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DETERMINATION OF KINETIC PARAMETERS OF SIX ABLATION POLYMERS 

BY THERMOGRAVIMETRIC ANALYSIS 

By James B. Nelson 
Langley Research Center 

SUMMARY 

Six polymers used in ablation heat-shield composites were investigated by thermo- 
gravimetric analysis (TGA) at temperature-rise rates of 3' K per  minute to  18' K per 
minute in vacuum. These materials were  nylon, silicone, polyformaldehyde, and three 
phenolics. Empirical kinetic parameters were determined for these materials by five 
different methods (all based on an Arrhenius relation): a direct-solution method, an 
integral method, a maximum-decomposition method, a multiple-heating-rate method, and 
a difference method. A best set of parameters was  determined for each material by 
comparing experimental TGA curves with TGA curves derived from the parameters 
found by each method. The kinetic parameters for the individual materials were shown 
to satisfactorily describe the mass  loss  of two composite materials of current interest, 
a low-density phenolic -nylon and a low-density phenolic -silicone. Direct solution was  
found to be the most satisfactory method. 

INTRODUCTION 

Ablative materials a r e  in common use for the thermal protection of vehicles 
entering the atmosphere at hypersonic velocities. A type of ablative material which has 
proven effective over a wide range of environmental .conditions is the plastic composite. 
The mechanisms by which ablative materials provide thermal protection are highly com- 
plex and include heat rejection through reradiation, transpiration of gases formed by 
degradation of the materials, insulation, heat absorption due to the heat capacity of the 
materials, and the latent heat of thermal degradation. 

The behavior of thermal-protection materials is generally determined from inves- 
tigations in ground-based facilities. Results of these investigations together with a 
knowledge of certain thermophysical properties of the materials can then be used in theo- 
retical analyses to predict the performance of the materials during atmospheric entry. 
As shown in references 1 and 2, such analyses require a knowledge of the kinetic param- 
e t e r s  describing the mass  losses  due to thermal degradation. 



Many investigators have fitted a single set  of kinetic parameters to a composite or  
Such a degradation 

The 
to  an individual polymer that degrades in two o r  more obvious steps. 
cannot be described by a single set  of kinetic parameters  except in a crude fashion. 
purpose of this investigation was to determine the kinetic parameters necessary for a 
complete description of the mass-loss processes of each material, both alone and in 
composites . 

Information on the degradation mass  losses  of these polymers was obtained by 
using the technique of thermogravimetric analysis (TGA). In TGA, sample-weight 
changes are recorded as functions of temperature while the temperature is increased at 
a constant rate. By assuming the degradation processes to be approximately governed 
by a classical psuedo-order kinetic expression, rate parameters a re  evaluated. These 
parameters represent the experimental results, but no attempt was made to verify their 
applicability to conditions other than the experimental tes t  conditions. 

SYMBOLS 

The physical quantities defined in this paper a r e  given in the International System 
of Units (SI). Reference 3 presents factors relating this  system to other frequently used 
systems . 

A 

E 

-Ei(-X) 

(e) 
K 

k 

i 

m 

"i 

2 

frequency factor, per minute 

activation energy, joules/mole 

1 -x exponential integral, rx x- e 

function of mass  of undegraded material 

-n m - mr 
integral parameter, - 'Im ( mo ) dm 

mo mo 

specific rate, per minute 

reaction designation 

total mass  of material at temperature T, milligrams 

mass  of material in reaction i at temperature T for i = 1,2,. . ., 
milligrams 
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mass  of material at maximum rate of mass  loss, milligrams mm 

total original mass  of material, milligrams mO 

original mass  of material in reaction i for i = 1,2,. . ., milligrams mo,i 

mass  of residue or char, milligrams mr 

mass  of residue or char for material in reaction i for i = 1,2,. . ., mr, i 
milligrams 

mass  of material at T = 0 T= 0 m 

n pseudo-order of reaction 

-1 -x p(X) = X e - (-Ei(-X)) 

