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ABSTRACT

A generally applicable method of obtaining kinetic parameters from
temperature-programmed thermogravimetry is presented. F.~tors influencing
the selection of a particular method for the numerous treatments reported in
the literature are discussed in detail. The method of Friedman involving the
use of several thermograms at different heating rates and determining Arhernius
parameters at each pe: >nt conversion was chosen. The experimental procedure
and a method of handling thermogravimetric analysis (TGA)data and calculations
by computer are fully described, The application of the treatment to some
specific polymer degradation systems is reported in order to illustrate the
scope of the method and its potential usefulness in obtaining information con-
cerning complex degradation mechanisms, Poly(tetrafluorcethylene), an ali-
phatic, and an aromatic polyamide were the polymers selected for this study.
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SECTION I

INTRODUCTION

A knowledge and understanding of polymer degradution processes is nec-
essary to improve the performance of polyriers inhigh temperature applications
and to direct research towards more thermally stable systems. One of the
most important methods of studying polymer degradation is to examine the
kinetics governing the breakdown reactions from which information about the
thermal stability and the mechanism of degradation can be obtained,

In degradation kinetics, the rate of change of some property must be mea-
sured as a function of time, temperature, or conversion, any of several proper-
ties can be utilized if the property can be correl:ied with the degradation
process, e,g., mass, molecular weight, a chemical group, or production of
volatile products. A common method has been to follow weight changes. A
thermobalance can be used to continuously record the weight changes. In the
past, isothermal studies have been most common, in which the sample is main-
tained at a constant temperature while weight-time measurements are made., In
recent years, temperature-programmed methods have been increasingly used.
In this method, temperature is continuously raised, usually linearly with time,
and a thermogram of weight versus temperature obtained. In theory, the pro-
grammed method should have certain advantages over the isothermal method,
An important criticism of isothermal methods is that the temperature of the
sample cannot be raised instantaneously to the desired temperature so that
some weight may be lost before the degradation temperature is reached, This
weight loss may give rise to an apparent maximum in the rate curve which masks
the true initial features. Initial rate characteristics are very important since
end-group and impurity-induced reactions may show up, Temperature-
programmed methods should overcome this problem, It was further visualized
that since weight-temperature dependencies were contained in a single chart
the thermogram from a programmed experiment would yield the equivalent
ioformation of a large family of isothermal experiments, Thus, sample uni-
formity errors would be avoided and the proceaure would be less time consuming,

The thermograms are also useful for qualitative comparisons of thermal
stabilities.
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In this report. some of the numerous methods of obtiining kinetic pa-
rameters from programmed TGA are discussed. The methods are evaluated
against the criteria that the method should be generally applicable, should give
meaningful kinetic parameters, and should shed light on the mechanism of
degradation, The selection of such a method and its appl‘ ation to some polymer
systems is also described.

SECTION NI

DISCUSSION

1, GUNERAL CONSIDERATIONS
Tie classical kinetic expression which is widely applicable to gas-phuse
and solution reactinns is represented by Equation 1

=€ - wrio) (1)
C = concentration cf reactant
t = time
k = rate constant
FI/C) = function of C

In classical kinetics, F(C) can often be expressed as a power function, c”, for
which n is defined as the order of reaction. The rate constant is temperature
uependent and is defined by the Arrhenius equation

ae Fa’RT

k = (2)
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pre-exponential factor

activation energy

general gas constant
ahsolute temperature

= X wm o»
n

The normal kinetic approach is to determine rate constants for a given reaction
at various temperatures using Equaticn 1 or an integrated form of it and “.ence
to calculate the parameters A and Ea from Equation 2, The activation energy
can often be correlated with the breaking of specific chemical bonds and gives
important information concerning the mechanism of the reaction being studied.

Polymer degradation kinetics are normally studied in the solid or melt phase
and, since a chemical reaction is occurring, it is assumed that a kinetic treat-
ment and rate expression is applicable., Owing to the complexity and variety of
polymer decomposition schemes, it is found, however, that the concentration
of polymer molecules is not equivalent to the concentration of reactant in
normal reactions so that the term ‘‘concentration’’ must be used with extreme
caution in discussing polymer degradation, Two well established types of deg-
radation illustrate this point (Reference 1), In the first, degradation is initiated
at a chain end and proceeds by unzipping through the entire polymer chain, The
sample loses one polymer molecule and its corresponding weight and volume,
but the concentration of polymer molecules remains unchanged., In the second
type, the elimination of side-groups in the chain alters the chemical structure
of the polymer but does not necessarily influence the number or concentration
of polymer molecules. In polymers, discussion in terms of reactive sites which
could be chain ends, particular bonds or groups in the structure, the links
joining monomer units, etc., is often more fruitful for elucidaticn of mechanisms,

It is found in practice that most degradation reactions result in loss of
welght owing to the formation of smaller, volatile species [rearrangements such
ag the coloration of poly(acrylonitrile) are notable exceptlons]. Therefore, it
has been found convenient to study kinetics in terms of weight loss; to this
extent, the approach 1s empirical since the only proof of validity is that exper-
imental results appear to fit the adopted kinetic expressions, In order to
preserve a close resemblance to normal kinetic procedure, the weight terms
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should be expressed in fractional form. Further, since a reactant should have
zero concentration on completior of reaction, the weight term should be cor-
rected for any residue weight remaining after degradation. A general rate
expression based on weight terms can now be postulated

| dw_ W-Wyy
W, - W, dt "‘F(wo-w,)"‘”w’

= instantaneous weight of sample
= initial weight of sample

= final or residue weight

= fractional weight remaining
W -Wf WO-W

a- — = =
Wo-We  Wor Vg

= fractional weight loss)

Equation 3 is equivalent to that used by Doyle (Reference 2) except that weight
terms are retained here in preference to Doyle's active weight fraction, h, It
must be emphasized that the functionality F(W) need not be simple and should
not be assumed in advance. The presumption of ‘‘order’’ type functionality should
be avoided unless it is warranted by experimental evidence, Two particular forms
of F(W), which have bee:: observed in isothermal studies, merit a brief dis-

cuesion at this point:

a. F(W) = %— (for simplictty, assume W, = O)
(o]

This is a common ccee which results in apparent first order kinetics by
analogy to classical rate laws, The rate of weight loss is proportional to the
residual weight of polymer, Polymers which degrade predominantly by unzipping
show kinetics of this type, the weight loss being a direct measure of the amount
of unzipping and degree of degradation, This, of course, is a simplified view of
the overall kinetics, and many other interesting kinetic dependencies can be

observed (References 1 and 3),
W L (N-L)L-1)

-(-a) » —— (4)

b. F(w)= (L-1)
N

0
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L = smallest chaiz length which does not evaporate under degradative
conditions

N = initial chain length of polymer

a 1-e'kt (temperature constant) = degree of degradation (bond scission)

This complex form of F(W) has been developed by Simha et al as the solution to
the random type of degradation mechanism (References 4 and 5), This mechanism
consists of chain rupture taking place randomly; the act of scission need not
result in weight loss which is possible only when scission occurs near a chain
end to give a chain fragment of length <L. The rate of weight loss, corresponding
to a spectrum of products of chain length from one te L, is proportional to the
number of chain ends in the system, which increases at first owing to the random
scission of the chains, Eventuslly, the average chain length becomes small
enough that further increase in the number of ends is balanced by loss through
evaporation, The rate of weight loss passes through a maximum and subsequently
falls; it has been shown theoretically that the maximum should occur at ap-
proximately 26% conversion. Polymethylene and poly(methyl acrylate) are
examples of vinyl polymers exhibiting the above features. Many condensation
type polymers such as cellulosics, polyamides, and polyesters also show random
characteristics (Reference 3),

As has been discnssed, several functionalities of weight are readily ob-
served in isothermal weight~loss studies. In contrast, primary data from
programmed TGA studies is much less revealing . nd differences caused by
changes in weight functionality may be very subtle. The weight-temperature
thermogram and the derivative rate-temperature curve (Figure 1) are somewhat
general in character, apart from the obvious difference between a simple and
multistep process; differences in shape are relative and could be divined only
by reference to other ‘‘known’’ curves, That both activation energy and mech-
anism affect the shape of the curve adds tc the difficulties (Reference 6). As is
shown in this reference, rate-conversion curves are of greater diagnostic
importance, although in practice, experimental fluctuations from a smooth curve
might easily mask the diagnostic features, namely the conversion for the max-
imum rate and the initial slope of the curve, The ability of kinetic analysis to
afford not only the Arrhenius parameters but also supplementary information
about the mechanism is investigated in the following paragraphs,
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2, KINETIC ANALYSIS OF PROGRAMMED WEIGHT-LOSS DATA

Analytical methods can be broadly divided into those using ~ifferential and
integral treatments. Differential methods are based on Equation 3. In pro-
grammmed TGA, k in this equation becomes a variab.c since temperature and
therefore the rate conotant are continuously changing, The expressior can be
rearranged as shown for a linear heating rate, B,

dT
B9
{ dw _ A -~ E4/RT
- wo_wf' a7 - —B"Q F(W) {5)

The integral approach was developed to use TGA weight-loss data directly and
to avoid calculation of rates, The eguation of the thermogram (References 2
and 7) is obtained by integrating Equation 5

' T E
{o _m—;—_%‘:'—”__—mzr(w;=%-£o exp(-R—?F)dt (6)

The result is given as

' AE ) E
F (W) = ———LBR p'\JRT) (7)

in which p(Ea/ RT) is a complex integral. In practice, integral metbods use
some convenient approximation based on Equation 7,

A detalled critique of all the previously reported kinetic treaments is
beyend the scope of this report. Several reviews have been published (References
2, 8, aud 9) and the recent paper by Flynn and Wall (Reference 6) offers an
excellent oritical survey of many of the methods. It is fitting, however, to
examine some of the approaches and evaluate their usefulness for obtaining
meaningful information about the degradation. Some representative approaches
are listed in Table I I is found that almost all the methods are subject to one
or more of the following criticisms:

a. The equation fits a limited portion of the curve so that parameters for
the whole degradation range ca.unot be ohtained,
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b. Degradation kinetics are assumed to be of the ‘‘order’’ type, and per-
haps even first order kinetics are specified. Since, as has been previously
discussed, this assumption is not necessarily valid, it is imposaible to conclude
whether the resulting parameters are meaningful, Often a random type deg-
radation and probably other types will give a deceptively good fit to the first
order approximation over most of the conversion range. Errors in assumed
order, however, give vast errors in the other kinetic parameters; thus, in
Reference 6, a random curve corresponding to an activation energy of 60
keal-mole™! was analyzed by a first order treatment to have an activation energy
ranging from 66 to 175 keal-mole~! depending on conversion,

¢. The time saving advantage of single point and single curve methods is
obviougut it cannot be overemphasized that such analyses, when applied to a
sy®em of unknown kinetics, may be absolutely worthless with regard to

significant kinetic parameters,

new

d. Care must be taken when deriving approximate solutions since a sequence
of steps involving successive approximations may give a final working equation
which is not particularly applicable, Assumptions and approximations should
be keopt to a minimum,

On this basis, methods involving a single thermogram can be discarded and
the potential of methods using severa! thermograms examined., The method of
Reich using two heating rates (Table I) is .insatisfactory since no information
about u.e rate law can be obtained, Chatterjee's method involving different
sample weights must also be discarded since, in addition to the assumption of
order, the reasoning is erroneous (Reference 37). When weight terms are
expressed in the proper fractional units, his treatment collapses completely. In
the equation for order (Table I), it can be visualized that ‘‘n'* would always be
unity, irrespective of the mechanism of degradation, excepting the possible
influence of experimental irreproducibility and diffusion controlled weight loss,

Therefore, the choice of methods is reduced to two, one integral and the
other differential; both require a series of thermograms to be obtained using
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different heating rates and appear to be similar in potential and general appli-
cability., This also represents the conclusion of the Flynn and Wall survey. In
this report, selectivity was carried one stage further according to the following
arguments:

a, In the past, integral methods have had the advantage that tedious manual
derivations of rates of weight loss could be avoided., Since many thermo-
balances now incorporate automatic differentiation which allows simultaneous
recording of TGA and differential thermogravimetry (DTG) curves and since,
lacking this equipment, rates can be computed from weight-loss data (see
Section II), differential methods need no longer be avoided.

b. The integral treatment involves more approximations than the differential
method, Thus, the complex integral is normally approximated to a convenient
working equation,

c. The integral treatments assume a linear heating rate throughout the
degradation. This assumption is not strictly valid since, for example, volatil-
ization of gaseous products produces a cooling effect on the polymer and a
lowering of the heating rate,

d. In order to determine the rate law dependence, F(W), in the integral
method, experimental curves must be fitted to theoretical curves for known
kinetic schemes. Experimental errors and kinetic irregularities (the latter are
often observed during the initial and final stages of weight loss) would create
difficulties in curve fitting. A more serious disadvantage is that the true
kinetic scheme might be different from the available theoretical ones, e.g., the
isothermal rate curve maximum at 40%, conversion for poiystyrene (Reference 22).
In the study of the complex condensation polymers currently being used for high
temperature applications, new types of rate dependencies may well appear and
would necessitate laborious trial and error curve fitting in the integral method.

