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ABSTRACT 

 The cure process of epoxy resin diglycidyl ether of bisphenol-A (DGEBA) with 
aromatic amine (m-PDA) as curing agent was studied by means of differential scanning 
calorimetry (DSC) Perkin Elmer Pyris 6, at ratio (15 phr). Isothermal DSC measurements 
were conducted between 80 and 110 oC, at 10 oC intervals. The maximum degree of cure 
at isothermal cure temperature 110 oC was 0.9. The isothermal cure process was 
simulated with Kamal modifier with diffusion model, the model agrees well with the 
experimental data. For dynamic cure process, the activation energy was determined by 
two methods. One was based on Kissinger and Ozawa approach, given only one 
activation energy for the whole curing process. There was a slightly difference between 
the obtained activation energy and pre-exponential factor, 63.6 and 70.7 kJ mol-1 
respectively. Another method was based on isoconversional, given activation energy at 
any conversion, and observed the Ea decrease with increment conversion (67-63) KJ/mol. 

 
Keywords: Epoxy resin, Cure kinetics, and Differential Scanning Calorimetry. 
 

 دراسة الخواص الحركیة ألنضاج راتنجات االیبوكسي مع ثنائي األمین الفینیلین
 

 الخالصة
لنظ  ام رات  نج االیبوكس  ي المحض  ر م  ن تفاع  ل ت  م دراس  ة حركی  ة األنض  اج ودرج  ة التح  ول الزج  اجي 

(DGEBA)  م ع االمین  ات العطری  ة(m-PDA)  ع  ن طری  ق جھ  از المس ح التفاض  لي(Perkin Elmer 
Pyris 6) فحوص  ات حركی  ة االنض  اج ودرج  ة ح  رارة ). 100:15(م  اد عل  ى نس  بة الخل  ط الوزنی  ة باألعت

درجات الفحوصات , )isothermal(االنتقال الزجاجي تمت بجھاز المسح التفاضلي وبثبوت درجة الحرارة 
كذلك تم محاكات حركیة اإلنضاج باستخدام مودیل كمال المعدل , °م) 80,90,100,110(التي اعتمدت ھي 

حی  ث اظھ  رت النت  ائج  ب  ان نس  بة التح  ول ت  زداد بزی  ادة درج  ة , )diffusion factor(ام  ل االنتش  ار م  ع ع
وق د ل وحظ أیض ا ھن اك , °م) 110(عن د درج ة الح رارة ) 0.9(الحرارة واعلى تحول تم الحص ول علی ھ ھ و 

ان درج  ة كم ا . تط ابق جی د ب  ین نت ائج الفحوص ات م  ع تل ك الت  ي ت م الحص ول علیھ  ا م ن المودی ل المف  روض
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كما ان  فحوصات حركیة االنضاج  تمت بجھ از . تزداد بزیادة درجة التحول) Tg(حرارة التحول الزجاجي 
حی  ث ت  م حس  اب طاق  ة التنش  یط , )non isothermal(الح  رارة  المس  ح التفاض  لي بطریق  ة تغی  ر درج  ات

طریق   ة  قیم   ة اعل   ى بقلی   ل م   ن) Ozawa(حی   ث اعط   ت طریق   ة  , )Ozawa(و) Kissinger(بطریقت   ي 
)Kissinger .( كما طبقت طریقة)isoconversional (حیث اعطت مدى من طاقات التنشیط مع التحول ,

  .حیث اظھرت تناقص بالطاقة مع زیادة درجة التحول
 
  

INTRODUCTION 
poxy resins represent an important class of polymers primarily due to their ver-
satility. High degree of crosslinking and the nature of the interchain bonds give 
cured epoxies many desirable characteristics. These characteristics include 

excellent adhesion to many substrates, high strength, chemical resistance, fatigue 
resistance, corrosion resistance and electrical resistance [1]. Epoxy has the ability to 
transform its readily liquid (or thermoplastic) state to tough, hard thermoset solids. This 
hardening is accomplished by the addition of a chemically active reagent known as a 
curing agent [2]. Optimum performance properties can be obtained by cross-linking the 
epoxy resins into a three-dimensional and infusible network. The epoxy group, because 
of its three-membered ring structure, is highly reactive and can be opened up by a variety 
of nucleophilic and electrophilic reagents, curing agents are either catalytic or coreactive. 
Catalytic curing agents include Lewis bases, Lewis acids and photo initiated cationic 
cures. Coreactive curing agents include amines and acid anhydride [3]. In order to 
optimize the curing cycles for epoxy resin, it is necessary to understand the cure kinetics. 
Differential scanning calorimetry or DSC is one of the methods used to analyze the cure 
kinetics, [4]. Multi kinetic models are available to analysis curing kinetic one from 
models is nth order reaction. This model gave a good fit to the experimental data only in a 
limited range of degree of cure [5]. Another model can be used to describe curing kinetic 
with more complexity is autocatalytic model [6].  

