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Abstract

The thermal degradation of cable ties of polyamide (PA6,6) neat and UV stabilized was
investigated by thermogravimetry (TG) and its derivative (DTG) at several heating rates
between 5 and 80 °C min™ in helium atmosphere. High heating rates signal novel peaks in the
DTG curves that indicate melting temperature of PA6,6. The kinetic parameters calculated via
isoconversion and nonisothermal data using the Flynn-Wall-Ozawa, Kissinger and Coats-
Redfern methods showed comparable activation energy values. Exposure of the ties to
outdoor environment causes pre-mature stress cracking and brittle failure due to prevalence of
crosslinking reaction occurring in the polymer chains.

Keywords: Polyamide 6,6 ,Thermal degradation , Kinetic analysis,Thermogravimetric
analysis , Activation energy , Cable ties .
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Introduction

Polyamides such as PA6 and PAG6,6 possess a favorable balance of physical and chemical
properties, which has been widely used as engineering material [1]. However their thermal
stability is hindered by low glass transition temperature posing limit on their high temperature
application [2]. Recent usage of PA6,6 in automotive industry has focused on their use for
greater fuel economy and weight reduction coupled with the critical requirement of higher
continuous use temperature (CUT) and resistance to thermal degradation [3]. Therefore, the
knowledge of thermal degradation kinetics of PA6,6 whether photo-oxidized [4] or electron
beam irradiated [5] is essential, and for this purpose thermogravimetric analysis (TGA) is
widely used because of its experimental simplicity and the wealth of information obtained
from a simple thermogram, such as the activation energy in addition to the understanding of
thermal degradation mechanism [6]. It has been found that the main route of thermal
degradation of PA6,6 is the elimination of the main organic product cyclopentanone and also
some hydrocarbons, nitriles and vinyl groups [7,8].
PAG6,6 can be crosslinked or degraded as the consequence of their exposure to ionizing
radiation in addition that the two processes may compete in the degradation reaction [9,10].

The kinetic analysis of a decomposing material can be done using the dynamic
thermogravimetric study, which can be analyzed by the isoconversional method. In this
method a series of thermogravimetric curves obtained at different heating rates can be used
to calculate the activation energy [11].

The present paper focuses of the thermal degradation kinetic of PA6,6 neat and UV
stabilized under dynamic conditions using three methods: Kissinger and Flynn-Wall-Ozawa
that utilize heating rate at different levels of conversion, and Coat-Redfern that utilizes
,conversion at different levels of heating rate, to verify the effectiveness of the kinetic analysis
method and to shed a light on the thermal degradation mechanism that PA6,6 undergoes when
used outdoors for tying cables and pipes. It has been noticed that outdoor use of PA6,6 cable
ties fail by stress cracking under its own constant tying load.

Kinetic Methods [12]

The reaction rate in TG analysis can be defined as the change of degree of conversion (o)

with time or temperature and is calculated as:
o =Me—-M¢/ Mg—Ms  ....eeee. (1)
where mo, m¢ and ms represent the initial, actual and final mass of material respectively . All

kinetic studies assume that the isothermal rate of conversion, d—‘z, is a linear function of

temperature and is expressed in Arrhenius form as:

(Cil_cz = A(1 - )" e E/RT ... (2)

Where A, n, E, R and T are the pre-exponential factor (min™), assumed to be temperature —
independent of the reaction order, the activation energy (KJ mol™ ), the gas constant (8.314 J
mol™ K™) and the absolute temperature (K) , respectively.

At constant heating rate B = dT/dt, Eq. (2) may be written as:

da _ A -
d_: = E(l —a)ne B/RT (3)

Kissinger’s method [13]

Kissinger’s method is one of the differential methods that has been utilized to calculate the
activation energy from plots of the logarithm of the heating rate versus the inverse of the
temperature at the maximum reaction rate in constant heating rate experiments. The beauty of
this method is that even without a precise knowledge of the reaction mechanism, the
activation energy can be determined after taking the logarithm in Eq. (3):

Log(B/T?max) = {log AR/E +log[N(1-ctmax)" ]} — E/2.303RTiax =+« -+« (4)
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where B, A, R, E, n have their usual significance, Tmax IS the temperature indicating the
inflection point of the thermal degradation curves which corresponds to maximum rate and
amax 1S the maximum conversion .

