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Thermal Degradation of Polymers At Low Rates 1 

Samuel 1. Madorsky 

I n measuring the rates of thermal degradation of polymers at constant temperatures 
in the r ange of 200 0 to 5000 C, one encounters a distortion of t he ini t ial parts of t he rate 
curves during the time required to heat the specimen to t he p yrolys is temperaL ure . This 
distortion has been largely overcome by using a new apparatus, based on an elecLronie 
ba lance, in which the degradat ion of t he specimen is carried out at very low rates. The 
apparatus is equipped with an electronic thermostat that controls t he temperature Lo within 
± O.lo C, and also wi th an au tomatic recorder t hat measures both the temperature and the 
loss of weight of t he specimen . P yrolysis experimen ts were carried out in a vacuum in 
t his apparatus on pure specimens of polystyrene, poly (a-methylstyrene), polymethylene, 
high-molecula r-weigh t polyethylene, and low-molecula r-weight polyethyle ne. T he ini tial 
rates of degradation, in percent of sample per minu te, varied from 0.008 to 0.095. Except 
for the initial parts of the rate curves, in some cases up to about 30 percent loss of weight, 
t he rate curves at low rates resemble closely t hose previously obtained at h igh rates of 
degradation . 

1. Introduction 

Studies on ra tes of thermal degradation of poly
mers in a vacuum b~T the loss-of-weigh t method have 
been carried out at the National Bureau of Standards 
for a number of years. The method [1 , 2]2 co nsisted 
in heating a 4 to 6 mg sample of polym er in a plati
num crucible suspended from a tungsten spring 
balan ce [1,3] and observing at intervals the loss of 
weight sustained by the sample, as indicated by the 
position of a crossline on the extension of the sprin g. 
For convenience, the rate experiments were usually 
planned to be completed within about 8 to 9 hrs. 
This placed a lower limit on the temperature of 
operation. In the range 250 0 to 500 0 C used in 
t hese studies it usually took about 15 min to heat 
the polymer sample from room Lemperature to Lhat 
r equired in a given experiment . Some vaporization 
of the sample, in some cases [2] as much as 30 percen t 
of its weight, took place durin g this heating-up 
period. Constancy of temperature in any given 
experiment was a required condition in all the rate 
studies. The initial loss thus caused a distor tion of 
the initial part of the rate curve and masked the 
true picture of the initiation of thermal degradation. 

This diffi culty could be largely overcome by 
carrying out the rate experiments for longer periods 
of time at lower temperatures so that the initial loss 
of sample would be reduced to as Iowa percentage 
as practicable. However, co n tinuous operation for 
long periods of time suggests the use of automatic 
recording of loss of weight of sample. The spring 
balance did not lend itself easily to automatic 
recording. 

A new apparatus for the study of rates of thermal 
degradation of poly mers has been designed and COll 

stru cted. It r ecords continuously and automati
cally time, temperature, and weight of the polymer 
sample undergoing decomposition. This new appa
ratus was used in a study of thermal degradation at 

I P aper presented at the 134th National Meeting of the American Ohemical 
Society in Cbicago, Ill., Sept. 7- 12, 1958. 

, Figures in brackets indicate t be li terature references at t he end of tbis paper. 

low ra tes of several polymers. The polym ers 
selected for this study were: Polystyrene, which 
yields both monomer and larger molecular frag
ments; poly(a-methylstyrene), which yields monomer 
exclusively ; and nonbranched and branched poly
ethylenes, which yield a pectrum of fragments 
co nLainin g from 1 to n carbons. 