 
DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

It is a thermoanalytical technique in which the difference in the amount of heat 
required to increase the temperature of a sample and reference is measured as a function 
of temperature. Both the sample and reference are maintained at nearly the same 
temperature throughout the experiment [4]. The result of a DSC experiment is a curve of 
heat flow versus temperature or versus time.  

The measured heat flow from the thermosetting sample during cure can be used to 
calculate its degree of cure with the following equation: 

 

 
Where  is the degree of cure, q is the heat released from the sample from time 0 

to time t during cure measured by DSC, and  is the ultimate heat of reaction obtained 
by the experiment. Thus, the reaction rate or rate of conversion, dα/dt is: 

 

E 
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Where dH/dt or heat flow represents the rate of heat generated during curing reaction 

[7]. 
 

KINETIC MODELS AND EQUATION 
Chemical kinetics is the description of conversion of reactants to products [8]. 

Phenomenological models use properties which are related to the reaction, for example 
the change in viscosity or shift in glass transition temperature of a growing polymer. 
These models describe the degree of conversion or percent of cure from uncured to fully 
cure as a function of time and temperature. Phenomenological models are advantageous 
because they do not require knowledge of the reaction mechanism, only the changes in 
properties. As any chemical reaction, the curing reaction will be described by a rate 
equation, which will relate the rate of the reaction to the rate constant and the 
consumption of reactants or production of products. In the case of thermoset curing, a 
generalized rate function utilizing the degree of cure, α, which is the disappearance of 
epoxide functional groups or appearance of chemical bonds, with (1 - α) representing the 
epoxide group concentration. 

 

  
This equation describes an nth order equation. However, many thermosetting 

materials are autocatalytic, so that the product of the reaction serves as an additional 
catalyst in the reaction, as in the catalyzation of the epoxy-amine system by generated 
hydroxyl groups. Kinetic modeling of autocatalytic reactions requires an additional term 
to account for this effect, namely. 

 

  
Where αm represents the catalytic effect of the products of the reaction with an order 

of m. It is also apparent, that an nth order reaction is a special case of the autocatalytic 
reaction where m = 0. However, the two types are readily differentiated by experimental 
data. As can be easily predicted from Equation 3, an nth order reaction will exhibit its 
maximum rate at the beginning of the reaction, whereas the autocatalytic reaction, 
predicted from Equation 4, will exhibit its maximum rate at some later time during the 
reaction, typically 20 to 40 % of the reaction [9]. In addition to the time dependence of 
the rate of conversion, the rate constant, k, is temperature dependent, usually assumed to 
follow an Arrhenius relation of the form: 
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Where k is the reaction rate constant, A is the pre-exponential function, and Ea is the 

activation energy. The initial rate of an autocatalytic reaction is not necessarily zero since 
the reaction can proceed via alternative paths, especially in the presence of impurities like 
water and catalyzing ions. Taking this into account, the autocatalytic equation is given as 
 

  
Where k1 is the reaction rate constant at zero time and k2 is the rate constant of the 

reaction by traditional pathways. The initial rate constant, k1, is easily calculated from the 
experimental data since it equals the rate at zero conversion. Both m and n are the kinetic 
exponents of the reaction, and m+n is the overall reaction order. Both kinetic constants, 
k1 and k2 depend on temperature according to Arrhenius law. Such a model has been 
successfully applied to describe the initial stage of cure of epoxy/diamine systems. Kamal 
showed that the model was valid only for the initial stage of cure but not for the later 
stage of cure where the reaction mechanism was diffusion controlled. Kamal with 
diffusion model can be defined as [10]. 
 

  
The term  is the diffusion factor that includes two 

constants: C, the diffusion constant, and αc, the critical degree of cure.  
According to the Kissinger method  [11], the activation energy can be obtained from 

the maximum reaction rate where the exothermal peak appears under a constant heating 
rate. 