-2 -x q(X) = X e 

R gas constant, 8.3143 joules/mole-OK 

T 

Tm 

time, minutes 

temperature, OK 

temperature at maximum rate of mass  loss, OK 

temperature -rise rate, - dT 'K/minute 
d t '  

maximum rate of mass  loss  
max 
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APPARATUS 

Material Description 

A standard laboratory vacuum thermobalance w a s  used to obtain the mass-loss 
data. A schematic of this instrument is shown in figure 1. The thermobalance continu- 
ously records mass  changes of a sample being heated from ambieht temperature to 
1273' K at each of the six selected temperature-rise rates. These rates  range from 
3' K per  minute t o  18' K per minute. The pressure of the sample-chamber atmosphere 
can be controlled from approximately 13 N/m2 (0.1 torr)  to ambient pressure. Sample 
temperature is measured by a thermocouple located approximately 1 centimeter below 
the normal position of the sample. 
reference 4. 

This instrument has  been described in detail in 

Associated with the thermobalance is an electronic operational-amplifier differ- 
entiator, designed and built at Langley Research Center. This instrunlent is electrically 
connected to the thermobalance to give a coiltinuous record of mass-loss rate as a func- 
tion of time and temperature. 

Resin system 

MATE RIALS 

The materials in this investigation a re  commercially available products currently 
in use at Langley Research Center for the fabrication of composite ablative heat-shield 
specimens. The individual polymers were processed in the same manner as they would 
be if incorporated into a composite. The materials a r e  therefore similar to the polymers 
in  the composites but may differ from ideal laboratory polymers in their thermal 
behavior. A list of the materials tested and of the processing conditions is given in 
table 1. The nylon and phenolic I1 are frequently used as f i l lers  in ablative composites 
formed from phenolics I and III and therefore were subjected to the same postcure con- 
ditions as phenolics I and III. 

TABLE 1.- EXPERIMENTAL MATERIALS 

I 1  I 
Silicone Dimethyl General Electric 

polysiloxane RTV-602 sil icone 
potting compound 

I L 
IPolyformaldehydeIPolyoxymethylene IDuPont "Delrin" 

Catalyst 

Hexamethylenetetramine 

-___________________- -  

Amine 

. . . . . . . . . . . . . . . . . . . . . .  

2eneral Electric SRC-04 

'ime, h 

1 

_ _  

1 

_-  

20 

_ _  

Cure cycle 

remperature, 'I( 

440 

_ _ _  

440 

-__  

340 

_ _ _  

Postcure cycle 

'ime, hi 

10 

10 

10 

10 

4 

_ _  

:emperatme, 'I 

365 
390 
420 

365 
390 
420 

365 
390 
420 

365 
390 
420 

365 

_ _ _  
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PREPARATION OF SAMPLES 

All specimens used in this study were tested in a powdered form with the exception 
of phenolic 11, which was already in the form of tiny hollow spheres. Powders of 
phenolics I and 111 were produced by filing postcured blocks of the materials and collecting 
the filings. The nylon and polyformaldehyde were ground under liquid nitrogen by the 
vendor. Pulverizing the silicone polymer proved to be more difficult. This polymer 
does not become hard enough, even at liquid-nitrogen temperatures, for effective 
grinding. Small particle sizes of the silicone resin were obtained by casting a mixture 
(by mass) of about 70 percent silicone resin and about 30 percent hollow silica micro- 
spheres. Silica is inert  to silicone resins  and is widely used as a filler in these resins  
(ref. 5). The resulting block w a s  largely microspheres coated with a thin film of silicone 
resin. This block was then filed lightly to yield a fine-particle-size mixture of resin and 
silica microsphere s. 