2. Apparatus and Experimental Procedure 

The clements of the now apparatus (exclusive of 
Lhe vacuum sysLem) are shown diagramatically in 
fLgure 1 , and the whole assembly is shown pho to
graphically in fLgure 2.3 The eq uipment is built 
around an electro nic microbalance, which is shown 
in figure 1 in two parts: A, the balance; and B, the 
elecLronic unit . From the arm P of the balance a 
crll cible Q containing t he polymer sample is sus
pended within the lower furnace F . The function 
of the upper furnace E is described later in this 
paper. The output of the recording balance is fed 
in Lo one channel of a three-channel recording po
tentiometer C. The temperature of the furnace F 
is controlled to about ± O. l ° C by an clectronic 
thermostat J, which senses the furnace temperature 
by means of a platinum resistance thermometer T 
built into the furnace.4 

The temperature of the crucible is m easured by 
means of a thermocouple R located directly beneath 
the crucible, and the output of this Lhel"lllocouple is 
fed through the potentiometer buckout D to a second 
channel of the recording potentiometer C. Portable 
potentiometer U is used to check the temperature 
of thermocouple R. Thus, a continuous r ecord of 
the crucible temperature, as well as of the weight 
of the sample, is provided on the same sheet. 'l 'he 
third channel of the r ecorder is used to monitor the 
temperature of either the lower furnace F or the 
upper furnace E by means of a thermocouple S, 

3 The author is indebted to M. Morse of t he Electron ic Seetion for his help in 
the design and construction of some of the electronic parts of tbe apparatus. 

4 Except for some details which are described, furnaces E and F are similar to 
those nsed in connection with t he spring balan ce in previous work [IJ. 
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FIGURE 1. Block diagram of polymer degradation equipm ent. 

A, Balance, and B. electronic nnit- sections or electronic balance: C, 3-point potentiometer recorder: D and D' , potentiometer buckouts; E. npper furnace;l F, 
lower furnace; G and G f , variable autotransformers; II and II', voltage regulators; J, electronic thermostat; K, bridge rectifier; M and 1\1 ', am meters; N, temper ... 
ature control resistor; P, balance arm; Q, crucible containing the sample; R, measuring chromel-constantan thermocouple; S, upper furnacE' chromel-constantan 
tbermocouple; T, platinum resistance thermometer. 

FIGURE 2. Polymer degradation equipment. 

Letters correspond to the same parts as in figure 1, except U, wbicb indicates potentiometer for cbecking thc temperature of tbe measuring thermocouple (R in 
fig. 1). 
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imbedded in the insulation of E, and connected to 
the recorder through the potentiometer buckout 
D/ . Power to the furnaces F and E is supplied from 
the voltage regulators H and H', respectively, and 
is co ntrolled by the variable autotransformers G 
and G/. The power to the lower furnace is, in 
addition, rectified by the bridge rectifier K. It 
passes through the resistance N, and is controlled 
by the electronic thermostat J to maintain the con
stant temperature. T he currents fed into F and 
E are read by means of ammeters M and M'. 

The balance, known as the "Elmic" r ecording 
balance, is a modification of an instrument described 
earlier by Theodore Gast [4] . It makes use of a 
torsion suspension and a feedback circuit with an 
electrodynamometer type of actuation . It has four 
ranges, 10, 5, 2, and 1 mg full scale, the rcading 
being indicated on a meter. For continuous re
cording, as in the present equipment, a 10-mv 
recorder is connected to the balance. 

The furnace and vacuum system have previously 
been described [1 , 2] in detail. The electronic ther
mostat [5] consists basically of a resistance-bridge 
sensing unit, the output from which is amplified 
and used with a time-proportional control circuit 
to control the power supplied to the furnace . 

The r ecorder is a standard 3-channel, lO-mv, 
commercial type. A photograph of a part of the 
recorder chart is shown in figure 3. The chart gives 
a record of the first 7 hr of operation of an experi
ment, which is described later, on the rate of deg
radation of polymethylene at 362.40 C. The hori
zontal scale in the chart can be used to calculate the 
loss in weight and the temperature of the thermo
couples Sand R (see fig . 1). The vertical scale shows 
the duration of the experiment. Lines I and II 
represent records of temperatures indicated by 
thermocouples Sand R , respectively. Line III 
represents a record of the loss of weight of the sample 
being heated. In this as well as in all the other rate 
experiments described in this paper , the 5-mg full
scale range of the electronic balance was used . 

