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THE EFFECT OF HIGH HEATING RATE ON THE PYROLYSIS
OF CARBON/PHENOLIC COMPOSITES

, INTRODUCTION

The effect of heating rate on the pyrolysis of polymeric and
composite materials has been extensiv tg_studied using thermal
gravimetric analysis (TGA) techniquesF&’ ” The maximum heating
rates used in these studies have usually been less than several
thousand degrees per minute (~ 20 K/sec)} and material behavior
under these conditions has been well documented.l:2:5 Material
behavior under conditions of high heating rate (>10000 K/sec) has
recently become of great interest because of *he need to predict
high performance material behavior in harsh thermal environments
and to accurately model the interaction of directed energy with
polymeric and composite materials, especially with respect to
material blowoff resulting from the generation of internal gas
pressuresi The behavior of materials under conditions of high
heating rdtes has usually been inferred by extrapolating the low

rate data - a generally unreliable procedure.2:’

In this work, we report on the effect of bulk heating rates
(ranging from 0.167 K/min to 30000 K/sec) on the pyrolysis of a
carbon/phenolic composite material. The high heating rates have
been achieved using a resistance heating systeﬁgwhich we have
recently designed and constructed at the aval Research
Laboratory (NRL). Kinetic parameters describing the pyrolysis
have been obtained using a modified Friedman approach.B} o ,[({s
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EXPERIMENT
) oo e
Figure 1 shows a cross-sectional and 3-D schematic view of the
high rate resistive heating instrument: an adaptation from coal
gasification studies and earlier polymer pyrolysis studies.9-13
The sample is placed between two stainless steel screen filaments
h (250 mesh) the ends of which are clamped together and joined to
the conductor blocks (See Fig. 1). A quartz or pyrex retaining
tube is placed over the filaments and sealed with Viton o-rings
to the inside ends of the brass conductor blocks. One outside
block end is terminated with a gas chromatograph (GC) septum so
that samples of the pyrolysis vapors can be obtained. The other
outside end is connected to a vacuum line for sample chamber
evacuation or purging with a controlled atmosphere. With this
instrument design, it is possible to examine sample pyrolysis

under conditions of varying partial vacuums and atmosphere
composition.

Heating is achieved by passing a large current through the

e stainless steel screen filaments. A pulse shaping network
controls the heating rate and peak temperature. Figure 2a shows
a block diagram of the electronic control network and Figure 2b
shows details of the pulse shaping unit. To vary the heating
rate, the length of the resistive wire immersed in the water
tank, Fig. 2a, is varied. This causes both the rate and the
final temperature to change. Heating rates of 30000 K/sec, with
maximum temperatures of 1200°C, have been reproducibly obtained
with this setup. At present, the maximum attainable temperature
is 1200°c, the melting point of the stainless steel screen.
Plans are underway to increase the maximum temperature by using
other filament materials.

The temperature is monitored, in real-time, using an optical
pyrometer which limits measurements to temperatures greater than

450°C. Attempts at measuring the temperature using a
thermocouple (chromel-alumel, 5 mils) spot-welded to the screen
were not successful. Tests indicated that the thermocouple

became part of the resistive heating circuit, drawing off some of
the heating current.




The effect of heating rate on sample pyrclysis is determined by
monitoring the production of pyrolysis vapors as a function of
time, heating rate and peak temperature. The pyrolysis is
normally conducted in a vacuum (~50-100 mtorr) and the production
of vapors measured as a function of time using a sensitive
pressure transducer (See Table 1). Pressure and temperature
data are collected as a function of time on a high speed, multi-
channel strip-chart recorder and later digitized for analysis
(Fig. 3). Plans are underway to automate the data collection.

TABLE 1. PRESSURE TRANSDUCERS

TRANSDUCER PRESSURE OUTPUT
MODEL RANGE RANGE

Edwards Type 600

Barocell Sensor 0 = 10 torr 0 -10 Vdc
MKS Baratron
Pressure Meter 0 - 10 torr 0 -1 Vv dc
Type 144
OMEGA Model PX176 0 - 15 PSIA 0 -5 V dc
OMEGA Model PX304 0 - 50 PSIA 0 - 0.1V dc
EXPERIMENT PROCEDURE
SAMPLE PREPARATION
Composite samples are prepared as a fine powder (200 micron
diameter or less). Polymeric samples have not been examined, but
could be prepared as a fine powder or a thin film (thickness less
than 200 micron). The 200 micron limit to the sample size is