PROCEDURE 

The powdered specimens were dried in a vacuum oven at 363' K before being used. 
The materials were weighed in an outgassed porcelain crucible by using an analytical 
balance with a precision of *O.l milligram. The mass of the specimens was either 
100 milligrams or 200 milligrams. The crucible with the sample was  placed in the 
quartz crucible holder of the thermobalance and the furnace tube placed around it. The 
balance was  then calibrated by adding and subtracting weights and adjusting the 
X-Y recorder to give the desired response. Simultaneously, the mass-loss channel of 
the differentiator recorder w a s  calibrated. Next a voltage ramp was substituted for the 
balance signal and the differentiator response noted. The furnace tube w a s  evacuated to 
approximately 65 N/m2 (0.5 torr) and the balance rezeroed. The furnace was then 
raised around the furnace tube and programed to yield a constant temperature-rise rate. 
Temperature-rise rates ranged from 3' K per minute to 18' K per minute with a rate 
of 9' K per minute being the most commonly used. After completion of a test, the spec- 
imen residue, if any, was weighed by using the analytical balance. 

The sample thermocouple in the furnace tube was  calibrated periodically by locating 
one leg of a differential thermocouple in the sample and positioning the other leg with the 
sample thermocouple. This procedure yielded temperature corrections as functions of 
indicated temperature for each material at each mass and each temperature-rise rate. 

A typical example of the corrections is shown in figure 2. The balance was tared 
for each test to place the crucible at approximately the same position relative to the 
sample thermocouple in order to  minimize the e r r o r  in the temperature calibration. 

5 



METHODS O F  ANALYSIS 

Most polymers degrade in a highly complex manner. These complex degradation 
mechanisms are generally not understood sufficiently to formulate exact analytical 
expressions. 
the degradation. 

Therefore, empirical homogeneous kinetics are normally used to describe 

The thermal degradation mass-loss reactions, if assumed to be irreversible, may 
be described by the form of the psuedo-order classical rate expression 

1 dm 
- m,dt= q;) 

where the specific rate k is expressed by the Arrhenius relation 

-E/RT k = Ae 

The function f (m/mo) usually has the form 

Equations (l), (2), and (3) may be combined to yield 

The kinetic parameters - activation energy E, frequency factor A, and order n - may 
be determined from this rate equation by using thermogravimetric-analysis data. There 
are numerous techniques for evaluating these parameters. The five methods used in 
this paper are representative of the different techniques in  current use and are described 
in detail in appendix A. 
(2) Integral method, (3) Maximum-decomposition method, (4) Multiple -heating-rate 
method, and (5) Difference method. 

These methods a r e  as follows: (1) Direct-solution method, 

In order to determine the kinetic parameters E and A by the direct-solution, 
integral, and maximum-decomposition methods, a value for the order n must be 
assumed. The difference and multiple-heating-rate methods determine n as well as 
E and A. Therefore, the value of n determined by one or  both of the latter methods 
was often used as a basis for assumed values of n for the other three methods. Kinetic 
parameters were computed by the direct-solution, integral, and maximum-decomposition 
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methods for  a range of values of n near the value found by the multiple-heating-rate 
and difference methods.. With the direct-solution and integral methods, the selection of 
the best set of parameters was aided by noting how linear the Arrhenius plots were for 
each value of n. 
the calculated parameters and by comparing this computed plot with an experimental 
TGA plot. 
the plot. 

The final check, however, was obtained by computing a TGA plot from 

Equations (24), (25), and (27), developed in appendix B, were used to compute 

Many polymers degrade in two or  more obvious mass-loss steps. Such degrada- 
tions cannot be described by a single set of kinetic parameters, except in a crude fashion. 
Each step must be analyzed as an individual reaction. In order to derive kinetic param- 
eters for these individual steps, it is necessary to know the mass  involved in each step. 
Usually, the mass  fractions cannot be determined directly from the TGA mass-loss 
curve because of overlapping. In the present investigation, this information was obtained 
from the TGA rate curve in the manner illustrated in figure 3. 
mass  fractions involved in each reaction can be approximated by extrapolating the 
individual-reaction-rate curve to  zero and graphically integrating. 

It can be seen that the 

RESULTS AND DISCUSSION 

The TGA data for  the materials tested were analyzed by all the methods described 
herein. 
for the six materials are summarized in table 2. Averaged values of the parameters for 
the individual materials are given in tables 3 to  8, where omissions occur because the 
determined values varied so widely from one test to another that a meaningful average 
could not be taken or  because, especially with the difference method, the data scatter 
made it impossible to  compute.any values at all. Direct solution proved to  be the most 
consistently accurate method. 