The procedme used in the present work is in 
general the same as that used previously with the 
spring balance, and has been described in detail 
[1,2]. In the present method it also required about 
15 min from the time the fmnace was raised in 
position, for the thermocouple R to reach the required 
tempera tme (fig . 3) . 

3 . Temperature Measurement 

In the previous work on rates of thermal degrada
tion of polymers the cooling-end effect of fUTllaCe 
F , figm e 4, was overcome by adding a smaller 
fmnace E on top of furnace F , and k eeping the 
temperature at the interface L constant by means 
of thermocouples Wand W' in conjunction with 
an electronic thermostat [5] not sbown in the figure. 
It was assumed that by this means it would be 
possible to maintain about the same t.emperature in 
crucible Q as that indicated by thermocouple R. 
To check this, a series of blank experiments was 

carried out in which a chromel-collstantan ther
mocouple V (shown in fig. 4), was placed inside the 
crucible Q and pressed against the bottom of the 
crucible by means of a platinum ring. The crucible 
was suspended in the glas apparatus in the same 
position a would be used in an actual experiment. 

-
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FIGUHE 3. Part oj recorder chart, indicating the first 7 hi' of 
operation of an experiment on the degradation of polYlll ethyiene 
at 362.4° C. 

T em perature indi cated by th ermocouple S (I); temperature indicated by 
thermocouple R (IT); loss of weigh t of sample (Ill). 

IVben operaLing under the experimenLal condition 
previously used, Lilel'e was a temperature difference 
between thermocouples R and V of about _ 140 c. 
However, it was found that the thermocouples V 
and R could be made to record the same temperatme 
for a distance of 2 to 3 mm hetween the crucible 
and thermocouple R by adjusting the current input 
in the furnaces E and F. The sys tem was then 
caJibrated by m easm-ing the required currenLs for 
a series of Lemperatures and consLructing cor
responding current-temperature cm-ves in the range 
2000 to 4000 C. These cmvcs were followed in the 
experimental work on rates described. T emperatme 
control at the interface L (fig . 4) was not used . 

4 . Materials Used 

The following materials were used in this investiga
tion: 

1. Polystyrene. Prepared thermally by the Dow 
Chemical Co. Average molecular weight of 230,000 , 
as de termined by the osmotic pressure method . 
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FIGURE 4. Details of fw·nace and control of uniformity of 
temperature. 

E, Upper furnace; F, Lower furnace; Q, platinum crucible; R , V, 'V, and 'V', 
chromel·constantan thermocouples. 

2. Poly (a-methylstyrene). Prepared thermally by 
the Dow Chemical Co. by low-temperature poly
merization. Molecular weight by light scattering, 
350,000. 

3. Polymeth:vlene. Prepared according to the 
method described by Buckley and Ray [6] by 
decomposing diazomethane, using trimethyl borate 
as catalyst. Its molecules are unbranched without 
methyl groups, and of high molecular weight [7]. 

4. Polyethylene 1. A pure grade polymer, highly 
branched, and of high molecular weight . Some of 
its properties are given in table 1.5 

5. Polyethylene II . A polymer of high purity, 
having a weight-average molecular weight of ahout 
20,000. Its branching characteristics are not known. 

6. Poly(chlorotrifluoroethylene). Prepared with
out catalyst and having a weight-average molecular 
weight of 100,000. 

All these polymers, except number 4, are the 
same materials as those used previously in work on 

TABLE 1. P roperties of branched polyethylene J . 

'Veight-average molecular weight . _. __ _____________ ______ _ 
Num ber·average molecular weighL . •....... . ... . . .. ..... . 
Long·cbain branching index. ... ......... .. .. . .... ........ . 