 

  
Thus, the activation energy Ea can be obtained from the slope of the plot of ln 

 (β/(Tp^2 )) as a function of 1/Tp without a specific assumption of the conversion-
dependent function.  

Ozawa [12], developed an alternative method to determine the activation energy from 
Tp.  The equation shows as following 
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thus, Ea can be obtained from the slope of the plot of ln  as a function of 1/Tp. 

Another method for determining Ea was first developed by Fava [13], named as an 
isoconversional method. The isoconversional method allows complex processes to be 
detected by a variation of Eα with α. The equation for determining the activation energy is 
given by. 

 

  
Where  is the temperature at different conversions at different heating rates.  
 

PREVIOUS WORK 
Hyun Kim and Chul Kim [14], studied the curing reaction of diglycidylether of 

Bisphenol-A (DGEBA) with triethylene tetramine (TETA) by the differential scanning 
calorimetry (DSC). They found that the reaction was affected as the vitrification occurred 
when the glass transition temperature (TG) of the reaction mixture exceeded the curing 
temperature (TG appeared at temperature 15°C higher than the isothermal curing 
temperature). Barral et. al [15] studied the kinetic of the cure reaction for a system 
containing a diglycidyl ether of bisphenol-A (DGEBA) and 1,3-bisami-
nomethylcyelohexane (1,3-BAC) as a curing agent, By employing differential scanning 
calorimetry (DSC), used an isothermal approach, he have determined the reached 
conversions at several cure temperatures and the reaction rates. He found that this cure 
reaction is autocatalytic (Tcure from 60 to 110 °C). Sbirrazzuoli et. al [16] studied the 
kinetic of the cure reaction of diglycidyl ether of bisphenol A (DGEBA) with meta 
phenylene diamine (m-PDA) as a stoichiometric mixture and as a mixture having an 
excess of amine, by differential scanning calorimetry (DSC) technique at different 
heating rates, the model-free isoconversional method was used to estimate the activation 
energy. He found that in the presence of an excess of the amine the curing is controlled 
by the primary amine reaction as indicated by practically constant effective activation 
energy, and in the stoichiometric system shows a decreasing dependence of the effective 
activation energy (decreases to as low as 20 kJ/mol). Macan ET. al [17] studied the 
kinetic of the cure reaction of epoxy resin based on a diglycidyl ether of Bisphenol A 
(DGEBA), with poly(oxypropylene) diamine (Jeffamine D230) as a curing agent, was 
performed by means of differential scanning calorimetry (DSC). Isothermal and dynamic 
DSC characterizations of stoichiometric (30 phr) and sub-stoichiometric (20 phr) 
mixtures were performed. He found that cure kinetics of system DGEBA (30 phr), with 
stoichiometric content of amine, can be successfully described with Kamal model. 
       The main objective of the present work was to study the kinetics of the curing 
reaction of DGEBA with aromatic diamine (m-PDA) by isothermal, and dynamic (DSC), 
at stoichiometry ratio. 
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EXPERIMENTAL 
Materials 

The studied system is based on commercial epoxy resin (DGEBA), (Shell Co., 
Epikote 828) with weight per epoxy of 186 g eq-1. Meta phenylene diamine (m-PAD), 
were used as hardeners.  
Techniques 

A Perkin-Elmer differential scanning calorimeter (DSC-6) was used to measure the 
peak area, with (15) phr. Epoxy resin was completely mixed. (3-10) mg of this mixture of 
DGEBA/m-PDA was put into an aluminum DSC sample pan, separately and covered 
with aluminum lid.  

Dynamic DSC studies of curing reaction of the mixtures were performed from (30-
300) oC at different heating rates (2.5, 5, 8, and 10) oC min-1. For isothermal experiments, 
sample performed from (80-110) oC in 10 oC increments. 

 
RESULT AND DISCUSSION 
Multiple scan rate method 

DSC curves of investigated systems obtained at heating rates of (2.5, 5, 8, and 10) oC 
min-1 are shown in Figure (1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (1) Heat Flow Changes at the Heating Rates of 
2.5, 5, 8, and 10 oC/min. 

