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Abstract 

The results of non-isothermal kinetic analysis of the thermooxidative degradation in air and 
oxygen of an unsaturated polyester resin are presented. It has been shown that the thermooxida- 
tive degradation in oxygen occurs at lower temperatures than the thermooxidative degradation in 
air. The kinetic parameters of the thermooxidative degradation depend on the heating rate and 
the oxygen pressure. Two straight lines of lnA vs. E (,4 is the preexponential factor and E is the 
activation energy), characteristic for the compensation effect, have been obtained for the thermooxi- 
dative degradation in air and in oxygen respectively. The difference between the intercepts of these 
straight lines can be explained by dependence of the pre-exponential factor on the oxygen pressure. 
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Introduction 

The wide use of the polymeric materials requires the knowledge of their behav- 
iour under environmental conditions (heat, light, humidity, nuclear radiation, etc.). 
In order to obtain these informations one has to investigate the accelerated aging of 
these materials by following the change in their mechanical properties (elongation 
at break, resistance to traction, resistance to compression, flexural strength, etc.) 
and their electrical properties (dielectric rigidity, dielectric losses, resistivity, etc.) 
due to degradation. 

For thermal or thermooxidative degradation, the acceleration factor has to be 
chosen in such a way that the mechanism of the accelerated degradation of the ma- 
terial should be the same as that of its degradation under the conditions of its prac- 
tical use. 

Thermal analysis methods (TG, DTG, DTA or DSC) are very useful in the solu- 
tion of such problems as they permit the estimation of the temperature range of 
thermal stability [1-6], the values of the non-isothermal kinetic parameters of deg- 
radation [6-18] and the changes undergone as a consequence of the accelerated ag- 
ing [2, 19, 201. 

In our previous papers [21-23] we have shown that the increase of oxygen pres- 
sure determines the acceleration of the isothermal thermomechanical degradation of 
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ethylene+propylene rubber (elongation at break), glass-reinforced epoxy resin 
(flexural strength), and nitrile-butadiene rubber (elongation at break). 

This, work aims to present the results of an investigation by help of thermal 
analysis concerning the influence of oxygen pressure on the rate of thermooxidative 
degradation of an unsaturated polyester resin. From the kinetic analysis in non-iso- 
thermal conditions in air and oxygen atmosphere, the dependence of the pre-expo- 
nential factor on the pressure of oxygen is established. 

E x p e r i m e n t a l  

The styrenated unsaturated polyester resin was obtained using, as starting mate- 
rial, the unsaturated reactive resin NESTRAPOL-450, which was manufactured by 
Policolor-Bucbarest-Romania, using a procedure described in an earlier paper [24]. 
NESTRAPOL-450 contains 65 wt% of unsaturated polyester from maleic anhydride, 
phthalic anhydride and propylene glycol and 35% styrene (1.72 tool styrene/gram- 
equivalent double bonds in polyester). The resin NESTRAPOL-450 was diluted with 
styrene (22.8 g styrene/100 g resin). In presence of 1% t-butyl perbenzoate the resin 
was subjected to block-copolymerization (16 h at 80~ + 1 h at 90~ +2 h at 1000C). 
The rigid thermoset was characterized by density of 1.185 g cm -3 and Martens 
thermal stability of 59~ 

The heating curves of powdered samples have been recorded by help of Q- 
1500 D MOM-Budapest type Paulik-Paulik-Erdey derivatograph in the temperature 
range 20-500~ at heating rates in the range 0.70-13.50 K min -1. 

The resin degradation was investigated in air static atmosphere, air flow 
(10 1 h -1) and oxygen flow (10 1 h-X). 

R e s u l t s  a n d  d i s c u s s i o n s  

Figure 1 shows the thermal curves (TG, DTG, DTA) obtained in air atmosphere 
at a heating rate of 11.90 K min -1. Similar curves have been obtained for other 
heating rates as well as in air flow and oxygen flow. 

