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ABSTRACT

In many polymer applications the ability to predict product lifetime
is valuable because the costs of premature failure in actual end use
can be high. For example, federal regulations require the estimation
of component lifetime in nuclear reactors, while power companies
need to know how long insulation in transformers and transmission
lines will last. Thermogravimetric Analysis (TGA) provides a method
for accelerating the lifetime testing of polymers so that short term
experiments can be used to predict in-use lifetime.

INTRODUCTION

Wire insulation is an important polymer application in which the
insulated material to use must be resistant to an electric current. The
evaluation of the long-term product lifetime of wire insulation materials
is of vital importance, and a rapid way to do so is prominent. One test
commonly used for estimating wire insulation lifetime is ANSI/ASTM
procedure D-2307. In this procedure, twisted pairs of insulated wire
are oven aged (for up to 50 days) at elevated temperatures (up to
240 °C) until voltage breakdown occurs. A series of such tests,
performed at different oven temperatures, creates a semi-logarithmic
plot of lifetime versus the reciprocal of failure temperature. The
method assumes first order kinetics and uses extrapolation to
estimate the long lifetimes encountered at normal use temperature.
The application of first order kinetics to the estimation of polymer
lifetimes is particularly arbitrary. Many polymers are known to
decompose with first order kinetics. For those that do not, the
earliest stages of decomposition can be approximated well with first
order kinetics. [1,2,3,4,5]. This procedure, while useful, is very time
consuming, often taking many months particularly for highly stable
materials. As more and more stable polymeric electrical insulation
materials are introduced, the time needed for a full series of tests
become excessive. Therefore, It is desirable, if not necessary, to find
a more practical technique.

Thermogravimetric Analysis (TGA), which monitors weight changes
in a material as temperature changes, offers a viable alternative to
oven aging. In the TGA approach, the material is heated at several
different rates through its decomposition region. From the resultant
thermal curves, the temperatures for a constant decomposition level
are determined. The kinetic activation energy is then determined
from a plot of the logarithm of the heating rate versus the reciprocal
of the temperature of constant decomposition level. This activation
energy may then be used to calculate estimated lifetime at a given
temperature or the maximum operating temperature for a given
estimated lifetime. This TGA approach requires a minimum of
three different heating profiles per material. However, even with the
associated calculations, the total time to evaluate a material is less
than one day. With an automated TGA such as the TA Instruments
TGA 5500, the actual operator time is even lower with overnight
evaluation being possible.
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EXPERIMENTAL

The specific experimental conditions used (such as temperature
range and specimen atmosphere) depend upon the material being
tested. However experimental design and data reduction are similar
for each material. In the analysis illustrated here, commercial polymers
Polytetrafluoroethylene (PTFE) (Sigma Aldrich, powder, particle
size >40 pm) and Polychlorotrifluoroethylene (PCTFE or PTFCE)
(Eastman Organic Chemicals, pellets), which are high temperature
fluoropolymer materials used in wire insulation applications were
examined.

The sample sizes were 48 + 2 mg for PTFE and 46 + 2 mg for
PCTFE. Decomposition profiles were obtained while heating at
1, 2, 5, 10 and 20 °C/min in Nitrogen as purge gas, between
200 °C and 700 °C. The profile during the first 25% of sample
weight loss was used for subsequent calculations.

All tests were done in duplicate.
RESULTS AND DISCUSSION

Figures 1 and 2 display the overlaid weight loss curves at several
different heating rates for PTFE and PCTFE respectively. The
first step in the data analysis process is the choice of level of
decomposition. Typically, a value early in the decomposition profile
is desired since the mechanism here is more likely to be that of the
actual product failure. On the other hand, taking the value too early
on the curve may result in the measurement of some volatilization
(e.g. moisture) which is not involved in the failure mechanism. A
value of 5% decomposition level (sometimes called “conversion”)
is a commonly chosen value. A 5% conversion rate usually
corresponds to the beginning of the degradation process, and
this level of degradation can cause a significant decrease of the
mechanical properties of a material. Other values may be selected
to provide correlation with other types of lifetime testing [6].
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Figure 1. Overlay of PTFE TGA thermograms
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Figure 2. Overlay of PCTFE TGA thermograms

Using the selected value of conversion, the temperature (in kelvin)
at that conversion level is measured for each thermal curve. A
plot of the logarithm of the heating rate versus the corresponding
reciprocal temperature at constant conversion is prepared. The
plotted data should produce a straight line.

