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Abstract

Solid bisphenol-A epoxy resin of medium molecular weight was cured using a Lewis acid initiator (erbium(lll) trifluoromethanesulfonate) ir
three different proportions (0.5, 1 and 2 phr). A kinetic study was performed in a differential scanning calorimeter. The complete kinetic triplet wi
determined (activation energy, pre-exponential factor, and integral function of the degree of conversion) for each system. A kinetic analysis v
performed with an integral isoconversional procedure (model-free), and the kinetic model was determined both with the Coats—Redfern met
(the obtained isoconversionalvalue being accepted as the effective activation energy) and through the compensation effect. All the systen
followed the same isothermal curing model simulated from non-isothermal ones. The “nucleation and growth” Avrami kinetizmiodebeen
proposed as the polymerization kinetic model. The addition of initiator accelerated the reaction having higher influence when low temperatu
were applied.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction attributes and performance advantages. They are well adapted
for the main strategic goals of the paint industry, namely cor-
The formulation of low curing temperatures epoxy powderrosion protection, improved durability, increased transfer effi-
coatings (using new initiator and crosslinkers) has become ongency, elimination of organic solvents, reduction of toxic waste,
of the main lines of research in industries and related researatonservation of energy and reduction of costs. Since they are
centres. One of the main objectives of the research is to obtaifully solid, and without volatile organic emissions, powder coat-
epoxy systems with low curing temperatures so that they can hiags are considered to be the best alternative for the reduction of
applied on different substrates sensitive to temperature (mainthe volatile organic contents (VOCs) of solvent-based paints,
different types of organic ones like plastics), and of course t@among the emerging coating technologies (powder coatings,
reduce energetic costs. Properties of the paints (mechanical, thérigh solid coatings and waterborne ongsp].
mal, anticorrosive and so on) are specially influenced by the kind Compared to liquid paints, the film formation process of pow-
of epoxy network-structure (which depends on the crosslinkeder coatings is different since it is occurring in the molten phase.
and initiator employed in its formulation). Melting, flow, gel point and cure completion are the princi-
Powder coatings are currently the fastest growing sectiopal stages in film formation of powder coatings and determine
of industrial paints, because of their favourable environmentaboth the aesthetic and protective properties of the paint. The
duration of these stages is directly affected by the paint compo-
sition, e.qg., type of binder and crosslinker, pigmentation (nature
* Corresponding author, Tel.: +34 964 728212. and particle size, packaging and distribution), initiator, and
E-mail address: espallar@sg.uji.es (S.J. Gaay additives, curing and application conditions. These factors, in
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Scheme 1. Activated chain-end mechanism/ACE.