10
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3, “FRIEDMAN’ METHOD OF ANALYSIS

The foregoing arguments resulted in the selection of the method first used
by Friedman (Reference 15). The basic equaticn used is shown in Table I and is
the logarithmic expression of Equation 3

E

dw G
2'303RTB

|
|°"[(w¢- W, dt (8)

] = log A + log F(W)-
8

Equation 8 denotes that both the rate and temperature corresponding to any
specific value of F(W) are dependent on the heating rate employed, I it is
assumed, for the moment, that the chemistry of the process is independent of
temperature, then F(W) will be constant at any weight loss, -———szo_zf » regardiess
of heating rate. Thus, by measuring or calculating the rate: and temperatures
corresponding to the same fractional weight loss in a series of thermograms
obtained at different heating rates and by plotting log(rate) against reciprocal
temperature, the activation energy can be calculated for any conversion, An
examination of the changes in calculated activation energies over the whole
conversion rarge reveals whether the kinetics vary with conversion although it
may be difficult to resolve experimental errors and real changes in activation
energy. If the activation energy does not vary much over the entire range, an
average value, E 2’ is calculated. Hence, by rearranging Equation 8

£

a
2.303 RTB (9)

log AF(W) = log A + log F(W) = Iog(rofe)B +

Values of log A F(W) are calculated at each conversion for the various heating
rates, Theoreticaiiy, there should be no heating rate variation, A and F(W) being
consjdered to be independent of temperature in the simple case, but experimental
errors usually result in a small spread of log A F(W) values so that an average
value is again calculated,

When this process has been repeated for all conversions, a plot of log A F(W)
W -W

against log %—- (or log Woow. for degradations producing a residue) reveals
0 o f

the rate law, In the programmed TGA method, this plot removes the effect of
heating rate and changing temperature; for diagnostic purposes, it is analogous
to the rate-conversion curve in isothermal treatments, In many cases, therefore,
the appropriate weight functionality will be elucidated (Table II).

11
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TABLE II
EFFECT OF F(W) ON LOG A F(W) PLOT
F(w) LOG A F(W) PLOT
\ W -W
w_o bWSW, straight line, slope = 1
( oW )n straight line, slope = n
WO_Wf ’ ope
‘random’’ function curve, maximum at log(0,74)

(26% conversion)

Other types of kinetics, such as those giving a rate maximum at conversions
other than 26%, would be just as easily resolved by this plot. Kinetic irregu-
larities are revealed; for example, early weight loss caused by lower activation
energy processes normally shows as a steeply falling portion in the initial
stages of the log A F(W) curve, In fact, any true change in the kinetics will
produce a change in slope of the plot based on the assumption of a single
activation energy process. The extreme sensitivity of log A F(W) to changes
in I-:a explains why an average E a 13 used instead of individual values at each
conversion, If the latter were used, the experimental fluctuations of Ea would
outweigh the effect of rate on log A F(W); the resulting plot would be very
scattered and no information about the weight functionality would be obtained.
Other potential sources of error in determining the form of F(W) are wrongly
assigned conversion ranges and use of wrong conversion units. These may
seem obvious but the former can be easily done in some complex thermograms
and the latter follows from perusal of the variety of expressions used in the

past. For example, in the original description of this method, Friedman used a
W-w
f

Yo

different expression of concentration, ( ). from that proposed in this

report, The result was a very high apparent order of reaction,

The pre-exponential factor can be easily calculated by subtracting the
F(W) value from the log A F(W) term. The determination of A could be ac-
complished graphically by replotting log A F(W) against log F(W) and ex-~
trapolating the resulting straight line to log F(W) = O, The ability of the method

12
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to completely analyze more complex degradation systems with some typlcal
complicating features Is discussed in the following paragraphs,

a. Activation energy changes with conversion

Certain degradation mechanisms involve real activation energy changes
with conversion (References 3 and 5), The reason may be a dependence of Ea
on the molecular weight which itself varies with conversion, a change in mech-
anism as in poly(methyl methacrylate), or a change in structure of the polymer,
Suppose a smooth increase in E a is observed in the E a-conversion plot obtained
by the preceding analysis, The assumption of an average E a to calculate log
A F(W) would invalidate the rate law determination, Features such as rate
maxima would still be discerned but the overall curve would be skewed relative
to the ‘‘theoretical’’ curve, Then, it is conceivable that a smooth E a profile
might be used instead of an average E, to give mors meaningful information
about F(W).

b. Random Degradations

The complex functionality of weight for this mechanism (Equation 4) casts
doubt on the validity of the assumption in the kinetic analysis that F(W) is
independent of temperature. The source of this contention is that a, the degree
of degradation inherent in the function, contains a temperature term. It can be
shown, however, that g is independent of heating rate and depends o.ly on the
conversion, Under dynamic conditions

\

- [ et
[¢]

@=1-e
T
E
A g
N B - T 1 5
a=1-e B{ RTa (10)
(4

That a is independent of B follows from integral treatments, particularly that
in Reference 21. The method is still valid therefore for the random case, The
derivation of a pre-exponential factor in the random case may be difficult since
the various parameters needed to calculate F (W) maynot be available, Equation 4
is an approximate solution dependent on certain boundary conditions and

13
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may not be applicable to some real cases although the overali random curve
io stiil observed, The normal method of obtaining A from

dC
(T“—')mox- L/e ( Reference 5) (1)

and in this treatment,
L
tog A F(W) = logA 1 log |—& (12)
must be used cautiously.

¢. Complex Mechanisms

The treatment of two of the more straightforward complex cases was dis-
cussed in Reference 6, The first casc¢ involved competitive reactions in which
the rate curve and thermogram appeared similar to that for a simple reaction
except for irregular trends in the maximum rate. The ability of the method to
resolve the two reactions depends on how different the individual parameters
are, If they have similar orders and activation energies, it is doubtful whether
any resoiution could be achieved, The second case consisted of two independent
reactions, each of which could be observed in thermograms obtained at low
heating rates, The corresponding activation energies were obtained at low and
high conversioas. Only the two methods involving several heating rates showed
any success in resolving theee cases, Inreal polymer degradatione, the following
complex cases have been observed in previous and current work:

a. The thermogram consists of several consecutive steps wica distinct
plateaus between the decompositions, This case i3 easily dealt with by treating
each step individually as a simple case,

b. The thermogram exhibits overlapping reactions and the DTG curve has
several maxima, This could be visualized as Case a. in which the second step
commences before the first reaction is complete. This is not strictly analogous
to the ‘‘independent reaction’’ discuesed in ‘'Complex Mechanisms'’ since the
amount of each reaction may depend onthe heating rate. In such a case, a proper
analysis may be thwarted although relevunt information would still be obtained
for the low temperaturs reaction by studying the initial portion of the weignt logs.
An axample of this type is presented in Section VL
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T ¢. A complex curve somewhat similar to b, has been observed for some
N aromatic poiyesters (Reference 23), For these polymers, the major weight-loss
reaction changes smoothly intc a slow char-forming reaction which gives the
rate curve a long, high temperature tail. Once agaln, it is predicted that only
limited information will be obtained and further discussion must await detailed
examination of actual examples,

4, SIGNIFICANCE OF KINETIC PARAMETERS

The influence of experimental variables in programmed thermogravimetry
and their effect on the resulting kinetic parameters has been the subject of
, several reviews (References 2, 8, 19, 24, and 25) and has convinced some
t authors that the parameters are purely empirical. However, employing careful
‘ techniques and strict standardization, many of the sources of error such as
weighing errors, diffusion effects, and differences dependent on the physical
form of the sample can be minimized or eliminated, The sources of error, which
could be considered appropriate io programmed methods and not to isothermal
techniques, are heating rate and temperature errors, The latter can be removed

—
A

by good experimental procedure and, as has been shown previously, the former
effect is removed in the ultimate analysis by the method chosen. It is concluded,
therefore, that the programmed method used should give information equivalent
to that obtained isothermally and it is contended that this information, especially
the activation energy, can be meaningful with respect to stability and mechanism,
Thus, as in Reference 26, overall activation energies have been relaied suc-
cessiully to the energies of individual steps comprising the reaction. A be‘ter
proof must be to compare the experimental activation energy to that observed in
conventional kinetic analysis, This should be feasible when a polymer and its
model degrade by exactly similar mechanisms, The field of condensation
polymers may contain examples satisfying this condition,

15




AFML-TR-~68-181
Part II

SECTION I
EXPERIMENTAL PROCEDURE

1, POLYMER SAMPLES

Descriptions of the methods employed for the preparation and purification
of samples are given in the reports which describe in detail the results for
those polymers.

2, APPARATUS

The thermobalances used were the Ainsworth Models AVand RV which gave
full scale recorder deflections of 100 mg and 10 mg, respectively., In most
cases, several deflections of the recorder pen were necessary to follow the
complete weight loss of samples,

A sectional diagram of the thermobalance, degradation tube, and furnace
is given in Reference 27,

The temperature programmer used was the West Gardsman Model JGB
Program Controller which operated a proportioning power supply., The temper-

ature set point was driven by a cam cut to give close to a linear increase in
temperature with time, Variation in px ~am rate was effected by changing

gears in the motor to cam gear train, Som. o the approximate program rates
selectable were 75, 90, 150, 280, and 450° per hour but the actual program
rates were calculated for each run from the temperature~time data.

3. TEMPERATURE MEASUREMENT

The measurement of the actua: .wmperature of a material undergoing weight
loss presents many difficulties. In theory, an ideal method for measuring the
temperature would be to surround a thermocouple bead completely with the
sample and measure the thermocouple millivolt output. In practice, difficulties
arise especially if complete loss of material takes place during degradation.
In this case, the thermocouple bead becomes n.  and more exposed to the heat
source ac weight lose occurs, Further, it may .ot be safe to assume a correct
temperature will o dete~ ined even when the sensor {s completely surrounded.
This will be dependent upon the spectral characteristics of the semple and the
heating method employed (UV or IR),

16
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Another difficulty is involved in the simultaneous determination of weight
and temperature. Torsion of wires from the thermocouple to a stationary support
will alter the mass reading or may cause noise in the weight record. Methods
differing in complexity have been devised to overcome these defects but none is
entirely satisfactory (References 19 and 28).

For this work, it was decided to measure temperatures by placing a thermo-
couple in a tuermowell as close to the sample as pcssible, For several of the
polymers, a series of ralibration degradations was run, Sample temperature,
measured by a thermocouple in direct contact with the polymer, was recorded
and corrections to the thermowell temperatures were obtained.

In most cases, the temperature correction, A T, was of the form
AT =C + A

A and C are constant
B is the heating rate

The temperature corrections were usually in the range of § to 15°C, Similar
lags have previously been reported (Reference 24).

In the range of temperatures over which weight loss occurs, severe temper-
ature lags may occur (Reference 25) since large quantities of heat are called
for during an endothermic process,

It is realized that temperatures measured inthis work are only approximate
but it is felt that by standardizing conditions (sample size, crucible and furnace
geometry, etc.) and making the corrections described, errors are minimized,
It is hoped eventually to be able to recalculate this data making corrections for
the lag during the endothermic weight loss, This must await the relevant ex~
perimental data,
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4, PROCEDURE

The sample (usually 100 mg) was weighed intoa small quartz crucible which
was then suspended in a quartz degradation tube by a fine nichrome chain
connected to the balance beam, A counterbalance was applied to the opposite
side of the beam making sure that weights at least equal to the expected weight
change were suspended on the beam, After the apparatus had been pumped down
to a pressure below 0.1 micron of mercury, the furnace which surrounds the
degradation tube and the programmer were switched on, After the weight change
had occurred, programming was continued until a good final weight base line
was recorded., From the thermogram which recorded both weight and temperature
as a function of time, the rates of weight loss as a function of the !mstantaneous
percent weight loss were computed (Secticn IV). In any casec in which a steady
final weight line could not be obtained (e.g., for some aromatic polyamides
and polyesters), rates were based on the initial sample weig.. instead of on the
total weight loss,

Occasionally slight initial weight losses were noticed due to removal of
solvents or water from the polymers, In these cases, dawa ..cre taken from the
thermogram after the weight line was again 1 vel.