O(b I00 200 300 t, O0 500 
TO ~ , ~  I =. O l'c 

201 -DIG 

Exo I 
oTA 

Hg. 1 The TG, ~ and DTA curves of styrenated polyester resin in static air atmosphere at 
11.90 K rain -I 
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Inspecting the curves we noticed three temperature regions, I, II and III, in 
which weight loss occurs. The total mass loss, 82-86%, is in good agreement with 
that obtained isothermally at 220~ [24]. These results are similar to those obtained 
by Anderson and Freeman [25] who investigated the degradation in argon and air of 
styrenated phthalic acid-maleic acid-propylene glycol polyester. The authors noted 
that in the first exothermic change, molecular oxygen reacts with tertiary carbon at- 
oms from the styryl groups generating hydroperoxide which decomposes to benzal- 
dehyde and unsaturated hydroxyesters. In steps II and III of degradation, strong 
scission of the macromolecular chains with the generation of phthalic acid, phthalic 
anhydride, esters of propylene glycol, carbon dioxide, methane, hydrogen and pro- 
pylene occurs [25]. 

Figure 2 shows the TG curves obtained for the same heating rate (-z~.85 K min -1) 
for the degradations in static air atmosphere, air and in oxygen flows. As one can 
see, for the same degree of degradation, the lowest temperature is recorded for oxy- 
gen flow and the highest temperature is recorded for static air atmosphere. Similar 
results have been obtained for other heating rates. 
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Fig. 2 The "I'G curves for the thermooxidative degradation of the styrenated polyester resin 

in: static air atmosphere, air flow (10 1 h- ) and oxygen flow (10 1 h -l) 

In a previous paper [24] it has been shown that the isothermal degradation of the 
resin in air for mass losses %Am located in the range 15_<%z~gn_<44 (change II) oc- 
curs according to the rate equation: 

do~ 
--dt = kcx-1 (1) 

where o~ is the degree of conversion. 
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The rate Eq. (1) is characteristic for a diffusion limited reaction (parabolic law) 
[26]. 

The rate constant depends on temperature according to Arrhenius equation: 

k = A  exp(- A )  (2) 

where A is the pre-exponential factor, E - the activation energy, T -  the temperature 
(K), R - the gas constant. 

By definition, the degree of conversion is related to Am, i.e. 

Am 
ct - (3) 

Ammax 

where Amma x is the total mass loss in the change II (Ammax cannot be exactly deter- 
mined from our experimental data). 

From the experimental data obtained for the isothermal degradation, it has been 
obtained: 

E=  159 kJ mo1-1 and lnA(Ammar)2=336 (A expressed in S -1) 

In order to evaluate the non-isothermal kinetic parameters we should admit that 
the non-isothermal degradation of the investigated resin occurs according to 
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Fig. 3 The straight lines [ln(13(dAm/dT))+InAm] vs. (l/T) for the non-isothermal thermal deg- 
radation of the resin in static air atmosphere 
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Fig. 4 The straight lines [ln(13(dAm/dT))+lnAm] vs.(l/T) for the non-isothermal thermal deg- 
radation of the resin in air flow 

Eq. (1). Taking into account that the heating rate is kept at a constant value 
([~=const.), from relationships (1)-(3) one obtains: 

In(13 d - -~ )+  lnAm = lnA (Amma x)2 E RT (4) 

Thus, the plot [ln(13(dAm/dT))+lnAm] vs. (l/T) should be a straight line from 
which the intercept and slope result in A(Ammax) 2 and E. Actually this procedure is 
a variant of isoconversional Friedman's method for evaluating the non-isothermal 
kinetic parameters [27]. In order to evaluate dAm/dT, rather than using DTG 
curves, as shown in a previous work [28], a better precision is obtained by approxi- 
mating the TG curve as a power series of T. For 15<%Am_<35, the truncation of the 
series at the term with T" leads to a high correlation coefficient (r >0.997). 