From the plot of log(B/T?max) Versus 1/Tmax and fitting to a straight line, E can be computed
from the slope.

Flynn - Wall - Ozawa method

This isoconversional integral method is suggested independently by Ozawa [14] and Flynn
and Wall [15] uses Doyle approximation [16] of the temperature integral. From Eq. (3) after
taking logarithm is:

Log B = log (AE/(1-0)"R) - 2.315 - E/2.303RT  ..........(5)
Thus for o = constant, the plot of logP versus 1/T gives a straight line with the slope
determining the activation energy. Using this method, one can determine the activation energy
at different levels of conversion.
Coats — Redfern [17]

Coats — Redfern method has been used by researchers to determine the activation energy of
solid state reactions from plots of the logarithm of conversion versus 1/T. Thus Eq. (3) after
integration becomes:

log (- log (1-0)) /T?) = log (AR/BE) - E/2.303RT ........... (6)
Here a is the fraction of sample degradation at temperature T, where T is the derivative peak
temperature obtained from DTG curve .
Thus a plot of log(-log(1-a)/T?) versus 1/T gives a straight line with the slope determining
the activation energy. Using this method one can determine the activation energy at different
levels of heating rate.

Experimental

Samples of polyamide 6,6 were obtained from cable ties (colors: white and black)
manufactured by Y.Y. Cable Accessories Co. Taiwan. Samples for the analysis were taken
from a sealed pack. Others were outdoor tied on plastic tubes and were failed by stress
cracking during one season. Brittleness was obvious on these ties.

Thermal degradation was performed on a Perkin Elmer TGA-7 thermogravimetric analyzer
at the ibn Sina company / Ministry of Industry and Minerals . The samples were heated from

ambient temperature to 850°C using heating rates of 5, 10, 20, 40 and 80 °C min™ in helium
at a gas flow rate of 20 ml min™ . The initial mass of the sample was 22~38 mg.

Results and Discussion

Figures 1 and 2 show the variations of the TGA and DTG curves with respect to
temperature for various heating rates in helium atmosphere for neat and UV stabilized
polyamide 6,6 respectively. It is seen from Figures 1 and 2 that the TG curves for neat and
UV stabilized PAG6,6 are displaced to higher temperature due to heat transfer lag with
increased heating rate and the height of the DTG peaks also increase with the heating rate due
to excesses heat flux.

These findings are in agreement with the reported similar observation for polyethylene
terephthalate[18] and for styrene butadiene rubber[19]. It is also observed that the residual
mass fractions in the neat PAG6,6 remain constant after 700°C and are about 0.1~0.2 for the
heating rates 5-80 °C min™ . However, for the UV stabilized PA6,6 the residual mass
fractions for the high heating rates namely 40 and 80 °C min™ remain constant after 600°C
and are about 0.2 ~ 0.3, but for the 5, 10 and 20°C min™ it remains constant after 750°C
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for the same residual mass fractions. It is also noticed from the DTG curves in both figures
1(b) and 2(b) the appearance of two peaks near the melting temperature of PA6,6 at the

heating rates of 40 and 80°C min™ ( see Table 1 ). This can be seen as a way of monitoring
melting behavior by adapting high heating rate thermogravimetry.

Figure 3 shows the plots of 1/T versus logB and log (B / T?max) for neat and UV
stabilized PA6,6 from which the activation energy is computed for different conversion levels
by Flynn-Wall-Ozawa and Kissinger methods.

The activation energy values deduced from the plots in Figure 3 by Flynn-Wall-Ozawa and
Kissinger methods are shown in Table 2.

Figure 4 shows the plots of log(-log (1-a)/T? ) versus 1/T for neat and UV stabilized PA6,6
from which the activation energy is computed for different heating rates by Coats — Redfern
method.

The activation energy values deduced from the plots of Figure 4 by Coats-Redfern method
are shown in Table 3.

The results in Tables 2 and 3 indicated that the activation energy obtained from
nonisothermal data (Flynn-Wall-Ozawa and Kissinger methods ) are comparable with the
isoconversion data (Coats-Redfern method ) in the low to moderate heating rate range (5 to 20

°C min™). It is also noted that the activation energy varies with both kinetic parameters i.e.
heating rate and conversion in similar fashion, an indication that the kinetic analysis using the
various methods show consistent variations. Table 4 shows the comparison of the activation
energy results obtained in this work with the corresponding values reported in the literature
for PAG,6 (neat).