based on theoretical work which indicates that for particles of
this size or smaller, gas diffusion out of the particle is not
the rate limiting step at heating rates on the order of 10000
K/sec.12'14 In addition, carbon/phenolic composite particles of
this size are calculated to reach thermal equilibrium
quickly:12,14 Assuming a 200 micron sphere of carbon/phenclic

i
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is simultaneously heated on four sides to 1000°C, the particle
center should reach 950°C (95% of the maximum temperature) in
less than 20 msec, assuming a constant thermal conductivity, heat
capacity and density.15 Based on this calculation and an
examination of our temperature profiles, we believe the actual
sample temperatures to be within 10% of the measured values.

Composite pyvrolysis samples are prepared as a powder by low-speed
drilling completely through the composite panel in several
different areas. The drill bit and the composite are left to
cool for several minutes between drill-throughs so that the
sample does not experience thermal damage. This procedure
insures that a true representation of the composite composition
is obtained. The powdered material left as the drilling residue
is collected and sieved to obtain a powder fraction with a
diameter less than 200 microns. Microscopic examinations of
sanple powders have indicated that the fiber and cured resin
matrix are homogeneously distributed. Prior to pyrolysis, the
200 micron powder sample is placed in a drying oven (at 70°C)
until it attains an equilibrium weight (several days).

The particular carbon/phenolic sample used in this work was
obtained from American Automated Engineering, Inc. The material
composition prior to curing was reported as

Resin Solids 34.0%
Volatile Content 4.1%

which results in a carbon fiber content of 61.9% by weight. A
carbon content of 63% was measured for the cured composite via a
sulfuric/nitric acid digestion in our 1lab.

EILAMENT PREPARATION/SAMPLE LOADING

The heating filaments used in the carbon phenolic study were
prepared by cutting the stainless steel screen into 1l2cm x 4mm
strips and exposing the strips to temperatures between 600 and
700°C, in a flowing inert atmosphere, for 10 to 20 minutes. This
heat treatment allowed the stainless steel mesh to expand and
anneal and also removed any wire coatings. Recent tests of blank
screens and heat-treated blank screens suggest that the
contribution of any wire coatings to the pyrolysis vapors is
insignificant. Therefore, future studies will not heat-treat the
filaments. In addition, with the introduction of the second
battery to the pulse shaping network, doubling the voltage to 24
¥V dc, the filament size has been increased to 12cm x 8mm.

After weighing the blank filament, a small amount of sample (1-
3 mg) is spread over the interior of the folded filament. This
sample-coated-filament is then pressed between flat plates, for
approximately 2 minutes, under a hydrolic load of 12000 - 15000
psi using a Carver Laboratory Press. The pressed sample-coated-
filament is weighed and assembled into the pyrolysis instrument.

—_—t

. uv



The pyrolysis is conducted and the filament with any resulting
char residue is weighed. Char is considered to be the solid inert
material remaining on the screen after the pyrolysis is complete.

It is also necessary to weigh the quartz retaining tube before
and after pyrolysis because of the deposition of a thin f£ilm onto
the tube from condensing pyrolysis vapors. The pyrolysis
apparatus is currently being modified to optically monitor the
£film deposition as a function of time.

DATA MANIPULATION AND HANDLING

The raw data from the chart recorder is digitized using a
GRAPHTEC XY PLOTTER (Model MP2300) and a software program
developed specifically for the high heating rate pyrolysis
experiments. A copy of the source code of this program may be
obtained by direct communication with the authors. The digitized
data is entered into a LOTUS worksheet developed specifically for
determining the kinetic parameters ofinterest. Copies of the
data worksheets are also available on request.

Sample mass (as a function of time) is determined by digitizing
the pressure curve within the limits of the starting mass and the
mass of the char. This procedure involves the introduction of
several assumptions: (1) the rate of deposition of the thin film
ia identical to the gas formation rate and is included as part of
the mass loss; (2) at the time of maximum pressure, all of the
sample has Deen pyrolyzed; and (3) the average temperature of the
pyrolysis gases is ~295 K throughout the pyrolysis. Testing the
second assumption, a sample was pyrolyzed, the pyrolysis chamber
evacuated and the sample repyrolyzed. A negligible pressure
increase was observed and interpreted to mean that the sample had
been completely pyrolyzed in the previous run. Further support
for this assumption was obtained by examining plots of the rate
of mass loss as a function of temperature (Fig. 4):; the rate of
mass loss goes to zero before the sample has cooled to a
temperature below the pyrolysis threshold. To test the third
assumption, a sample was pyrolyzed and the vapors allowed to come
to equilibrium. The sample was ¢then repyrolyzed in the
equilibrium gases. Only a small increase in pressure was
observed, suggesting that the gas temperature during pyrolysis is
not significantly different from room temperature.