In an attempt to reduce procedural errors, the experimental procedure and
apparatus were standardized as far as possible (e.g., furnace, method of tem-

porature measurement, sample size, crucible geometry),

Extremely useful information on experimental methods and apparatus used
in thermogravimetry is given in Refereace 25,

18
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SECTION 1V

COMPUTER HANDLING OF THERMOGRAVIMETRIC
ANALYSIS DATA

This section is devoted to the treatment of TGA -ata using Friedman’s
method which is discussed at length in Section IL There is some similarity to
the treatment of isothermal thermogravimetry data (Reference 35). Despite
the possible repetition, this section describes all aspects of the handling of
programmed thermogravimetry data, The first of this section is concerned with
the determination of the rates of weight loss and the second portion describes
the evaluation of the parameters involved in Equation 9,

1., COMPUTATION OF RATE OF WEIGHT LOSS

In Section III the experimental procedure is described. Figure 2 shows a
typical recorder trace from the thermobalance, The two curves represent
temperature (measured by a Chromel/Alumel thermocouple located in a
thermowell close to the sample container) and the sample weight (measured
electronically by determining changes in the resonant frequency of a transducer
caused by deflection of the balance beam). The pen excursions are linearly
dependent upon temperature and weight, full scale deflections corresponding
to 500 or 1000°C and 10 mg or 100 mg weight change,

Obviously the two pens cannot travel on the same line perpendicular to the
time axis, A small correction has to be made to data read from the same line
to ensure that pairs of weights and temperature data represent conditions at
the same time,

Methods are available for automatically converting signals from measuring
equipment w digital form lfor computer processing, but such methods were not
on hand for this work, Thus it was necessary to obtain the recorder traces and
to take data from the two curves either using a mechanical graph reader or
manually, In the latter method, the chart was taped to a board and scales
graduated in suitable increments (20th or 32nd of an inch) taped to hoth sides of

19
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the chart parallel to the time axis, A ruler was then moved along the time axis
and corresponding weight and temperature data recorded at 200 to 300 positions,

In order to simplify data gathering, elapsed inches of chart were recorded and

time regenerated during the machine calculations using the chart speed (in inches
per minute), The zero time data is taken from the curve at some suitable
position prior to significant weight loss.

The first card identifies the deck of cards that follows. The information
and the columns in which it is punched is shown in Table IIL

TABLE III

IDENTIFICATION CARD

COLUMNS CONTENTS

1 8 Any identification, name, etc,

9 - 12 Run number (e.g., 04P)
13 - 14 Blanks
156 - 22 Date
23 - 24 Blanks
25 - 45 Alphabetic information, polymer name, etc
46 - 52 Chart speed in inches per minute
53 - 54 Blanks
55 - 59 Pen offset in inches
60 - 62 Inches hetween first and last data
63 - 70 Blanks
71 - 73 Temperature at initial time reading
74 - 76 Blanks

77 - 79 Temperature at final time reading
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Following the identification card is the data deck, The data cards are
punched as shown in Table IV. A typical input card deck is reproduced in

Appendix L
TABLE IV
CONTENTS OF DATA CARDS
COLUMNS CONTENTS
1-13 Identification information, name, etc,
14 An index, LBJ, to signal the end of a deck
15 - 17 Blanks
18 - 22 Time in inches
23 - 28 Weight
29 - 32 Temperature
33 Blank
34 - 38 Time in inches i
39 - 44 Weight -
45 -~ 48 Temperature
49 Blank
50 - 54 Time in inches
55 - 60 Weight
61 - 64 Temperature
65 Blank
66 - 70 Time in inches
71 - 16 Welght
77 - 80 Temperature

Using the input data, the computer assembles a matrix of time, weight,
and temperature data which is then scanned to find the next weight after a 1%
welght loss, A number of pairs of weight and time data either side of this point
is then fitted tc a quadratic (using PLSQleast squares curve fit subroutine), The
quadratic is then solved for the time taken for an exact 1% weight loss to occur,
These oalculations are repeated for all integral percent weight losses up to 99,
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Time and temperature data are fitted to a polynomial using the PLSQ
subroutine. A single high order polynomial is used to fit all the temperature-
time data whereas a quadratic is used to fit short sections of the weight-time
data, These two different methods were chosen because a quacratic may easily
be solved whereas higher orders may not., Only substitution into the time-
temperature polynomial is needed here so high orders may be used to get a
better fit of the data, The weight-time curve fit, however, had to be solved to
interpolate time values; as a quadratic fit was dictated, the best fit was achieved
by using a relatively small number of curve fit data,

After the input data has been compared with results calculated from the
fitted curves, the spurious input is replaced by fitted values and the curve fits
recalculated. The rate of weight loss is then calculated for each percent weight
loss and the average heating rate computed. A schematic representation of this
rate program is given in Figure 3, and the complete program is reproduced in
Appendix IL

Finally the results are printed out in tabular form together with graphs
representing the variations of rate of weight loss with percent weight loss,
weight with time, and temperature derivative withtime, Results are also punched
on to computer cards for further processing. A typical punched card output
deck is shown in Appendix III and examples of pointout data is given in
Appendix V,

2, COMPUTATION OF ARRHENIUS PARAMETERS

Friedman’s method for calculating activation energy, etc., which is de-
scribed fully in Section II, requires the comparison of weight-loss rates ob-
tained from a number of thermogravimetric analyses carried out at differing
rates of temperature increase, Comparison is made between rates of weight
loss at identical extents of weight loss, and activation energy may then be
calculated from the slope of the curve of log (rate of weight loss) against
reciprocal of the absolute temperature, The lower the heating rate, the lower
the temperature will be for a given weight loss,
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Read InCards Containing Time, Weight, and Temperaturs
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Figure 3, Schematic Representation of Rate of Weight Loss Calculations
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The output punched cards from the rate program contain both rate of
weight loss and temperature for each percent weightloss so the program merely
selects corresponding data from each experiment and carries out a least squares
straight line fit of the log (rate of weight loss) and 1/T data. Both the clope and
Intercept of the best line are computed. Log A F(W) values are then calculated
using an average value for the activation energy. The range of weight loss over
which this average is computed is usually chcsen to omit very low and high
conversions, A discussion of the effects of changes in activation energy with
conversion is in Section IL

Figure & shows a schematic representation of Arrhenius parameter cal-
culations, and in Appendix IV the compliete Arrhenius program is reproduced.
Typical results from all these calculations are presented and discussed in
Section V.

26
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Figure 4. Schematic Representation of Arrhenius Parameter Calculations
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SECTION V

WEIGHT LOSS OF POLY(TETRAFLUOROETHYLENE)

To validate the procedure for the determination of activation energy and
order of reaction which is described in Section II results obtained by this
method were compared with those previously published for the degradation of
poly(tetrafluoroethylene), Teflon. This particular compound was chosen for its
relative lack of coniplications and for the availability of published information,

Madorsky and co-workers (Reference 29) measured the weight of samples
of Teflon maintained at fixed temperatures, Plcts of the rate of weight loss
against the percent volatilization were linear between about 26 and 80% vola-
tilization showing the degradation to be a first order process, Their kinetic
data could te summarized by the following equation

k| - 4.7 x lolse-eo,soo/RTsec-l

first order rate constant

g

R gas coustant

T absolute temperature

A mechanism for degradation involving thermal, weak link, or end initiation
followed by unzipping of the free radicals produced was postulated,

Wall and Michaelsen (Reference 30) confirmed these observations but sug-
gested that a zero order dependence of the rate of weight loss on sample weight
was observable below about 480°C. They presented data which showed that at
460°C under nitrogen the weight loss of Teflon is a linear function of time wp to
about 40%, weight loss,

Anderson (Referonce 31) analyzed Teflon thermogravimetry data by the
method of Freeman and Carroll (Reference 11) and found the degradation, in

vacuum, to be first order between 450 and 550°C with an activation energy of
75 +4 kecal/mole,
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Reich and co-workers (Reference 13) analyzed Teflon weight-loss data
using the method of Anderson and Freeman (Reference 12) previously discussed.
They obtained activation energies varying between 69 and 74 kcal/mole, the
average being 72 kcal/mole,

Lee and co-workers (Reference 32) presented information obtained using
heating rates between 3C0 and 1200°C per hour. It will be shown here that such
high heating rates are likely to result in large uncertainties in the temperature
measurement with consequent curvature of activation energy plots. Howew::
they quote E, between 60 and 69 kecal/mole and orders of reaction between 0,7
and 0,85 depending on the method of plotting employed.

Carroll and Manche (Reference 33) re-examined Madorsky’s data and deter-
mined the activation energy as a function of the conversion and showed that
between 10 and 80% weight loss the activationenergy decreases from 80 to about
46 koal/mole. The decrease of E a with increasing conversion was apparent for
both the programmed temperature increase and for the isothermal weight loss
of Teflon in vacuum, The reaction was said to be zero order.

Section II gives a detailed discussion of the various techniques which have
been used for calculating kinetic parameters from weight-loss data. Our con-
clusions are that each method has serious shortcomings. We, therefore,
consider that the data of Madorsky (Reference 29) which was obtained iso~
thermally should be the most reliable for comparison with the results of our
investigation,

As a check on the present differential method for the determination of E a
and order of reaction, a series of programmed temperature increase, vacuum
weight loss, experiments on 100 mg samples of Teflon was carried out using
heating rates between 45 and 450° per hour. The polymer used was Du Pont
Teflon molding powder Composition 6 in the form of fine granules,

The first runs which we.e carried out at the higher heating rates gave very
high rctes of weight loss (~ 104 per minute), With such high rates of reaction,
considorable temperature lags might be expected so measurements were also
made usiny very low heating rates (below 160° per hour).
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Figure 5 is a plot of log (rate of weight loss) against the reciprocal of the
absolute temperature for 50% conversion, Plots for other conversions were
similar to this one, It is evident that a straignt line cannot be drawn to represent
the data over the whole temperature range. However, the runs carried cut at
150° per hour and lower heating rates do show a linear dependence of log (rate
of weight loss) on 1/T, The slope of the line drawn through only these four
points gives an activation energy of 69.3 kcal/mole, A case could be made for
considering c¢nly the three lowest heating rates. The derived activation energy
would then be increased.

It is probable that the curvature of the Arrhenius plot when the higher
heating rates are used is due to the large thermal lags whsn the rates of weight
loss are large. In the hope of bringing these results irts line, an attempt will be
made to correct for these lags by direct sample measurement,

The computer printout for the rates of weight loss for one of the Teflon
experiments is given in Appendix V and Appendix VI shows the rates of weight
loss at each 1% conversion for the four lowest heating rate runs, Appendix VII
is the computer printout for the activation energy calculations based upon all
the rates quoted in Appendix VL Figure 5 contains all the 50% data from
Appendix VI as well as data obtained using higher heating rates.

1. VARIATION OF ACTIVATION ENERGY WITH CONVERSION

Figure 6 shows a plot of activation energy as a function of weight loss, the
data being taken from Appendix VIL Between 4 and 99% weight loss, activation
energy varies between about 62 and 83 kcal/mole. The average value of
69.34 koal/mole between 10 and 80% weight loss has been used to calculate
log A F(W) values used in one of the curves in Figure 7. Careful inspection
of the activation energy data reveals an approximately constant value,
average = 63,98 kcal/mole, between 10 and 50% weight loss, At greater con-
versions, Ea increases slowly to a maximum which is maintained between 65
and 80% weight loss,

It has been reported that Teflon undergoes a change in physical properties
above 50% weight loss. In Reference 30 it is claimed that the polymer melts
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Figure 5, Arrhenius Plot for Degradation of Teflon at 504, Weight Loss
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at this conversion. There may be some correlation between this phenomenon
and the change in the activation energy curve at the same conversion,

2, ORDER OF REACTION

Figure 7 also shows the log A F(W) obtained using the activation energy
average for the 10 to 50% weight loss (i.e., 63.98 kcal/mole), The straight lines
drawn which represent the 20 to 80% weight loss data fairly well have slopes of
0,84 and 0,89, and only siight maxima in the log A F(W) curves are apparent at
very low conversions., Thus the weight-loss process obeys approximately first
order kinetics, Other lines having differing slopes may be drawn through points
representing more limited weight loss ranges hut it would be unwise to assign
real significance to such siopes,

3. PRE-EXPONENTIAL FACTOR

The extrapolated value of log A F(W) at zero percent weight loss is a
measure of the pre-exponential factor (A), Using the low E a value, log A = 15,7,
with the high Ea, log A = 17,1, (Note: Since weight losses used here are in
percent, log 100 has been subtracted from each intercept.)

