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Thermal Degradation Kinetics and Surface
Pyrolysis of Vinyl Polymers

G. LENGELLE*
University of California, San Diego, La Jolla, Calif.

Explicit expressions are obtained for the surface regression rates of pyrolyzing vinyl poly-
mers. Thermal degradation of the polymer in a subsurface reaction zone is assumed rate
limiting. Emphasis is placed on determination of the proper degradation mechanism (e.g.,
mode of initiation and magnitude of the kinetic chain length compared to the degree of poly-
merization), development of kinetic data, and derivation of corresponding expressions for the
rate of mass loss. The method of calculation is based on a matched asymptotic expansion
scheme, with the nondimensional activation energy, 8 = E/R°TS ^> 1, treated as the expansion
parameter. Results are displayed for polytetrafmoroethylene and compared to experi-
mental results with fair success for polymethylmethacrylate and polystyrene.

Nomenclature
A = [A#s(<?o + NWW*5 exp[Sw(l - 7)]
B = pre-exponential factor in rate constants, sec ~l

c = specific heat at constant pressure
d = thermal diffusivity deep within polymer
E = activation energy in rate constants, cal/mole
8 = E/RTS, nondimensional activation energy
F =8(1 — 0), inner variable
G = function defined after Eq. (47)
h = specific enthalpy
hi0 = enthalpy of formation of species i at Tm
H = h/cpa>Ts nondimensional specific enthalpy
AH = Hm - Hp
K = thermal degradation rate constant, polystyrene, Eq. (10)
Kr = thermal degradation rate constant, teflon, Eq. (3)
ki = rate constant for initiation at chain ends, PMMA, Eq. (1)
ksc = random scission rate constant, polystyrene, Eq. (11)
kw = weak links scission rate constant, polystyrene, Eq. (15)
I — d/r, width of the conduction region
Mm — monomer molar mass
m = mass of sample in isothermal bulk degradation
niQ = initial mass of sample in isothermal bulk degradation
Nw = number of weak links per monomer unit, polystyrene,

Eq. (18)
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n = order of the degradation reaction, Eq. (26)
P = degree of polymerization
PO = initial degree of polymerization
Pc = critical chain length, at or below which the chain evapo-

rates rather than being further degraded
Pk = kinetic chain length
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r = surface linear regression rate, cm/sec
(R2 = nondimensional regression rate, Eq. (27)
.R0 = universal gas constant
T = temperature, °K
t = time
Vi — velocity of species i with respect to that of nondegraded

polymer
= Vi/r
= physical coordinate, normal to regressing surface, >0 into

gas phase
Y =

= EPS/ESC
= BPS/BSC
= EPS/EW
= Bps/Bw

+ vi)
= coefficient of thermal conductivity
= X/X^
= FS, inner coordinate
= rate of production of species i, g/sec cm3

= <oid/r*ppoo
= density
= T/TS

Subscripts
i = any species present in the sample
m = monomer
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p = polymer (nondegraded or nonvolatilized)
pm = polymethylmethacrylate (PMMA)
ps = polystyrene
sc = random scission component, polystyrene
s = surface
w = weak links scission component, polystyrene
T •= polytetrafluoroethylene (teflon)
0 = initial conditions in bulk degradation
co = conditions deep within sample

Introduction

DATA on the steady-state linear surface regression rates
at measured surface temperatures, for materials ex-

posed to intense surface heating, have been obtained by
pressing the sample against a heated plate1'2 and by im-
mersing the sample either in the exhaust jet of a rocket
motor3 or in a jet of oxygen that burns with the pyrolysis
products.4 The surface temperature is measured by a
thermocouple that is either imbedded in the hot plate1 or
interposed between the hot plate and the sample surface,2

or it is inferred by monitoring the thermal radiation from the
sample surface.3'4 Occasionally, the temperature profile
in the sample is measured by imbedded thermocouples.4

Because of their interest as binders in composite propellants
and as ablative protection materials, vinyl polymers have
frequently been used in these experiments. Results are
available mainly for polymethylmethacrylate (PMMA)1-2-4

and polystyrene.2-3 These results have been interpreted as
indicating that the rate limiting process is desorption from the
surface of monomer units created in the subsurface thermal
degradation of the polymer.1-3'4 On the other hand, some
authors have attempted to obtain mathematical expressions
for the dependence of surface pyrolysis rate on surface
temperature by assuming that the rate limiting step is the
thermal degradation of the polymer in a subsurface reaction
zone.5"8 In particular, it has been shown from one such
result6 that the apparent activation energy for PMMA,
obtained from surface pyrolysis experiments, is in rough
correspondence with results of isothermal bulk degradation
experiments.