Figures 3 and 4 show a series of such lines created from the
four curves shown in Figures 1 and 2 by plotting data at different
conversion levels. If the particular specimen decomposition
mechanism were the same at all conversion levels, the lines would
all have the same slope. This is not the case here. The lines for
the low conversion cases are somewhat different from those
of 5% and higher conversion. This justifies our selection of 5%
conversion as the “best” point of constant conversion for the
purposes of this test.
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Figure 3. Log Heating Rate vs Temperature of PTFE Constant Conversion
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Figure 4. Log Heating Rate vs Temperature of PCTFE Constant Conversion
The next step in the process is the calculation of activation energy

(E) from the slopes in Figures 3 and 4 using the method of Flynn
and Wall [7, 8].

__ —R|dlogp
_— _1
b d@
Where:

E = Activation Energy (J/mol)

R = Gas Constant (8.314 J/mol K)

T = Temperature at Constant Conversion (K)

B = Heating Rate (°C/min)

b = Constant, approximation derivative (0.457) [7]

The value of the derivative term (dlog)/[d(1/T)] is the slope of the
line in Figures 3 and 4.
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The value for the constant b (given in tabular form in references
[7] and [8]) will vary depending upon the value of E/RT. Therefore,
an iterative process must be used where E is first estimated by
replacing in equation (1) the suggested b value above and the
calculated slope of the lines in Figures 3 and 4; next calculate the
value for E/RT_, where T_is the temperature at constant conversion
for the heating rate closest to the midpoint of the experimental
heating rates [7], (for example, if conversion is 5%, T_ = 791.2K,
which corresponds to the temperature at 5 °C/min heating rate at
that conversion). then, using the obtained value for E/RTC, choose
a corresponding value for b from table 1 in reference [7] (see
Appendix A).

This process is continued until E no longer changes with successive
iterations.

The activation energy values and the corresponding values for
E/RT calculated for the conversion cases shown in figures 3 and
4 are presented below (For all iterations, T_is the temperature at a
heating rate of 5 °C/min at each specific conversion).

ACTIVATION ENERGY FOR PTFE
(Wire Insulation Decomposition)

Conversion % E/RT Activation Energy (kJ/mol)
0.5 59 373.49
1.0 59 374.41
25 56 365.38
5.0 53 346.21
10 49 325.0
20 44 301.85

ACTIVATION ENERGY FOR PCTFE
(Wire Insulation Decomposition)

Conversion % E/RT Activation Energy (kJ/mol)
0.5 40 211.74
1.0 41 222.18
25 43 237.09
5.0 43 238.68
10 43 238.43
20 41 238.68

Using the activation energy obtained for the conversion rate of
5%, an analysis of the lifetime of the polymer in relation to different
temperatures can be done by using the following equation,
proposed by Toop [9]:

E E
logty = 2303RT; + log [E'P(Xf)] @)

Where:

t, = Estimated Time to Failure (min)

E = Activation Energy (J/mol)

T, = Failure Temperature (K)

R = Gas Constant (8.314 J/mol K)

P(X) = A function whose values depend on E at the failure
temperature.

T, = Temperature at constant conversion at {3 (K)

B = Heating rate (°C/min) (closest to the midpoint of the
experimental heating rates)

To calculate the estimated time to failure (t), the value for the
temperature (T) at the constant conversion point is first selected
for a slow heating rate (B) (for this study, T_is the temperature
at 5% weight loss and f is 5 °C/min). This value, along with the
activation energy (E) is used to calculate the quantity E/RT. The
E/RT value is then used to select a value for log P(X) from the
numerical integration table given in reference [9] (see Appendix
B). The numerical value for P(X) can then be calculated by taking
the antilogarithm. Selection of a value for failure (or operation)
temperature (T) permits the calculation of t, from equation 2 above.

Rearrangement of equation 2 yields a form which may be used to
calculate the maximum use temperature (T)) for a given lifetime (t).

E/2.303R
= logtf—log[ﬁ—El'e.P(Xf)] @)

Ty

Equation 2 may be used to create a plot, similar to the ones in
Figures 5 and 6, in which (the logarithm of) estimated lifetime is
plotted versus (the reciprocal) of the failure temperature. From a
plot of this nature, the dramatic increase in estimated lifetime for a
small decrease in temperature can be more easily visualized.