turn, determine important coating characteristics such as level- Nevertheless, the proportion of hydroxylic groups can influ-
ling, adhesion, gloss, chemical resistance and exterior durabilitgnce the global propagation rate. In addition to these competitive
[3-12]. growth chain mechanisms, inter and intra molecular transfer
Catalysts are important in polymerization processes becaugrocesses can occur and also termination reactions. All these
they decrease the activation energies and accelerate the reactiprocesses lead to changes in the network structure and difficult
They can be stimulated by heating or photoirradiation but, fronthe study of the kinetics of each one by separate. Thus, the kinet-
the practical point of view, heating is the easier option; homoics of a cationic cure should be studied taking the process as a
geneous heating of reaction mixtures can be achieved withowthole[16,17].
difficulty [13]. In addition, elementary reactions are accelerated The usefulness of this type of initiator has been proved in
and the viscosity of the reaction mixture decreases. This shortther studie$14,18]with liquid epoxy resins, showing that the
ens the reaction time, especially for systems in which the curingnitiators highly accelerated the reactions of the system. Nev-
rate is diffusion-determined. Among the new thermal initiators ertheless, the behaviour of these initiators in powder coatings
those having anions with low nucleophilicity, minimize or pre- (using epoxy resins in the molten phase) has not yet been stud-
vent the reaction of the growing chain with the anion, being moreed.
actives their cationic salts and more effective the polymerization To predict the temperatures and times at which these poly-
[14]. merizations should be performed, one must know the kinet-
The Lewis acid character and the great oxophilicity of lan-ics. Preliminary kinetic studies have been performed using the
thanide compounds is highly improved in the case of lanthanidenethod described by Kissing€t9]. This procedure, used by
triflates because of the electron-withdrawing capacity of thenany authors because of its simplicity, assumes areaction mech-
anionic group[15], which can coordinate to the epoxide oxy- anism of order. However, this assumption is not correctin many
gens weakening the C-O bond. Lewis acids, such assABH;  cases and leads to incorrect values of the pre-exponential factor
or TiCl4 are moisture sensitive and easily decomposed or deag- In addition, kinetic methods that only use the maximum of
tivated in the presence of humidity. On the contrary, lanthanid¢he velocity curve to determine the kinetic parameters do not
triflates are stable and work as Lewis acids in water. This facéllow an assessment of whether these parameters vary during
represents an enormous advantage in their technological apppelymerization or not. Here we attempt to establish a method
cation as initiators. for this type of polymerization that allows the complete kinetic
As usual in Lewis acid initiators, erbium(lll) trifluo- triplet (kinetic modelE andA) to be determined throughout the
romethanesulfonate leads to chain growth polymerization oéntire reaction. To analyze exothermic polymerizations, we have
epoxy compounds, which mainly proceed by the cationic chaimdapted a method from earlier studies addressing the kinetics of
end mechanism depicted 8cheme 1, where oxirane group of curing and degradatidi20].
DGEBA resin is opened by coordination of oxirane oxygento Many exothermic polymerizations present difficulties for
the cation and nucleophilic attack of another oxirane group. the determination of the heat of reaction through isothermal
Moreover, the presence of hydroxylic groups can lead texperiments and deduction of the kinetics from these values.
hydroxylic initiated polyetherification processes that can chang&/hen reactions are performed at high temperatures, some of
both the kinetics of the reaction and the properties of the matethe heat may be lost during the stabilization of the appara-
rials (Scheme 2), although this kind of reaction is less importantus, whereas at low temperatures, the heat is released slowly
in extension than the first one and, because of the low proportioand can fall below the sensitivity of the calorimeter. Another

of hydroxyls. problem arises when a physical phenomenon (e.g. fusion) over-
-
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Scheme 2. Activated monomer mechanism/AM.
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laps with the polymerization. One alternative in both cases i2.2.2. Kinetic analysis

to simulate isothermal polymerization with non-isothermal data If we accept that the dependence of the rate constant on the

[21]. temperature follows the Arrhenius equation, the kinetics of the
In this work a complete kinetic study of homopolymeriza- reaction is usually described as follows:

tion of DGEBA resin with erbium(lll) trifluoromethanesulfonate

as initiator has been developed. Isothermal polymerization was— —* — 4 exp <_E> f(a) = kf () (1)

simulated with non-isothermal data. The reaction model was t RT

established from _non-isothe_rm_al data with two differ_ent meth'wheretisthetimeTthe absolute temperatufethe gas constant,

ods and proved with a posteriorisothermal scan. The first methogndﬂa) is the differential conversion function.

was the Coats—Redfern methf?], and thek value obtained Kinetic analysis has generally been performed with an iso-

isoconversionally was taken as the effective value. The secongnyersional method. The basic assumption of such method is
method used the compensation effect existing betiie@mdA  tha¢ the reaction rate at a constant conversion is solely a function
at the change in the degree of conversion[£),23]. of temperaturg24].

2. Experimental 2.2.2.1. Isothermal methods. By integrating the rate equation

1) under isothermal conditions, we obtain
2.1. Materials @)