-2:~~~rs· pe~ "i,oO(icarj)o-;;-s.·.~~ ~~ ~~~ ~ ~ ~~ ~ ~~~~~~I~.3.~~.2.5.o. ~ == 
Vinyls per 1,000 carbons ................. . . . ... . . ........ . 
rrrans-U11saturation per 1,000 carbons. _________ __ _____ ____ _ 
Vinylidenes per 1,000 carbons . ... . ........... . ... . ....... . 
Carbonyls per 1,000 carbolls ... . . .. . ___________________ . ..• 

• See foo tnote 5. 

525, 000 
31,400 

18 
0.922 

20.0 
0. 04 
. 02 
. 15 
. 03 

6 'rhe all tbor is indebted to F. W. Billmeyer, Jr., or tbe Polychemicals D epart· 
ment or E.1. du Pont. de Nemours and Co., Inc., for supplying this polymer and 
t be information all its properties as gi ven in table 1. 

~'ates of thermal de~radation at higher temperatures 
m t~e tung;sten spl'lng balance apparatus [1 ,2,7,8,9]. 
As m prevIOUS work, the samples were heated in a 
vacuum at 100° C to a constant weight before they 
were used in the rate experiments. 

5. Experimental 

5.1 . Rate Measurements 

All the experiments on thermal degradation were 
carried out in a vacuum of about 10- 4 mm of mer
cury, obtained by means of an oil pump and mercury 
diffusion pump. 'iVeights of the samples varied from 
4 to 5 mg. The furnace was first heated to the 
operating temperature in preparation for an experi
ment, and then raised into position by means of an 
elevator for pyrolysis of the polymer sample. It 
ordinarily took about 15 min from the time the 
furnace was raised into position to the time when 
thermocouple R (figs. 1 or 4) indicated the operating 
temperature. The temperatme remained constant 
throughout the experiment to within ± 0.1 ° C. 
Zero time for a given experiment was taken as the 
time when this temperatme was reached (fig. 3). 
At the end of an experiment the residue in the 
crucible was weighed in order to check on the weight 
loss indicated on the recorder chart. The two values 
differed by about ±3 percent. This difference is 
within the combined experimental errors involved in 
weighing small samples, particularly the residues, on 
a semimicrobalance used in this work and in r eading 
the recorder chart. The balance weight was used in 
calculating the results and th e error was distributed 
over the horizontal scale of the recorder chart. 

All these polymers, except number 4, are the same 
materials as those used previously in work on rates 
of thermal degradation at higher temperatures in 
the tungsten spring balance apparatus [1, 2, 7, 8, 9]. 
As in previous work, the samples were heated in a 
vacuum at 100° C to a constant weight before they 
were used in the rate experiments. 

In figures 5, 6, 7, and 8, percentage volatilization 
is plotted as a function of time for polystyrene, poly
(a-methylstyrene), polymethylene, and polyethylene 
I, respectively. Genemlly the curves resemble those 
obtained for the same materials in the spring balance 
apparatus, except for the initial parts. Whereas in 
the previous work, which was carried out at much 
higher temperatures , the losses dming the heating-up 
period were in some cases as high as 10 percent, the 
cmves in figures 5, 6, 7, and 8, show practically no 
such initial losses. 

Curves showing rates of degradation as a function 
of percentage of volatilization for the four polymers 
are shown in figures 9, 10, 11 , and 12. The· rates 
were calculated from the volatilization-time curves 
and are expressed either as percentage of sample 
(K1-curves) or as percentage of residue (K2-cmves) . 
In the case of polystyrene the ICt curve is given only 
for 299 .3° (dash-and-dot line of fig. 9). This curve 
has a maximum at about 30 percent volatilization . 
In the previous work at high er temperatures [1] the 
maxima were between 35- and 40-percent volatiliza-
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T A BLE 2.-Rates of thermal degmdalion of polymers 