The mass fraction remaining as a function of temperature, Fig. 5,
is obtained by dividing the remaining sample mass at a particular
time by the intial mass (M/Mo) and plotting this value against
the sample temperature measured at that time. To determine the
rate of mass loss as a function of time, the slope of the line
connecting successive mass remaining data points is plotted
against the average time of the respective points. Similarly,
the rate of mass loss as a function of temperature is obtained
using the corresponding average temperature.




PYROLYSIS PRODUCT ANALYSIS

The pyrolysis vapors are analyzed using gas chromatography (GC)
and mass spectrometry (MS). Coupling the results of these
analysises with the equilibrium vapor pressure after pyrolysis,
an effective molecular weight for the pyrolysis products is
calculated.

LOW HEATING RATE

Low heating rate (0.167 K/sec) data was obtained for the same
carbon/phenolic sample in an N; atmosphere using a DuPont
Instruments 951 Thermogravimetric Analyzer/1090 Thermal Analy:zer
System. The pyrolysis data was obtained as a plot of the percent
of sample weight remaining versus temperature and was digitized
for analysis. The fine powder used in these experiments was not
sieved to the 200 micron limit and was also not oven dried.

THEORY AND RESULTS

The pyrolysis of composite and polymeric materials is often
represented in terms of a global mechanism. That is, all of the
competing and parallel reactions are combined into one,
effective overall reaction.

SAMPLE PRODUCTS (VAPOR) + PRODUCTS (SOLID) (1)

The pyrolysis reaction is described by the kinetic equation given
below in Eqn. 2.

-d (SAMPLE) /dt = k[SAMPLE)D (2)

where -d(SAMPLE)/dt is the rate of sample mass loss, {[sample] is
the concentration of the sample, k is the rate constant and n is
the order of the reaction. This global rate equation is the sum
of the many individual rate equations involved in the pyrolysis
kinetics, as indicated by Egn. 3.

n n n
K(SAMPLE]® = x;[SAMPLE] 1 + k(SAMPLE] 2 + k3([SAMPLE] 3

n
+ k4[SAMPLE] 4 + ..... (3)

The rates of most reactions increase as the temperature 1is
increased. This temperature dependence is usually expressed by
the Arrhenius equation :




-E
k = Ae /RT (4)

where A is known as the pre-exponential factor and is usually
regarded as temperature independent, E is the energy of
activation, R is the gas constant and T is the absolute
temperature.

In elementary reactions, the pre-exponential factor is related to
the molecular geometry and/or orientation of reactants while the
energy of activation is the energy barrier separating reactants
and products. These values are determined by using the
logarithmic form of Eqn. 4 and plotting ln(k) vs 1/T. If the
result is a straight line, the reaction is said to show Arrhenius
behavior; E is obtained from the slope (~-E/R) of the line and A
from the intercept (ln(A)).

Substituting the Arrhenius equation (Eqn. 4) for each k in Egn. 3
results in a temperature dependent expression for the pyrolysis,
E@. 5.

-d(SAMPLE) /dt = (Ae /RT)[SAMPLE]D

- (Ale-zl/RT)[SAMPLE]nl
+ (Age 2/RT) (saMpLE]"2
+ (A3e-E3/RT)[SAMPLE]n3
+ (Age "4/RT)[samprE]
S (5)

The purpose of this work is to determine values for Ay, Ej and nj
which will allow for accurate predictions of mass loss over a
wide range of heating rates for .he carbon/phenolic sample.

To characterize the effect of heating rate on the pyrolysis of
the carbon/phenolic sample, a modified version of the Friedman
method is used.® The Friedman method is based on the Arrhenius
equation and allows kinetic parameters to be determined from data
obtained over a wide range of heating rates. Additionally, in
this method, the sample concentration term is determined directly
from the experiment data.