 
Which shows the heat flow changes versus the temperature. It is observed the 

influence of different heating rates on the curing behavior, heating rate increases, the 
peak exothermic temperature, Tp, shifts to higher temperature. It is clearly seen from 
Figure (1), that ΔHtot is not constant, with its value decreasing particularly for the high 
heating rate. The decrease in total reaction enthalpy with increasing heating rates may be 
attributed to the higher temperature attained in these samples. At higher temperature, 
unreacted molecules or volatiles could be lost, thus providing a contribution to the total 
heat flow that is not linked to the curing reaction. In addition, at the fast heat rate, thermal 
decomposition due to the higher temperature attained in the samples probably interferes 
with the later stage of cure. These results are in good agreement with Prime [18]. The  
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degree of cure (α) at each temperature could be calculated. Figure(2) represents 
conversion versus temperature; shows the variation of the fractional conversion as a 
function of temperature for the same sample. Due to the shift in Tp, the activation energy 
could be calculated by the Kissinger and Ozawa methods. From economy view and final 
properties rate 2.5 °C/min was selected. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure (2) plot conversion versus temperature for curing epoxy DGEBA with m-
phenylene diamine at different rate 2.5, 5, 8, and 10 °C/min. 

 
According to Kissinger’s and Ozawa’s method, ln (β/Tp2) and ln (β) were plotted as a 

function of 1/Tp, respectively. All plots are shown in Figure (3) respectively.  
From this Figure, the linear regression fits well for both Kissinger’s and Ozawa’s 

analyzed methods with R2 of 0.99, thus confirming the validity of both methods. From 
the fitted slope, the activation energy Ea is calculated. It is found that the values of Ea 
calculated from Kissinger’s method are slightly lower than those from Ozawa’s method. 
The behavior of this study is in agreement with those of Ghaemy [19]. The Kissinger’s 
and Ozawa’s methods have a limitation because they produce a single value of Ea for the 
whole process which is a sign of a single-step process. A more complete determination of 
Ea at any selected conversion can be calculated by the isoconversional method. In this 
method, each plot has the same degree of cure. At the different heating rates, the 
temperature required to achieve the same degree of cure is different. 
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Figure (3) Plot of ln (β/Tp2) versus 1/Tp (Kissinger) and ln β versus 1/Tp (Ozawa) for 
epoxy DGEBA with m-phenylene diamine 

 
 

It increased with the increment of heating rate. At each isoconversional curve, the 
apparent activation energy Ea should be constant. The isoconversional plots of the 
logarithmic heating rate versus the reciprocal of the absolute temperature are shown in 
Figure (4). For all the isoconversional curves, a good linear relationship is observed 
between the logarithm heating rate and the reciprocal of the absolute temperature. The 
apparent activation energy at each degree of cure is calculated from its slope in the 
isoconversional curve and plotted. Figure (5) illustrates the activation energy versus 
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conversion. The isoconversional plots helped to understand the details of the curing 
process. As shown in Figure (5), the apparent activation energy decreased with the 
increment of degree of cure. The decrease in Ea is an indication that the rate determining 
step of curing changes to a process having smaller activation energy. In epoxy curing 
systems, molecular motion of small molecules (amine and epoxy) is prevented by the 
growing polymer chains. Once an epoxy curing system has passed the gel point, the small 
molecules may be trapped within the polymer network and can engage in a chemical 
reaction only after a series of diffusion jumps [16]. The behavior of this study are in 
agreement with those of Sbirrazzuoli [16], that the decrease in Ea is associated with 
diffusion control, which is caused by a decrease of molecular mobility as the epoxy 
system approaches the glassy state. 

   
 
 
 
          
 

 
 
 
 
 
 
 
 

Figure (4) logarithm heating rate vs. Inverse temperature at 
different conversion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (5) Activation Energy vs. Conversion. 
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ISOTHERMAL SCAN RATE METHOD 
To calculate the total heat of reaction generated to reach full conversion ΔHtot, DSC 

dynamic scans at different heating rates were performed, and the total area under each 
thermogram was determined for all systems. The average values of ΔHtot at heating rates 
from 2.5 to 10 °C/min were used to calculate the fraction of conversion (α). Aromatic 
amine has weaker basicity than aliphatic amine and slowly cures at room temperature due 
to steric hindrance by the aromatic ring. The curing virtually stops in the B-stage of a 
linear polymer solid due to the large difference in the reaction of primary and secondary 
amines. Normally, the curing of aromatic amine requires heating. The first heating is 
carried out at temperature of approximately 80°C and which agreement with Technical 
Department [20]. DSC experiments under isothermal conditions for epoxy 
DGEBA/phenylene diamine at four different curing temperatures yield the heat flow-time 
curves. The isothermal cure heat is different. Its value increases with the increment of 
temperature. The calculated cure heat values are listed in Table (1).  