Effect of environment on degradation

The TG and DTG curves of the outdoors used and failed samples of neat PA6,6 show
significant changes in the TG curve at the beginning and at the end of the heating cycle. For
low conversion of 2.5%, the outdoor sample degrade faster than the unused sample by a wide
margin of temperature 230 °C relative to 355 °C. The reason is that exposure to environment
has caused pre-mature chain scission reaction especially when the molecular chain endure
constant load, which triggers lower temperature degradation. For high conversion of 99.2%,
the remaining residue is sustained up to a temperature of 780 °C in the outdoor samples in
comparison with 675 °C for the unused samples indicating appreciable build up of
crosslinking network in the outdoor samples. This is manifested by the mechanical brittleness
endured by the outdoor used samples. The activation energy deduced from Coats-Redfren
method for the outdoor samples show an increase relative to the unused samples. A summary
of temperatures and activation energy deduced from the TG curves are shown in Table 5.

Conclusions

Thermal degradation of PA6,6 was studied by dynamic thermogravimetry and the Kinetic
parameters were analyzed by three analytical methods. Although the route of calculating the
activation energy is different within the three methods, comparable results of activation
energy were obtained. High heating rates with the conjunction of DTG curves can be useful in
monitoring the adaptation of polymer molecules at the boundaries of melting before
degradation occurs. Cable ties of PA6,6 exposed in moderate to sever outdoor atmosphere are
likely to end up with failure from stress cracking condition by the effect of crosslinking
reaction in the polymeric chain. Such observation are likely to be taken for further detail
investigation.
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Table No. (1) : Melting and decomposition temperatures of neat and UV stabilized
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PAG,6 obtained from DTG curves at various heating rates

26 (3) 2013

Hea';ing Melting (°C) Decomposition (°C)

rate

(°C minl) Neat uv Neat uv

on-set max. on-set max.

5 - - 342 425 324 428
10 - - 369 437 346 438
20 i i 375 455 351 444
40 266 253 396 474 376 449
80 272 263 420 501 409 489

Table No.( 2): Activation energy of neat and UV stabilized PA6,6 obtained using Flynn-

Wall- Ozawa and Kissinger methods

Conversion Activation Energy (kJ mol™)
(%)
Flynn-Wall-Ozawa Kissinger

Neat UV | Neat uv
2.5 105 - 101 -
5 121 141 | 113 151
10 144 164 | 134 159
20 164 192 | 152 183

Table No.(3):Activation energy of neat and UV stabilized PA6,6 obtained using Coats-

Redfern method

Heating rate Activation Energy ( kJmol™)
(°C min™)
Neat uv
5 113 152
10 129 173
20 165 204
40 200 216
80 226 229
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Table No.( 4): Summary of the activation energy obtained for neat PA6,6 in this work
and the ones reported in the literature by various analytical methods

References Range of Activation Energy (kJ mol'l)
Flynn-Wall- Kissinger Coats- Other
Ozawa Redfern

Gu et al. [2] 166 175 182

Singh et al. [4] 51-112

Sengupta et al. | 148 180

[5]

Herrera et al. 91

[11]

Pashaei et al. 257

[20]

This work 105-164 101-152 113-165

Table No.( 5): Comparison between thermal behavior of outdoor loaded neat PAG,6
cable ties with unused ones analyzed at p =10 °C min’

Outdoor + loaded Unused
Conversion o = 1% 140 °C 160 °C
o=2.5% 230 °C 355 °C
o=99.2% 780 °C 675 °C
Activation energy(KJmol™) | 144 129
(Coats-Redfern)
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Figure No.(1): TG (a) and DTG (b) curves of neat PA6,6 at various heating rates
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Figure No.(2): TG (a) and DTG (b) curves of UV stabilized PAG6,6 at various heating
rates
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Figure No.( 3): Plots of 1/T versus log p (Flynn-Wall-Ozawa) and log (B/T?>max)
(Kissinger) at different levels of conversions for neat (a) and UV stabilized (b)
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Figure No.( 4): Plots of 1/T versus log (-log (1- @ ) / T?) (Coats-Redfern) at different
heating rates for neat (a) and UV stabilized (b)
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