Friedman's equation is given as6:7/8

-1/Mg x dM/dt = Af(M/My)e B/RT (6)
where M, is the original weight of the sample (g), M is the
instantaneous weight of the sample (g), dM/dt is the time rate of

mass loss (g/sec), f(M/My) is an undefined weight function, R is
the gas constant, T is the absolute temperature, A 1is the




Arrhenius pre-exponential factor and E is the Arrhenius energy of
activation. Egn. 6 is used in its logarithmic form

1n(~1/Mg x dM/dt) = ln(Af(M/Mg,)) - E/RT (7)
where 1n(-1/My x dM/dt) is plot%ed as a function of 1/T for
parametric values of M/M,. The slope of the line tangent to the
curve at each point equals -E/R and its intercept, 1ln(Af(M/Mg)).

We slightly modify the Friedman method and determine energies of
activation as a function of heating rate rather than mass

fraction remaining (M/Mgy) (See rig. 6). The analysis must be
conducted in this fashion because our heating rate range is much
greater than that reported by Friedman®. That 1is, the

temperature differences between corresponding mass fractions at
our different heating rates are significant and therefore, the
important pyrolysis reaction(s) may be different at each heating
rate for a common mass fr.iction, rendering Friedman's original
method inappropriate.

Only the initial energy of activation (defined as the slope up to
the point where dM/dt reaches a constant value, Fig. 6) are
considered because as the temperature increases, the reactant
composition and concentration change and other reaction
mechanisms may become important. Therefore, we are only examining
the reaction(s) that depend on starting composition.

To obtain the reaction order and pre-exponential factor, the
normalized weight function, f(M/M,), is defined as<.7

£(M/Mg) = [(M = M)/ (Mg - M) 1P (8)
where M., the weight of the char remaining after pyrolysis is
complete, is removed from consideration. Multiplying both sides
of Eqn. 8 by A and transforming to the logarithmic form gives

In(AL(M/Mg)) = 1n A + nln((M = M)/ (Mg = Mc)1 (9

A and n are obtained from the slope and intercept, respectively,
of a linear least squares fit to a plot of the recalculated

ln(Af£(M/My)) vs 1ln((M - Mc)/(Mg - Mg)]l, Fig. 7. (The
recalculated 1ln(Af(M/My)) is obtained using the average :initial
energy of activation for a particular heating rate.) Following

Henderson, we separate the plot into two regions and linearly
least squares fit each region to determine a regional pre-
exponential factor and a reaction order (Table 2).5:7

Mass loss thermographs (M/M, as a function of temperature) were
reconstructed for each heating rate using experimentally
determined parameters. Accurate reproductions of the thermographs
were cobtained and are shown with the experiment data in

Figs. 8 - 10.




DISCUSSION

The time that the sample dwells in a temperature region is
dramatically different for low and high heating rate experiments.
Because of this, low energy of activation processes occur to a
much lesser extent in high heating rate experiments than in low
heating rate experiments. That is, the sample is depleted
before the high temperatures are reached in low heating rate
experiments, whereas in high heating rate experiments, sample is
still present when high temperatures are attained. Therefore, we
expect a different set of products for high heating and lecw
heating rate experiments.

The only characterization of the composition of the pyrolysis
vapor products for the carbon/phenolic composite is from a
calculation of the effective molecular weight of the vapor (Table
2). This calculation is based on the post-pyrolysis equilibrium
pressure and gave good reproduciblity for each heating rate. (It
was not possible to obtain reproducible, quantitative GC data for
the equilibrium pyrolysis vapors for a given heating rate for the
carbon/phenolic system due to experimental difficulties.) The
observed increase in molecular weight with heating rate can be
attributed to a corresponding change in the thermal degradation
mechanism, or to further reactions and recombinations of hot
pyrolysis gases in cooler regions of the instrument prior to
their analysis. Investigations into the possibility of real-time
monitoring of specific pyrolysis vapor products are being
pursued. Such measurements will be difficult because of the low
concentration of products, but if successful, should provide
accurate compositions for the pyrolysis vapors. Such information
will assist in determining the cause of the molecular weight
dependence on heating rate, allowing more detailed kinetic
mechanisms of the pyrolysis to be proposed.

The thin, tacky film deposited on the quartz retaining tube
during pyrolysis 1is believed to result from the condensation
and/or further reaction of certain of the pyrolysis gases.
Analysis of the thin film has proved to be difficult, resisting
analysis via gas chromatography. Work 1is planned to
spectroscopically (FTIR and UV/VIS) investigate its composition.
In addition, the high heating rate instrument is being modified
to optically monitor the rate of deposition of this film in real
time.