4, DISCUSSION

The data presented here is in fair agreemen! with some of the published
information., The 10 to 80% average activation energy is about 10 kcal/mole
lower than Madorsky’s value. The change in E a with conversion does not agree
with the drop from 80 to 46 kcal/mole calculated by Carroll and Manche
(Reference 33). It is, however, more reasonable to expect the increase in Ea
with conversion, as we find, then to expect a large drop in Ea'

I the degradation involves unzipping with a long kinetic chain length
throughout the total weight loss, a first order rate dependency would be indi-
cated, and no changes in molecular weight of the residue would occur, It has been
shown (Reference 34) that, at 6500°C, tetrafluoroethylene is the major volatile

product of degradation (954 but small amounts of CF4 and Can are also

produced, At higher temper ., the yleld of tetrafluoroethylene is reduced,

other products being produced by ' ~mination of short kinetic chain length
unzipping processes, If the kinetic chain length is shorter than the degree
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of polymerization, a change in molecular weight of the residue would take place
during weight loss with consequent complication of the degradation mechanism,

I is felt that the method described here for the determination of kinetic
parameters involved in thermogravimetry gives adequate agreement with
literature data for Teflon to justify its application to other systems, The
kinetics of degradation of polymers which obey more complicated laws are
discussed in Section VL

SECTICN VI
DEGRADATION OF OTHER POLYMERS

In this section, representative examples of results obtained during thermal
degradation of polycondensates are discussed., These examples have been chosen
to show several types of log A F(W) curves which are derived from weight-loss
data using the computational methods described in Section IV,

1. POLY (1,4 PHENYLENE SEBACATE)

Figure 8 shows how the rate of weight loss for this polymer varies with the
extent of conversion, That the mechanism of the degradation of this polymer is
more complex than that for poly(tetrafluoroethylene) is shown by the fact that
the curve of rate of weight loss against percent weight loss exhibits two distinot
maxima, one at about 45% and the second at about 90%, of the overall weight loss,
Since separation of the maxima is apparent, the activaticn energies of the in-
dividual processes must differ appreciably. The greater the energy difference,
the better will be the resolution of the ratea of each process,
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Figure 9 shows that the activation energy does indeed vary during the
degredation of poly(l,4~-phenylene sebacate). I the early stages of degradation
(Line A), Ea is about 30 kcal/mole and a gradual rise takes place until Ea is
close to 60 kcal/mole during the final 20% weight loss (Line B).

The curve of log A F(W) against log (residue weight-percent}, produced
when the overall average E a of 36,1 kcal/mole is used, is shown as Curve III
in Figure 10, A change in the slope of this curve is apparent at conversions
exceeding about 70% showing the change in mechanism brought about by the
commencement of the second reaction. As explained in Section II, an erroneously
high slope would be derived from this curve since this type of plot should be
based on the weight loss during a single componeut reaction, here the weight-loss
data is based on the sum of the two component reactions.

In order to separate the contributions due to each of these two processes,
it is necessary to go hack to the original curve of rate of weight loss as a
function of overall percent conversion (Figure 8) or the curve of rate of weight
loss against temperature (Figure 11). By careful inspection and judicious use of
curve drawing techniques, it is possible to resolve the two peaks, from either
curve, into the pure components, Overlap of the two reactions occurs between
about 45 and 80% of the total weight loss, When a separation has been made,
calculations of log A F(W) for each component may be made using the relevant
conversions, The required activation energies are found from the approximately
lirear parts of the Ea against weight-loss curve (Lines A and B in Figure 9),

Figure 10 shows the results of such a resolution of a complex weight-lcss
process, Curve I is the log A F(W) plot for Component Reaction L This process
is probably random, the low conversion rise in this curve probably being due
to an early low activation energy weight-loss process, Curve Ilrepresents
Component Reaction IL The drop in the curve at low conversion may not be
significant since this is the region of maximum overlap with Reaction L The
slope of the curve at higher conversions shows the reaction obeys either first
order or random kinetics,
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Thus it can be seen that it is possible to separate to some extent the compo~-
nents of a complex weight-loss process, However, where overlap occurs there
is some doubt about the rates of the individual weight losses, This doubt is
reflected in the inability to assigr real significance to the part of the log A F(W}
curve which includes considerable overlap of reactions.

A case could be made from the data shown in Figure 8 that another compo-
nent may he present in the range 60 to 70% weight loss but even if real it would
be virtually impossible to achieve its resolution,

A similar treatment of the same data is given in Reference 23,

2. POLY(HEXAMETHYLENE SEBACAMIDE), NYLON 6,10
Unlike many aromatic polyamides (Reference 40)," nylon €.,10 degrades
completely leaving no appreciable residue. The maximum rate of weight loss -

occurs at about 60% weight loss.

Figure 12 shows the variation of activation energy with the extent of weight
loss determined from programmed thermogravimetry data, The activation
energy rises rapidly during the first 10% weight loss and then remains in the
region of 57 kcal/mole for the remainder of the weight-lcss pre »ss, The early
rise in Ea can probably be attributed to the remcval of absorbed water from the
polymer or distillation of low molecular weight volatiles, Using an activation
energy of 57.2 kcal/mole, the log A F(W) curve shown in Figure 13 has bzen
constructed, The 20 to 90% weight-loss data is represented by a good straight
line having a slope of 1.02 indicative of a random or first order decomposition
mechanism, The downward curvature of the line at low conversions tends to
indicate a random process is operative especially as the maximum occurs close
to 25% weight loss (Reference 5). Cther workers have concluded that the same
mechanism describes the degradation of other polyamides but a possible fonic
hydrolysis process may occur simultareously (Reference 38).

i + r——— 1

oy —-——

o Several other aliphatic polymers have been studied and found to yield
’ similar log A F(W) curves end mechanistic irterpretations. The degradation o
several aliphatic polyesters and prlyamides is discussed in References 36 and 39,
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SECTION VI

CONCLUSIONS

The method of Friedman has been shown to be applicable to a wide variety
of polymer degradations, It can detect a single first order weight loss, one
where random decomposition is suspected {as noted by a maximum in the rate
law curve) and can provide some resolution of a weight-loss curve showing
more than one rate maximum, R is our conclusion that only through the use of
several thermograms at different heating rates can this information be obtained
reliably,
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COMPLETE RATE OF WEIGHT LOSS PROGRAM
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Part O
T o - T T T 107307618
PLOT - EFN SOURCE STATEMENT = _fN(S) =
C 7 PRDOGRAM TO DETERMINE RATES OF WETGHY L1055 AT ONE PERCENT w€lGHT LOSS o
C INTERVALS FROM THERMGGRAVIMETRIC ANALYSIS DATA,.
o INPUT TEMPERATURES ARE FITTED TO A FIFTH DEGREE POLYNOMIAL USING A
c LEAST SCUARES SUBROUTINE (PLSQ).
c WEICHTS CORRESPONDING TO SHORT TEMPERATURE RANGES ARE FITTED TO A
(o CUAURATIC BY PLSQ.
T TNPUT WEIGHTS DIFFERING FROM FITYED LINE BY MORE THAN ONE PERCENY OF THE
c TOTAL WEIGHT LOSS ARE REPLACED BY THE CURVE FIT VALUE,
c OUTPUT DATA IS PUNCHED ON TO CARDS FOR FURTHER PROCESSING (TO CALCULATE
c ACTIVATION ENERGY ETC).
o “ INPUT DATA. SPEED=CHARY SPEED IN INCHES PER MINUTE, OFFSET=PEN SEPARATION
o IN INCHES. ITI=INITIAL TEMPERATURE READING, ITF=FINAL TEMP. READING.
T T TYNDEX (RJ IS SET ECUAC TO 1 YO SICNAL TAST CARDOF A RON 7~ 77—/~
C
o

DIMENSION T(1500),W(1500),TEMP(1500)WH(105), TNW(105),DWDT(105),
«X180),¥(501,C(15),A11Y,PLOTI50,105),2(50), TDER(L05),TPOLY(105],
<RTEMP(105)

«XRANGE ,!T1,ITF B ) S B L 1
"CHART = 2,545454%SPEED
WRITE (6,3009) ) - o » n 5
WRITE (6,3050) ID,DATEL,DATEZ,COM1,COM2,COM3,C0OM4 6
WRITE (6,3060) SPEED e I
""" TTWRITE 16,3065) CHART ~— T 8
WRITE (6,3070) OFFSET o . . .
WRITF (6,3080) XRANGE o 10
WRITS (6430%0) ITI S , Y
WRITE (643100} ITF T 12
N =29

START LCOP TC READ IN DATA CARDS

(2 X e ¥ o

DO 30 1=1,2995,4

N = Ned

READ (541019) LBIyT(I) W(I), TEMP(L) TUTI¢L)yW{I+1),TEMP(Ie]1), N
T T Y T WY D) TENPTT 2T, TIT+3) WL 3), TEMP( [+37 — i ) T T

C

C T = TIME {[IN INCHES)y w = WEIGHT, TEMP = TEMPERATURE

C 17
1 {(LBJ.EQ.Y) GO TO «0

30 CONTINUE

40 NL = N=4~

( START LOOP TO CALCULATE NUMBER OF DATA READ IN

DO SO0 1=NL,N
IF (TUI).NE.0.O) GC TO 50
N = -1 ) o
GO TC S1

50 CONTINUE

S1 JJ = .030¢FLCAT(N)
LL = MAX0(JJ410)

¢ T337a7Y PERCENT OF NO. CF GATA SETS READ IN
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Dart 11

TGA 10730763
PLCOT - EFN SOURLE STATEMENT = [FN{S) =

LL = NO., OF CURVE FIT POINTS (LAICR = KN)

OO

WRITE (6,3170) tL 52
WRITE (643C107 N 53
NN = LL

K = POLYNOMIAL ORDER,NEEDEC FOR PLSQ SUBROUTINE. LIST = O FOR NO ERROR
ANALYSIS OF PLSC
D = TOTAL WEIGHT LCSS

(2N aEaNelel

K =2

LIST = 92
LINDA =1

D = Wil) = W(N}
00 :5 I=1,A o
WD) = 100.~(100.*(W(I}=WIN))}/D)

COMVERT TINME IN INCHES TG MINUTES

OO0

T(IY = T(I)/SPEED
55 CONTINUE

DT PEN SEPARATION IN MINUTES.

[pNaN gl

0T SPEED*QOFFSET

START MAJOR LOCP

[aNalel

DO 100 NW = 1,99

58 Il = LINDA-1
WWINW) = FLOAT(NW) e
SCAN WEIGHT DATA FGR ONE CLOSE TO BUT JUST GREATER THAN ONE CERCENT WEIGHT
LOSS. Il =INDEX OF THAT POINT

aOOO0

DC ¢0 I=LINDA,N

IT = [1+1

IF (W(I)eGTWhiNW)) GO TO 72
60 CONTINUE
70 LINDA = TI=(LL/2)

LINDA = INCEX OF FIRST DATA TO BE USED BY PLSQ

OO0

0N ol J=1,LL

JI = LINDAYY=-]

XtJ) = T4

Y(J) = widl)

7{iJ) = TEMP(JI)
8C CONTINUE

CURVE FIT CF TIME AND WEIGHT DATA

oo

CALL PLSG (X, Y NNyK,C,LIST,EMAX, ERMS,EMEQ) _ , 100
KK = 1

o START LCOP TO CHECK FUR BAD INPUT DATA
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Part I
TGA - o 10/30/68
. hwov - EFN SOURCE STATEMENT = IFN(S) = =
C _——— -— R o e = =
~ 00 8T J=I,1LL
. 41 = LINCA#J-1 e
T

€~ _WE = WEIGHT CALCULATED FROM POLYNOMIAL

-
WE = CULI=T(JI)*%24CL2)2T(J1)+C(3)
o , e
_#c —
[4

COMPARE CALCULATED AND ORIGINAL DATA

IF (ABS(WE-W{JI)}«GT.l.! GO TO 82

GO TC BT - T T T T e
82 WRITE (6,4000) JI,W(JI)sWF e
T
C REPLACE BAC DATA BY CALCULATED VALUES S ;
¢ REPLACE BAU DATA BY CALCULZIED YALUES o e e
WJI) = WE , e e
k(=2 T - ' ‘

81 CONTINUE e
GO TC 183,5871,KK - i

CHECK FOR TMAGINARY ROCYS 1IN SOLUTION OF QUADRATIC

ﬂt"!ﬂ

77783 SCREW = CU27#%C(2)1=4,0%CL11*(C(3)-WW(NW))
IF (SCREW.LT.0.0) GO TC 90

c B
c _USE REAL RCOT TO DETERMINE TIME CORRESPONDING TO EACH PERCENT WEIGHT LOSS
c B
D . __TNW(NW) = (SQRT(C(2)%C(2)=4,0*CU1)*{CI3)-WWINW)))}=-CL2))/(2,0%C(1))
: c
c OMDY = RATE OF WEIGHT LOSS B o )
< 126
________ DWOT(NW) = 2.0%C(L)*TNW(NW) + C(2)
o GO0 TC 100
: 90 TNW(NW) = T(II-1)
' T T OWDTTNW) = 3.0
TA = T(II)#SPEED
t e
: c WRITE OUT IDENTIFICATION AND LOCATIUN OF BAD DATA
. < WRITE DUT TLEN 3 L :
. _WRITE (6,3160) NW,1I,TA,wiily , 136
“100 TONTINUE
K = 5 — m—— e e - - - ————
T
€ CURVE FIT CF TIME AND TEMPERATURE DATA
<
. . _CALL PLSQUT,TEMP,N,K,C,LIST,EMAX,ERMS,EMEQ) 142
WRITE (6,5100) EMAX 143
WRITE (6,5200) ERMS v 144
WRITE 16,5300) 145
__ . WRITE (6,3400) (CUI)s1=146) L 146
WRITE (6.3110) 153
... DO_120 NW=1,99 , , , _
c .
c CT = CORRECTED TIME, USED TO FIND TIME AT EACH TEMPERATURE
[
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Part 0I
A S {7 ST T T T T T 0730768
e ... Prov - EFN__ SOURCE STATEMENT - IFN(S) - =
CT = TNW(NW)=DT B
TSTOR = C(1)
c
TC 7 LOOP TO EVALUATE TEMPERATURE POLYNOMIAL FOR EACH VALUE OF ¢cT
c