Unfortunately, the theoretical expressions developed
previously for regression rates controlled by in-depth re-
actions, suffer from rough approximations, the importance
of which is difficult to assess. The present study is intended
to obtain explicit relations between surface regression rate
(as limited by the thermal degradation of the polymer) and
surface temperature, which are rigorously valid in the limit
of large activation energy.

The relations will be developed using a matched asymptotic
expansion scheme. Results will be obtained for the general
case of a degradation reaction of order between 0 and 1 with
respect to the mass of nondegraded polymer and will be
applied to the cases of PMMA and polytetrafluoroethylene
(teflon). Comparison with experimental results will be
given for PMMA; apparently no direct measurements of
the surface temperature have been performed for ablating
teflon. Since experimental results on surface regression of
polystyrene are available, a theoretical regression rate
relation will be developed for this polymer, taking into
account the detailed degradation reaction mechanism in-
ferred from extensive isothermal bulk degradation studies.

I. Isothermal Bulk Degradation Results

The first task is to obtain kinetic expressions from homo-
geneous isothermal bulk degradation data. Although text-
books9-10 have been written on thermal degradation of
polymers, there is still controversy over mechanisms and rate
constants. Different types of mechanisms and corresponding
mathematical rate expressions may be found in Refs. 9-13.
Degradation is believed to involve depolymerization initiated
at chain ends, at random points along the chain, or at isolated

"weak links/' Free radicals formed during initiation cause
chain propagation ("unzipping"), characterized by the
kinetic chain length Pk (number of monomer units produced
on the average for one initiation). Termination of propaga-
tion occurs where the free radical is stabilized. This mech-
anism can be complicated by intermolecular transfer, wherein
a free radical is stabilized by abstracting an H atom from a
nearby inactive chain and thereby breaking the latter at
random, or by intramolecular transfer, wherein a free radical
combines with an H atom from its own chain, resulting in
products larger than a monomer unit. The mechanisms of
thermal degradation differ from one polymer to another
essentially because of the mode of initiation and the mag-
nitude of the kinetic chain length compared to the degree of
polymerization.

Polymethylmethacrylate (PMMA)

Observation of residue molecular weight vs extent of
volatilization, initial rate of volatile formation vs initial
molecular weight, and products of degradation (almost
exclusively monomer, at least up to 800° C)10 suggest that
the thermal degradation of PMMA involves initiation at
chain ends, unzipping, insignificant intermolecular transfer
and second-order termination.9 The kinetic chain length is
found to be fairly large (2 X 103 or higher at a temperature of
220°C).9

When the initial degree of polymerization is less than the
kinetic chain length, the rate of mass loss has been expressed
as9

— dm/dt = kim

ki = Bpm exp(-Epm/R°T) = 2.82 X 109 exp(-31,000/
R°T), sec"1 (1)

where ki is the rate constant for the initiation at a chain end.
In comparing experiment with theory Gordon14 finds

kf = 109-0±1-5 exp[-(29.6 ± 4.4) X 103/#°T], sec"1 (2)

which brackets the result given in Eq. (1). Although no
mention is made of the degree of polymerization for the
samples used in surface pyrolysis,1>2-4 it seems safe to assume
that Eq. (1) will apply.

Polytetrafluoroethylene (teflon)

Reference 15 gives evidence that the product of teflon
degradation is essentially monomer (in the range 360-510°C).
This finding is supported by Ref. 10 (in the range up to
800°C). Intermolecular transfer does not occur. Initiation
occurs at random along the chains and is followed by un-
zipping with a fairly short kinetic chain length and term-
ination by disproportionation. Over most of the conversion
to monomer the rate of mass loss is first order and can be
expressed as15

-dm/dt = mK', K' = BT exp(-ET/RQT) = 3 X 1019 X
exp(-83,000/#°r), sec"1 (3)

These conclusions are also reached in Ref. 10, where Kf

is given as

K' = 4.7 X 1018 exp(-80,500/R0!T), sec-1 (4)
Equation (3) can be confirmed theoretically by assuming an
initial degree of polymerization much larger than the kinetic
chain length.15 Under these conditions K', a combination of
initiation, propagation and termination rates, is independent
of the initial degree of polymerization.

Polystyrene

Contradictory results and interpretations have been re-
ported concerning polystyrene degradation. This somewhat
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lengthy section should illustrate the problem. The main
features of the isothermal experimental results for poly-
styrene are as follows.

