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Abstract

Thermal decomposition behaviors of a fluororubber are observed with linear heating mode at constant rate, controlled rate
mode and isothermal mode of TG/DTA, and, with isothermal mode of TG/mass-spectrometer. The results suggest that this
material decomposes with, at least, three consecutive reactions. From the results of TG/DTA and TGMS in isothermal mode, it
is considered that the first reaction is the first-order reaction, the second reaction is chain reaction and the last reaction is
vaporization of residue. Supposing these three consecutive reactions, the decomposition behaviors of the rubber is simulated.
The observed curves of fraction of mass loss, o, against time, t, are well reproduced by the simulation. The relationship
between do/dt and o is reproduced also, though the differences between observed and the calculated values of do/dt are
slightly larger than noise level of da/dz. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermogravimetry (TG) is a useful tool for kinetic
analysis of thermal decomposition reactions. If a
material decomposes with a simple reaction and when
the mass loss is observed with conventional linear
heating TG at constant rate (LHTG), a single step
mass loss will be observed. In such cases, kinetic
analysis can be done using the relations between mass
loss, rate of mass loss and temperature obtained with
several heating rates [1-5].
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However, a single step mass loss obtained in LHTG
does not necessarily mean that the decomposition
reaction is a single elementary process. If a material
decomposes with several consecutive reactions and
the differences of activation energies are small, mass
loss observed in LHTG will become a single step
change. If a method of kinetic analysis for a single
elementary process is applied to the data of LHTG
mode of such material, the obtained activation energy
will change with fraction of mass loss. If the condi-
tions of measurements are not adequate, the activation
energy will change with fraction of mass loss also.
Controlled rate TG (CRTG) is a useful tool to distin-
guish these two cases. However, if a material decom-
poses with consecutive reactions, it is difficult to
analyze the results of CRTG kinetically because the
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rate of mass loss for each reaction is not constant. In
order to analyze consecutive reactions Kkinetically,
isothermal TG measurements (iso-TG) are the most
useful method.

The rate equations are written with mole fractions,
in general. On the other hand, only the relations
between the total mass loss, the rate of total mass
loss and time are obtained in iso-TG. Therefore, it is
necessary to relate the mole fractions to the fractions
of mass loss and the fractions of residual mass. To
discuss the relation between total mass loss and each
reaction, simulation becomes necessary. The plot of
the rate of mass loss against fraction of mass loss is
useful to construct the simulation model of the con-
secutive reactions. The data of TG with mass-spectro-
meter (TGMS) is a powerful tool too.

It is found that a fluororubber decomposes with
several consecutive reactions. The thermal decompo-
sition behaviors of this rubber were observed with TG
and TGMS. Using the results obtained in iso-TG,
simulation for quantitative analysis was tried. Experi-
mental results and a method for kinetic analysis are
shown in this paper.

2. Experimental

The sample used is a crosslinked rubber. Its che-
mical structure before crosslinking is shown below.

R—(—CF(CF3)—CF,—0—CF(CF;)—CF,—), —R

where R is CH,=CH-SiH,—. As this material is
insoluble, there is no further information.

Thermal decomposition behaviors of this material
in nitrogen are observed. The modes of measurements
used are LHTG, CRTG and iso-TG. The thermoba-
lance used in this study is a TG-differential thermal
analysis (DTA) simultaneous apparatus (Thermo Plus
8120, Rigaku Co., Ltd.). Mass spectra of vaporized
materials are observed using Thermo Plus 2/8120D
with mass spectrometer, HP6890-5973A.

Heating rate used in LHTG were 0.5, 1, 2, 5 and
10 K min~'. If the mass of sample is too much, the
heating rate of the sample cannot be kept constant
because of the temperature change by heat of decom-
position reaction [6]. From this reason, the initial
sample mass used were 1.4 mg for 0.5 and 1 K min™',
and 0.8 mg for 2, 5 and 10 Kmin~'. Under these

conditions, heating rates of the samples were kept
constant.

In CRTG mode, the sample was heated with
20 K min~! at first, and then the rate of mass loss
was kept at 0.136% min~'. This was the maximum
rate to keep the rate of mass loss constant. The initial
sample mass was 5.35 mg.