I 
rrem_ Duration Total Initial 

Polymer pera· of ex· volati· rate 
ture pcrimcnt Iized 

---------
°c hr % %/min 

Polystyrene ...•...... .......... { 
2(l{).7 31. 0 23. 3 0.0090 
299. 3 .>3.4 77. 6 . 0190 
302.6 27.8 46.4 . 0230 
311. 8 29.8 92. 1 .0484 

{ 228.8 51. 0 27.5 . 0110 
Poly(a·methylstyrene) ......... 239. 4 27.8 37. 8 .0320 

247.1 26. 0 60.4 .0720 

{ 
345.0 55.3 21. .S . 0080 

Polymethylene .. ............. 354. 4 51. 0 47.6 . 022 
:362.4 37.8 60. 6 . 0424 
367. 0 23.8 63. 1 . 0694 

Polyethylene L ................ { 
350. 9 54 .. \ 39.6 . 0160 
355. 4 31. 0 38. 6 . 0260 
363. 2 31. 0 54.7 . 0430 
372. 6 25. 0 75.3 .0950 

Polyethylene II ................ 360. 2 31. 0 51. 8 . 051 

Poly(ehlorotrift ll orethylene) ... 331. 8 44.0 39.2 . 043 

tion. The K2 curves do not differ much in shape 
from those obtained previously in the spring balance. 
All the pertinent experimental data on rates of 
th ermal degradation obtained in the present in
vestigation are given in table 2. 

The KI curves for poly (a-methylstyrene) in figure 
10 differ up to abou t 20- to 25-percent volatilization , 
from the corresponding curves obtained at higher 
temperatures. H ere the rates are initially high, then 
drop gradually in convex lines to about 8- to 20-
percent volatiliza tion, and finally in straight lines in 
the manner of a first-order reaction. In the previous 
work: at higher temperatures the rates were initially 
low, then rose gradually, reaching maxima between 
20- and 25-pel'cent volatilization, and finally dropped 
in the same manner as shown in figure 10. It is 
likely that this difference is due not to the difference 
in temperature but to th e fact that in the presen t 
work the rates are mu ch slower and are recorded 
automatically so that the details are more clearly 
delineated a,nd the results are more dependable. 

The Iel curves for polymethylene (fig . 11 ) are 
similar to those obtained previously at higher t em
peratures. Polyethylene I (fig. 12) had not been 
studied previously. It would not be correct to 
compare th e present results with those obtained 
previously for polyethylene II, because the two 
polymers are different in stru cture. On the other 
hand , a comparison b etween the Iel curves for poly 
ethylene I and for polymethylene shows a striking 
difference between th e thermal behavior of these 
two polymers. The polymethylen e rate curves 
star t at the origin, ri.se to maxima at about 3- to 
20-pel'cent loss, then fall in s traight lines approach
ing zero at about 100 percent loss; while the poly 
ethylene curves s tart at a fast rate, curve gradually 
in convex form to abou t 16- to 30-percent loss, and. 
then fall in straigh t lines like the polymethylene 
curves. The explanation undoubtedly lies in the 
fact that volatilization in both polymers is due to 
fragments breaking off from the ends of the polymer 
chains; and, since th e branched polyethylene has 

more ends, it volatilizes faster initially un til most of 
the branches disappear . 

The intercepts of the extrapolated straight parts 
of the rate curves Iel or K2 in figures 9, 10, 11 , and 12 
are the apparent initial rates and indicate what the 
actual initial rates would have been were it not for 
rate-disturbing factors, such as rapid initial drop in 
the average molecular weight, presence . of forei~n 
groups at the ends of chams, or weak pomts l10] In 
the ehains. However , the effects of these disturbing 
factors disappear after degradation proceeds to some 
extent . 

The shape of the polystyrene rate Clll'ves (fig. 9) 
indicates that the reaction approaches a zero order. 
The p ending benzene rings seem to have a stabilizing 
effeet on the chains, so that the numb er of chain
ends and, therefore, the rate of formation of monomer 
dimer , and trimer at these ends by an unzipping 
process stays constant. In the case of poly(a
methlystyrene), the presence of quaternary carbons 
in the chain imparts instability to the chain, so that 
formation of new chain ends take place at random 
and th e reaction is of the natlll'e of a first order one. 
In polvmethylene and polyethylen e the chains also 
break at random and the reaction is first order. 