1) The products of the thermal degradation of polystyrene
are mainly monomer (-40% in weight), dimer, trimer, and
tetramer in the temperature range up to 500° C.10-16

2) The molecular weight of the residue initially drops very
sharply and then more gradually as volatilization pro-
gresses.16'17 Furthermore, for a given initial degree of poly-
merization, the curve of residue molecular weight vs extent
of volatilization is fairly insensitive to temperature changes.17

3) A plot of the rate of production of volatile products, at a
given temperature, vs extent of volatilization shows a pro-
nounced maximum at about 30-40% volatilization16-17;
the maximum increases as the temperature increases.16

Jellinek9 explains 2 as a result of the rapid breaking of a
finite number of weak links distributed at random over the
polymer chain backbone. This is followed by the true
depolymerization reaction, characterized by initiation at
the chain ends and unzipping with a short kinetic chain
length. This true depolymerization is described by a
zero-order reaction rate as follows. Letting the effective
degree of polymerization, after all weak links have been
eliminated, be P/ = Po/(l + WQ), where wo is the number of
weak links in a polymer chain of length PQ, we have mo/
PfMm chains in the sample after the initial breakdown.
Since P/ y> Pk, the number of chains remains constant
during most of the reaction. The rate at which chain ends
are activated is k#no/PfMm. For each activated chain end,
Pk monomer units on the average are produced. Therefore

dm/dt = -( (5)

Jellinek,9 disputing 3, maintains that his experimental
m(t) results, for a given temperature, are straight lines over
most of the reaction and therefore imply a zero-order reaction,
in agreement with Eq. (5). From these results he finds

Pkki = 3.54 X 1013 exp(-44,700/^°I7), sec'1 (6)

which can be used only if the mechanism proposed by Jellinek
and Eq. (5) are accepted.

Alternatively, in Ref. 13, observations 1-3 are explained by
a process of depolymerization due to random initiation
along the chains, unzipping with a very short kinetic chain
length, and an important contribution from intermolecular
transfer, resulting in further random scission of the chains.
An added feature (introduced in Ref. 18) is the postulate of a
critical chain length Pc at, or below which the chain will
evaporate rather than be further degraded. The value of
Pc is given approximately19 by Pc = Eb/Ev, where Ev and
Eb are, respectively, the energy required to evaporate one
monomer molecule, and the energy to break one C—C bond
in the corresponding polymer backbone. The results ob-
tained in Refs. 13 and 18 can also be derived from Ref. 8.
If kr is the rate constant for random splitting (combining
random initiation and intermolecular transfer) of any one
bond, then the rate of mass loss is obtained as13

-mo~ldm/dr = (1 + PC)PC exp(-Pcr)(l - e~T),
r = krt (7)

which possesses the maximum value PC[PC/(PC + l)]Pc at

mo — m 2PC)
max (1 ~~r PC)

(8)

For any reasonable choice of Pc, this maximum occurs at13

(mo — m)/m0 ~ 25%. Also, the degree of polymerization of
the residue for such a process is found18 to drop sharply as
volatilization progresses. Therefore Eq. (7) would offer a
qualitative explanation of the observation on polystyrene.
Accepting this explanation, we can use the value Pc « 7
(Ref. 9, p. 100) and the maxima observed at several tem-

peratures in Ref. 16, to obtain from Eq. (7) evaluated at the
maximum, the result

kr = 1.54 X 1014exp(-55,000/^°77), sec-1 (9)

A third view is-held in Refs. 17, 20, and 21. The idea of
rapid breaking of weak links is revived to explain observation
2. Breaking of the weak links is considered to result in
stable molecules by disproportionation. The volatile prod-
ucts arise from unzipping initiated at chain ends, the
products larger than monomers being due to intramolecular
transfer. A maximum in the rate curve occurs because new
chain ends are continually created by breaking of the weak
links, until they are exhausted. Random scission by inter-
molecular transfer is ruled out as a cause of the initial sharp
molecular weight drop by showing21 that the molecular
weight drop can be separated experimentally from the
production of volatiles which presumably promotes inter-
molecular transfer as a by-product of unzipping. In Ref. 20,
the weak links are postulated to represent abnormalities in
the disposition of the elements in the chain, rather than
inclusion of oxygen.9 If this mechanism is correct, then
neither Eq. (5) nor Eq. (7) can be used. Reference 22,
however, offers a theory which fits the conclusions of Refs.
17, 20, and 21.

For a second-order termination of the chain propagation
reaction, under the assumption PQ ̂ > Pk, the rate of mass
loss is expressed as22-11

-dm/dt = mKq1'2 (10)

where K is a combination of initiation, propagation and
termination rates, and q = P~l. Although Eq. (7) applies
only for isothermal systems,13'18 Eq. (10) is applicable under
nonisothermal conditions, as well as in the presence of
intramolecular transfer.22 Equation (10) must be coupled
with an equation for the rate of change of q. To explain the
sharp drop of molecular weight, Ref. 22 considers three
possible components added to end-initiated unzipping, viz.,
a random scission, weak links scission, or intermolecular
transfer scission. In the case of a random scission component,
the equation for the rate of change of q can be found to be22'11

dq/dt = ksc(l - q) (11)

Equations (10) and (11) predict curves of q vs m/mo and
dm/dt vs m/mo which agree with observations 2 and 3 of
Ref. 14. The last part of observation 2 is explained by
assuming that the activation energies for K and ksc are fairly
close.

