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Abstract 

The isothermal and non-isothermal degradation of a typical styrenated phthalie acid-maleic 
aeid-propylene glycol polyester were measured. Non-isothermal and isothermal kinetic analyses 
were performed on the various degradation steps observed. The values of the non-isothermal and 
the isothermal kinetic parameters are in good agreement. 
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Introduction 

The thermal stabilities of polymeric electrical insulating materials are usu- 
ally evaluated by using tests of accelerated ageing under isothermal conditions, 
with determination of the time necessary for the chosen property to reach the 
established failure criterion [I]. For each failure criterion, the temperature in- 
dex for a lifetime of 20000 h is inferred. The use of this methodology [1] is 
correct only for constancy of the degradation activation energy for temperatures 
located in the range between the utilization temperature and the maximum ac- 
celerated thermal ageing temperature. In order to be able to choose the 
temperatures of accelerated thermal ageing, one has to know the range of 
chemical stability of the material, i.e. the temperature range in which no chemi- 
cal changes are detected in the material during a relatively short time of several 
hours [2]. One also has to know the mechanism of thermal degradation of the 
polymeric material. For the performance of such analysis, thermal analysis 
methods have proved their efficiency [2-141. 

The present paper reports results obtained from an investigation of the ther- 
mal degradation (isothermal and non-isothermal) of a typical styrenated 
phthalic acid-maleic acid-propylene glycol polyester. 
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Experimental 

Materials 

To obtain the styrenated unsaturated polyester resin, the highly reactive un- 
saturated polyester resin Nestrapol 450, manufactured by Polieolor-Bucharest 
(Romania), was used as starting material. This resin contains 65% by mass of 
unsaturated polyester from maleic anhydride, phthalie anhydride and propylene 
glycol, and 35% styrene (0.51 moles styrene/100 g unsaturated polyester; 
1.72 moles styrene/gram-equivalent double bonds in the polyester). The main 
properties of the Nestrapol 450 resin are: density 1.135 g em-3; acidity index 
30.7 mg KOH/g; hydroxyl index 16.0 mg KOH/g. 

The Nestrapol 450 resin was diluted with styrene (22.8 g styrene/100 g 
resin), the unsaturated polyester and styrene contents thereby becoming 53.3 % 
and 46.7% (0.84 moles styrene/100 g polyester) respectively. In the presence 
of 1% t-butyl perbenzoate, the resin was submitted to block-copolymerization 
(16 h at 80~ h at 90"C+2 h at 100~ The rigid thermoset was charac- 
terized by a density of 1.185 g cm -3 and a Martens thermal stability of 59~ 

Isothermal degradation 

The isothermal degradation of the resin samples was investigated in WSU- 
200 ovens in which the temperature was kept constant with an accuracy of +-2~ 
The change in mass due to thermal degradation was followed in time. 

Thermal analysis 

The heating curves of the powdered samples were recorded with a Paulik- 
Paulik-Erdey Q-1500D (MOM, Budapest) derivatograph in static air atmos- 
phere in the temperature range 20--500~ at heating rates of 1.4, 2.8, 6.1, 11.9 
and 25.1 K min -1. 

Results and discussion 

Mass loss vs. time isotherms 

Figure 1 shows isothermal mass loss (as a percentage of the initial mass) vs. 
time plots at 191,200, 210 and 220~ 

Inspection of the curves in Fig. 1 shows that at all these temperatures, after 
an initial period characterized by a fast mass loss (t<3 h), there was a relatively 
slow change in mass with time. 

We assumed that the kinetics of the isothermal mass loss can be described by 
the classical rate equation: 
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d ~  
= k f ( a )  (1) 

where k is the overall rate constant, a is the degree of conversion andf(a)  is the 
differential conversion function. 

