–amine reaction. This increase is
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higher in the center because the temperature is enhanced by

the contribution of the heat generated by the resin around

the material in the center and due to dissipation problems,

which are more important in the center, as it is the area

farthest from the glass. At this point, the crosslinking

occurs at a faster rate leading to a non-uniform curing

degree [13–15, 33]. With the time evolution, the reaction

ends, the system achieved a high curing degree, and no

more heat is generated. Then, the temperature decreased.

The temperature of the material in contact with the glass

decreased faster and the temperature in the center dissi-

pated more slowly. Finally, as it can be expected, the

temperature tends to be the one in the oven. A full curing

degree is achieved in the sample.

In the system with 4 cm thickness, also the heat in the

oven started heating the resin from the outer part of the

glass, but the heating is slower as the amount of resin to be

heated in the system with 4 cm thickness is higher. In some

areas, the reaction start even before that the center is

heated, as can be seen in the profile of the system at

47.5 min. It can be also observed that the glass has some

insulating effect in the system. As the heating of the system

continue, the center is heated and the heat generated by the

material in the center is higher. The curing degree followed

a similar behavior than the explained for temperature. With

the time evolution, the reaction ends and the temperature

decreased as explained previously. The temperature is still

higher than 90 �C after 2.7 h, showing that the cooling

process is slower for this system, due to the dissipation

problems ascribed to the higher volume of resin.

The temporal evolution of temperature and curing

degree distribution provided by the model for the epoxy–

amine system cured at 150 �C is presented in Figs. 15 and

16 for the system with a thickness of 0.5 cm (Figs. 15a,

16a) and 4 cm (Figs. 15b, 16b).

In the system with 0.5 cm thickness, the heating started

faster than for the system at 90 �C as a consequence of the

heat in the oven is higher. The heat propagated from the
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Fig. 11 Comparison of experimental and predicted temperature profiles of the DGEBA–DDM system at curing temperatures of 90 and 150 �C
and at two different locations (1) center and (2) edge of the middle thickness section for the systems with thicknesses 0.5 and 4 cm
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Fig. 12 Comparison of experimental and predicted temperature profiles of the DGEBA–DDM system at curing temperatures of 90 and 150 �C
and at different locations in the center of the design (points 5, 1 and 3) and in the edge (points 6, 2 and 4) for the system with thickness 4 cm
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Fig. 13 Temperature distributions at different curing times in the DGEBA–DDM system at a curing temperature of 90 �C: a 0.5 and b 4 cm
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external part until the center, but in some areas the reaction

start even before the center is heated and the curing degree

evolved fast due to the high temperature. As the heating of

the system continues, the center is heated. With the time

evolution, the reaction ends and the temperature decreased.

In the system with 4 cm thickness, the heating process is

slower than in the system with 0.5 cm thickness due to the

higher amount of resin, but faster than the process at 90 �C.

The heating started to increase the resin temperature from

the outer part of the glass, but due to the high curing

temperature employed in the study, the reaction started

faster and the temperature gradient between the outer part

and the cool center is higher than 200 �C in the maximum

reached. A high difference in the curing degree is also

observed, being achieved a full curing in the outer part,

whereas the reaction has not started in the cool center. The

insulating effect of the glass was also observed for this

system. With heating, the heat generated by the material at

the center is high, being reached temperatures higher than

the degradation temperature of the material. As explained

previously, the model overestimates the maximum tem-

peratures and the experimental maximum peak temperature

in the center of the piece for a thickness of 0.5 cm, was

around 235 �C (thermocouple 1) and 283 �C for a thick-

ness of 40 mm (thermocouple 1). However, this analysis

helps to design a proper curing cycle avoiding temperatures

closer to the degradation temperature of the system and

avoiding significant temperature gradients inside the sam-

ple. Finally, the reaction ends and the temperature

decreased in a slower way than for the system with 0.5 cm

thickness.
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Fig. 14 Curing degree distributions at different curing times in the DGEBA–DDM system at a curing temperature of 90 �C: a 0.5 and b 4 cm
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Fig. 15 Temperature distributions at different curing times in the DGEBA–DDM system at a curing temperature of 150 �C: a 0.5 and b 4 cm
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Fig. 16 Curing degree distributions at different curing times in the DGEBA–DDM system at a curing temperature of 150 �C: a 0.5 and b 4 cm