Gordon23 states without proof that a weak links scission
theory should fit the observations as well as Eq. (11). An
equation for q for this case can be derived as follows. If on
the average there are w weak links and n normal bonds per
original chain at some time t during degradation, then the
number of monomer units that have been produced is (no —
n)moqo/Mm, since scission of weak links does not result in
monomer formation17 and since moqo/Mm is the number of
original chains in the sample. For P0 ^> Pk, it then follows
that

m — mo — (UQ — n)moqo « nmoqo (12)

since no ~ g"1. The number-average degree of polymerization
of the residue is (Ref. 9, p. 15)

= m[(s — (mQ — m)] (13)

where s = (WQ — w) + (no — n) is the number of bonds broken
per original chain. In view of the first identity of Eq. (12),
Eq. (13) can be written as

q-i = m[moq0(l -f Nw/q0 - w)]~l (14)

where the original number of weak links per monomer unit is
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Nw = q0WQ. The rate at which weak bonds are broken is

— dw/dt = kww (15)

from which w can be eliminated by use of Eq. (14) to obtain

d(mq)/dt = w — mq) (16)
Equations (10) and (16) constitute the two independent
differential equations which describe the time development of
m and q in the weak links scission theory.

If no normal bonds are broken, then m = ra0, and Eq.
(16) becomes

dq/dt = kw(qQ + Nw - q) (17)

from which it is seen that q increases to go + Nw when all
weak links are broken. Since the initial sharp drop in
molecular weight is interpreted in Ref. 20 as breaking of weak
links with little volatilization, the number of weak links per
monomer unit can be estimated from g0 and g/, the value
of q after the sharp initial drop; the result is Nw = qf — g0,
which is found20 to vary between about 10~4 and 8 X 10~4,
depending on the mode of polymerization and on go- If no
weak bonds are broken, then kw = 0 and, from Eq. (16), one
obtains mq ^ const, which predicts a linear relationship
between P and percent volatilization, a fact which is observed
for PMMA of high-molecular weight (Ref. 9, p. 68) and
apparently also is observed for polystyrene after all weak
links have been eliminated.21

From Eq. (10) applied initially, a knowledge of go and the
data of Ref. 16, the value of K can be obtained as

K = Bps exp(-Eps/R°T) = 4.6 X 1017 X
exp(-58,000/E°T), sec'1 (18)

Although no data has been published for kw, its value can be
estimated from P(i) curves for different temperatures given
in Ref. 17; at very small times Eq. (17) is applicable and
reduces approximately to g — go ~ Nwkwt, in which Nw
can be evaluated from Ref. 20, and for which a 40° C tem-
perature increase can be introduced as a correction to the
q(t) curves,20 to obtain

kw = Bw Qxp(-Ew/R°T) = 1.8 X 1019 X
exp(-65,000/#°T), sec-1 (19)

If the random scission component theory is accepted, then
at small times g — go ~ ksct, and the data implies

ksc = Bsc zxp(-Esc/RQT) = 7.8 X 1015 X
exp(-65,000/#°T), sec"1 (20)

It is found that indeed Ew, or Esc, is close enough to Eps to
explain the latter part of observation 2 according to the
results of Ref. 22. Although the weak links component
theory developed herein agrees well with the experimental
results,17'20-21 since most investigators favor the random
scission component theory,10 both will be applied to poly-
styrene surface regression rate computations.

II. Surface Regression Rate Computation
General Equations

During steady linear regression there exists a coordinate
system in which time derivatives vanish from the conservation
equations. Letting y denote the coordinate normal to the
sample surface in this system, with y > 0 corresponding to
the gas phase, we find that species and energy conservation
equations can be written as

rdpi/dy = —d(piVt)/dy + o>; (21)
and

(dT./dy) £ Ptf.-fr + Vt) = d(\dT/dy)/dy - £ h&t (22)

where symbols are defined in the nomenclature.
A suitable nondimensional form for Eqs. (21) and (22) is

and

= -d(KiVi)/dY +

TdQ/dY = d(Ade/dY)/dY -

(23)

(24)

where K» = pi/ppos, Vi =s Vi/r, Qt- ̂  wApoo/cpooppoo
2r2, 9 SEES

T/TS, r =3 Wi(ci/cpa>)(l + Vi), A EES X/XPOO, Hi = hi/cpmf.,
and FssyrCppCp/Xp)*.