The degree of conversion is related to the mass loss Am as follows: 

Am r - (2) 
Am,,.,.x 

The dependence of the overall rate constant on temperature is given by the 
Arrhenius equation: 

where A is the pre-exponential factor and E is the activation energy. 
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Fig, 1 Isotherms of mass loss of the styrenated polyester resin during its thermal degrada- 

tion; o 191~ A 200~ + 210~ [] 220~ 
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With utilization of relationship (2), the integrated form of Eq. (1) is: 

lnt = InF (Am) - I N A P T  (4) 

where 

Ant 

! f d(Am) 
F(Am)- Am__~.ff Am 

 ,Am-J 
Thus, for Am-const., a plot of In t vs. l/Tshould be a straight line with a 

slope which relates to the activation energy. Figure 2 shows such straight lines 
for 17.5<%Am<-50. In this range of %Am, the values of the activation energy, 
located in the range 155.3-164.0 kJ mo1-1 (r>0.989; the accuracy of the deter- 
mined values of the activation energy is 10%) can be considered to be practi- 
cally constant. 
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Fig. 2 The straight lines In t vs. l i T  for isothermal degradation of the styrenatcd polyester 
resIn 
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The degradation of the resin in the range 15 <%Am_<44 followed the rate 
equation: 

do~ -I (5) ~-kcx 

characteristic of a diffusion-limited reaction (parabolic law) [15]. 
A consideration of relationship (2) and the initial mass loss (Amo), with in- 

tegration of F~. (5), leads to 

2 = 2- 2k( 2to + 2k( .,)2t (6) 

Figure 3 shows the straight lines (Am) 2 vs. t for the data depicted in Fig. 1 
(r>0.998). 
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Fig. 3 Vvrification of Eq. (6) for isothermal degradation of the styrcnated polyester resin; 
o 191~ A200~ + 210~ 220~ 

The slopes of these straight lines given by 2k(Am~x) 2. With the assumption 
of Arrhenius dependences with temperature for k, a plot of {ln2k(Amm~) k} vs. 
1 /T  is shown in Fig. 4. From the slope and intercept of this straight line, the fol- 
lowing values were obtained for E and 2A(Amm~)': 

E= 159.0 kJ.mol-l; 2A(Ammx)2=7.93.1014 s -1. 

J. Thermal Anal., 46, 1996 
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Fig. 4 The Arrhcnius straight line for isothermal degradation of the styrenatcd polyester 
resin 

In order to evaluate ~r from the parameters of the straight lines (~u'n) 2 vs. 
t, the values of to corresponding to the four temperatures of the isotherms and 
for 9<%&,n<15 were calculated. These values were compared with those deter- 
mined experimentally (Fig. 1). The best agreement between the calculated and 
experimental to values was found with &,'no= 12%. 

Thermoanalyt ical  data 

Figure 5 shows the TG, DTG and DTA curves obtained at a heating rate of 
11.9 K rain 4. Similar curves were observed at other heating rates. 

Inspection of the curves reveals three temperature regions (I, II and III) in 
which mass loss occurs. The first, low-temperature change, I, is exothermic, 
whereas the following ones, II and III, are endothermic. The total mass loss, 
82-86%, is in good agreement with the total mass loss observed isothermally 
at 220~ (Fig. 1). These results are similar to those obtained by Anderson and 
Freeman [16], who investigated the degradation of a styrenated phthalic acid- 
maleic acid-propylene glycol polyester in argon and air. They reported that, in 
the first exothermic change, molecular oxygen reacts with the tertiary carbon at- 
oms from the styryl groups, generating a hydroperoxide which decomposes to 
benzaldehyde and unsaturated hydroxyesters. Steps II and III of the degradation 
involve strong scission of the macromolecular chains, with the generation of 
phthalic acid, phthalic anhydride, esters of propylene glycol, carbon dioxide, 
methane, hydrogen and propylene [16]. 

For 5<%~n<70, the Flyrm-Wall isoconversion diagram [ 17, 18] was plotted 
(Fig. 6), with a consideration of local heating rates, evaluated around the con- 
sidered experimental points (10 K<AT<I5 K). 
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Fig. 5 TG, DTG and DTA curves of the styrcnated polyester resin in static air atmosphere at 
a = l l . 9  K rain -l 

The results show that: 

(a) for 5<%Am<15 (change I), the plot ofln a vs. I/Tis not linear; 

(b) for 15<%Am<70 (changes II and III), the plots In a vs. 1/Tare linear for 
heating rates in the range 1.4-11.9 K rain -~. 

The dependence of the non-isothermal kinetic parameters on the heating rate 
is due to the heat transfer limitation, which can be important mainly at high val- 
ues of this experimental parameter. 