00 200 1=2,6 T o -
200 TSTOR = TSTOR#CT+C(I}

TPOLY{NW} = TSTOR
TSTOR = 5,%C(1)
00 250 l=2,5

J = &=-]

250 TSTOR = TSTOR®CT+FLOAT{JI*C([)

RTEMP = RECIPROCAL OF ABSOLUTE TEMPERATURE

(4

€ TDER = TEMPERATURE DERIVATIVE
(4
[d

TDER(NW) = TSTOR

RTEMP(NW) = 1.0/(TPOLYINWI+2T2,16)
HRITE (6+3120) NW,DWDT(NW);TPOLY{(NW ), TDER(NW), RTEMP (NW) 172

120 CONTINUE
STDER = 0.0

CALCULATE AVERAGE TEMPERATURE DERIVATIVE (AVE)

(alleN o]

00 125 I~1,99

STDER = STDER + TDER(I)
125 CONTINUE

AVE a STDER/99.0
WRITE (643125) AVE

SET UP DUMMY POINTS FOR GRAPH PLOTTING SUBROUTINE (GP)

[2l{zX g}

187
WW(100) = 0.0

- DWDT(100) = 0.0
. : TNW(100) = TNW(99)

TOER{100) = 0.0
WW(101) = 100.0

DWDT(101) = 0.0
TNW(101) = TNW(99)

TDER(101) = TLER(99)
WRITE (6,3000) 168

URITE (5,3130) 1ID 189
L=3

o ‘ LS = 5
N ' LW = 101

! LN = S0

l_ wm=101
' OATA A/1H./
JN = 1

PLOT GRAPH OF RATE GF WEIGHT LOSS AGAINST PERCENT WEIGHT LOSS

CALL _GP (MW, ,DWDT i LSoMy IJNyLWyLNyA,PLOT) 196

WRITE (6,3000) 197
WRITE (643140) 1D
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Part II
I {7 T D 10730768
PLOT — EFN  SCURCE STATEMENT - [IFN(S) - = .
C  PLOT GRAPH OF PERCENT WEIGHT LOSS AGAINST TIME
T 138
 CALL GP (TAWeWWoLoLSeMyINsLWyLNyA,PLOT) 199
| WRITE (6,3C00) o e e e 200
WRITE (6,3150) 10
¢ L
c PLOT GRAPH OF TEMPERATURE DERIVATIVE AGAINST TIME
T 201
CALL GP {TAW,TDER,L,LS,MsJN,LW,LN,A,PLOT) 202
DWDT(100) = 0.0 T T T R
TPOLY(100) = 0.0
C - Tt |
¢ PUNCH OUTPLT CARDS CONTAINING PERCENT WT. LGSS(NW) THEN THREE PAIRS OF |

T TEMPERATURE
¢ AND RATE OF WETGHT 1053 TATA ‘
T 7DD 150 NwW=1,100,3
PUNCH 5000410, NWsDWOT (NW) s TPOLY (NW) s DWDT {NW+1), TPOLY (NW#1),
T DWOTINW+2) , TPOLY(NW+2Y 206
150 CONTINUE

_ LDOK FOR FURTHER SETS CF DATA IF NEXT CARD CONTAINS A ONE IN COLUMN 10

OOy

_ READ (5,1020) MORE s
1F (MORELEC.1) GO TO 1 e
STOP
1000 FORMAT(BX, A%, 2X A6 A2y 2K A6y ARG AGr A3y FTob, 2Xs FEok2XsF64293 Ky
o13,3%,13)
1000 FORMAT(13Xs 112X 3 (F6e2,F5¢191X1F4o01,F642,F5,1,1K,F4.0)
1020 FORMAT (9X,I1)
1030 FORMAT (12)
3000 FORMAT (1H1)
3010 FORMAT (10X,21RTOTAL NC GF POINTS = ,14) _
3050 FORMAT(S5XyA%,BXeA6,A2,10X,A60A6,A64A3//)
3060 FORMAT (10X,33HCHART SPEED (INCHES PER MINUTE) =,F6.4)
3065 FORMAT {10X,38HCHART SPEED {FURLONGS PER FORTNIGHT) =,F7.4)
3070 FORMAT (10X, 1THOFFSET (INTHESY =,FT.%)
3080 FORMAT {1DX,1THXRANGE {INCHES) =,F7.2)
3090 FORMAY (10X, 18HINTTIAL TENP (C) =,15)
3100 FORMAT (10X,16HFINAL TEMP (C) =,15)
3106 FORMAT (18X,15,4X,F9.3,6X,FT,2,4X,F8.2)
3110 FORMAT (//3Xy11HWEIGHT LOSS,6XsBHDWDT(NW)+13Xs5HTPOLY 46X,
- TAHWTOER,TIX,5HRTEMP) -
3120 FORMAT (6X,13510X+E1245,7XsF94352E15.5)
“T312% FORMAT (7710X,2TH AVERAGE YEWP DERIVATIVE = LEI5.5)
3130 FORMAT (10X,19HOWDT VS WEIGHT LOSS,20X,A4)
3140 FORMAT (10X, [9HWETGHT LOSS VS TIME,20X,A%) ~
3150 FORMAT (10X,12HTDER VS TIME,20X,A4)
3160 FORMAT{2X, 1 THSCREW LESS THAN 0,T0X, 3HNW=,13,10X,3HIT=,14,10X,
«2HT=yF6.2, 10Xy 2HW= yFS5.1)
MAT T10X,250N0 OF PYS TN CURVE FiT = 12T
400N FORMAT (10X,9HAT PT NO_,14,10H WEIGHT = ,F5.1,134 REPLACED BY ,
FS.1)
5000 FORMAT (2XyA4s144E13.5,F6e19E1305¢F6019E1345,F601)
€100 FORMAT (10X,1THMAX TEMP ERROR = ,F10. ﬂ T T T T
$200 FORMAT (10X,30HTEMP ROOT MEAN SQUARE ERROR = ,F10.6)
€300 FORMAT (10X,15HTEMP POLY COEFFI

TGA

PLOT - EFN  SOURCE STATEMENT - _IFN(S) =~ _

5400 FORMAT(13X,F10.6)
END
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- 10TF 338 TEFLON DEGRALATICN
IO I CeA3T04E=00 ST Te5 CerdaB7TL 00 5TCes ~TVICTIIT 0T TC8WT™
10T 4 0el3932E 01 52%ed Cel7VibOC 01 53267 Del640L C1 2hze
107 7 0e22445E 01 538e7 0Qecdt%2c Ol DbGiel Qecvelsi Tl culed
TCT iU UVeoclinc UL Dh5eU Ue=060%9C 01 24CWT Qeoduot U1 290~
10T 13 04277588 01 S6Gev 20255 Ol 351e3 0e4cl0cf Q1 554a7
10T 16 Qe4444CE Cl1 %2440 o T4l 065001ik 01 39644
10T 19 0e03156F 01 237e% _e.lcbsl™ 07 BeTGTSIL QI TH39Ws T 7
10T 22 0e57782E 01 5605 0e38077C 0e55937E Q1 56244
10T 25 0e61520FE 01 56343 Ce63133C Ce60319E Q1 5651
TUT b Ge0B8436E Ul 56660 vVel0r il COL 208e7 Tevoid ol UL 2076w
10T 31 Ce74B898F 01 56863 Ce73783E 01 5690 04762358 01 26Se7
: 10T 24 (076522 01 570e4 Coe77316E 01 571e2 Qe78633E 01 57145
. 16T 37 T UL80C6ELE 0T BT80E §e8243TE 01 07337 0w&3945E C1 57040
10T 40 O0eBS5006E Ol STheb Q855335 01 57THed Ce87lodc 01 575e%
10T 43 Q0eBT7468E 01l 5T6e: CTeliliic Qi 277ed Qeb0id3E 01l 57768
TUT 46 Uebh(4-t CL -70ed wUevicocue Ui 01780 UCewcllaic U1 D178
IOT “9 0.9‘02105 Ol 980.2 GC‘J)AJJ{.. 0* )CU-Q Ql)ail'a'&.; <4 .Ol"'
_ 10T 52 Ce97623E 0l 5861e% Qe>/76c3E 0l 5825 Devibant Qi 265ed
T ET TSR TS TI78CT01 56207 095 y651E701 58642 T0WI10036C 02 5ENSETT
10T 58 Cel0131E (G2 SES5e4 UelG20BE 02 58%e9 04102818 T2 5E6e4
10T 61 Cel0400T 02 58740 OCJelTA4l4E 02 5875 CelO376L 02 56840
10T 64 G JO3T0T (2 CobheG UeiQl0&C 02 D85el (0ell35cT U ST (
10T 67 CelO344EFE 02 59062 CelU3Z8I 02 59CeC (e10351E 02 35512
10T 70 UelC387E 02 5G1e8 0el0423% T2 L272e% L Cc 59249
TTTTOTTUTS T UCGIUAZIE 02755304 04102378702 5940 02 2743
10T 76 CelCCLlIE 02 57541 0elO131E 02 59547 G2 svdes
10T 76 LUelQU32E 02 £76e8 0374140 01 5973 QeviGeil Q1 507ex
101 8¢ Jo/UmL Ol VTS 00‘1:&010!’. 01 D"‘:OC Doy 0YuCl U1 2¥ el
10T 85 0e86745E QL 40Ces Q847062 0l 501eQ TebeseQn U1 60147
10T 88 Qe79515E 01l ©C2e4 Qe77272C 0L &05el Qe750%0E Q1 60340
10T 7 91 0721528 01 604eb CeboTEIT CI 50T ¢4 T0WCABTIT 01 706C6wE ~ 7
16T 94 (Ce59624E 01 6072 Oe34449E Q1 6082 CToab6352E 0L 4094
2 10T 97 Gebl37SE 0l 61047 0e3328CE 01 6123 0231210 21 olaed
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‘Part I
TGA 357137638
PLOT - EFN SOUPCE STATEMENT = JFN(S) =
N ’“PVDfFIﬂFF‘TU"BFTEFWrNF‘YCI‘FISIMETEFS‘HV‘FFTEUHINF"HETHto
C PROGRAMME ACCFPTS DATA CAPDNS HAVING THREE SETS OF DATA PSR CARD.
TASY CARD OF SACH DECK MUSY HAVE 4 ONE IN COUUMNY. CAST CARD OF
c LAST DECK FNR ONE PNLYMER SYSTEM MUST HAVE A TWO IN COLUMN 1 INSTEAD
’ - N1
c AND PLACE RETWEEN S=Ts .
TCTT T TAY THETEND (WF KLU DECRS PUACY & ALANK TARD THEN AN SEOF
C -
C SVNRUES 6“5' = FIIE UF WE!Gﬁl EUSS. F'EMB = FECI’“UC‘[ OF ABSOCUYE
C TEMPERATURF, RATE = LOG RATE NF WEIGHT L0OSS, SLOPE = SLOPE OF ARRHENIUS

€ PLNY, PRFX =PRE-EXPUONENTTIAL FACYIR, PLOT = DIMENSITN OF GP SUBROUTINF®

ACTE = ACTIVATINN SNERGY, X AND Y REPRESENT DATA TRFATED BY GP

TPOLY =" YNPUT YEMPERATYURES, [0 = TDENYIFITAYTION, A = Wiy OF SYMAOLS IN GP
AA = PERCENT WZIGHT LNSS,y AFW = FUNCTION FPNM FPIEDNANS CQUATION

2 Xs EXals

1 4 LN '