If no significant degradation of the polymer were to take
place, and if pp, cp and \P were not to change appreciably,
then Eq. (24) would possess the simple heat-conduction
solution

9 = exp(7) (25)

Rate of Mass Loss for Order between 0 and 1

For a reaction of order n,

o>p = -com = -Bpp
n exp(-#/#°!F), 0 < n < 1 (26)

PMMA and teflon correspond to n = 1, whereas polystyrene
is somewhat more complicated. The nondimensional regres-
sion rate R is defined by

where 8 = E/R°TS. If we assume that vp = 0, then Eq.
(23) for i = p and Eq. (24) become

dKp/dY = - exp[8(l -

and

Tde/dY = d(AdQ/dY)/dY - A#KP»(8/(R2) X
exp[8(l -

(28)

(29)

respectively, where A# SEE Hm — Hp may depend on 6.
Although thermal expansion of the solid in the heated

reaction zone will cause vp > 0, this effect should be negligibly
small since one expects small fractional changes in specific
gravity, giving Vp <<C r and therefore vp <3C 1 in Eq. (3). On
the other hand, in the hotter parts of the reaction zone, the
abundance of either high-pressure or high-velocity gaseous
products may physically detach polymer particles from the
undegraded substrate and rapidly accelerate them to vp ^> 1.
For this reason, Eq. (28) is best viewed as describing polymer
regression under conditions such that the condensed phase
remains intact until vaporizing. High tensile strength
of condensed polymer and the absence of foam or fizz zones
would favor small vp. Of course, the results should be
qualitatively correct if vp < 1.

In practice, 8 is always large enough that an asymptotic
expansion in this parameter can be performed. From Eq.
(29), when 9"1 — 1 = 0(1) the contribution of the chemical
production term becomes negligible, the amount of volatiles
produced is negligible and Eq. (29) becomes

dQ/dY = d29/dY2 (30)

where it has been assumed that all properties of the polymer,
prior to effective degradation, are constant. However,
when G is sufficiently close to 1, so that 1 — 9 = 0(8-1),
the chemical production term must be taken into account.

A matched asymptotic expansion scheme is therefore in-
dicated. In the outer region, 0 and Y are the variables and
Eq. (30) is the differential equation. In the inner region,
F = 8(1 — 9) and 17 = Y/(8) are the variables of order unity,
with /(8) -> °° as 8 -> °°, and the differential equations ob-
tained from Eqs. (28) and (29) are

-^l + 0(8-')] (31)
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and

/J) f r _ £ (A f
o2 dr} drj \ dy

(32)

Only the choice /(£) = 8 leads to a physically meaningful
solution. If F is of order unity, then to lowest order the inner
equations become

and

where the assumption A = 1 has been introduced for the
sake of simplicity (typically thermal conductivities of poly-
mer and gaseous products are both of order 10~4 cal/sec
cm°K).

It may be noted that in lowest order heat convection and
heat conduction occur in the outer zone [Eq. (30)], polymer
convection and polymer consumption occur in the inner zone
[Eq. (33)], and heat conduction and chemical consumption of
thermal energy occur in the inner zone [Eq. (34)]. Heat
convection is negligible in the inner zone to order 8"1, and
diffusion of polymer and of degradation products is negligible
everywhere to order S"1. This last result stems from the
previously discussed assumption vp = 0, which removes the
diffusion term from Eq. (33), and from the assumption
F = 0(1), which pushes the left-hand side of Eq. (32) to
higher order. If d = cpco for all species, then F = S,-K» X
(1 + Vi) = 1 by mass conservation, thereby proving the
ordering F =0(1). In fact, reasonable departures from
equal specific heats do not affect F greatly. For example, for
a polymer-monomer binary system with vp = 0, mass conser-
vation shows that F can be written as F = cm/cpm + KP(CP —
cm) Aw which is of order unity for any realistic choice of
properties.

The outer solution, from Eq. (30), is
_, f\ | f^l Y /'QF\\

outer — "oo I v/lC WW

By matching of inner and outer solutions, Ci and a boundary
condition for Eq. (34) are obtained. Thus, the expansions
Oouter ~ Ora + Ci(l + TyS-1 + . . .) and einner ~ 1 - S"1 X

lim F require that Ci = 1 - G«, and (F/rj)m = G«> - 1.

Other boundary conditions for Eqs. (33) and (34) are F(Q) =
0, KP(— oo) = 1 and Kp(0) = KP ) S , where K.P>S will be assumed to
be prescribed.