E
Solid, bisphenol-A-based epoxy resin of medium moleculallm = [A} T RT (2)
weight, 773 g/equiv. epoxy (from Huntsman), was homopoly- . ) . ) ) .
merized with erbium(lll) trifluoromethanesulfonate (from whereg(x) is the integral conversion function. It is defined as
Aldrich) in three different amounts: 0.5, 1 and 2 phr (parts offollows:
initiator per hundred of resin, w/w). “ do
Samples were premixed and hand-shacked until good mixiné(“) ~ Jo f@ (3)
was afforded. After that, the material was extruded in a single
screw extruder (Haake Rheomex 254), where operating condi- According to Eq.(2), £ and the constant In[g(«)/A] can be
tions were 80 C along the extruder and 60 rpm. Once extruded Obtained from the slope and the intercept, respectively, of the
the material was grinded in an ultra-centrifugal mill ZM 100 andlinear relationship In=/(7"*) for a constant value af.
sieved at 10Qum.
2.2.2.2. Non-isothermal methods. \When non-isothermal meth-
2.2. Testing methods and equipment ods are applied, the integration of rate equat{@h and its
reordering, gives place to the so-called temperature integral:
2.2.1. Differential scanning calorimeter (DSC) o« g A T
A Perkin Elmer DSC 7 differential scanning calorimeter wasg(y) = / e f/ e (E/RT) 41 (4)
employed for dynamic scans in order to study the non-isothermal o fl@ BJo
curing process and to obtain the kinetic model parameters. Thghereg is the heating rate.

samples were analyzed in covered aluminium pans, using high By using the Coats—Redfef&i2] approximation for the res-

purity indium sample for calibration. A flqw of 20 chmin—! olution of Eq.(4) and considering 2RT/E 1, we can rewrite
of argon was used as purge gas. The weigh of the samples Wags equation as follows:

between 8 and 9 mg. Non-isothermal tests were performed at

rates of 2.5, 5, 10 and 15 K mif to not-cured-samples of epoxy In@ —In {AR} _E 5)

systems using three different erbium triflate initiator amounts. 72 BE RT

The scans were performed at the range of temperature from 25 . N . .

to 300°C. For a2 given k@?tm merI, thg linear reprgsentatlon of
Isothermal scans at 12CQ were also performed in order to In[g(e)/T*] versusI makes it possible to de_termlmze(appar-_

obtain the experimental isothermal conversion degree. Differe (%ntE_vaIue) andi fr_om _the slope and the ordinate aF the origin.

samples were maintained at the isothermal temperature for d';,n this work, the kinetic model that had the best linear corre-

ferent given times. After each isothermal scan, the sample wagtlon in the Coats—Redfern equation and that hadamlue

cooled until ambient temperature inside the calorimeter and fol§|milqr to that obtained isoconversionally (considered to be the

lowed by a dynamic scan in order to obtain the residual enthalpfﬁeCt'VeE valye) was selected. .

With these data and the total enthalpy obtained from a dynamic By reordering Eq(5), we can rewrite:

scan to a non-cured sample, the conversion degree was calcu-g AR E

lated. . n T2 {g(a)E] o E (6)
STARe Mettler Toledo software was used in order to calculate

conversion degrees and kinetics of the process. Kinetic analysis, The linear representation of I[?] versus 1/Tmakes it pos-

using Coats—Redfern and IKR methods, was used to calculagible to determiné and the kinetic parameter In[AR/g(«)E] for

the kinetic triplet. every value ofx.
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The constant In[AR/g(x)E] is directly related by tHE to 10
the constant In[g(«)/A] of the isothermal adjustment. Thus, tak- | 5°C/min
ing the dynamic data In[AR/g(«)E] and from Eq.(6), we can
determine the isothermal parameters of E2).and simulate
isothermal curing without knowing(«) [25,26].

The STARe Mettler Software uses E¢8) and (2)to deter-
mine the isonconversional activation energy and the isothermal
times, respectively.

0.8

0.6 4

Conversion

0.4

2.2.2.3. Compensation effect and isokinetic relationship (IKR).
Complex processes are characterized by the dependerites of
A anda. This generally reflects the existence of a compensation

effect through the following equation: 0.0 . T ———
80 100 120 140 160 180

E {(da/dt)a] 7 Temperature (°C)