 
Table (1) Total heat of reaction, ΔHt of DGEBA curing with m-phenylene 

diamine from isothermal. 
 

T (°C) ΔH (J/g) ΔH average 

110 507  
 
 

475 
100 493 

90 462 

80 439.5 

 
The behavior of this study is in agreement with those of Sbirrazzuoli [16]. Typical 

plots of conversion  (α)  as  a  function  of  time  of  epoxy  (DGEBA)  curing  with 
phenylene diamine at various temperatures are shown in Figure (6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (6) Conversion vs. time at different temperature. 
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The curing reaction is thermally catalyzed; the high conversion is attained earlier at a 

higher temperature of curing. It is also observed from Figure (6), that the time needed to 
reach the final degree of cure is also much different, depending on the isothermal cure 
temperature. At the curing temperature Tc of 80 oC, the complete maximum conversion 
reached only to a stage of (α) =0.78. The glass transition at complete cure Tg∞ determined 
for the cured system is 83oC. Tc is lower than Tg∞, thus cured epoxy is in a glassy state. 
This behavior is agreement with Hyun Kim and Chul Kim [18]. At Tc where vitrification 
set in (Tc = Tg∞), there is an overall diffusion control that affects the rate of 
polymerizations because segmental motions are considerably slowed down [21]. Once 
the vitrification of the epoxy systems has passed, the reaction is dominated by the 
diffusion effect. If the cure temperature is too low, then the final conversion never 
reaches the unity [22]. This is well resolved on the conversion versus time traces in 
Figure (6). As the curing temperature increases to 90, 100, and 110oC, the complete 
maximum conversion rises to 0.81, 0.87, and 0.90 respectively. This unique relationship 
between Tg∞ and conversion is striking because one would expect that different network 
structures result from cure at different temperatures. The relationship between Tg∞ and 
conversion are shown in Figure (7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure (7) Glass transition temperature vs. Conversion from isothermal. 

 
 As the conversions increase the Tg∞ increases, when the crosslinking reaction 

exhausts all the reactive sites available, the resulting structure is hard (high modulus) and 
insoluble due to a high degree of interchain bonding [23]. Figure (8) shows the 
isothermal rate of curing reaction versus time for curing of the epoxy (DGEBA) with 
aromatic amine at 80, 90, 100, and 110oC respectively. The curves show that the rate of 
cure increases with increasing curing temperature, as for reactant molecules to react, they 
need to contact other reactant molecules with enough energy for certain atoms or groups 
of atoms to come apart and recombine to make the products. When the reactants are 
heated, the average kinetic energy of the molecules increases. This means that more 
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molecules are moving faster and hitting each other with more energy. If more molecules 
hit each other with enough energy to react, then the rate of the reaction increases [2]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (8) Reaction rate vs. time at different temperature. 
 

The maximum reaction rate at time greater than zero. Thus the nth-order curing 
kinetics become invalid; autocatalytic model is applicable instead. However, the 
maximum rate is observed at a conversion too low to be autocatalytic reaction because 
the maximum rate of the autocatalytic reaction usually shows at about 30-40% of reaction 
[9]. For most systems, the maximum peak value of the rate of reaction is higher and 
shifted to a shorter period of time as the curing temperature increases. The time at 
maximum rate of reaction, tp, and the maximum rate of reaction, rp, at different curing 
temperatures are shown in Table (2).  
 

Table (2) Time at maximum rate of reaction tp and maximum rate  
of reaction rp at different curing temperatures. 

 
T 

(°C) 
tp 

(min) 
rp (s-1) 