Fig. 17 Predicted curing degree profiles of the DGEBA–DDM system at curing temperatures of 90 and 150 �C for the systems with thicknesses

0.5 and 4 cm
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Analyzing the evolution of the modeled curing degree

for each point of the system as a function of the tempera-

ture measured by the thermocouples (Fig. 17), it can be

observed the same tendency. In addition, it can be observed

that the curing degree gradient in the sample is not too

significant for the system cured at 90 �C, but a significant

gradient is observed for the system cured at 150 �C, mainly

when the thickness increases. These results demonstrated

the existence of strong curing degree gradients within the

pieces with high thicknesses, since different temperatures

have been reached in the different locations and highlight

the importance of a proper curing cycle design in order to

avoid differences in crosslink densities and therefore in

mechanical properties of these casting parts.

Conclusions

A thermo-kinetic model was employed to study the tem-

perature and curing degree distribution in a DGEBA–DDM

casting part during his curing process. Initially, the curing

of the DGEBA–DDM system was investigated by

isothermal and non-isothermal DSC. A Kamal and Sourour

phenomenological model was applied to fit experimental

results, but the model deviates at high levels of conversion

in describing the diffusion-controlled reaction kinetics. To

consider the diffusion effect, the Kamal and Sourour curing

kinetics model was expanded by a diffusion model, pro-

posed by Chern and Phoehlein. A good fitting of the

experimental data was obtained with the expanded model

in the analyzed range of temperatures.

A nonlinear transient heat transfer analysis combined

with a curing kinetic model based on finite element pro-

cedures was developed. The model can describe the curing

of the thermosetting matrix as a non-homogeneous process

that takes into account the exothermal behavior of the

chemical reaction. This heterogeneity is particularly

developed as the thickness increases due to mass effect.

The temperature and curing degree distribution for

DGEBA–DDM system during the curing process predicted

by the model was compared with experimental results.

Experimental data showed that the simulation procedure

provides reasonable qualitatively predictions, but further

investigation and additional measurements are required to

obtain better quantitative predictions. The results indicated

that the model fits properly the heating of the sample, the

time position at which the temperature starts to increase

due to the heat generated during epoxy–amine reaction and

also the rate at which the temperature increase, but it

overestimates the maximum temperatures reached in the

system as a consequence of the reaction. Nevertheless, the

proposed model is shown as a powerful tool to design

optimal curing cycles for thermosetting resins avoiding

temperatures closer to the degradation temperature of the

system and avoiding significant temperature gradients

inside the sample.

The present thermo-kinetic model provides an accurate

method that allows further insight into the curing process

for epoxy resin. The model is able to predict optimal curing

cycles for thermosetting resins, obtaining controlled and

high curing degrees. The proper curing control avoids heat

degradation problems due to excess of heat, avoids tem-

perature gradients across the system and reduces curing

times without implicating the piece quality.
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33. Devaux O, Créac’hcadec R, Cognard JY, Mathis K, Lavelle F. FE

simulation of the curing behavior of the epoxy adhesive Hysol

EA-9321. Int J Adhes Adhes. 2015;60:31–46.

34. Van Assche G. Frequency dependent heat capacity in the cure of

epoxy resins. Thermochim Acta. 2001;377:125–30.

35. Behzad T, Sain M. Finite element modeling of polymer curing in

natural fiber reinforced composites. Compos Sci Technol.

2007;67:1666–73.

Thickness effect on the generation of temperature and curing degree gradients in epoxy–amine… 1881

123


	Thickness effect on the generation of temperature and curing degree gradients in epoxy--amine thermoset systems
	Abstract
	Introduction
	Experimental
	Materials and methods

	Results and discussion
	Kinetic analysis
	Kinetic model development
	Finite element model

	Conclusions
	Acknowledgements
	References