INAy =aEy+ b= — +In | ——2
RT fla) Fig. 2. Conversiondegree («) vs. temperature plots for a heating rat&aiin
whereq andb are constants and subscidgepresents the degree for‘th_r_ee different epoxy systems containing 0.5, 1 and 2 phr of erbium triflate
of conversion that produces a change in the Arrhenius param&S "Mtatr
ters.
The slopex = 1/RTig is related to the isokinetic temperature
(Tiso), and the intercept=In ;s is related to the isokinetic rate

should be detected) related with physical aging of the DGEBA

and an exothermic one at higher temperatures (neaf QR0

d{elated to the curing reaction of the epoxy resin. It can be seen

) hat for the three different samples, similar curve thermograms

by the reordering of E2). The appearance of the IKR shows \&Vfre obtained. As the content in erbium triflate increases, the
|

that onl}[/ onteh rr:edchan;sm 'St &ref}ig{i wr}gre?ﬁ ttrlﬁ existence ermogram shifts to minor temperatures. The reaction heat is
parameters that do not meet the Implies that there are Muly yost constant at 105 kJ/mg for all the samples.

tiple reaction mechanisn&7].

. L _ The results of the calorimetric scannings were employed to
In th|_s study, the kinetic modellwhos.e IKR had the_ best IInearobtain the conversion degree with temperature, by means of the
correlation betweer andA and in which the associatefs,

. STARe softwarefig. 2showsxy versusl plots for a constant rate
value was near the experimental temperature range was selec

28], The infl f dditi f erbi iflate in th °C/min for the three samples used. It can be seen that the
[. ]'. € Influénce of more a |t|on. of-erbium triflate in the higher the content in erbium triflate, the lower the temperature
kinetics of the system has been studied.

for a given conversion degree is.
. . In Fig. 3, it is plotted the influence of the heating rate for a
3. Results and discussion sample with 1 phr of erbium triflate obtained with STARe soft-

) o ) ware. It can be seen that as the rate of heating increases, the
In Fig. 1it is shown the thermogram corresponding to thethermogram shifts to higher temperatures.

heating of three different samples with 0.5, 1 and 2 phroferbium - e non.isothermal isoconversional kinetic parameters were

triflate, at a rate of 3C/min. The thermogram exhibits in the g cylated from the—T curves by the application of E¢6) to
three cases a small endothermic peak at@Q@where theTy gifferent conversions, and from these, the isothermal parameter

2.4 4 1.0
2 phr
234 1 phr 0.8 4
20 2.2 49 0.5phr 0.6 4
s s
E &z
= 211 :
<
s 044
= S
2.0
0.2 4
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Fig. 1. Non-isothermal DSC thermograms &3min of heating rate for three  Fig. 3. Conversion degree)for an epoxy system with 1 phr of erbium triflate
different epoxy systems containing 0.5, 1 and 2 phr of erbium triflate. as initiator at different heating rates (2.5, 5, 10 and@#Anin).
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Table 1 Table 2
Kinetic parameters of non-isothermal homopolymerization obtained b{6lEg.  Algebraic expressions fg{x) andg(«) for the kinetic models used
for a sample with 1 phr of erbium triflate

Models Aa) 8(@)
e A e Az @2A-g -l - a®

A 21— a)[-In(1 — )] V2 [—In(1 —a)]*2
0.1 71.3 12.34 —21.39 19.89 0.968 A3 3(1—a)[-In(1 — )] [~In(1 — )]
0.2 74.6 12.80 —21.91 20.91 0.982 A4 41— a)[-In(1 — a)]3* [In(d — a)]¥4
0.3 76.9 13.16 —22.29 21.60 0.987 R 2(1— )2 1-(1—a)2
0.4 79.0 13.48 —22.64 22.19 0.989 Rz 3(1— )23 1-(1—a)B
0.5 80.6 13.71 —22.89 22.64 0990 D, (2a) 1 o?
0.6 81.8 13.82 —23.02 22.96 0.992 Dy [~In(1 —a)] 1-a)in(l—a)+a
0.7 82.7 13.83 —23.04 23.16 0.993 D3 B2)A-a)P-1-a)¥ ! [1-1-a)3?
0.8 83.7 13.89 —23.11 23.43 0.994 D4 (32)A— )Rl — 1 — )31 (1—2/3a)(1— )23
0.9 85.3 14.03 —23.27 23.82 0.996 F 1-a) —In(1—a)

a In[AR/g( dE lculated on the basis of non-isothermal DSC o' 24 o2
g()E] an were calculated on the basis of non-isothermal nim=2:n=1.9 ao,1(1 _ a)llg = a)a‘l]‘o'g(O.Q)‘l

experiments as the intercept and slope of the isoconversional relationsh
In[8/T?] = In[AR/g()E] — EIRT.

b In[g(a)/A] was calculated on the basis of §/g(«)E] and E.