From Eqs. (33) and (34) it can easily be shown that

KP = (dF/drj + C2)/A#S (36)

where C2 is obtained from the boundary conditions at 77 —>
— o°, viz., <72 = A#s + (1 - Goo) > 0. Substituting Eq.
(36) into Eq. (34), one derives d^F/dy2 = -De~F(dF/drj +
C2)w, where D ̂  A/L^V^2- Letting g = dF/drj + C2,
and looking for g as a function of F, we obtain

(g - = -De~FdF (37)

For 0 < n < 1, Eq. (37) can be integrated readily between
the appropriate values of g and F at 77 = 0 and TJ —> — °° ,
yielding

- n)} X
n - gs

l~n) = - (38)
where the boundary conditions on F have been applied.
Since the boundary conditions on g are gm = AHS and gs =
&HsKPl,, we find from Eq. (38) that

<R2 = (2 - ri)(l - n)[A#s(l - Kp,s*~")(n - 1) +
(A#. + 1 - Goo) (2 - n)(l - K^1-")]-1 (39)

0.02 0.04 0.06 0.08

POLYMER WALL CONCENTRATION,

0.10

Fig. 1 Nondimensional regression rate vs. reaction order
and polymer surface concentration.

For n = 1, the integral of Eq. (37) is

so that

= -D

(R2 = [-(Aff. + 1 - Go,) ln/cp>s - A#.(l -

(40)

(41)

Equations (39) and (41) constitute the asymptotic formulas
for the regression rate that we intended to derive.

It may be noted that if one lets KP,S -*• 0 in Eq. (39), then
(R2 approaches a finite limiting value that constitutes a
logical definition of the regression rate for 0 < n < 1. On
the other hand, in Eq. (41) (R2 ->• 0 as KP>S ->• 0. Physically
this means that an infinite amount of time is required to
eliminate all polymer for a first-order degradation reaction,
and consequently the surface does not regress if its location
is defined by KP>S = 0. For n = 1, the physically correct
definition of the surface location must therefore correspond
to a small nonzero value of Kp,8. Fortunately the value of
(R2 is not strongly dependent on KPt8 for small values of
KpjS when n = 1, as may be inferred from the representative
curves shown in Fig. 1, where (R2(0,0) = (A#s/2 + 1 —
Goo)"1. For n = 1 we have arbitrarily selected KP>S = 0.01.

Polystyrene, Weak Links Scission Component

For polystyrene, regardless of the scission mechanism,
Eqs. (10) and (18) yield

= -Bp (42)

which may be substituted into the definition of Q» in Eqs.
(23) and (24). It is seen that these equations now contain
the addition quantity g = P"1, for whose rate of change an
additional equation must be written. For weak links scission,
Eqs. (16) and (19) imply that this additional equation is

p)/dy = Bw Nw - (43)

After nondimensionalizing, we find that Eqs. (30) and
(35) still describe the outer solution; the only modifications
occur in the inner reaction zone. We define (R2 by Eq. (27)
with n = 1 and with Bw and £>w, treat 8ps as the expansion
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Fig. 2 Regression rate vs surface temperature, teflon.

parameter so that 0 = 1 — F&ps~l and 77 = FSps, introduce
the parameters 7 = Eps/Ew and d £=3 Bps/Bw, and use q EE=
</K2>/(#o + Nw) as the third dependent variable. The inner
equations which correspond to Eqs. (33) and (34) are then
found to be

(44)

(45)

and

dq/drj = - g)/7(H2 (46)

where A ES [AHs(qQ + Nw)]ll*d exp[8w(l - 7)].
It is found from Eqs. (44) and (45) that Eq. (36) again

relates KP to F, with the same value for (72- The variable q
can be related approximately to KP by dividing Eq. (44) by
Eq. (46), ignoring the factor exp[(7~] — T)F] on the grounds
that 7 is close to unity, and then integrating from — °° to 77.
The result is

2(<?1/2 - g^} = -A[G(q) - G(q0)} (47)
where

and where g = &HSKP is defined above Eq. (37). Writing
Eq. (46) as

with g(q) obtained from Eq. (47), we can integrate from 77 =
— oo to rj = 0 in order to obtain an expression for (R2. The
result is

(R2 = {(A#s + 1 - 9«) ln[(l - §0)/(1 -qs)]~ I}'1 (48)

where

Since g(q) is known, Eq. (48) constitutes the required the-
oretical expression for the regression rate.