Fig. 11 shows activation energy (E) as a function of heating
rate. The asympotic nature of this curve is derived by assuming
two limiting energies of activation over the temperature range
examined. ‘We assume the parameters associated with the low
heating rate data (0.167 K/min) are an adequate description of
the kinetic process with low energy of activation and, similarly,
that the process with a high energy of activation is adequately
described by the parameters generated from the 30000 K/sec data.
It should be possible to fit the data obtained for the heating

.
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rates between these extremes using a weighted sum of the low and
high energies of activation processes and such work is currently

“ underway.

Demonstrating the validity of using the reported parameters in
modeling material behavior, accurate reproductions of the
individual heating rate thermograms over a wide range of heating
rates have been generated (Figs. 8 - 10). The reported energies
of activation used in the reconstruction can be interpreted as

having physical significance; they correspond to cocllections of
. reactions and should be viewed as 'mini-global' activation
energies. However, the reported A's and n's do not have physical
significance; they are parameters which provide the best model of
the data over a particular mass fraction range.

The heating rate dependence of the energy of activation for the
pyrolysis of the carbon/phenolic sample (Fig. 11) suggests the
possibility of such a dependence for char yield (Mo/My) and char
composition: different activation energies imply different
reaction mechanisms, which in turn lead to different products
(including char). Our data are somewhat ambiguous in this regard
because the heating rate and maximum temperature are not
independent. More definitive investigations are required before
a general conclusion is made.

CONCLUSION

A high heating rate (~30000 K/sec) pyrolysis instrument has been
constructed and successfully used to investigate the effect of
heating rate on a carbon/phenolic sample up to 1000°C. Kinetic
and modeling parameters have been determined for the processes
occurring at temperatures greater than 450°C and are used to
produce accurate reconstructions of sample thermographs over a
wide range of heating rates.

FUTURE PLANS

Studies of the pyrolysis of several other composite materials,
over a wide range of heating rates, are underway and will be
reported upon completion. Instrumental modification is being
considered in order to monitor film deposition from pyrolysis
vapors in real time and to increase the maximum temperature of
the experiment.




ACKNOWLEDGEMENT

This work was supported by the Defense Nuclear Agency (DNA) and
the Strategic Defense Initiative Office (SDIO). One of us (MEB)
was an Office of Naval Technology Postdoctoral Fellow during this
work and would like to acknowledge both the 0Office of Naval
Technology and the American Society for Engineering Education.

This paper is declared a work of the U.S. Government and is not
subject to copyright protection in the United States.




(1)

(2]

(3]

(4]

(5]

(6l

(71}

(8)
(9]

(10]

(11)]

[12)

(13]

(14)

(15]

REFERENCES

Liebman, S.A. and Levy,.E.J., Pyrolysis and GC in Polymer
Analysis, Marcel Dekker, Inc., New York, 198S5.

Baer, A.D. Hedge, J.N., Seader, J.D., Jayukar, K.M. and
Wojeck, L.H., AIAA Journal 15 (1977) 1398.

Baer, A.D., J. of Fire and Flamm. 12 (1981) 214.
Hedges, 5.H. and Baer, A.D., NTIS Report PB~300 950, 1978.
Henderson, J.B., Tant, M.R., Doherty, M.P. and O'Brien,

E.F., Composites 18 (1987) 205 and references contained
therein.

Tant, M.R., Henderson, J.B. and Moore, G.R., DTIC Technical

Report AD-H097890, 1980.

Henderson, J.B., Wiebelt, J.A., Tant, M.R. and Moore, G.R.,
DTIC Technical Report AD-A087929, 1980.

Friedman, H.L., J. of Poly. Sci.: PART C, 6 (1965) 183.

Hamilton, L.H., Ayling, A.B. and Shibaocka, M., Fuel 1979
(58) 873.

Levy, R.L. and Fanter, D.L., Analytical Chemistry 41
(1969) 1465.

Wolf, Cc.J., lLevy, R.L., abd Fanter, D.L., J. of Fire and
Flamm. 5 (1974) 76.

Barlow, A., Lehrle, R.S., Robb, J.C. and Sunderland, D.,
Polymer 8 (1967) 523.

Barlow, A., Lehrle, R.S., and Robb, J.C., Technigques of
, Socliety of Chemical Industry Monograph
#17, Gordon and Breach, N. Y., 1963.