¢ InA was calculated with kinetic modak, and In[g(c)/A].

e m=2:n=15
n=2
n=3

aO.S(lia)l.S
(1-a)
(1-a)®

(1) 1]79%0.5)
—1+(1-a)t
27 -1+(1-a)F

In[g(a)/A], with which the studied curing process would subse-
quently be simulatediable 1shows the results obtained for the
sample prepared at 1 phr of erbium triflate using th€5nin
calorimetric signal. The process was repeated with the othe
proportions of triflate.

Fig. 4shows the experimental relationship between /B

Subsequently, by plottingagainst I, we determined the IKRs

for all the models (Eq(7)). Table 3shows the obtained results,

s well as thdjso values determined from slojpeof the IKRs.
Ithough some models exhibit IKRs, the model considered that
the best one describing the homopolymerization is the nucleation
: : . rowth type of Johnson, Male, Avrami, Kolmogorov and Yero-
and the inverse of temperature, with the adjustment mad 2ev. IMAKYayz (from here on. named as Avramiyz in order

with Eg. (6). Table 1shows thatE is weakly modified during S X .
homopolymerization, rising with the advance of the reaction,t0 simplify [29]) because this model shows the best regression
nd has &so value close to the experimental temperatures. In

probably due to the increased viscosity of the reaction mediurft . . .
as the molecular weightincreases. The parametet®Ig(«)E] agreement with Vyazovkin and Ling@a8], a T, value close to

and the associatetivalues exhibit the same trend&sThe same tmhg(;zrgscif;(gerggzgﬁlég:T]peerréi:é;ii?n?ézifss ?ﬁé@;ﬁzigﬁ_
results were obtained for the other two proportions. y P :

To establish the kinetic model for the system with an ini_clusionwasobtainedforthe systemswith 0.5 and 2 phrof erbium

) . . L riflate.

tiator amount of 1 phr, the isoconversional kinetic parameteré ' :

(Table 1) and the Eq7) were used (the same process was dont? To cc;nﬁfr r:;]thf rrleghodo(;oglgy uiﬁdt,hwecdet;arleTd InA thod
for the other two systems). From the parameters In[AR/g(x)E] or €ach ol the tested models wi € Loals—kedlern metho

andE shown inTable 1and theg(x) functions,A values were (siaélsg)wlgi ;i?ﬂ:se?tgﬂnﬁ%g :/Cr?ef;&?v%?;]pgire??o
calculated for all the different kinetic models used ($akle 2). conversions between 0.2 and 0.8 are showfiahle 3 (other

tested rates showed similar results). The same process was

applied to the other two samples. Some of the models exhibit
very good regressions, and so from these data alone, it is not
4 possible to establish the reaction mechanism. To determine the
kinetic model, it was also used the mean valuéasbtained
P isoconversionally (79.9 kJ/mdTable 1). This value of is con-
£ a0.2 sidered the effective value because it was obtained without the
§ -102{ ©03 necessity of determining the model. In addition to exhibiting
”ii:L o4 a good regression, the correct kinetic model must also possess
= 106] X" a value ofE similar to the effective value. According to these
06 criteria, modeH /> with = 0.9999 and: = 54.88 kJ/mol, is con-
1] sidered the correct one even if thevalues is lower than that
08 found with the isoconversional (Table 5). Other models like R3
114 o0 and F1 could also describe the process, but taking into account

222 227 232 237 242 247 252 257 262 267 272

1000/T (K™

that the three systems using erbium triflate must show the same
model, it was chosen that one representing all the systems and
having good regression in all casesThable 4it can be seen the
Coats—Redfern results for the other two samples and how the
kinetic model chosen is valid for all the systems.