For change I, the activation energy cannot be evaluated by means of the 
Flynn-Wall isoconversion method. For this change, the non-isothermal kinetic 
parameters were evaluated by three integral methods: the Coats-Redfern method 
[19], the Coats-Redfern method as modified by Urbanovici and Segal [20], and 
the Flynn-Wall method for a=eonst. [17, 18]. A program written in BASIC 
language [21, 22] was used to analyse the experimental data. The values of the 
non-isothermal kinetic parameters for change I are listed in Table 1. 

As expected, the values of the non-isothermal kinetic parameters depend on 
the heating rates. The relatively low values of the activation energy are located 
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Fig. 6 Flynn-Wall isoconversion diagram for thermal degradation of the styrenatcd polyester 
resin 

in the range 24-30 kJ mo1-1. Correspondingly, the reaction order values are lo- 
cated in the range 0-0.4. Thus, change I corresponds to an initial fast mass loss 
observed in the isotherms (Fig. 1). 

For changes II and Ill, at heating rates in the range 1.4 K min-Lf~a< 
11.9 K rain -~, the activation energy values were obtained by means of the 
Flynn-Wall isoconversion method [17, 18]. Thus: 

(a) for 15<%Am_<45, 160.7 kJ mol-l<F-<174.9 kJ reel -1, with r;K).99; 
(b) for 45<%Am_<70, the values of E decrease gradually from 160.7 kJ mol -~ 

to 140.6 Icl reel -~ (r>0.99). 

For 15<%Am_<45, the values of the activation energy are close to those 
found under isothermal conditions. For this change, the non-isothermal kinetic 
parameters were obtained by using the Coats-Redfern method [19] and the 
Flynn-Wall method for a=const. [17, 18]. From a consideration of the differ- 
ential conversion function found for isothermal degradation, f(cz)=cz 4, the fol- 
lowing working equations were derived: 

J. Thermal Anal., 46, 1996 
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(a) for the Coats-Redfem method: 

In (Am)~- - (Am~ = In 2(Amm'x)2AR - E 
T 2 aE RT 

(7) 

(b) for the Flynn-Wall method with afconst.:  

log[(Am) 2 - (Ant,):'] = log 2(AreOlAE - 2.315 - 0.457 E 
aR AT 

(8) 

As in the case of isothermal degradation, Amo= 12%. The verifications of 
Eqs (7) and (8) for 16<%Am<45 are shown in Figs 7 and 8. 

From the slopes and the intercepts of these straight lines, the values of E and 
2,4 (Am.ffia 2 were calculated. The results are listed in Table 2 and reveal values 
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Fig. 7 Coats-RMfcm straight lines for 16<%Am.~45; o a = l . 4  K rain-I; x a=2.8 K min-~; 
A a=6.1  K rain-I; r-I a f f i l l .9  K min -j 
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Fig. 8 Flynn-Wall (a=const.) straight lines for 16<%Am_<45; o a =  1.4 K min-t; 
x a = 2 . 8  K min-]; A a = 6 . 1 K  rain-I; U a = l l . 9  K min-I; 

of E and 2/1 ( z ~ , ~ )  2 in satisfactory agreement with the corresponding isother- 
mal data. 

For change III, the activation energy was evaluated by means of Kissinger's 
method [23], applied to the third peak of the DIG curve. The resulting value, 
E=  147.7 kJ tool -], lies in the range of values obtained by the Flynn-Wall iso- 
conversion method for %Am>45. 

Table 2 Nonisothermal kinetic parameters for 16<%Am-<45 obtained by using integral methods 

Method 

Coats-Redfem Flynn-Wall, a=const.  

al E l  2A(Am~) 2 1 r E l  2A(Am~) 2 / r 

K mol -I kJ mol -I s "t kJ tool -t s -1 

1.4 156.5 6.1380-1014 0.9955 155.7 5.1030.1014 0.9969 

2.8 155.3 4.4497~i0 ]4 0.9936 156.5 6.1894.10 t4 0.9943 

6.1 164.3 3.4830-I0 Is 0.9935 165.1 4.4381.I0 Is 0.9942 

11.9 157.8 7.6864.1014 0.9966 159.4 1.1724.10 js 0.9975 

J. Thermal Anal., 46, 1996 
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Conclusions 

Both isothermal and non-isothermal mass loss curves for a styrenated 
phthalic acid-maleic acid-propylene glycol polyester indicated three successive 
changes on progressive heating of the sample. A kinetic analysis of these 
changes was carried out. Fairly good agreement was observed between the val- 
ues of the non-isothermal and the isothermal kinetic parameters. 
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