For iso-TG, the sample was initially heated with
20 K min~' and then the temperature was kept con-
stant. The mean temperatures of isothermal measure-
ments were 390.2, 400.7 411.7 and 420.8°C, and the
initial sample mass were between 2.7 and 3.0 mg.
Mass spectra were obtained with isothermal mode of
TGMS (iso-TGMS) at 420°C after heating with
20°C min~'. The initial sample mass was 16.89 mg
and the carrier gas was helium. Mass spectra were
measured every second.

3. Results

The fraction of mass loss, «, is defined as
a=w;—w(?))/(w;—wys), where w; is the initial sample
mass, w(f) is the mass of the sample at time ¢, and wyis
the final residual mass. The fraction of residual mass,
X, is equal to 1 —o. The curve of o against temperature,
T, obtained in LHTG showed a single-step mass loss
and the residual mass was near zero. If the decom-
position proceeds a single elementary process, the
plots of o or X against inverse of 7 can be superposed
if they are shifted along the 1/T axis [4-6]. Fig. 1
shows the result of superposition on the curve obtained
with 2 K min~'. Though all curves are smooth and
show a single-step mass loss, the entire curves cannot
be superposed. Except the region where o is from 0.3
to 0.4, the curves obtained with lower heating rates are
shifted to the low temperature side. This means that, if
a simple reaction is assumed, the obtained activation
energy, E, will show a maximum at «~0.35. Fig. 2
shows the relation between o and T obtained in CRTG
with 0.136% min ™" of the rate of mass loss. This result
cannot be explained by a simple reaction.

If the decomposition proceeds with a single ele-
mentary process, it is possible to superpose the curves
of « against logarithm of ¢ obtained in iso-TG by the
shift along In 7 axis. Fig. 3 shows the result of super-
position. In this figure, the curves obtained at 390.2,
411.7 and 420.8°C are superposed on the curve
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Fig. 1. Plots of « against 1000/T obtained in LHTG. Curves are
superposed to 2 K min~' (solid line) from 0.5 K min~' (dotted
line), 1 K min~" (broken line), 5 K min~"! (dotted broken line) and
10 K min~" (double dotted broken line).

obtained at 400.7°C. As the entire curves cannot be
superposed, the part of curves where o is above 0.5 is
superposed. The value of E of this superposition is
206 kJ mol ", This value will be the mean value in the
region where o is above 0.5.

To analyze the data of iso-TG, the plot of do/d¢
against « is useful. If the decomposition proceeds with
a single elementary process, the curves of do/dr
against o can also be superposed. Fig. 4 shows the
result of superposition to 400.7°C. 206 kJ mol " is
used for this superposition. de/dr has a minimum, a
maximum and a shoulder. Figs. 2 and 4 suggest that
this rubber decomposes with, at least, three reactions.

o
>
3 s
- ! I |
300 400 500

T/°C

Fig. 2. The relationship between T and o obtained in CRTG. do/d¢
was 0.136% min~".

In the region where o is below 0.2, da/dr decreases
linearly with increasing o.. Linear relationship between
do/dr and o suggests that the first reaction is the first-
order reaction. If do/dt is linearly extrapolated to zero,
the mean value of « at the point where do/df becomes
zero is 0.30. However, as the noise level of do/dr is
about £0.02 to 0.03% min ', there is a possibility that
the reaction is of the second order. If the first reaction
is the first- or the second-order reaction, it will cause
the rise of temperature in CRTG curve. The reaction
which shows the maximum in the relation between dao/
dr and «, is chain reaction (autocatalytic reaction) or
random scission of main chain of polymers. These
reactions lower the temperature of sample in CRTG
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Fig. 3. Plots of « against logarithm of ¢ obtained in iso-TG. Curves are superposed to 400.7°C (solid line) from 391.2°C (broken line), 411.7°C

(dotted broken line) and 420.8°C (dotted line).
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Fig. 4. Plots of do/dt against o obtained in iso-TG. Curves are
superposed to 400.7°C (solid line) from 391.2°C (broken line),
411.7°C (dotted broken line) and 420.8°C (dotted line).

mode. do/dt shows a shoulder where o is about 0.8.
The origin of the shoulder will be discussed later.