5.2. Activation Energies 

The activation energies were ob tained by plot ting 
the logarithm of the apparent initial rates at various 
temperatures for any given polymer as a funetion of 
the inverse of the absolute temperature. The result 
are shown in figures 13, 14, 15, and 16 for polystyrene, 
poly (a-methyls tyrene) , polymethylene, and poly
ethylene I, respectively. In figures 13, 1.4, and 15 
are also plotted the results of the prevIOUS work 
ll , 2 8] carried out on the sam e materials at higher 
temperatures. Judging from th e position of the 
dash ed line (for the previ.ous work) with respect to 
the solid lin e (for the present 'work), th ere seems to 
be a discrepancy in the two sets of temperatures to 
the extent of 17° for polystyr ene, 12° for poly(a
methylstyrene), and 14° for polymethylene. 

In the present work th e temperatures were checked 
by actual measurements, as described earlier and 
illustrated in figure 4. In the previous work it was 
erroneously assumed that there would b e a region 
of uniform temperature within 2 to 3 mm distan ce 
above the thermocouple R (fig. 4). Actually the 
temperature of the crucible above R must have b een 
lower than that indicated by th e thermocouple by 
the amounts shown above. A lowering of the tem
perature readings in the earlier work will not change 
in any way th e shape of the volatilization-time curve , 
rate curves, or the initial rates, but will lower slightly 
the valu es of the activation energies involved . Thus 
th e activation energies of polystyrene, poly.(a
me thylstyrene) , and polymethylen e, after correctmg 
the temperatures , are 55, 55, and 73 kcal/mole, 1'e
spectively, as compared with the values of 58,58, and 
76 kcal/mole reported in the previous work for the 
same polvmers. The results for branched poly
ethylene 1, shown in figure 16 , indicate an activation 
energy of 64 k cal . 
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branched polyethylene. 

5.3. Poly(chlorotrifluoroethylene) and Low
Molecular-Weight Polyethylene 

As a further ch eck on thc temperature readings in 
the tungsten spring balance, two polymers, poly
(chlorotrifluoroethylcne) of average molecular weight 
weight 100,000 , and polyethylene II of molecular 
weight 20 ,000 , were pyrolyzed in the electronic bal
ance at relatively low temperatures. The results 
are shown in figures 17 and 18. Pertinent data for 
these polymers are given in table 2. The pyrolysis 
curves and th e rate curves resemble closely those 
obtained previously ll, 9] for these two polymers at 
highcr temperaturcs. Howcver, whcn the results 
obtained in figures 17 and 18 and those obtaincd in 
thc previous work are plotted in terms of logarithm 
of the initial rate as a function of inverse of absolu te 
temperature, we find that the temperature readings 
in th e previous work ar e too high by 14° and 13 0 0 
for poly ( chloro trifluoroethylenc) and polyethylene II, 
respectively, and the activation energies too high by 
3 kcal/mole for both polymers. 

5.4. Correction of Previous Work 

On the basis of data in table 2 and the time and 
rate curves shown, it is suggested that corrections 
be made in the temperature data and activation 
energies obtained by the present author and his co
workers in their studies of rates of thermal degrada
tion of a number of polymers determined previously 
in the tungsten spring balance. The suggested cor
rections for temperatures and the corrected activa
tion energies are shown in table 3. The corrections 
given in this table for polystyrene of molecular weight 
230,000 , poly( a-methyls tyrene) ,polymethylene, poly
(chlorotrifiuoroethylene)! and polyethylene of mo
lecular weigh t 20,000, are those found experimentally 
in th e present investigation. The corrections for 
the other polymers shown in th e table are those 
based on the average decrease of temperature and 
activation energies found experimentally in this work. 
These averages are _ 14° 0 and -3 kcal/mole. No 
corrections are required for Tcflon l10] since th e 
temperatures for this polymer were calibrated by 
comparing th e results obtained in the spring balance 
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FIG U RE 18. Rates oj volatili zation of polymers as a function 
oj percentage volatilization. 