110 9.9 0.00075 

100 17.5 0.00047 

90 32 0.00029 

80 48.9 0.00018 
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It is found that changes in rp and tp, as curing temperature Tc varies. These are because 
of the dependence of curing mechanisms on the curing temperature Tc, and the reaction 
rate is known as the temperature dependence. Due to the maximum rate of the reaction 
occurring at time greater than zero, the autocatalytic kinetics, expressed by Kamal with 
diffusion model were selected to represent the experimental isothermal curing behavior 
of these epoxy systems. To obtain the parameters of equation (7), several methods have 
been proposed. In this work, K1 is first calculated from the intercept of the isothermal 
thermogram [24], and (αc) from experimental data, and then K2, m, and n are determined 
by non-linear estimation. The example of the plot of reaction rate dα/dt as a function of 
conversion, and the fitting curve obtained are shown in Figure (9&10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (9) Comparison of experimental data with model predictions: Rate vs. 
Conversion at different temperatures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (10) Temperature dependence of rate constant k1 and k2. 
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It is found that the chosen model shows a good fit with the experimental data. The 
kinetic parameters K1, K2, m, n and m+n, obtained for all curing systems as a function of 
curing temperature, are shown in Table (3). The overall reaction order (m+n) is observed 
to be in the range of 1.73 to 2.05 for all the systems. The temperature dependence of the 
Arrhenius relationship equation (5) for the rate constants k1and k2, is shown in Figure 
(11). The autocatalytic rate constants k1 and k2 show a good correlation with temperature. 
However, the overall tendency is the increasing of k1 and k2 as temperature increases. 
Activation energies Ea1 and Ea2, are calculated from the slope of the plot ln k as a function 
of 1/T. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (11) Temperature dependence of rate constant k1 and k2. 
 

Table (3)  Kinetic parameters as determined from the autocatalytic kinetic model 
for epoxy (DGEBA) with m-phenylene diamine at various curing temperatures. 

 
 
T (°C) 

 
k1 (x105 s-1) 

 
k2 (x104 s-1) 

 
m 

 
n 

 
m+n 

 
c 

 
110 

 
40.09 

 

 
10.48 

 
0.95 

 
0.78 

 
1.73 

 
50.61 

 
100 

 
24.18 

 
7.69 

 
0.94 

 
0.87 

 
1.81 

 
45.75 

 
90 

 
11.2 

 
6.05 

 
0.85 

 
0.97 

 
1.82 

 
57.99 

 
80 

 
5.6 

 
4.94 

 
0.85 

 
1.2 

 
2.05 

 
61.44 

 
Ea1 (kJ/mol) 

 

 
A1 (s-1) 

 
Ea2 (kJ/mol) 

 
A2 (s-1) 

 
75.31 

 
15.877 

 
28.12 

 
1.9347 
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CONCLUSIONS 
The isothermal cure reaction heat increases with the increment of cure temperature. 

The reaction heat of isothermal cure is achieved at 110oC. The maximum degree of cure 
at isothermal cure temperature 110oC is 0.9. In the earlier stage of the isothermal cure 
reaction, the cure rate at the higher temperatures is faster than the cure rate at the lower 
temperatures. The relationship between cure rate and degree of cure was simulated by 
Kamal with diffusion model. The model can provide a good predication in the large range 
of experimental data. The kinetic rate constants K1, K2, and m increase with the 
increment of cure temperature while the orders of reaction n and (m+n) decrease. The 
final Tg∞ was studied by DSC of each curing temperature. The final Tg∞ increase with the 
increment of degree of cure. 

The dynamic DSC provide additional information about the curing process. The cure 
reaction heats decrease with increment heating rate while the Tp increase. In the modeling 
method based on the Kissinger, Ozawa, and isoconversional approach, the obtained 
activation energy and pre-exponential factor, slightly difference between them. The 
isoconversional method provide activation energy along for process, and Ea decrease 
with increment conversion. 

 
REFERENCE  
[1]. Dorman,E.N. Handbook of Fiberglass and Advanced Plastics Composites, 2nd ed, 

Ed. G. Lubin, Chap. 3, Van Nostrand Reinhold, New York (1969) 46. 
[2]. May Clayton. A. “Epoxy Resins – Chemistry and Technology, 2nd ed, revised and 

Expanded”, Marcel Dekker, Inc., New York (1988). 
[3]. VARMA, I. K. and V. B. GUPTA.” Thermosetting Resin –properties“. IIT, Delhi, 

India, Comprehensive Composite Materials, Volume 2; (ISBN: 0-080437206); (2000) 
pp. 1–56. 

[4]. Differential scanning calorimetry - Wikipedia, the free ncyclopedia.htm. 
[5[.Barton, J. M. Greenfield, D. C. L., and Hodd, K. A., “Some Effects of Structure on 

the Cure of Glycidylether Epoxy Resins”, Polymer, v. 33, (1992) pp.1177-1186. 
[6].Horie,K. H. Hiura., M. Sawada., I. Mita., "Calorimetric Investigation of 

Polymerization Reaction. III. Curing Reaction of Epoxides with Amines", Journal of 
Polymer Science, Part A-1, v. 8, (1970) pp. 1357-1368. 