Many fragments are observed in the mass spectra
obtained in iso-TGMS. For the analysis of decom-
position reaction, the plot of intensity of each frag-
ment against « is useful. This plot shows the relation
between the rate of production of each fragment and o.
The curve of intensity of each fragment against o is
classified into four fundamental types and three com-
plex types. Fig. 5 shows four fundamental types.

The intensity of type A decreases with increasing o.
This behavior corresponds to the decrease of do/dr
observed in iso-TG. The relation between the intensity
of type A and « is almost linear and it does not trail
long. This suggests again that the first reaction is the
first-order reaction. The m/z of the fragment of type A
are 59, 77, 91, 96 and 163. From these values and the
chemical structure of the original polymer, the struc-
tures of the fragments of type A are considered to be
C.Si,H.F,; where a and c are equal to or larger than 1.
This means that the crosslinked structure of vinylsi-
lane decomposes by the first reaction.

The intensity of type B and B’ shows a maximum
and a shoulder. The intensity of the shoulder of type B
is about 0.7 times of peak and the intensity of the
shoulder of type B’ is almost equal to that of peak. The
value of o at maximum intensity is about 0.6 and that
at shoulder is about 0.8. These points correspond to
the maximum and the shoulder of do/df observed in
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Fig. 5. Four fundamental types of the curves of the intensity of
fragments obtained in iso-TGMS against o.

is0-TG. The reaction, which shows a peak in the plot
of intensity of fragment against o, is chain reaction or
random scission of main chain. The m/z of the frag-
ment of type B are 31, 44, 85, 100, 131 and 150. The
miz of type B’ is 69. The structures of fragments of
type B and B’ are supposed to be mainly C;F,0,, and
SiF,..

The intensity of the fragment of type C increases
with increasing «. It is considered that the concentra-
tion and/or quantity of the material, which causes this
behavior, increases when the reaction proceeds, and,
at the same time, it vaporizes. The ‘reaction’ which
shows such behavior is considered to be the vaporiza-
tion of residue. This will be the last ‘reaction’. If the
last reaction is vaporization, it becomes zeroth-order
‘reaction’. The m/z of the fragments of type C are 97
and 147. The structures of the fragments of type C are
supposed to be mainly C;F,0,,. Namely, the structures
of the vaporized materials of the second and the last
reaction are similar. Besides these four types, there are
three complex types, which are A+B, A+B’ and
A+C. The m/z of the fragments of type A+B, A+B’
and A+4C are 81, 47 and 119, respectively.
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About shoulder after peak, there are two possibi-
lities. One possibility is the overlap of the second
reaction with the last, zeroth-order reaction like vapor-
ization. Another possibility is the presence of the third
reaction before the last reaction. If there is the third
reaction, it will be chain reaction or random scission of
main chain. The temperature in CRTG mode becomes
almost constant in the region where « is above 0.6. If
the temperature ascent by the later half of the second
reaction in CRTG mode is canceled by the temperature
descent by former half of the third reaction, the
temperature in CRTG will become almost constant.
There is another possibility. If the first and the second
reactions in CRTG mode proceed faster than iso-TG
mode because of temperature ascent, and if the last
reaction is zeroth-order, the temperature in CRTG
mode will also become almost constant. In the follow-
ing treatment, supposing that this fluororubber decom-
poses with three consecutive reactions, the relation
between o, do/dt and ¢ are discussed quantitatively.

4. A trial of quantitative analysis

When a material decomposes with several conse-
cutive reactions, simulation will be a useful tool to
analyze the decomposition behavior. The reaction
model used for simulation is as follows: The starting
material A decomposes into R; and P; by the first
reaction (reaction 1), and P, vaporizes. By the second
reaction (reaction 2), R; decomposes into R, and P,
and P, vaporizes. By the third reaction (reaction 3), R,
vaporizes. To distinguish vaporized R, from residual
R,, vaporized R, is written as Ps.