Kinetic parameters may also be determined by other
thermoanalytical techniques. Differential Scanning Calorimetry
(DSC) and Pressure DSC may be used to obtain such parameters
for using in the estimation of thermal hazard potential of chemicals
[10].
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Figure 5. Estimated lifetime (hrs) (log scale) vs the reciprocal of the failure
temperture for PTFE at 5% weight loss
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Figure 6. Estimated lifetime (hrs) (log scale) vs the reciprocal of the failure
temperature for PCTFE at 5% weight loss

CONCLUSIONS

The kinetic analysis of the thermogravimetry of polymers involves
comparison of data from tests performed at different temperature
programs, at least three different heating rates per material must
be used. In this study, the estimated lifetime of polymeric materials
used in wire insulation applications can be conducted using the
TGA approach, which is an alternative to the time consuming oven
aged technique.
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Appendix A

Table to obtain an estimate b value from a calculated E/RT value,

ASTM E1641-04 [7]

E/AT B{1/K)
8 5.3699 0.5398
] 5.8980 0.5281

10 8.4167 0.5187
11 6.928 0.571
12 7.433 0.508
13 7.933 0.500
14 8.427 0.484
15 8.918 0.491
16 9,406 0.488
17 9.890 0.484
18 10.372 0,482
19 10.851 0.479
20 11.3277 0.4770"
21 11.803 0.475
22 12,276 0.473
23 12.747 0.471
24 13.217 0.470
25 13.686 0.469
26 14.153 0.467
27 14.619 0.466
28 15.084 0.465
29 15.547 0.463
30 16.0104 0.4629
oyl 16.472 0.462
32 16.933 0.461
33 17.384 0.461
34 17.853 0.458
a5 18.312 0.459
38 18.770 0.458
a7 19.228 0.458
a8 19.684 0.456
39 20,144 0.456
40 20.5967 0.4558
41 21.052° 0.455
42 21.507 0.455
43 21.961 0.454
44 22.415 0.454
45 22.868 0.453
48 23.321 0.453
47 23.774 0.453
48 24226 0.452
49 24678 0.452
50 25,1295 0.4515
51 25.5806 0.4511
52 26.0314 0.4508
53 26.4820 0.4506
54 26.0323 0.4503
55 27.3823 - 0.4500
56 27.8318 0.4498
57 28.2814 0.4495
58 28.7305 0.4491
59 29.1794 0.4489
B0 29.6281 0.4487
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Appendix B

Table to calculate P(Xf) for determination of Estimated Lifetime vs
reciprocal of Temperature, Toop [9]

TasvLaTioN oF —log p(z') = —log l:% - f

“ dr
Te=

'