L5 ] ’ - L] 1] R
__«PREX(100),PLOT(50,100)ACTE(100),X(10),Y(10),
JPOLYUIOD 1Oy TOT TV ATT Y AATIO0Y (AFWT I O s FWT T CE )y ABISS Y  WF(S5),
«SPS{190),SNSC10C),SDI(109)
READ (5,1C30) T CNVT, CONM2 s COMIyCAMA,COMG yCOME yCOMT2CCMB I
WRITE (6,3000) . 3
WRTTE (641100) I64COMIZCOMI,CONI, COMGsCOMB4COMECOMT L CMR %
23 =0
T R

e STAPY LONP TO READ IN DATA

No 20 Mw = }1, 37,2

c L8 = Y INCOLUMN Y GF UAST CAPD AF A C=CK, UTASY C&FD OF LASY DYCK FOR ——  —  —
C ONE POLYMER SYSTEM NEEDS LAJ = 2.
c

READ {541270) LAJyID(I) o IWoDWITINWI) o TPOLY (MW J) +DOWDT (NW#1,4J),
«TPOLY(NW+Y , J)y NWNTINW+Z,J), TOALYINW+2, J)

TCHECK THAT INouT TCARDS ARE IN CONSECOUTTIVE COFOCR -

HaXa Xl

TF (Tw=rW) 3,2,
3 WRITF (A, 19701 NW,10(J) 1w 21
TTUTTTSYoR T
4 AAINW) = FLOAT(NW)
AA(NW+Y) = FLNAT(NWeL1}
_ _AA(NW#?) = FLIAT(NW42)
TF (L8J.EQ.1) /A T 10
20 1F (L9J.FQ.2) GO TN 25
25 ¥J =3

WRTITE LIST OF PUN INS

F2XaXa

CMRITE (4,700 (IDTT),T=1,4J)

"CHECK ENR AT LEAST THFTE NAYA DECKS

g Eale]

35

TE(J=~2) 30,35,35

Best Available Copy
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oA o - S NYIRVIS]
PLNT - EFN SOURCE STATEMENT = IFN(S) =

30 WRITE (6,22000 U e T T
60 T0 100
35 WRITE (6,150%) ) R Ay
TSUM = 0
M o= C
SOREX = 0.0

START LOOP TN CAUCULATE LEASY SQUARES LTINS N LOG(RATE) VS. RT=MP

OO

DO 45 NW = 4,98

SUMXX = 0
SUMYY = 2
SUMX = 0
SuMY = 9
SuMXy =
DN 40 K

K=

14

CHECK FOR 7ERG RATES

OO0

TF(OWDT(NW,K) LT, 1, 0E~10) GO T3 45
RATE(NW,K) = ALOGLO(DWDT{NW,K)) ST, o _ o582

RTEMP(NW,K) = 1,0/(TPRLY(NW,K)+273,1%)

SUMXX = PARTIAL SUM NF X SQUAREN =T(C,

OO0

SUMXX = SUMYAX & RPTCEMP(NW,K j®%x?2

SUMYY = SUMYY & (CATE(NW,K))**2

SUMX = StUMY + QTEMP(NH.K)

SSUMY = SUMY ¢ RATFUIMW,X)
470 SHUMXY = SUMXY 4 RTSMP(NW,K)*RRTS{NWyK)

G0 TN 5§

SET UP NuMMY PNINTS FN@ 6P IF A DWDT VALUS [S 75P~

laXaRel

£5 ACTE(NW)
PREX{NW)
PATE (NMW,K) = 3,
RTEMP (NW,K) = 2,.0015
GO TC 45 . o o »
55 SLOPLINW) = (XJRSUMXY - SUMXESUMY }/ { XJHSUMX- SHVX®%2 )
SPSINW) =({SHMYY=(SUMVESUMY/X )~ ({ XJESUAXY~ SV XKRSMY ) % %2/
of XIEXJESUMY X=X JRSUMXRSUMX) ) ) /(X)=2,0))
ALPHA = (SPSINW)/Z{SUMXX~(SHMYRSUMX/XJ) ) ) *5,.5T¢
[FOALPHA) 5B,KR,K7
&7 SDS(NW) = SORT(ALPHA) , , 13
G0 TN sa@
58 SNSINW) = ",0
59 RETA = [SPSINW)RSUMXX/ (X ¥ SUMX X~SUMYESYMY) )
TFIRETA) €2462,41 .
61 SDI(NW) = SORT(RFTA) I
G TN 613
62 SDI(NW) = 7,3
A3 ACTE(NW) =SLNPE{NW)*4,576
PREX(NW) (SUHMXXESUMY = SHUMXASYMXY ) /(X JRS UMY (=S¥ s 1)
TFINWLLTL 1) 6N T 45
TFINW.GTLRC) GG TP 4f

OQ
2.
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OO0

aXaNe] laNaNel [aNaleNal

[a Nl

NalaXs'

TGA REYARY L

PLOT = EFN SNURCE STATEMENT - IFNIS) -

TSUM = TSUM=SLOPE(NW)

"SPREX = TPREX & PREX(NWY —  ~ 7 0 T rmomTm U mmm e

5

90

93

7

100

N = N+l
CANTINUE . i T T Tt TToTTen T T miommemes e e

CALCULATE AVFRAGF ACTIVAYION ENERGY AND PRZ-TXPCNENTIAL FACTOR™ ~ ~ 77 7

TAVPRFX = SBREX 7 FLDAYINY T T T T T T oTmommommm oo e

AVEA = TSUNM/FLNAT(N)
AVACTE = AVEA*]1,987%2,303

STAeT L00P ¥ CALCULATE AFw o ' T T D o

60 70 NWw = 4,884~ T T T Tmrm ot o e R T T
1 =90

00 90 ¥ = 1,J
LFW(K) = RATEINW,K) + AVFARRTEMO(NW,X)
1 =7 ¢ AFWIK) T
ENINW) = 7/%XJ
WN = FLAAT(NW)
66 = ALDGLIO(1ND . ~WN) - ) ] i 12¢
sp =z 0 o T o ) T o ) . :

NN 93 K = 1,4

SD = SN ¢ (FW(NW)=AFW({K))**?
YK = =1 - o o o B
SOAFW = SGRT{SA/YK} I T T ’

WRITE OQUT RESULTS DOFRCCENT WT. LNSS, &CTIVATINN TNFEGY, PRE=FXPANTNT[AL
FACTOR, AVERAGE FW, AND STANDARD DEVIATIONS, ALSO LCA WFIGHT PEMAININGIGH)

13:

WRITE (641407) NW,y *CTEUINW) ySOSINW) ¢PREXINW) ySOTINW) (FWINW) , SDAF W,
GG o T/ T s T T T - ' oo 134
WRITF (6,1425) AVACTE lal
WRITE (6,1435) AVPREX lag
WRITE (o0,14490)
SEY UP [INFCRMATICON F(R (0 SUBRIYTING, SE5 NATHFFE PRIGRAMS

A e 141
L = 2
LS =6
Lw = 10"
L o= 8?
Mo )
NATA A/1H,./ )
JN = |

STARY LNOP FNR DLATT NG GRAPHS AT {2 PFROENT Wi [HHT LSS INTTRVALS

N0 200 NW = 19,99,10

Ny T K = 1.

X(K) = RTEMO(NM,K)

Y(K) = 2ATE(NW,K)

WRITF (6,3200) pen
WRITE (A,1707) Nu

PLNT GRAOH CF LDOA {RATE IF Wf [ 4T LOSS) AGAINST  wrrfnoncay
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Part I
TGA 06/13/68
. PLOT - EFN  SOURCE STATEMENT = [IFN(S) =
C______0F TEMPERATURE '
161
200 CALL 6P (X, Yol oL SoMpJIN L WsLN,A,PLOT) 162
W2 100
WRITE (6,23nC0) 167
WRITE (6,3100)
¢
€T PLOT GRAPH OF ACTIVATICN SNEAGY AGAINST PERCENT Wl. LOSS
_C 168
CALL GP (AAJACTEZL LS MyJINLWsLNyA,PLOT) 166
WRITE (6,3000) 17¢
WRITE (6,22CH)
c
"C T TPLOT GRAPH OF PRE<EXPONENTIAL FACTOR AGAINST PERCENT WEIGHT .LOSS _
I P 171
CALL GP [AAPREX LoLSyMeJN LWsLN,A4PLOT) 17¢
WRITE (5,23000) 172
WRITE (6,3300) 174
_DN_75 I=1,R7
RA(1) = ALOGIOHOO.-AA(HBH 17¢
- 7% WF{]1) = FWwilel)
LW = Q5§
M = 87
¢
_C __ PLNT GRAPH OF LOG(AFW) AGAIMST LOG(PERCENT RESIDUE WEIGHT)
c
CALL GP(RRyWFsLoLSsMyJNyLWyLNyA,PLOT) 138
WRITE (5,3000)
_c___
C LOQK FNR FYRTHER. SETS NF NATA
i 18¢
300 READ (5,1200) MORE 19¢C

IF(MORE.Z0.2) 60 10 1

20 STNP
1000 FNRMAT (2X,A3,2X,8AK)

1100 FORMAT (10X,43,2X,84¢)
1200 FORMAT (I1141XeA%y149E135yF5.14F13.5¢F6e14F13,54F641)

"1300 FORMAT (11)
1400 FORMAY (10X 1344Xs=3PF743,5XeFh,39)5Xs0PF8.3,2(5X4F6.3)42(5X4Fb6e4))

1425 FORMAT (//10%,29H AVERAGS ACTIVATION ENERGY = ,-2PF6.3)
1425 FNRMAT (1CX,17H AVEPAGE LOG PREX,10Xs2H= ,F&.3)

1440 FORMAT({ 19X, 34HB0TH FOR 17~80 PSRCENT WEIGHT LOSS)
1500 FNAMAT (/8Xs THWT LPSSy 2XsRHEA(KCAL) ¢3X¢3HSTLDEVN. 13X BHLOG PREX,

WIX, AHST.DEVN.s 2X, 10HAV LOG AFW, 2X¢RHST.DEVN. 32X, 11HLOG RESWT,)
1700 FORMAT (10X,18HLNG RATS VS 1/TEMP/10X,14HWEIGHT LOSS = ,14)

1800 FNRMAT (/19X,11HRUN ID NOS 49( A4, 2Hy )
1900 FORMAT (10X, 13HERROR FNR W =,14%,7HRUN NN ,A3,6H PFAD ,13,

<9H INSTEAD.)
29CN FORMAT (1CX,25HLESS THAN 3 HEATING RATES/1H1)

3000 FNRMAT (1H1)
3100 FNRMAT (10X, 32HACTIVATION ENEPGY VS WEIGHT LCSS)

APCN FNRMAT (10X, 22HPRF=-FEXP VS WEIGHT LNSS)
330N FNOMATI1NX,46HAVER |LOG AF(W) VS LOG PEPCENT WEIGHT REMATINING)