To use Eq. (48), the surface yalue qs must be specified.
From Eq. (48) it is seen that a meaningful solution is ob-

tained only if qs < 1. Since sufficiently small chain frag-
ments vaporize readily, we define a critical degree of poly-
merization PC at the surface. Then, by definition, qs = Pc~l,
and therefore KP,S = qs(qv + NW)PC according to the definition
of q. Since gs = KpjSAHs, Eq. (47) can be evaluated at
77 = 0 to effect elimination of KPi8j thereby providing an equa-
tion for qs. Since qs is expected to be very close to unity, we
set qs = 1 — e, assume e « 1, and expand Eq. (47) to obtain

^-U + m2 - 2] (49)

In Eq. (49) the value of A is rather small while all other terms
are of order unity, so that e is indeed small. Having deter-
mined qs from Eq. (49), we can evaluate 7 by numerical
integration and then compute the regression rate from Eq.
(48).

Since Eq. (47) implies that we can write 7 in the form

A/ ^
an upper bound for 7 is easily found to be -fA "^o"172 A7fs

3/2.

Polystyrene, Random Scission Component

For random scission Eqs. (11) and (20) imply that Eq.
(43) must be replaced by

= Bscexp(-Esc/R°T)(l - q). (50)

Aside from this change, the situation is entirely analogous to
that of the weak links component. We now employ Bsc
and Ssc for defining (R2 in Eq. (27), and we again treat &ps as
the expansion parameter. With the definitions a = Eps/
Esc, ft = Bps/Bsc and C = ft exp[8sc(l — a ) ] , one finds, by
proceeding in a manner analogous to that of the previous
section, the result

(R2 = .{(A#, + 1 - 0G

(51)

where

^ CQs(l -
•/ (Zo

- G(q)]}dq

Here G is the function defined after Eq. (47) and qs is to be
equated to Pc~l- The integral J must be evaluated num-
erically. When this is done, it is found that the J term is
negligible compared with the others in Eq. (51). A con-
sequence of this result is that the regression rate for the
random scission component, unlike that for the weak links
component, becomes independent of the initial degree of
polymerization when P0 » 1.

III. Comparison with Experimental Data

Theoretical results for polytetrafluoroethylene are dis-
played in Fig. 2, as obtained with the data of Table 1 and
with the two alternative rate coefficients given in Eqs.
(3) and (4). Equations (27) and (41) for a first-order reaction
with KpjS = 0.01 were used in the computation. There
seems to be no experimental regression rate data with which
Fig. 2 can be compared. The results are shown in the range
of ablation applications, viz., Ts around 1000°K and r around
0.01 cm/sec. According to Eq. (3), these results do not
depend on the initial degree of polymerization.

In Fig. 3, theoretical results from Eqs. (27) and (41) are
shown for PMMA, using the data of Eqs. (1) and (2). These
results are found not to be dependent on the initial degree of
polymerization, so long as it is not too large (P0 < 2 X 103).
At higher degrees of polymerization Eq. (1) becomes in-
applicable. Experimental data plotted in Fig. 3 are taken
from Ref. 2, in which the hot plate technique was used at
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Table 1 Data used for regression rate computation

cp(T\ cal/g°K

Teflon PMMA Polystyrene
Ppco

Cpooj

XpooM!
PC
hm°

cm(.

, g/cm3

, cal/g°K
, cal/sec cm°K
n2/sec
,,, gr/mole

- V, cal/g

Z7)(gas), cal/g°K

2.1 - 2.3 (Ref. 24)
0.25 (Ref. 24)
6.34 X 10 ~4 (Ref. 25)
1.2 X 10~3

100.02 (Ref. 24)

445 (Ref. 5, 28)
(gaseous monomer)

0.193 + 1.35 X 10~4(T - 300)

1.18 - 1.19 (Ref. 24)
0.35 (Ref. 24)
5.0 X 10~4 (Ref. 26)
1.21 X 10~3

100.11 (Ref. 24)

130 (Ref. 27)
(liq. monomer)

?

1.05 - 1.08 (Ref. 24)
0.32 - 0.35 (Ref. 24)
2.78 X 10~4 (Ref. 27)
0.83 X 10-3

104.14 (Ref. 24)
7 (Ref. 9, p. 100)
167 (Ref. 27)

(liq. monomer)
0.29 + 5.6 X 10~4(r - 300) (Ref. 29)

(Ref. 28)
0.254 + 3.36 X 10~*(T - 300)

(Ref. 15)
;as) - Mliq.)]r«,> cal/g

', cal/g 445 - 6.1 X 10~2(^ - 300) -
10~4(T - T^Y

92 (Ref. 29)
222«

0.32 + 9.65 X 10-4(T - 300)(Ref. 27)

105 (Ref. 29)
272 - 3 X W~2(T - 300) -

2 X 10-4(^ - 300)2

1 Taken at this value for lack of information.

atmospheric pressure and the surface temperature was
measured by a thermocouple interposed between the plate
and the sample surface, from Ref. 1, in which the hot plate
technique was used at atmospheric pressure with a thermo-
couple imbedded in the plate, and from Ref. 4, where sur-
face pyrolysis was obtained by combustion of pyrolysis prod-
ucts with oxygen from an impinging jet. In Ref. 4 the
surface temperature was measured either optically (measure-
ment of thermal radiation) or from temperature profiles
determined by fine thermocouples imbedded in the sample.