Poly (cblorotrifluoroe th ylene) (A) iJl percent of resid ue per minute (E:, 
rates); low-molecular-weight polyethylene (B) in percent of sample per mi.nute 
(K, ra tes) 

with those obtained by a pressure method. In th e 
more recent work in the spring balance [11, 12] th e 
furnace was calibrated in the same manner as de
scribed in thc present work. 

6 . Comparison of Rates Obtained by 
Several In vestiga tors 

In view of the difficulties involved in measuring 
temperatures in a study of thermal degradation of 
polymcrs, there is a likelihood that there should be 
disagrcements in the results obtained by various in
vestigators. In figure 19 the results of rate studies 
obtained by Jellinek [13 , 14], Grassie and Kerr [15], 
and the present author are compared. The results 
of all these investigators were obtained ill vacuum, 

TABLE 3. Corrections to be applied to experimental tempemi1tre 
and to activation energies in pj'evious work 

Polymer 

Polystyrene (230,000) _________________ 
Polystyrene (106,000) ___________ ______ 
Polystyrene (584,000) _________________ 
Polyeth ylene (20,000) __________ ____ ___ 
Poly (rn-metb ylst yrene) __ _________ ____ 

Poly (a-deu terostyrene) ____ ___ ___ __ ___ 
Poly (a-metbylstyrene) ______ __ _______ 
I-I ydJ'ogenatecl polystyrene ____ ________ 
Poly (methyl methacrylate) A ________ 
Poly(metbyl m ethacrylate) D ________ 

Poly (methyl acrylate) ________________ 
Polymethylene ______________________ _ 
Polypropylene ___ _____ ____ __ __ ________ 
Poly isobutylene ______________ __ ___ ___ 
Poly beuzy I. ______________________ __ __ 

Poly (fJ-deuterostyrene) (higb mole-
cu lar " 'eig ht) _______________________ 

Pol y (ell lorotri n uorcethylene) _________ 
Pol y (a,/3,/3-tri fluorost yrene). _. ________ 
Pcly(p-xylylene) _____________________ 

Tempcr-
R eference ature 

correction 

"C 
[II - 17 

- 14 ril - l4 
fl1 - 13 
2] - 14 

[21 
- 1<1 

?1 - 12 
21 - 14 

[21 - 14 
[2] - 14 

f21 
- 14 

81 - l4 
81 - 14 
81 - 14 

[8] - 14 

[8J - 14 

r1 
-14 

91 - 14 
9J - 14 

Experi
menial and 

corrected 
activatiou 
energies 

kcal/rnole 
55 
55 
55 
63 
56 

55 
55 
49 
30 
52 

34 
72 
58 
49 
50 

56 
57 • 
64 
73 

• In reference [9] the ac tivation energy for poly (cblorotr ifJlloroetbylene) is 
given as G6 kcaljmole. Tbis is a misprint alld should bave read 6Okcal. When 
reduced by 3 units the act ivation energy becomes 57. 

using polymers prepared without catalysts and hav
ing hig ll molecular weights. The solid lines in figure 
19 represent polystyrene, and the dash-and-dot lines 
represent poly (a-methylstyren e) ; also, the letters J, 
G, and M , in front of the temperature indicate the 
work of J ellinek, Grassie, and ~1adol'sky, respec
tively. Temperatures in paren theses represent the 
unconected temperatures obtained by the prcscnt 
author in the tlillgsten spring balance. 