]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
10 6.4157 0.0515 0.,1030 0.1544 0.2057 0.2569 0.3081 0.3591 0.4101 0.4611
11 6.9276 0.0508 0.1015 0.1522 0.2028 0.2533 0.3038 0.3542 0.4046 0.4549
12 7.4327 0.0502 0.1003 0.1504 0.2004 0.2504 0.3004 0.3502 0.4001 0.4499
13 7.9323 0.,0497 0.0993 0.1489 0.,1985 0.2480 0.2975 0.3469 0.3963 0.4456
14 8.4273 0.0493 0.0985 0.1477 0.1968 0.2459 0.2950 0.3440 0.3930 0.4420
15 8.9182 0.0489 0.0978 0.1466 0.1954 0.2441 0.2929 0.3415 0.3902 0.4388
16 9.4056 0.0486 0.0971 0.1456 0.1941 0.2425 0.2910 0.3393 0.3877 0.4360
17 9.8900 0.0483 0.0965 0.1448 0.1930 0.2411 0.2893 0.3374 0.3855 0.4336
18 10.3716 0.0480 0.0960 0.1440 0.1919 0.2399 0.2878 0.3356 0.3835 0.4313
19 10.8507 0.0478 0.0956 0.1433 0.1910 0.2387 0.2864 0.3341 0.3817 0.4293
20 11.3277 0.0476 0.0951 0.1427 0.1902 0.2377 0.2852 0.3326 0.3801 0.4275
21  11.8026 0.0474 0.0948 0.1421 0.1895 0.2368 0.2841 0.3314 0.3786 0.4259
22 12 2757 0.0472 0.0944 0.1416 0.1888 (.2359 0.2831 0.3302 0.3773 0.4244
23 12.7471 0.0471 0.0941 0.1411 0.1881 0.2351 0.2821 0.3291 0.3760 0.4230
24 13.2170 0.0469 0.0938 0.1407 0.1876 0.2344 0.2813 0.3281 0.3749 0.4217
256 13.6855 0.0468 0.0935 0.1403 0.1870 0.2338 0.2805 0.3272 0.3739 0.4205
26 14,1527 0.0467 0.0933 0.1399 0.1865 0.2331 0.2797 0.3263 0.3729 0.4194
27 14 .6187 0.0465 0.0931 0.1396 0.1861 0.2326 0.2791 0.3255 0.3720 0.4134
28 15.0836 0.0464 0.0928 0.1393 0.1857 0.2320 0.2784 0.3248 0.3711 0.4175
29 15.5474 0.0463 0.0926 0.1390 0.1853 0.2315 0.2778 0.3241 0.3704 0.4166
30 16.0103 0.0462 0.0925 0.1387 0.1849 0.2311 0.2773 0.3235 0.3696 (.4158
31 16.4722 0.0461 0.0923 0.1384 0.1845 0.2306 0.2768 0.3229 0.3689 0.4150
32 16.9333 0.0461 0.0921 0.1382 0.1842 0.2302 0.2763 0.3223 0.3683 0.4143
33 17.3936 0.0460 0.0920 0.1379 0.1839 0.2299 0.2758 0.3217 0.3677 0.4136
34 17.8532 0.0459 0.0918 0.1377 0.1836 0.2295 0.2754 0.3212 0.3671 0.4130
35 18.3120 0.0458 0.0917 0.1375 0.1833 0.2292 0.2750 0.3208 0.3666 0.4124
36 18.7701 0.0458 0.0916 0.1373 0.1831 0.2288 0.2746 0.3203 0.3661 0.4118
37 19.2276 0.0457 0.0914 0.1371 0.1828 0.2285 0.2742 0.3199 0.3656 0.4112
38 19.6845 0.0457 0.0913 0.1370 0.1826 0.2282 0.2739 0.3195 0.3651 0.4107
39 20,1408 0.0456 0.0912 0.1308 0.1824 0.2280 0.2735 0.3191 0.3647 0.4102
40 20.5966 0.0455 0.0911 0.1366 0.1822 0.2277 0.2732 0.3187 0.3642 0.4098
41  21.0519 0.0455 0.0910 0.1365 0.1820 0.2274 0.2729 0.3184 0.3638 0.4093
42  21.5066 0.0455 0.0909 0.1363 0.1818 0.2272 0.2726 0.3181 0.3635 0.4089
43 21.9609 0.0454 0.0908 0.1362 0.1816 0.2270 0.2724 0.3177 0.3631 0.4085
44 22 4148 0.0454 0.0907 0.1361 0.1814 0.2268 0.2721 0.3174 (.3628 0.4081
45 22 8682 0.0453 0.0906 0.1359 0.1812 0.2265 0.2718 0.3171 0.3624 0.4077
46 23.3212 0.0453 0.0906 0.1358 0.1811 0.2264 0.2716 0.3169 0.3621 0.4074
47 23,7738 0.0452 0.0905 0.1357 0.1809 0.2262 0.2714 0.3166 0.3618 0.4070
48 24 2260 0.0452 0.0904 0.1356 0.1808 0.2260 0.2712 0.3163 0.3616 0.4067
49 24 6779 0.0452 0.0903 0.1355 0.1806 0.2258 0.2709 0.3161 0.3612 0.4064
50 25.1294 0.0451 0.0903 0.1354 0.1805 0.2256 0.2707 0.3159 0.3610 0.4061
Example of use: 12 7.4327
0.3 0.1504 log ple 34) = —7.6031
0.04 0.0200 p(12.34) = 2.494 X 10°8
7.6031
where methods. There have been many attempts at approxima-
tions [21]-[23] and procedures that purport to avoid
= (E/R6) (13b) 1941, [251 this difficultv. although not alwavs with
Where
= (E/RT)
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