The various parameters found to  describe the experimental data most accurately 

TABLE 2.- SUMMARY OF IUNETIC PARAMETERS GIVING 

BEST FIT WITH EXPERIMENTAL DATA 

Material 

Phenolic I 

Phenolic II 

Phenolic lIl 

Nylon 

Silicone 

Polyformaldehydc 

eaction 
no. 

1 
2 
3 

1 
2 
3 

1 
2 

1 
2 

3.1 x lo lo  3.0 0.052 
1.5 X 10' 1.3 .068 0 
1.3 x lo9 3.1 ,880 0.530 

0 

1.3X 10' 2.0 0.091 0 Integral 
5.8 x lo8 2.0 ,165 0 Direct solution 
7.8 x 10l1 3.0 .I38 0.558 Direct solution 

1.3 x lo4 2.0 0.105 0 Direct solution 
2.0 x lo5 2.0 .895 0.453 Direct solution 

5.0 x 10l6 1.0 1.000 0.070 Direct solution 
.~ 

2.5 x loz1 1.0 0.190 0 Direct solution 1 2 . 4  101711.J .,,,i iDirict solution 
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Phenolic I 

104 
155 
166 

The small magnitude of the mass-loss rates experienced with phenolic I made it 
very difficult to obtain rate  data from the electronic differentiator. Therefore, a digital 

. .- 

2.2 x lo9 
1.4 X lo1’ 
1.8 X lo1’ 

TABLE 3.- AVERAGED VALUES OF KINETIC 

PARAMETERS FOR PHENOLIC I 

computer was used to obtain a least-square 
f i t  of a series of polynomials with the TGA 
data. The mass-loss data as functions of 
time were divided into five or six over- 
lapping segments and each segment fitted 
with a polynomial. These polynomials were 
then differentiated to yield rate data. Fig- 
ure 3 shows a mass-loss-rate curve as 
determined in this manner. It can be seen 
from the peaks and inflections in  this curve 
that at least three mass-loss processes take 
place. Because of the extensive overlapping 
of the second and third peaks, the multiple- 
heating-rate method w a s  applied to these two 
a reas  to yield activation energy as a function 
of mass  fraction. Figure 4 shows the acti- 
vation energy E, as determined by this method, 

Method 

Direct solution 

Integral 

Multiple heating 
rate 

Difference 

.. .. 

Reactior 
no. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

~ 

. . . . . - - - - . ._ 
I 

4 

I 

?lotted as a function of the residual 

_ .  
~ 

n 
~ 

3.a 
3.a 
3.0 
~ 

3.0 
2.0 
3.0 
~ 

-- 
1.3 
3.1 

-- 
1.8 
-- 

~ 

mass  fraction. By averaging the values of activation energy over the a reas  of least over- 
lapping, separation of the two reactions was achieved. The averaged values of the kinetic 
parameters, as determined by the various methods, are shown in table 3. It w a s  found by 
computing the mass-loss temperature curves f rom the kinetic parameters in table 3 that 
reaction 1 was described best by the direct-solution resul ts  and reactions 2 and 3 were 
described best by the multiple-heating-rate results. Figure 5 indicates the precision of 
fit obtained from these kinetic parameters. 

Phenolic I1 

A typical TGA rate plot for phenolic 11, presented in figure 6, w a s  derived by a pro- 
cedure similar to  that used for phenolic I. This plot shows the degradation of phenolic I1 
occurring in three steps o r  reactions. The first step is shown as a broken curve because 
the absolute magnitude of the rates showed a large amount of variation for the different 
tests. This variation was due, largely, to the rates  being too small to be measured accu- 
rately. The broken curve represents only estimated values for these rates.  Only the 
integral method, which does not require rate data, was applied in the first reaction 
because of this uncertainty in the rate data. The kinetic parameters determined for the 
first reaction by the integral method a r e  given in table 4. The major part  of the 
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degradation occurs in the two later steps. 
The direct-solution and difference methods 
yielded the only consistent results for these 
two reactions. The kinetic parameters 
determined f o r  the second and third 
reactions by these two methods are also 
given in table 4. The parameters deter- 
mined by the direct-solution method for the 
second and third reactions were found to 
describe the experimental data most accu- 
rately. Figure 7 shows a comparison of 
experimental TGA plots and the TGA plots 
computed by using these parameters. 