Substantial discrepancies appear between theory and
experiment and also among the experiments themselves.
It may be noted that the theoretical curve is found to agree
well with the apparent activation energy of Ref. 2. At a
given temperature, the theoretical magnitude of r is a factor
of 2 below the experimental regression rate of Ref. 2. The
highest theoretical curve falls within the scatter of the
thermocouple measurements of Ref. 4. However, the
theoretical curve does not agree with the optically inferred
activation energy. Reference 4 indicates for this set of
results an apparent activation energy of 35 kcal/mole, which
cannot be accounted for by either the present theory (giving
about 15 kcal/mole) or the desorption theory of Ref. 1
(giving about 9.2 kcal/mole).

It is interesting to note that, in Ref. 4, a "liquidlike" layer
close to the surface of the sample is postulated from the
temperature profile studies. Its extent is also found to
increase with decreasing r. At r = 0.028 cm/sec, Ts = 555°C,
the width of this layer is found to be a few hundredths of a
millimeter. This liquidlike layer might well be interpreted
as the region of effective thermal degradation, the thickness
of which, according to the present theory, is of the order of
(gr)"1^ ~ 2 X 10~2 mm, where the values for PMMA in
Table 1 and the previously stated r and Ts have been em-
ployed. The theoretically predicted effective degradation
region also increases in width as r decreases, in agreement
with the experimental observation.

It is also postulated in Ref. 4 that in hot plate experiments,
since the liquidlike layer is "squeezed," the thermocouple
mounted on the plate might measure a subsurface tempera-
ture in the liquidlike layer. From the present theory, the
drop in temperature within the region of effective degradation
is AT ~ Ts&~1. If indeed the measured surface temperature
Texp can be interpreted as Ts — AT7, then the theoretical
value r in term of Texp would become, from Eq. (27), r2-
(Texp)A2(Ts) « e. In other words, the theoretical curve
would have to be raised by a factor of 1.6 (without affecting
the apparent activation energy) to be plotted in conditions
similar to that of the hot plate experimental data (namely
r vs Texp). This might explain part of the discrepancy be-
tween the theoretical results and the hot plate data 1>2 in
Fig. 3.

In Fig. 4, theoretical results for polystyrene for the random
scission theory [Eq. (51)] and for the weak links scission
theory [Eq. (48) ] are displayed. They are compared with the
experimental data from Ref. 2, in which the hot plate tech-
nique was used at atmospheric pressure with a thermocouple
between sample and plate, and from Ref. 3, where the surface
heating is obtained from the exhaust jet of a laboratory
rocket motor and the surface temperature measured by
infrared radiation monitoring.

The theoretical results show practically no dependency on
PO for the random scission component theory, and some
measure of dependency for the weak links scission com-
ponent theory. Also, in the latter case r increases as Nw is
raised, which is expected on physical grounds. It should
be noticed that an implicit effect of PO exists through Nw,
since Nw is found17 to depend on the initial degree of poly-
merization. The theoretical results for the weak links com-
ponent are in excellent agreement with the data of Hansel
and McAlevy.3 Theoretical results for the random scission
component lie farther from the experimental data of Ref. 3,
a fact which may reinforce the already strong evidence of
Refs. 17, 20, and 21 in favor of the weak links scission com-
ponent.
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Fig. 3 Regression rate vs surface temperature, PMMA.
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Fig. 4 Regression rate vs surface temperature, poly-
styrene.

It is interesting to note that softening and spreading of the
polystyrene sample on the heating element is mentioned in
Ref. 2. This may help to account for the wide divergence of
the hot plate data from that of Ref. 3 and from the theory.
Further support for this view may be provided by the ob-
servation that, as the degree of polymerization and there-
fore the viscosity of the sample increase, the discrepancy
should diminish and the data should tend to approach the
theory, a trend that can be found in Fig. 4.

In summary, although agreement of the present theoretical
results with experiment is of necessity only partial because of
discrepancies among experimental data, nevertheless the
present weak links component theory appears to describe
correctly the regression rate of polystyrene in an ablative
environment. The first-order reaction theory developed
herein for the linear regression rate of polymethylmethacrylate
may or may not be applicable since it yields the correct
activation energy but a regression rate that is somewhat
low. In general, the particular matched asymptotic ex-
pansion scheme derived here for predicting from isothermal
degradation data values of linear regression rates under
intense surface heating, will be applicable to some polymers
and not to others.
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