Koch, V.H., Jungten, H. and Peters, W., Brennstroff. cChem.
50 (1969) 369.

Wu, Kuang Ming, NRL, Code 6339 - private communication.




‘0.0001~

Jo seaanjexsdwal wnwixew ajzex buyzesay ybry asyzo ayz o3 uorstaedwod uy
J.GLL~ 30 ®@anjexadwsl wnwyXxew e O3 pPa3TUIY Sem ejep 8jelx Hurlesay Mol «

Sy 0

v6°0

10°0

8€°0

¢t'o

£6°0

00°0

198 4

L9

oty

<09

18°0 - 88°0

S°L £08°0

88°0 - 66°0

LL°0 - €8°0
z'8 LLo

£€8°0 - G6°0

GL°0 - €8°0
0°zt 89°0

€8°0 - ¥6°0
SL°0 - 66°0 V'St 89°0

68°0 -~ L6°0
z°92 89°0

L6°0 - 66°0
Ou/n 0T ¥ (°W/°n)
Jo (Tou/Te0Y) P1oTX
eobuvey q aeyo

SI'INSIY 40 XYVYHHOS

¥Y/N

(A4

0s

9

0L

xodep
Jo aybyem
IeTNOBTON
pejeuyysy

¢ I19VL

L91°0

000V

000L

0008

0000€

(o@s/M)
LV ONILVIH

13




ttow
ports
rd
0 )
—_—
Or 5 ©
tube h h h
mount N ntilament
quartz " T~
tube ;l d %
II 1
] 1"
K
) % )
okt = Ne |
ﬁgbnductor
0] block
(a) (b) {c)

conduct
blocks

Fig. | — Cross-sectional and end-on views of the high rate heated filament instrument
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Fig. 2 — (a) A block diagram of the electronic control network. To vary the heating rate. the length of the
resistive wire in the water tank is varied. For the highest heating rates ( > 10000 K/sec) it 1s necessary to con-
nect the second source battery in series, indicated by the dashed lines. (b) A detailed circuit diagram of the

pulse shaping unit.




238/ 000L ' paronpuod sodwod sjouayd/uoqies e jo
stsAjos4d ay) wouy pauteiqo eiep asnssasd pue asmesadway mes pazinSig - ¢ -3y

(so9s) INIL
080 00 090 0G0 OO OL'0O 0C0O OL'0O 000O0L0O-

0 _ @ 0
L+ 1001
24 g 1002
— 3YNSSIYd @ o looe .
€ ¢l 3NLV¥3N3L O ° =
S ° toor = .
. < .
= v T ® 5 {oog ™
¢ ST ©o0 O 1009 %
7 0 O O loor S
n ‘jeeeeeeee S e
oL | ra)
@ 9 toos =
1 owm\x 000/ ﬁ 0001
6T 31gnvs 2MONIHD/NOGHYD Loot
0i 002!

A i N B




‘Moysayg sisjoakd ay
mopdq sdosp asmesadway ajdwes ay 310§2q 019Z 0} $903 SSO| SSPW JO JNBI Y IBY) NON  I3S/Y 000, w ansod
-wod drjoudyd/uoqied e jo sisKjo1kd ay) 10j smesadwa jo UOKIIUNY € SE SSO[ SSBW JO Jv1 3y JO 10jd ~ + fiyg

(D) 3YNLVYY3IINTL

00Zl 000l 008 009 00 002 0
_ « “ “ : 0100

-

1+ 800 00—

99S /5 000/ q
IdWYS DNONIHJ/NOEYYD 19000~

WD SAD

I
N
@
©
)

I

@
O
S
©
o

17




P ——

*238/Y 000, 1 3dwes ajouaydsuoqied v jo siskjoi1hd aygy 10}
amgeiadwoy sjduwes jo vonouny B se (Cp/) Sulunewas uonoeyy ssepy — ¢ diyg

(D) IYNLYYIINIL

00ZL 000l 008 009 00% 002 0
“ 9 “ * : * 00,0
O
O 1 0G0
O 03s /5 000/ ]
o J1dNYS ONON3HA/NOSYYD 1 gog0 x
<
© 10580 =
O o
O +006°0
O
O +0G6°0
O
20 6—6 000t