TABLE 4.- AVERAGED VALUES O F  KINETIC 

PARAMETERS FOR PHENOLIC II 

Method 

Direct solutior 

Integral 

Difference 

leactior 
no. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

~ 

~ 

--- 
64 
95 

Phenolic 111 

In figure 8 is shown a TGA rate plot determined with the differentiator for 
phenolic 111. Two mass-loss-rate peaks appear in the curve; however, the shape of the 
second peak indicates that it could be composed of several closely overlapping reactions. 
Since these reactions could not be resolved, TABLE 5.- AVERAGED VALUES O F  JSINETIC 
the data were analyzed on the basis of two 
reactions - a small reaction occurring at low 
temperatures and a major degradation reac- 
tion centered around 770' K. Only the direct- 
solution and integral methods were applied to  
these data. 
Arrhenius plots for n = 2.0 for both reac- 
tions, an example of which is shown in fig- 

Both methods yielded linear 

PARAMETERS FOR PHENOLIC 111 

I I 

Direct solution( 1 

! 2  
Lntegral I 1  I 2  

45 1.3 X 10 2.0 
83 I 2.0 4 io5 2.0 I 

ure 9. 
The parameters determined by the direct-solution method give the best f i t  with experi- 
mental data. A comparison of experimental TGA plots and TGA plots computed by using 
these parameters is shown in figure 10. Except for a region around 720' K, the computed 
curve compares favorably with the experimental curve. The departure from the exper- 
imental curve indicates that the second peak in figure 8 was probably composed of more 
than one reaction-rate peak. 

The kinetic parameters determined by the two methods a r e  presented in table 5. 

Nylon 

The mass-loss-rate curve determined with the differentiator and the TGA plot, as 
seen in figure 11, indicates that only one major mass-loss reaction occurred in the nylon 
degradation. The tests of nylon were analyzed by all five methods. The difference 
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method yielded an average value for the order n of 1.4 and the multiple-heating-rate 
method yielded an average value for n of 1.2. Therefore, the computations by the 
direct-solution, integral, and maximum-decomposition methods were examined for 
orders  varying between 1.0 and 2.0. It w a s  seen in Arrhenius plots that points compared 
for n = 1.0 seemed t o  f i t  a straight line best. The averaged values of the kinetic 
parameters E and A computed by the integral, direct-solution, and maximum- 
decomposition methods for n = 1.0 and the averaged values of the kinetic parameters 
computed by the difference and multiple-heating-rate methods a r e  shown in table 6. The 

Maximum decomposition 

TGA curves computed by using the parameter 
values in table 6 a r e  compared in figure 12. It 
can be seen that the results of the different 
methods yield very different computed curves. 
A comparison of experimental TGA curves and 
TGA curves based on parameter values deter-  
mined from the direct-solution method is 
shown in figure 13 for three different 
temperature-rise rates.  It can be seen that 
the values of the kinetic parameters deter- 
mined by the direct-solution method describe 
the nylon degradation adequately within this 

154 5.0 X 101ol 1.0 I 

TABLE 6.- AVERAGED VALUES OF KINETIC 

PARAMETERS FOR NYLON 

Integral 

Method 

18 1 

range of heating rates. The activation-energy value used for this plot, 232 kJ/mole, 
agrees well with a value of 218 kJ/mole reported in reference 6 for nylon 66. 