The polystyrene curves M- 290.7 ° and 1'1- 311.8° 
arc the same as those given in figure 5. Curve 
G- 290° was obtained by Grassie and Kerr [15] on 
a sample of polystyrene (8- 3), prepared without a 
catalyst and having a molecular weight of over 
300,000. Their rate apparatus consisted of a dy
namic molecular still heated electrically [16]. The 
G- 290° curve is very close to the M-3 11.8° curve, 
so that the temperature given by Grassie and Kerr 
is at least 20° lower than the one obtained in the 
electronic balance in the present work. The M- 290.7° 
curve lies far below the G- 290° curve. At higher 
temperatures the J- 364° curve was obtained by 
Jellinek for a polystyrene sample (Fn), prepared 
without catalysts and having a molecular weight of 
200,000 [13 , 14]. He used a quartz spring balance. 
Curves M- 328°(345°) and M- 348°(365°) were ob
tained by the present author on a thermally prepared 
polystyrene of molecular weight 230,000, using a 
tungsten spring balance [1]. Position of J- 364° is 
close to that of M- 328°(345°) and is far below that of 
M- 348°(365°) curve. Thus J ellinek's temperature 
reading is about 300 to 32 ° higher than that of the 
present author and about 50° higher than that of 
Grassie and Kerr. 

In the case of poly(a-methylstyrene) Jellinek [14] 
pyrolyzed a 70,000 molecular weight sample in the 
quartz spring apparatus and obtained a volatiliza-
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FIGURE 19. Comparison of results obtained by val'ious inves
tigat01's on thermal degradation of polymers at various tem
peratures. 
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in front of each temperature refer to the investigators: G, Grassie; J , Jellinek; 
M , M adorsky. TemperatlU'es in parentheses are ullcorrected temperatures 
obtained in the spring-balance pyrolysis apparatns. 

tion-time curve shown in figure 18 as J - 281 °. The 
curve M- 247.1 0 is the same as the 247.1 0 curve given 
above in figure 6. Jellinek's temperature reading 
appears to be about 340 higher than the one obtained 
by the present author using the electronic balance. 

It is believed that the principal reason for the 
differences between the various investigators lies in 
measurement of the temperature of the sample. As 
shown earlier in this paper, this measurement is very 
sensitive to the maintenance of a uniform tempera
ture in the zone where the sample and the thermo
couple are located and to the relative position of 
these two in this zone. 

7. Discussion and Conclusions 

A quantitative determination of rates, and conse
quently of activation energies, in the study of 
thermal degradation of polymers by the pressure 01' 

loss-of-weight method is beset by many difficulties. 
The following are some of the more serious difficulties. 

1. Spattering caused by the bursting of bubbles of 
gaseous products of degradation which accumulate in 
the polymer sample. 

2. Delay in the vaporization of volatile products 
due to slow diffusion through the solid or semisolid 
polymer. 
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3. The difficulty of maintaining a uniform temper
ature through the polymer sample due to its poor 
heat conductivity. This is further aggravated by the 
fact that the degradation reactions involved are 
endothermic in most cases. 

4. The difficulties associated with measurement of 
temperature. 

5. Uncertainties in temperature and rate observa
tion during the initial heating-up period. 

With regard to points 1, 2, and 3, the difficulties 
were reduced to a minimum in the present work as 
well as in the earlier work by limiting the weight of 
the samples to about 5 mg or less. As to point 4, 
precautions were taken in the present work to obtain 
a uniform temperature in the region where the 
thermocouple and the sample are located in close 
proximity to each other. The difficulties encountered 
during the initial stage of degradation, referred to in 
point 5, were reduced in this work to a minimum by 
operating at low temperatures, so that very little loss 
by volatilization took place during the 15-min heating
up time. 

A study of rates of degradation at low tempera
tures, in conjunction with automatic recording of 
loss of weight and of temperature, not only l'I:'llders 
the observations more accurate, but also reveals 
details that are otherwise masked by a rapid rate of 
volatilization at high temperatures . This is partic
ularly true for polyethylene and poly (a-methyl
styrene) where the actual in itial rates of degra.da
tion are very high . 
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