Figures 3-5 show the straight lines [ln(13(dAm/dT))+lnAm] vs.(1/T), for various 
heating rates in the three media in which the derivatograms have been recorded. 
The parameters of these straight lines and corresponding the values of the non-iso- 
thermal kinetic parameters of the degradation depend on theheating rate as well as 
of the atmosphere in which the thermal degradation is recorded, As shown in Fig. 6 
the non-isothermal kinetic parameters of the degradation in static air atmosphere 
and in air flow together with the corresponding isothermal kinetic parameters are 
correlated through the compensation effect [29, 30] characterized by the relation- 
ship: 

lnA(Ammax) 2 = aE + b (5) 
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where a and b are constants specific for the given series of related reactions. 
Figure 6 shows that the kinetic parameters of the degradation in oxygen flow are 

also correlated through relationship (5). 
As shown in our previous review articles [29, 30], the validity of relationship 

(5) shows that the change of an operational parameter as the heating rate or the at- 
mosphere in which the degradation occurs determines the change of the non-iso- 
thermal kinetic parameters. The parallelism of the straight lines in Fig. 6 suggests 
the following factorization of the preexponential factor [31]: 

A = Aog(P ) (6) 

where P is the partial pressure of oxygen. 
As shown previously [21-23] the thermomechanic degradation of some poly- 

meric materials is described by Eq. (6) in which: 

g(p)  = p 5 (7) 

where 6 is a parameter whose value depends on the material as well as on the cho- 
sen mechanical property. 
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Fig. 5 The straight lines [ln(13(dAm/dT))+lnAm] vs. (l/T) for the non-isothermal thermal deg- 
radation of the resin in oxygen flow 

J. Thermal Anal., 49, 1997 



BUDRUGEAC, SEGAL: POLYESTER RESIN 189 

I 

~-. 66 

.~ 4z 

< 40 c; 

38 

36 

34 

32 

30 

28 ~ 

26 t _ t  I _ _ L _ _  t t t i J - b  
120 130 140 150 150 170 180 190 2130 210 

El kJ.mol -I 

Fig. 6 Compensation effect straight lines (lnA(Ammax) 2 vs. E) for the thermooxidative degra- 
dation of the resin, o isothermal degradation, degradation in static air atmosphere, 
degradation in air flow; A degradation in oxygen flow 

Considering that for the thermal degradation of the investigated resin relation- 
ships (6) and (7) are valid one obtains: 

lnAo(Ammax) 2 = lnA(Ammax) 2 - 81nP (8) 

where: P = 0 . 2  barr for the degradation in air (either static or flow) and P =  1.0 barr 
for the degradation in oxygen flow. 

Obviously, the plots lnAo(Ammax) 2 vs. E should be straight lines for the kinetic 
parameters of the degradation in air as well as in oxygen. 

In order to evaluate 5, the correlation coefficient of the linear regression of the 
straight lines lnAo(Amm~ 2 vs. E,  for 0<6_<1.00 (with the step 0.05) have been cal- 
culated. Figure 7 shows the change of the correlation coefficient, r, with 8. The 
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Fig. 8 The straight line lnAo(Ammax) 2 vs. E for 6'=0.50 

maximum value of r corresponds to 8 =0.50. This optimal value of the parameter 
6 described most probably the dependence of the kinetic constant characteristic for 
the thermooxidative degradation of the investigated resin on oxygen pressure. 

The straight line lnAo(Ammax) 2 vs. E corresponding to fi =0.50 is shown in Fig. 8. 
The values of the corresponding compensation parameters are: 

a = 0.221 (_+0.004) tool kJ -I 

b = - 0.277 (+0.626) (A expressed in s -1) 

r = 0.9979 

The presented results illustrate Agrawal's idea [32] according to which the compen- 
sation effect is a useful tool for chemical research directed towards identifying the 
reaction mechanism as well as for predicting the effect of various parameters of re- 
action and correlation of the experimental data. 

C o n c l u s i o n s  

1. The investigation of the thermooxidative degradation of a styrenated phthalic 
acid-maleic acid propylene glycol polyester showed that this change occurs at lower 
temperatures in oxygen atmosphere than in air atmosphere. 

2. Three successive steps of the degradation are evident. 
3. Kinetic parameters for the second step of degradation using Friedman's non- 

isothermal method have been determined. It has been shown that the kinetic pa- 
rameters depend on the heating rate as well as the gaseous atmosphere in which the 
degradation occurs. 
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4. The activation parameters for the degradation in air as well as in oxygen are 
correlated through the compensation effect. 

5. It has been shown that the pre-exponential factor of the degradation depends 
on the partial pressure of oxygen according to the relationship: A =AoP 8. 
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