Silicone 

Mass-loss curves for silicone showed only a single peak. The five methods 
described herein were used to determine the kinetic parameters of the silicone polymer. 
The values of these parameters obtained by the various methods a re  presented in table 7 .  
Computed TGA curves derived from the 
parameters are shown together with the 
envelope of experimental data in figure 14. 
The results of the integral method, 
maximum-decomposition method, and 
direct-solution method produced curves 
close together and within the envelope of 
experimental data; however, the difference 
method and the multiple-heating-rate 
method yielded curves that were way outside 
of this envelope. It can be seen that any of 

TABLE 7.- AVERAGED VALUES O F  KINETIC 

PARAMETERS FOR SILICONE 

Method 

IDirect solution I 150 

/Maximum decomposition1 216 
I 

Multiple heating rate w 
12.3 x 10~~11.0 

110x10141137 
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the three curves within the envelope might be used to  describe the wide range of experi- 
mental data. This broad range of degradation under similar conditions could be caused 
by several factors, one of which is slight variations in the effective particle size of the 
samples. In figure 15 a comparison of TGA plots for a powdered and a solid sample of 
silicone resin illustrates the effect of extreme variation in effective particle size. This 
variation is probably due to  diffusion effects. Reference 7 reports data for a similar 
silicone resin whose degradation was diffusion controlled. A random variation in degra- 
dation behavior of dimethyl polysiloxane fluids has been reported in reference 8 to  be 
caused by trace impurities catalyzing chain cleavage in the polymer. Therefore, it is 
also very possible that this mechanism could be contributing to  the degradation-range 
variation experienced in this study. Some of the shift of the mass-loss curve with 
respect to  temperature in figure 15 might be due to  changes in temperature calibration. 
However, no shifts of this magnitude were observed with the other materials. 

Polyf ormaldehyde 

Figure 16 shows a typical TGA mass-  
loss  rate curve for the polyformaldehyde 
resin obtained by using the differentiator. 
The direct-solution, integral, and difference 
methods were applied to  the polyformaldehyde 
data to yield the kinetic parameters in table 8. 
The parameters determined by the direct- 
solution method were found to  provide the 
most accurate description of the mass  loss. 
Figure 17 shows a comparison of an experi- 
mental TGA plot and a TGA plot computed by 
using the direct-solution parameters. 

TABLE 8.- AVERAGED VALUES O F  KINETIC 

PARAMETERS FOR POLYFORMALDEHYDE 

I ! ~- 
Direct solutic 

lntegral 

Difference 1 
2 

Composites 

Since the six materials discussed are commonly used in ablative composites, it is 
desirable that various combinations of these materials be adequately described by the 
individual sets of parameters. If it is assumed that there is no interaction between the 
constituent materials, the kinetic parameters determined for each of these materials can 
be used in equations (24), (25), and (27), developed in appendix B, to describe the mass-  
loss  behavior of a composite material. One such composite of current interest is a mix- 
ture  (by mass) of 75 percent silicone polymer, 10 percent phenolic 11, and 15 percent 
inert  filler. Figure 18 shows a comparison of computed and experimental residual mass  
fraction as a function of temperature for this composite. The agreement between 
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experimental and computed data is better for the composite than for the silicone polymer 
alone, because the composite did not exhibit the variation in behavior that the silicone 
alone did. In any case, the assumption of no interaction between constituents appears to 
be a valid one and the mass  loss  of the composite can be satisfactorily described by the 
kinetic parameters of its constituents. 

Shown in figure 19 is a comparison of computed and experimental TGA plots for a 
low-density phenolic-nylon. This composite is a mixture (by mass) of 40 percent nylon, 
25 percent phenolic I, and 35 percent phenolic 11. The agreement is good, as far as curve 
shape is concerned, even though the temperatures corresponding to the major computed 
degradation reactions have shifted with respect to  those of the experimental plot. 

CONCLUDING REMARKS 

The kinetic parameters of six polymeric ablation materials were determined by 
using the technique of thermogravimetric analysis. 
aldehyde investigated were all found to degrade in two or more sequential mass-loss 
reactions. Kinetic parameters were determined for each reaction of each material. The 
nylon was found to degrade in only one mass-loss reaction. The mass-loss behavior of 
the silicone resin was found to vary randomly from one sample to another. The kinetic 
parameters determined for each of the six materials appeared to describe the mass-loss 
behavior, inasmuch as the computed curves provided a close f i t  with the experimental 
data. 