END
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1CTF 19/03/68 TEFLON (NEW BAL.)
CHART SPEELC (INCHES PER MINUTE) =1,0000
CHART SPEEC (FURLONGS PER FORTNIGHT) = 2,5455
OFFSET (INCHES) = 0.0625
XRANGE (INCHES) = 36,80
INITIAL TEFP (C) = 418
FINAL TEMP (C) = 625
NC OF PTS IN CURVE TIT = 10
TOTAL NO OF POINTS = 200
MAX TEMP ERROR = 2.616966
TEMP ROOT ¥EAN SQUARE ERRCR = 0.635928
TEMP POLY COEFF
0.000003
=-2.000230
0.007C66
-0.0872:7
5.973110
418.330875
WEIGHT LOSS CWOT(NW} TPOLY TOER RTEMP
. 1 0.43704E=00 507.699 0.57C00E 01 0.12803E~02
2 0.76467E OC 518.102 0.57125€E 01 0.12638E-02
3 0.10531& 01 524.516 0.57103¢ 01 0.12536€E=02
4 0.13932E 01 529.237 0.57C40c 01 0.12463E=02
5 C.17T160E 01 532.890 0.56964E 01 0.12406E-02
6 C.19640€ 01 535.986 0.56884F 01 0.12359E=02
7 C.22448E 01 538,693 0.56803E 0Ol 0.12318€E=02
8 C.25599E 01 541.C67 0.56724E 01 0.12282E=02
9 0.29225E 01 543.174 0.56649€ 01 0.12250€E~02
10 0.32235€ 01 544.993 0.56581E 01 0.12223€-02
11 0.34049€ 01 546.670 0.56516E 01 0.12198E=02
12 C.35286E 01 548.339 0.56449E 01 0.12173E-02
13 C.37758€ 01 549.891 0.56385E 01 0.12150E=02
14 C.40299¢& 01 551.333 0.562326E 01 0.12129€-02
15 C.42162€ 01 552.693 0.56269E 01 0.12109E=02
16 0.44440€ O1 553.998 0.56214E 01 0.12090E=02
17 0.46574E 01 565,237 0.56162€ 01 0.12072€E=-02
18 0.50C11E 01 556.430 0.56113€ 01 0.12054E=-02
19 C.53156E 01 557.516 0.56C88E 01 0.12038E=02
20 0.55268E 01 558.527 0.56C27TE 01 0.12024E-02
21 C.56799E 01 559.508 0.5%988E Ol 0.12010€-02
22 C.57782E 01 560.473 0.55650E 01 0.11996E-02
23 0.58077€E 01 561.465 0.55912¢€ 01 0.11901E-~02
24 0.59939E 01 $562.4006 0.55877€ 01 0.11968E-02
25 C.61520€ 01 563.326 0.55843E 01 0.119%%5€E=-02
26 C.63133E 01 566.223 0.55812€ 01 0.11942€~-02
) 27 0.65319¢ 01 565.113 0.55782E€ 01 0.11929E-02
‘B 28 C.68436E O1 565.958 0.55754E 01 0.11917€=-02
29 C.70771E 01 566.750 0.55729€ 01 0.11906E~02
30 0.73456€ 01 567.515 0.55707¢ 0l 0.11895E=-02
31 0.T74898E 01 568.251 0.55¢86E€ 01 0.11885E-02
32 0.75789c 01 568.978 0.55€66E€ 01 0.11875€-02
33 0.76239E 01 569.701 0.55648E 01 0.11864E-02
34 C.76522¢ 01 570.446 0.55¢31E 01 0.11854€E~-02
35 C.77316E 01 571.172 0.55615€ 01 0.11844E-02
36 0.78633E Ol 371.894 0.55€01E 01 0.11834E-02
37 0.80040E 01 572.5986 0.55%588€ 01 0.11824E-02
38 0.82437€ 01 573.284 0.55877E 01 0.11814E=-02
39 0.83949¢ 01 573.950 0.55568E 01 0.11805€E=-02
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40 0.85006E 01 574.597 0.55560€ 01 0.11796E~02
41 0.85905€ 01 575.245 0.55554E o1 0.11787E~02
42 C.87186E 01} 575.883 0.55549E 01 0.11778E~02
%3 0.87468E 01 576,515 0.55545€ 01 0.11769E-02
44 0.87688E 01 577.151 0.55543E 01 0.11760E-02
45 0.88183E 01 577.783 0.55543E 01 0.11752€=02
46 0.88743E 01 578.419 0.55%43E 01 0.11743E~02
47 C.91338€ 01 579.047 0.55546E 01 0.11734E~-02
43 0.92862E 01 579.648 0.55550E 01 0.11726E~02
49 C.94210€ 01 580.236 0.55555E 01 0.11718€=-02
50 C.95533E 01 580.817 0.55562E 01 0.11710E~02
51 0.97158E€ 01 581.385 0.55570€ 01 0.11702€=-02
52 0.97623€ 01 581.946 0.55579€ 01 0.11694£-02
53 0.97623E 01 582.510 0.55%90€ 01 0.11687E=02
54 0.97445E 01 583.086 0.55602E 01 0.11679€=02
55 0.97178€ 01 583.674 0.5561TE 01 0.11671€-02
56 C.99691€ 01 584.248 0.55¢&32€ 01 0.11663E-02
57 C.10038E 02 $584.802 0.55€¢49E 01 0:11636E-02
58 0.10131E o2 585.351 0.55668E 01 0.11643E-02
59 C.10208E€ N2 585.896 0.55687E 01 0.11641E-02
60 C.10281€ 02 586,432 0.55708E 01 0.11633E=02
61 C.10400€ 02 506.964 0.55731€ 01 0.11626E-02
62 C.10414E 02 587.493 0.55755E 01 0.11619€=-02
63 C.10376E 02 588.031 0.5578GE 01 0.11612€-02
64 C.10310€ 02 588.572 0.55808E Gt 0.11605E=-02
65 0.10204E 02 589.117 0.55838E Ol 0.11597€-02
66 C.10352E 02 589.667 0.55870E 01 0.11590€=02
67 0.10344E 02 590.210 0.55903E 01 0.11583E~02
68 0.10358E 02 590.751 0.5%5938€ 01 0.11575g-02
69 0.10391E 02 591.290 0.55975E 01 0.11568E~02
70 0.10387E 02 591.825 0.56C13E 01 0.11561E-02
Tl C.10423E 02 592.364 0.56054E 01 0.11554E~02
T2 0.10433E 02 532.894 0.56096E 01 0.11547€=02
73 0.10321E 02 593.423 0.56140E Ol 0.11540€-02
T4 C.10237E 02 593.962 0.58186E 01 0.11532€~02
75 C.10099€ 02 594.509 0.56235E 01 0.11525E-02
16 0.10011€ 02 $95.C89 0.56290E 01 0.11517€=-02
17 0.10151E 02 595.659 0.561346E 01 0.11510E=02
78 0.10124E 02 596.219 0.56403E 01 0.11502E-02
79 0.10033E 02 596.774 0.55463E 01 0.11495€E-02
80 C.99414E 01 $97.328 0.56524€ 01 0.11488E-02
81 0.97937€ 01 537.889 C.56589E 01 0.11480€~-02
82 0.96724E 01 598.456 0.56657€ Ol 0.11473€E-02
83 0.94010E 01 599.041 0.56729E 01 0.11465€E-02
64 0+.90958E 01 599,649 0.56808E O1 0.11457€-02
as C.86745€ 01 600.311 0.56897E 01 0.11449E~02
86 0.84766E 01 600.964 0.56988E Ol 0.11440E-02
87 0.82320€ o! 601.653 0.57C88E 01 0.11431E~02
88 0.79915€ 01 602.368 0.57196E 01 0.11422€~-02
89 0.77573€ 01 603.100 0.57311€ 0Ol Os11412E-02
90 0.75096E O} 603.846 0.57433E ol 0.11402€-02
91 N.72152€ ol 604.618 0.57%65€ 01 0.11392€-02
92 C.68785E 01 605.430 0.57709€ 01 0.11382E~02
93 0.64873E 01 606.282 0.57866E O1 0.11371E-02
94 C.59624E 01 607.219 0.58C47E 01 0.11359€=-02
95 0.545%49E 01 608,232 0.58252€ 01 0.11346E~-02
96 C.48352E 01 609.365 0.58493€ 01 0.11331€E~02
97 0.41379€ 01 610.678 0.58787€ o1 0.11314E-02
98 0.33280€ o1 612.262 0.59164€ 01 0.11294E~02
99 0.23131€ 01 614,390 0.59709€ 01 0.11267€E-02
AVERAGE TEMP DERIVATIVE = 0.%5¢306€ 01
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APPENDIX VI

RATES OF WEIGHT LOSS OF TEFLON
UNDER VARIOUS HEATING RATES
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_ TEFLON DEGRADATION
H.R. = HEATING RATE IN DEGREES C PER HOUR
__RATE CF WT. LOSS IN PERCENT PER MINUTE

[.0e/HeR. 4TF? BE 9TF/ 145 T 11TF/4s - 12TF/7 55
PERCENT RATE OF TEMP. RATE OF TEMP.  RATE OF  TEMP.,  RATE OF  TEMP.
WT.L0SS MT.LOSS DEG C WT.LOSS DEG C MT.LOSS 0EG C WT.LOSS 0EG C

] 0.074% 486.5 0.207  494.9 GC.069  480.8 0.078  479.9
2 0.210 %97.6 0.390 505.3 " 0.138 489.4 0.154 489.4
3 0.312 503.4 0.553  511.2 = 0.194¢  494,5 = 0.212 =~ 494.6
4 0.418 507.6 0.708 515.6 0.243 498.3 0.265 498.5
5  0.526 510.8  0.857 519,060  C.307  S501.3  0.323  S01.7
6 0.595 513.4 0.998 521.9 0.349 503.6 0.383 566.3
.1 , 0 692 _ 515.8 1.134  524.4 = C.403  505.8  0.433  506.6
] 16 517.8 1.286 5§26.6 0.451 507.6 " 0.504 508.7
9. 0_625 - 519.6 _l,slzh,Aw§z§;§,nu_“ C.509  509.2  0.594  510.4
10 0.910 $2i.3 1.590 530.2 0.563 510.7 0.634 511.9
11 0.987  522.8 1.722 = 531.8 0.598  512.0  0.637 = 513.4
12 1.091 52443 1.811 533,.2 C.640  513.3 0.688 514.8
13 1.185 5255 1.932 5%4.6 = €.688  5l4.4 = 0.732  516.1
14 1.239 526.7 2.054 535,8 0.720 515.5 0.789 517.3
15, . 1.285  527.8 = 2.193 537,80 = Q.773  516.5  0.838 = 518.4
16 1.363 529.0 2.327 53B.1 0.805 517.5 0.882 519.5
_17. . 1.451 530.,0 2.398 _ %539.2 = 0.840  518.4 _ 0.921 @ 520.6
18 1.532 530.9 2.513 540.3 0.868 $19.3 0,981 521.6
Cl9 . . 1.622 . 531.9. . 2.678  S541.2 = 0,948  52C.1 = 1.028  522.5
20 1.704 532.7 2.813 S42.1 C.989 520.9 1.066 $23.4
2l . l.738_  533,6 2,873 S543.0 1,009  521.6 = 1.107 524.2
22 1.793 534.4 2.878 543.9 1.023 £22.3 1.146 525,1
L 23 1887 535.2 2997 54&4.7 1.021  523.1 1,207  525.9
24 1.988 535.9 3.119 545.5 1.054 523.8 1.251 526.6
25 ... 2.053 536,86 3,155  546.3 = 1.086  524.5 = 1.301 __527.4
26 2.122 537.3 3.250 547.0 1.112 €25.2 1.311 528.1
2T 2.176  538.,0  3.359  S547.8  1.145  525.8 1,351 = 528.8
28 2.207 538.6 3.455 548.5 1.159 €26.5 1.415 £29.5
29 24236 539.2 @ 3.674  549.2 21,193 527.1 1.443 530.1
30 2.255 £39.9 3.812 549.¢ 1.217 527,7 1.468 5307
031 24277 540.5 3,856 550.5 1,246 _ 52B.3  1.484  531.4
32 2.327 S41,.1 3.726 551.1- 1.282 528.9 1.526 §32.0
33 2,384 561,77  3.888 _ _ 551.7 1.313 529.4  1.578 = 532.6
14 2,459 542.3 3.924 552.3 1.334 530.0 1.618 533,2
A5 24537 542,99  __4.009 552.9 1.367 530.5 = 1.670  S533.,7
36 2.608 543,.5 4,060 53,5 1.393 531.1 1.672 5§34.3
37 . 2.688  544.0Q _%.188 554,k . l.413  531.6 __ 1.710 __534.9
38 2.754 544,5 4,222 554,7 1.447 532,1 1. 749 535,.4
38 2.826 545.,0 . A4.2B86 _ 555,2 @ 1.%69 532.6 1,796 _ 535.9
40 2.875 565.5 4.292 555.8 1.489 533,1 1.788 536.4
4L 20912 546.,0 4,366 556.4 1,504  533,6 _ 1.792  536.9
42 2.940 546.5 4.400 556.9 1.525 534,0 1.8217 537.5
43 2.989 __566.9 __4.493 557.4 1,538 534.5 _ 1.8645 = 536.0
%4 3.01% 547.4 4.537 $58.0 1.542 $35.0 1.846 538.5
45 . 3,025 _ 4el,9 . 4.603 _ 558,5 1,554  535.4 = 1.854 _ 539.0
46 3,032 548.3 4.628 559,0 1.564 535.9 1.827 $39.5
4T 3.035 _ 548.8_ __  4.602 559.5 1.564  536.4  1.861  540,0
48 3,048 549.3 4,706 560.0 1.564  536.8 1.876  540.%
_ 49 _ 3,113 549.1 4,782 560.5 1.5%  537.3 1 865  541.0
50 3.114 550.2 4,896 561.0 1.59  531.7 <856 541.5
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PERCENT  RATE OF TEMP., RATE OF TEMP, RATE OF TENP, RATE OF TEMP.