Fig. 4. Correlations between B/?] and the inverse of the temperature
(1000/7) for different values of of an epoxy sample with 1 phr of erbium
triflate.
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Table 3
Arrhenius parameters determined by the Coats—Redfern method and isokinetic parameters for a sample with 1phr of erbium triflate
Models Coats—Redfern (1 phr) IKR (1 phr)

E (kJ/mol) InA (min~1) r a (mol/kJ) b (min~1) Tiso (°C) r
Az 54.88 14.362 0.9999 0.2807 —0.039 155.55 0.9990
Az 39.47 9.541 0.9999 0.2447 2.902 218.49 0.9983
A3 24.07 4.555 0.9999 0.2088 5.843 303.09 0.9970
Ay 16.37 1.924 0.9998 0.1908 7.313 357.34 0.9959
R> 71.34 18.484 0.9994 0.3304 —5.402 91.00 0.9982
R3 75.89 19.549 0.9998 0.3204 —4.177 102.45 0.9971
D1 124.69 34.596 0.9968 0.4507 —14.999 —6.12 0.9937
D> 146.53 41.551 0.9989 0.4830 —18.034 —23.98 0.9966
D3 158.52 43.113 0.9998 0.5240 —22.529 —43.45 0.9990
Dy 146.14 39.203 0.9993 0.4965 —20.521 -30.73 0.9976
F1 85.68 23.790 0.9999 0.3525 -5.921 68.17 0.9996
Power 26.12 4.999 0.9953 0.2154 5.044 285.53 0.9921
n+t+m=2;n=1.9 107.68 31.053 0.9955 0.4046 —9.467 24.28 0.9968
n+m=2;n=15 56.83 15.946 0.9951 0.2856 0.586 148.11 0.9994
n=2 120.40 34.824 0.9956 0.4343 —11.938 3.92 0.9961
n=3 162.46 48.051 0.9885 0.5356 —19.413 —48.41 0.9832

All the samples have shown that the two methodologies pro¥able 5
duce the same result, and in both cases, it is necessary to knof@riation of the activation energy with the conversion of samples with 0.5, 1 and
the effectiver (isoconversional) value to determine the complete? PP of erbium tiflate
kinetic triplet (Ea, A andf{a)). Conversion Ea (kJ/mol)

If we compare the activation energies (Table 5), a simple anal- 0.5 phr 1phr 2 phr

ysis would conclude that the fastest system is that with the major

Ej, but this is not always true because it exist a compensatiogr; 23'2 ;11'2 gi'g
effect betweerE and InA. Then, to know which system is the g 3 62.7 76.9 62.2
most efficient it should be compared the conversion raksy. 0.4 64.6 79.0 63.5
(8) shows the Arrhenius relation betwegr{rate constant)d 0.5 66.0 80.6 65.4
andE: 0.6 67.1 81.8 67.7
0.7 67.9 82.7 70.4
f— A E nk — In A E ® 0.8 68.6 83.7 73.3
=Aexpl—— | > Ink=InA - —

p RT RT 0.9 69.3 85.3 75.1
From Eq.(1),
In In A E +1In f(c) C)]

r= - — o
RT
Table 4
Arrhenius parameters determined by the Coats—Redfern method for samples with 0.5 and 2 phr of erbium triflate
Models Coats—Redfern (0.5 phr) Coats—Redfern (2 phr)
E (kd/mol) InA (min—1) r E (kd/mol) InA (min—1) r

Az 72.37 19.207 0.9998 53.69 14.830 0.9998
Az 52.55 13.240 0.9998 38.66 9.913 0.9997
A3 32.72 7.120 0.9998 23.63 4.827 0.9997
Ag 22.81 3.936 0.9998 16.49 2171 0.9996
R> 162.27 44.684 0.9995 69.56 18.994 0.9981
R3 188.60 52.810 0.9994 74.07 20.108 0.9990
Dy 205.76 55.724 0.9971 121.14 35.297 0.9943
D 189.83 50.889 0.9990 142.49 42.314 0.9974
D3 93.57 24.563 0.9999 154.58 44.166 0.9991
Dy 99.43 25.968 0.9994 142.32 40.122 0.9979
F1 112.01 30.938 0.9998 83.76 24.457 0.9998
Power 35.38 7.718 0.9960 25.46 5.223 0.9918
n+m=2;n=1.9 140.30 39.843 0.9952 105.73 32.021 0.9971
n+m=2;n=15 74.87 20.934 0.9948 55.88 16.516 0.9968
n=2 156.66 44,565 0.9952 118.19 35.891 0.9971

n=3 210.77 60.939 0.9878 159.98 49.618 0.9910
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Fig. 5. Conversion rate (Ir) vs. the inverse of the temperature (1aQ0for Fig. 6. Conversion vs. time graphics of data obtained experimentally (isother-
samples with 0.5, 1 and 2 phr of erbium triflate. mally at 120°C), isoconversionally with the STAR software and from the chosen

kinetic model for a sample with 1 phr of erbium triflate.