The three phenolics and the polyform- 

The parameters for silicone and phenolic I1 were used to describe the behavior of 
a phenolic-silicone composite, and these parameters yielded TGA plots in very close 
agreement with the experimental TGA curves for this composite. The parameters deter-  
mined for phenolics I and I1 and for  nylon were used to describe the mass-loss behavior 
of a composite of those materials. The parameters for the phenolic-nylon composite 
did not describe the mass  loss  as closely as those for the phenolic-silicone, for  they 
tended to shift the computed curve away from the experimental curve with respect to 
temperature. However, the curve -shape agreement was go.od. 

It was found that the different methods used to determine the kinetic parameters 
f rom TGA data a r e  not equally useful. Direct solution proved to be the most consis- 
tently accurate method. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 6, 1966, 
129 -03- 12 -03 -23. 
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APPENDIX A 

METHODS FOR EVALUATING KINETIC PARAMETERS 

Direct-Solution Method 

One of the simplest approaches to evaluating the kinetic parameters in equation (4) 
is direct solution. By combining equations (1) and (3) and solving for k, the following 
equation is obtained: 

Values of k can be computed from equation (5) by assuming a value of n and substi- 
tuting the values of m and dm/dt obtained in the thermogravimetric analysis. By 
utilizing the values of k computed from equation (5), In k is plotted as a function 
of 1/T. If it is assumed.that the Arrhenius relation (eq. (2)) holds, the resultant plot 
should yield a straight line of slope -E/R and intercept In A. By trying several 
values of n, different plots of In k as a function of 1/T are  drawn and a value of n 
which gives the best f i t  to the data is selected. 

Integral Method 

In some degradation reactions the mass-loss ra tes  are very small and difficult to 
determine accurately. 
the kinetic parameters that does not require rate data. 
references 9 and 10, is the integral method. 

For this reason, it is desirable to have a means of determining 
Such a method, described in 

If the temperature-rise rate 'i? is constant, equation (4) may be written as 

It can be noted from equation (4) that as T - 0, dm/dT -. 0; hence, mTZO = mo. 
The variables of equation (6) can be separated to form the integrals 

where K is termed the integral parameter. 
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APPENDIX A 

The first integral in equation (7) gives 

m - mr 

mo - lZlr 
K =  -In( ) 

for  n =  1 and 

for  n # 1. 

The second integral in equation (7) may be expressed as 

where 

I -X 

X 
p(X) = - EEi(-Xfl 

K = -  I--+--- 21 31 4 $ + .  . )x-2e-x 
R+ A E (  x2 x 

If the first te rm of the series is defined as 

x = -  E 
RT J 

The te rm -Ei(-X) is the exponential integral. By using an asymptotic expansion for 
-Ei(-X), equation (10) can be written as 

-2 -x q(X) = X e 

then K may be expressed as 

AE K = r - q(X) 
RT 

14 
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where 

The te rm (1 - r) is the relative e r r o r  associated with using only the first term of the 
series. A plot of (1 - r )  as a function of X is shown in figure 20. It can be noted that 
r is a slowly varying function of X for X > 20, the range of primary interest for the 
materials considered herein. Combining equations (13) and (14) yields 

From the TGA data and assumed values of n, equations (8) and (9) may be used to  
obtain K. Inasmuch as r is nearly constant with respect to E/RT, a plot of In - 
as a function of 1/T would be nearly linear. As in the direct-solution method, E may 
be calculated from the slope and A from the intercept. 

K 
T2 

Method of Maximum Decomposition 

A rapid method of evaluating the kinetic parameters, based on the point of maximum 
decomposition rate, has  been reported in reference 11. 

Putting equation (6) into the form 

and maximizing the rate dm/dT yield 

where mm is the mass  at maximum rate of mass  loss, Tm is the temperature at 

is the maximum rate of mass  loss. (%) m ax 
maximum rate of mass  loss, and 

Simplifying equation (17) yields 
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By using equation (18), the activation energy can be evaluated for  an assumed value of n 
at the maximum point of the TGA rate curve. The frequency factor can be solved from 
the rate equation (eq. (4)) written as 

Multiple -Heating-Rate Method 

Another interesting method has been reported in reference 11. This method 
requires several tes ts  at different heating rates, but determines all three kinetic param- 
e t e r s  - E, A, and n. 