[7]. Sala, J. M. and X., J. Ramis. Appl. Polym. Sci., 51, 453, 1994. 
[8]. Atkins, P. Physical Chemistry, 5th ed, Freeman, New York (1994). 
[9]. Prime,R.B. Thermal Characterization of Polymeric Materials, 2nd ed, Ed. E. Turi, 

Chap. 6, Academic Press, San Diego (1997). 
[10]. Kamal, M. R. "Thermoset Characterization for Moldability Analysis," Polymer 

Engineering and Science, Vol. 14, No. 3, (1974) pp. 231-39. 
[11]. Kissinger,HE. Reaction kinetics in differential thermal analysis. Anal Chem. 

29(1957) pp.1702–1706. 
[12]. Ozawa, T. Kinetic analysis of derivative curves in thermal analysis. J Therm Anal. 

2(1970) pp. 301–324. 
[13]. Fava, RA. “Differential Scanning Catorimetry of Epoxy Resins" Polymer 
9(1968) pp. 137-151. 

PDF created with pdfFactory Pro trial version www.pdffactory.com

http://www.pdffactory.com
http://www.pdffactory.com


Eng. & Tech. Journal, Vol.31, Part (A), No.9, 2013 `2      Study of the Cure Reaction of Epoxy Resin   
                                                                                            Diglycidyl Ether of Bisphenol-A (DGEBA) with   
                                                                                                             Meta-  Phenylene Diamine 

 

1673 

[14]. Do Hyun Kim and Sung Chul Kim.,” Vitrification effect on the curing reaction of 
epoxy resin”. Polymer Bulletin 18, (1987) pp. 533-539. 

[15]. Barral, L. J. Cano, A. J. L6pez, J. L6pez, P. Nogueira, and C. Ramfrez.,” 
KINETICS OF CURING REACTION OF A DIGLYCIDYL ETHER OF BISPHENOL 
A/1,3-BISAMINOMETHYL-CYCLOHEXANE (DGEBA/1,3-BAC) EPOXY RESIN 
SYSTEM”. Journal of Thermal Analysis, Vol. 46 (1996) pp 387-395. 

[16]. Nicolas Sbirrazzuoli, Sergey Vyazov kin, Alice Mi titelu, Cyril Sladic, Luc 
Vincen,” A Study of Epoxy-Amine Cure Kinetics by Combining Isoconversional 
Analysis with Temperature Modulated DSC and Dynamic Rheometry”, Macromol. 
Chem. Phys. 204 (2003) pp 1815–1821. 

[17]. Macan, J. I. Brnardić, M. Ivanković and H. J. Mencer,” DSC STUDY OF CURE 
KINETICS OF DGEBA-BASED EPOXY RESIN WITH POLY (OXYPROPYLENE) 
DIAMINE,” Journal of Thermal Analysis and Calorimetry, Vol. 81 (2005) pp 369–373. 

[18]. RB. Prime. Thermosets. In: Turi EA, editor. Thermal characterization of polymeric 
materials New York: Academic Press, (1981) pp 972. 

[19]. Mousa Ghaemy and Hossein Behmadi.,” Study of cure kinetics of DGEBA with 
optically active curing agents”, J Therm Anal Calorim 101(2010) pp1011–1017. 

[20]. THREE BOND CO., LTD.Three Bond epoxy resin, Three Bond Technical News 
Issued December 20, 1990. 

[21]. Pascault JP, Sautereau H, Verdu J, Willaims RJJ. Thermosetting polymers, 1st ed. 
NY: Marcel Dekker, (2002). 

[22]. Harsch, M. J. Karger-Kocsis, M. Holst.,” Influence of fillers and additives on the 
cure kinetics of an epoxy/anhydride resin”, European Polymer Jurnal 43(4) (2007) 
pp1168-1178. 

[23]. Gillham, J.K. C.A. Glandt, and C.A. McPherson, "Characterization of 
Thermosetting Epoxy Systems Using a Torsional Pendulum," Chemistry and Properties 
of Crosslinked Polymers, S.S. Labana, ed., Academic Press, New York, (1977) pp. 
491-520. 

[24]. Dutta, A. ME. Ryan.,” Effects of Fillers on Kinetics of Epoxy Cure," J Appl Polym 
Sci, 24 (1979) pp 635-649. 

 

PDF created with pdfFactory Pro trial version www.pdffactory.com

http://www.pdffactory.com
http://www.pdffactory.com