Introducing in this equation values & A anda with the  5¢re compared to the modelled data can be due either to the
chosen kinetic modeds/2 and for a given conversion degree ac that the epoxy curing process could not exactly be the same
(«=0.5) we can obtain a graphic likeg. 5(Inr=A1/7)). under isothermal or non-isothermal tests, or to some experi-

In this figure it can be observed that, when introducing morénenta| problems in the calorimeter. Firstly, the DSC needs a

initiator the faster the system is. As temperature raises, the CORpqt time to bring the sample to the isothermal curing temper-

version rate of the systems with 1 and 2 phr of erbium initiatorature’ meaning that the curing reaction begins before reaching

get closer, meaning that the system is almost not acceleratgf jsothermal temperature. Secondly, when the isothermal test
when introducing initiator over 1 phr when high temperatures;nishes the cooling of the sample in the calorimeter is notimme-
are used (e.g. 20). Butwhen low temperatures are used, Sig-gjate, 50 again some time is needed to decrease the temperature
nificant acceleration of the system is shown (e.g.X0when 5 the reaction process continues until ambient temperature
more initiator is added. These results corroborate that in ordgg reached, probably non-isothermal data give more accurate
to know which system is the fastest; it is appropriate to considefagits than these isothermal experiments.

not only £, but also the parameter nif the kinetic models are Nevertheless, as the curves are very similar it can be pointed

the same. out that the kinetic model chosen fits quite well the isoconver-

In order to know whether the kinetic model chosen and iS0g;jon 4| data obtained with STAR software and experimental data.
conversional data obtained by the STAR software fitted the

experimental data or not a comparison between conversion-timg coneclusions
graphics for a given temperature was made. Because isothermal

reactions of these systems were very fast, the DSC equipment 4 compare kinetic resuilts, it is necessary to know the com-

was not able to detect the initial calorimetric signal because St%’lete kinetic triplet (EA, g(«)) because of the existence of a

bilization t|meT is needed and t_he initial part of the cure was IQStcompensation effect betwesrand InA. The use of as a unique
The experimental conversion degree («) data were Obta'”egomparative parameter can introduce errors.

doing a firstisothermal test during a given time in a DSC, after- - 1,5 methods that allow the determination of the complete
wards a scan from 25 to 30C at 5°C/min was performed for  inatic triplet have been shown, as well as the simulation of
each isothermal test. With EGL0) and the residual enthalpies he nolymerization. Both methods require the effectivealue
obtained, the different conversion values where calculated:  {, peo known, which can be determined with an isoconversional
A Hiotal — A Hresidual procedure (model-free). _ _
Aexp = A Higal (10) .Ar.1 epoxy systgm comp_osed by a DGEBA resin ar_1d a Leyws
acid initiator (erbium(lll) trifluoromethanesulfonate with appli-
where AH=73.3kJ/equiv. epoxy obtained from non- cations in the formulation of low curing powder coatings) was
isothermal data. studied. Three different amounts of initiator were prepared: 0.5,
Fig. 6 represents the three curves obtained: kinetic model and 2 phr. A kinetic study by means of non-isothermal testsin a
data, isoconversional data obtained by the STAR software andSC was carried out and a posterior isokinetic study was devel-
finally experimental data, for a sample with 1 phr of erbiumoped. All systems showed that the reaction mechanism followed
triflate. anAsj; “nucleation and growth” model, showing no dependence
It can be observed that the three curves show the same trenoh) the initiator amount.
although experimental data present shorter times for the same Reaction rates for all the systems were obtained. Results
conversion. These shorter experimental times at a given tempeshowed that the more the initiator is added, the faster the reaction
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