Equations (1) and (2) are combined and the logarithm is taken to yield: 

By performing several tes ts  at different heating rates  and taking values of dm/dt and 

T at constant values of m/mo from each test, In(- mo;it-) dm can be plotted as a 

function of 1/T for each chosen value of m/mo. The slope of each line is equal 
to -E/R. This method gives E as a function of m/mo without assuming any form 
for f(m/mo). The order n and the frequency factor A can be found after deciding 
what form f(m/mo) must take. The form used herein was that of equation (3), which 
is 

f -  (Zo) = (,iomr)” 
If In [.f (el is plotted as a function of In riOmr), the slope is equal to the order 

and the frequency factor is determined from the intercept. 

Difference Method 

A number of methods reported in the literature (see refs. 9, 12, and 13) a re  based 
on a difference method applied to some form of the rate equation. The variation reported 
herein is a modification of the method in reference 13 and is described in detail in 
reference 12. 

16 
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This method uses  the rate expression 

-E/RT - - -  i y  - ( m  - mr)nAe 

which is similar to equation (4). 

Putting equation (21) into logarithmic form and taking finite differences give 

A In(- dm x) = n A ln(m - mr) - E l  - A  - 
R T  

1 ( mr) are found for a constant increment A - 
T’ If values for A In (- 2) and A In m - 

A In (- !$) can be plotted as a function of A In m - m . This plot should be a 

straight line, the slope of which is equal to the reaction order n. The activation 
energy E may be computed from the intercept. With both n and E known, the fre- 
quency factor A can be solved from equation (21). 

( r) 

This method, like the multiple-heating-rate method, has the advantage of deter - 
mining all three kinetic parameters.  In practice, the usefulness of the difference 
method is limited because of its sensitivity to small  e r r o r s  in  the experimental data and 
the resulting large amount of data scatter (ref. 9). 
choosing an optimum increment for 

This scatter can be minimized by 
1/T. 

17 
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DEVELOPMENT OF EQUATIONS USED IN COMPUTING 

THERMOGRAVIMETRIC PLOTS 

Determining the kinetic parameters by more than one method provides a check on 
the validity of these parameters. However, a better check is a comparison between an 
actual TGA plot and one computed from the calculated kinetic parameters. An integrated 
form of the rate equation (eq. (4)) is necessary to compute a TGA plot. The integral 
method in appendix A provides a convenient integrated form of the rate equation. 
equations (8) and (16), 

From 

- l n ( ~ ~ ~ ) = r s T  AR 2 e -E/RT 

for  n =  1. 

If r = 1, equation (23) may be solved for m/mo to yield 

mr m o - m r  + m -  --- 
mO mo mO 

for  n =  1. 

Similarly, from equations (9) and (16), 

m -  (n - I ) A T ~  .-E/RT 
' E  T -  

R - 

1 
1 -n 
- 

for  n #  1. 

Often, more than one reaction takes place. For example, a single materal may 
have several distinct mass-loss reactions or a composite material of several polymers 
may have one or more reactions for each polymer. 

Therefore, for the case of no interactions, a multiple-reaction mass balance can be 
written as 

"i 

"0 mo mo mO 
+ .  . . + -  + -  ml m2 m -  --- 

18 
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where m is the total mass  of sample at temperature T, mi is the mass of material 
in reaction i at temperature T, and mo is the total original mass. 

Equation (26) can be written in the form 

(27) 
mo,i mi + .  . . +  m2 m -- m -  0, l  ml + 032 - m 

"0 "0 mo,1 mo mo,2 "0 mo,i 

where mo,i is the original mass  of material in reaction i and is described 
by equations (24) and (25) for each constituent. 

In this way, the mass-loss behavior of a large number of composites may be 
described, if  the kinetic parameters and the relative proportions of the constituent mate- 
rials a re  known. 

19 
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