WY, LDSS WT,LO0SS DEG C WT.LO0SS ~ DEG € ~ WT.LOSS DEGC ~ WwW™.LOSS DEG T
$i 3.128 $50.6 4,917 561.5 1.542 538.2 1.869 542.0
52 3,106 s$51.1 %903  %81.9 T I.535  S53IBL.T IL.BTR SRZ.&
53 3,108 551.5 4.951 562.4 1.521 539,2 1.858 542.9
54 3.106 552.0 4,978  562.9 ~ 1.514 T 339,% 1,838 5%3.%
55 3.125 552.4 5.055 563.4 1.517 540.1 1.832 $63.9
56 3.139 552.9 5.041  %63.8 T 1.51% 580.6 T 1.82T T OSR4.4
S7 3,140 £§53.3 5,047 S64.3 1.514 541.C 1.898 545.0
58 3.111 553.8 $.120 T 584.8 7 T 1.806 T S541.5 T TT1.9%5 T B35.4
59 3,116 556,2  5.144  565.2  1.504  542.0 1,936 545.9
€0 3.1u0 554,7 5.196 565.7 1.495 562.5 1.890 546.4
€l 3.136 55541 5.185 56641 1.480 543.0 1.810 54649
&2 3.125° 555.6 = 5.150 566.6 1.463 83,4 T 1.818 TeTd
43 3,113 556.0 5.190 567.0 1.448 543.9 1.776 547.9
€4 3.086 55644 TETOT TBET.ST T 1438 T T3ka.4 T T I TS T Y
£5 3,052  556.9  5.215 567.9 1.425  544.9 1.732 549.0
66 3.014 557.4 5.207 $68.4 1.429 545.4 1.763 549.5
€7 2.980 557.8 5.138  568.8 1.440 546,.0 1.779 550.0
68 724948 558.3 5,221  569.3 1.437 5&6.4 1.767 $50.5
€9 2.935 558.8 5.245 569.7 1.419 546.9 1.714% 551.0
70 T2.920 §59.,3 5,270  ST0.1 " 1.390 < 5a&t.&4 T 1.70%5  551.%
11 2.895 559.8  5.268 5706 1,379 547.9 1.707 55241
72 2.862 560.2 5§.175 571.0 1.357 548.5 1.7i6 §52.6
13  2.890 560.7 5,108 571.5 14348 549.0  1.721 553,2
14 2.880 561.2 5.065 §71.9 1.361 549.5 1.696 53,7
15 2.861 561.7 4,968 572.4 _1.368 550.1 1,686 554,2
16 2.846 562.2 4,933 $72.9 1.368 550.6 1.683 $54.8
17 24829 562.7 = 4,862  513.4 14368 551.1 1.688 555,3
78 2.779 563.2 %.314 £73.8 1,368 551.6 1. 743 §55.9
19 2,721 563,17 4.949 574.3  1.368 $52.1 1.761 556.4
80 2.688 56442 4,931 €74.8 1.368 §52.17 1.739 5%56.9
g1 2.631 564.7 4,830  575.2 = 1.368 553.2 1. 730 557.4
82 2577 56543 4.666 575.7 1.368 553,71 1.680 TXT.9
E3 2.508 565.8 4,476 57643  1.368 554,2 1,668 558.5
84 2.514 $66.4 4.350 $76.8 1.368 §54.7 1.637 §569.0
85 2.475 567.0 4.204 $77.3 1.354 555,2 1,627 559.6
86 2.443 567.5 ~ 4.093 BTT.9 1.354 5%5.8 1.4632 580.1
av 2.411 568,.1 3.996 578.5 1.347 556.3 1.614 560.7
88 2.349 56847 73,881 w9 1T 1.326 %%E.8 T I.STE T Sei.?
89 2.278 569.3 3,734  5T9.7  1.303 557.4 1,539 $61.8
50 2.218 569.9 3.574 580.4 1.272 €57.9 1.489% 882.4
91 2.145 570.5 3.442 581.0 14235  55B.5 1.420 563.0
92 2.049 571.3 3.188 581.8 1.196 559.1 1.3¢0  %63.7
93 2.009 571.9 _ 3,016  582.5  1.158  559.7 1.255 564.3
94 1.922 572.6 2.845 83,4 1.104 §60.3 1.160 B68.1
S5 1.818  573.4 24652  584.2 = 1.028  560.9 = 1.0%9 = 565.9
96 1.664 57441 2.459 585.2 0.923 561.6 0.946 $66.8
Chi 1.454 575.1 2.180 586,22 @ 0.794 562.5  0.817  567.8
98 1.181 576.1 1.783 587.5 0.608 563,.5 0. 649 £§69.0
99 0.827 577.6 S 1e115  589.2 0392 564.9  0.429 570.6
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_ XXX FRIENMANS METHND FOR CA+A

RUN ID NOS &TF, O9TF, 11TF, 127F,
WY LOSS EA(XKCAL) ST.NDEVN. LNG PREX  ST.DEVN. AV.LOG AFW ST.DEVN. LOG RES.WT,
TR ?28S 1. 95 B o) . ~0.0188 1.9823
5 69.464 0.758 19,092 Ce453 19.058 0.006% 1.5777
T T 88,085 T 1,455 TI8,697 T T (.BB2 19.056 0.014%3 1.9731
7 67.468 0.842 18.53¢ 0.501 19.057 0.7096 1.9¢85
T8 TR ERE T.2¢3 “IB.28C 0.745 —  19.063 U010~ T.9¢8W
9 b1.R34 2.756 16.991 1.631 19.068 2.0351 1.9590
10 63,575 ?.520 17.479 1.%88 BN 4! TD.0302  1.9%%r
11 66.386 1.741 18.245 1.02¢ 19.060 U.0193 1.9494
TTTIZT T%5. T YL0ZE T IT.9RS (L5603 I9.058 T OLDISE T T.94a5
13 65,027 0.726 17.877 Co426 13.059 0.0156 1.7395
TTUYI&TT O RG,9%8” T DL8GE 17.8%% D.%27 19.05%  ~ 0.018%  ~ 1.934%5
1s 64.214 1.556 17.450 C.912 19,054 0.0223 1.9294
TTY6T T T 65,039 1.535 17.87% t.900 15.051 J.020% 1.9243
17 64,450 0.962 17.71¢C .562 19.045 2.0184 1.9101
T8 T 64,406 T0.610 17.58F  CL.35%  13.045 0,010 T 1.
19 61,629 1.184 17,492 C.6090 19.051 0.n219 1.3C85
-2 B Y 9% 1 B W3 1 17.686 0.704 19.050  0.0200  1.9C31
21 83.404 1.137 17.427 Cot 62 19,042 0.0224 1.8675
227 T€2.178 0.511 17.08% €.35% 19.031 3.5245 1.3621
23 63.98] 0.488 17.546 €.232 16.028 0.0185 1.8€65
‘24 T €4.328 T 0.€m5 17.669 €t.397 13.02¢8 9.0177 1.8¢6C8
25  63.256 0.95! 17.321 C.551 19,023 N0.0226 1.8751
26 64.061  0.9%1 T 17.588 .55 19.017 3.0195 T1.9637
27 £3,045 0.807 17.527 Cots7 19.014 0.01¢8 1.8€33
28 3T 1.945 T17.55¢ C.604 13.009 0.06204 1.2573
29 ¢5.678 - ol 1R.C19 C.387 19,008 0.01137 1.8¢£17
TO3NT T T 68,598 0 T T R RYT T is,261 CATT T 13,002 T6.0123 1.9651
a1 6%.057 Ce™04 18,108 C.40¢ 18.993 C.0127 1.82R8
32 62,574 a.,384 7 T iT.IEl (o227 19,944 C.N228 1.8728
23 €3.252 o554 17.345 €225 13.985 N.0210 1.8z61
38 E2,930 T0.6R6 T 17,255 C.38¢  T18.,38n T J.07222 1.8185 —
15 62.409 C.q0¢ 17,115 C.462 19,974 Je0244 1.°129
RT3 62.725 TALYIE T T T TIT 10 C.olS 13,972 T 0.T¥Z9 T Y..ce7 T
a7 63,605 5.900 17.642¢C C.459 1R.97¢C €.02G7 1.7693
38 62,673 BN L- 1" TS B 0 LY - I O ¥ T I £ YT S s I, - T AR W X7
39 62,500 1.2A7 17.136 (.728 18.964 0.7262 1.7853
497 T s2.162 1.48% DS 2 T oY - 13 S I T -1 S D -7 § R W & 15
41 62.613 1.515 17.146 €961 19.947 949271 1.7709
42 £2.011 S WY LT N1~ I S o - 3 2N I TR- 7% J W 1+ 1 I B WA I 5 A
61 62.272 1.553 17.223 (L 13.937 Jed265 1.7553%
44 £3,25% 1.55% I % Y A v T Y 19927 7 000267 T T 1L 1482
45 63.5613 1.460 17.37¢ C.RS& 19.92¢C C.0244 1.7404
&5 56,117 1,577 B S O W v 11 R U -1+ 5 R D 2 % S W i T S
47 €2.416 1.7 17.116 c.<17 18.899 7.0255% 1.7243
&R 64,205 T1edTE T OUTLETYT T UTTTeLTRe 14,392 ALY L.y T
49 £5.801 1.797 17,961 1.724 18.885 .2217 1.7C7%
50 67,473 1.644% TIAVYTE T T U ANE TR JEYS T T YIALTS T 1 ee%Y T
s1 67.924 1.741 18,488 S CeS71  18.8e6  ).0183 1.6502
52 63,727 1.581 18.5C5 0.9¢1 18,854 73,0166 T1.6€12 T
53 89,173} 1665 1R.34C C.967 13.943 150 1.6721
54 69,911 1.635% 1A, QpR T C.95% 0 TH.93T T G.0168 T Tdlkezn
55 71.229 1,769 10,271  €.999  18.823 9.71°6 1.5532
56 T1.454 1,206 190372 L3820 T TTHALGS12 T 0.0301 T Tasads T
57 77.581 1.R18 19.134 1.932 19.%06  2.7185 1.6235
%q 71.095 1.513 19.261 €.358 18.796 ~  J.3159 T v.6z32
59 T1.911 1.533 19,4461 0.969 18.787  0.J113 1.6128 ,
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60 73.201 1.3864 19.795 C.784 18.774 0.71385 1.6C21
€1 75.1%8 1.968 20,301 1.114 18,759 02272 1.5611
€2  74.993 1.965 20.241 1.112 18.746 3.3267 1.5798
63 T 76.9869 2.105 20,723 1.19) i8.733 J3.0319 1.5¢€82
64  T7.521 2.216 20.880 1.252 18.719 GeN342 1.5%€3
65 78.950 2.124 21.242 1,302 i3.705 0.0371 1.5461
66  78.260 1.632 21.048 £.921 19.695 0.,2327 1.5215
67 17.474 1.528 20.828 .862 13.604 0.0296 1.5185
68 78,446 1.266 21.072 C.714 18.673 0.7313 1.5C51
69 80,437 1.562 21.58C 0.8R0 i8.658 6.0381 1.4514
79 824296 1.469 22,054 C.828 18.£64% N.7431 1.4771
T1 82.603 1.260 22.120 €.7Co 18.631 3.3632 1.4624
72 82.802 1.074 22,155 C.506 18.616 Je0431 1.4472
73 82.576 1.515 22.081 C.851 18.604 3.0434 1.4374
T4 B2.425 1.599 22.028 0.898 18.592 03439 1.415)
s 81,455 1.733 21.756 0.973 19.577 1.3405 1.3573
7% £1.238 1.828 21.685 1.026 18.564 345401 1.3802
77 80.322 1.756 21.420 €.968% 18.552 0.J373 1.3€17
78 80,557 2.855 21.481 C.47C 1R.543 9.,9350 1.3424
79 80.596 0.447 21.478 C.25" 1R.532 7.0342 1.3z222
80 8%.958 N, 21,557 C. 18,513 2.2351 13017
81 80.N03 0.390 21.29¢ C.21R 13.502 J.0322 .2 188
82 78,423 0.804 204855 o457 19.4R2 7.72R2 1.2552
83 15.5%6 0.92¢ 20.0¢2 £.51¢ 18.461 J.2204 1.2206
R4 T4.3644 1.073 19,751 7.5¢9 13,445 9.2179 1.2C41
as 72.R72 0.99¢6 19.347 €.556 18.425 JeI133 1.1751
.86 T0.995 0,730 18.841 = €.407 _  1R.410 = 2.0033 = l.l4sl
87 59.73¢6 0.847 18,494 €C.a72 18,262 C.Nn07a T.1130
88 68,207 0.891 18.074 C.660 13,383  [,79a7 1.71792
89 67.514 1,000 17.869 C.55% 18,345 3.)155 1.74%4
900 66,970 1,202 = 17.468 (.5€9 0 13,318 D016 23C2D
a1 65.072 1.541 17.440 C.85% 19,239 .77 "L5%42
92 _6%.382  2.0064 16,704 1.113 0 17.251  5.J25°  0.9(C2
a3 62.757 2.A30 16,517 1,601 13,212 2eu33g n.€45]
94 62,297 3,752 104352  Z.089  183.178 J.GC411 0.7742
95 62.644 4,404 16.397 2,460 1217 3.2405 NS R
a6 64,330 4,889 15,775 2,705  13.C71 043487 CebC21
97 65,050  5.0A1T T T 17,140 T 2,756 17,991 T T ).483 T T TLady
.98 69.141  5.073 17.817  2.973  17.36¢ BRERLLE T TR &

AVERAGF ACTIVATION ENERGY = 49.343
AVERAGE LNG PREX 2 18,34¢
ROTH FOR 10~-80 PEFCENT WEIGHT LNSS
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