‘syuod mep et ay1 o siy sasenbs e
183UL WOIj PIUILLIAIEP 239m UONBANOR Jo saidioug -saies Suneay 1noj 1oy aamesadwar Jo uonoury e st sajdwes
21]0uaYd/U0qIeS IY) JO SSO[ SSEW JO NRI AY) JO SIANBALISP ) Jo wiedol (rameu dy) jo siopd [eandA — 9 iR |

o ‘(¢=)oL x 1/1

00G'1 000" L 0060

4 — 4 4 F
+ —

¥ +- + T + * +—

4

088 /% 0000 O
08s/y 000L WV
O .y o9s/y  000v OJ

+—
-

19

000°Z 0SL'L 00S'L OSZ'L 000'L 0SL0
} —+- —+ t L— 1

L (e-)ot x 1/t \Y4
o \V/

(Wp/NP X ON/ L —)ul

5
o 0
~N

= @ i

o %
b 4
Q.
o) ¢ M +6-~ 4 N
00 o a
cosmne> < .
(vV1va vou) 1

298/)% (91°0




"V 1daosaiun ayy pue u soald suy ay yo adoys oy, umdas yoea up mep a1 01 §)y saaenbs 1sea) 2w oy
PUOS YL "33s/) QOOL 18 d(dwes srjoudyd/uogies v jo siskjoakd ap 10) v pue u sutundtop o joid ayg - £ Sy

[(on—onW)/(PN—nW)]ul

+ - —————p } + :
00S'S X
@)
(-
>
m
()
= 2
.ln_
m
Py
O
m
)
l
=)
>
29s /3 000L =
I1dWYS OINMONIHd/NOGYVD =
<
— 0059 2

ro—— i n N o




"o £ st sod pam

-SRA PUR PAIRINOIRD Y UIIMIA Jo1sa Juamnad Adeadae oy | MqrL W s1apwrard ag) dmsn punoj dq pRom
uondesy ssew Jenotued ® yoiym e aamesadwiay oYy Sutwuumap £q pauimiqo sem 1ofd [Eandsoagl agy,  0as N
0000€ JO e Suneay e 10! anesadwiay Jo uondury € se YAy Jo siold paipnojey pue panseapy - g @i

(0) JdNLVYY3IdNIL

00ZL O00LL 000L 006 008 00L 009 00S OO0t
¢ } it +——+ + } } . + b+ b 0080

- 0680

Q
o

® pajpinopd @
painspsw QO

O
o

-006°0

oON/W

ce - 998 /3 0000§

i

-066°0

Sy
O

000'1




ht
swiod painseatu puw pareind[ed aY) uAIMIBQ S0513 waciad afeiaar | ajgey, ut ssmawmied ;g uisn punoy
39 ppnom uondeyy ssew senoed e yoiym e anesadwal sy Juiunadnep Aq pauieigo sem opd Ranasoag oy,
"035/3 000L JO 9irs uneay e 10) amesad jo uonduny e se YN jo s10[d pARINOIRY pur painseapy 6 Ty

(O) F™NLVIIINGL

00ZL 00LL 000L 006 008 00/ 009 005 00%
g ——————+ 0G/ 0

e .
+008°0 .

p2)DjNOIDD @
@ painspsw (O

|

-0G8°0

ON /N

y J9S
© /% 000L 0060

_

'

- 0560

°
O % o 000" |

39
RS




%6 st spunad pun
-SE3W puE pAERAR) AP UAIMIRG 1012 Juanad adesdae dyy f AgRl Ut siatueied Ay Awkn punog g pnos
uonoeyy ssew tepnatued v oyogm 1o amesadieny oyl Fuiuuaagap g paweige sem jofd eanasoags aygp aasry
000F 30 s Juneay e sof asmendwn jo uonouy B se Oy jo stold pawnages pue paunseay — () Qg

(D) 3™NLYEIdNIL

00cL 0O0LlL 000L 006 008 00 009 00 OO0
+ 4 + } ~+ —— +—t——A—t—————+—+ 0G/ 0O

O
® P
O e 0080
Oe

[ 1@ paloinNo|bo @ 1 .
® paisnsosw QO 0580

® O 098
oe /M 000% [
O®
O @
O @
@

-066°0

—

O

®
O
0 e®0 el

ON/W




ENERGY OF ACTIVATION, kcal/mol
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Fig. 11 — Energies of activation as a function of heating rate. The solid line curve is based on an assumed
asymptotic behavior for uie cneiygy of activation at extreme heating rates — the low ratc data s predominately
one mechanism and the high rate data is another.