The reactions above described and mass fraction of
related materials are expressed as follows:

X C Ci

Reactionl: A —R;+P; 7
) X, G G
Reaction2: R; — Ry +P, T
X3 C3
Reaction3: R, — P37

where X, X, and X3 are the mass fractions of the
residual A, R; and R,, and, C;, C, and C5 are the
conversions of Py, P, and P; at 7, respectively. If
the following reactions do not occur, the conversions
of R; and R, are equal to C; and C,, respectively.

The rate equation is usually expressed with mole
fractions. TG gives only the information of total mass
and the rate of total mass loss. Therefore, it is neces-
sary to convert mole fractions of components in rate
equations to mass fractions, and to describe total
fraction of mass loss with mass fractions of compo-
nents.

Considering the material balance of above reac-
tions, the relationships between mass fractions are
expressed by the following equations (see Appendix
A):

o=aiCy+aC; + a3C3 (D
Xi+C=1, %X +CG=C, X3+CG=C (2
X=X+ (@m+a)Xx+aXs=1—a 3)

where ay, a, and aj are the fraction of total mass loss
for each reaction.

Only when coexisting materials do not influence the
reactions, the rate equations are described with mass
fractions. If coexisting materials influence the reac-
tions, the rate equations are described with mole
fractions. To analyze the results of thermogravimetry
kinetically, it is necessary to describe mole fractions
with mass fractions. The relationships between the
mass fractions and the mole fractions of A, R; and R,
are expressed by following equations (see Appendix
A):

X
na = ! (4)
X1 + N1 Xy + N3X;3
N X
ng, = S (5)
X1 + N1 X5 + N3X;3
N> X
nR, S (6)

- X| +NiX; + N:X3

where na, nr, and ng, are the mole fractions of A, R,
and R,, respectively. As the materials in the sample do
not influence the vaporized materials, the mole frac-
tions of vaporized materials are equal to mass frac-
tions. Namely, the mole fractions of P, P, and P3
vaporized till ¢, np,, np, and np, are equal to C;, C, and
Cs;, respectively (see Appendix A).

As described before, reaction (1) is considered to be
the first- or the second-order reaction. If reaction (1) is
the second-order reaction, or, if it is influenced by
coexisting materials, the rate of reaction (1) becomes
too slow, and reaction (1) does not end within the time
that the decomposition reaction was observed. There-
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fore, it is concluded that reaction (1) is the first-order
reaction and is not influenced by the presence of the
coexisting materials. The rate equation of reaction (1)
is given by

——=kkX
T 141

As X,=1—-C,, we obtain

Ci =1 —exp(—kit),

ac
d—tl:kl(l — Cy) = ky exp(—k1) )

As Ci~ala; when C, and C; are small, do/
dt=k,(a;—a) is obtained. From Fig. 5, the mean value
of a; is 0.39. k, is the slope of linear parts of the plot of
do/dt against o in Fig. 4.

Reaction (2) is considered to be chain reaction or
the random scission of main chain of polymer. If
reaction (2) is random scission of main chain, the
value of o at the peak of da/df becomes smaller than
the observed value though the result is not shown.
Therefore, it is concluded that reaction (2) is chain
reaction. The simplest chain reaction is written as
follows:

X X G
Ri =Ry +Py 7

X2 X3 X3 G
Ri+Ry =Ry + P> T

If coexisting materials do not influence the rate of
reaction, the rate of each reaction is expressed by

dc

o =

dc

d_t2 = Bk, X X3 — Ky X, X5

Total rate of reaction (2) is expressed by
dc

d—t2 =k Xo (X3 +)

where f =k /k,(f — 1) and k, = k5(f — 1). If coex-
isting materials influence the rate of reaction (2), the
rate equation is expressed by

dc,

e kong, (ng, +f) (®)

Numerical integration of dC,/dr gives C,.
Reaction (3) is supposed to be vaporization of
residual materials. If the vaporization rate is propor-

tional to vapor pressure and the vapor pressure is
proportional to the mole fraction of R, in residue,
the rate of vaporization is expressed by

? = k3nR2 9
Numerical integration of dCs/dt gives Cs.
o and do/dt is given by

o« =a1Ci 4+ aCr + a3zCs
G 40, 4G G

@ e TRy TPy

The calculated results of «, do/df and ¢ are compared
with the experimental results. The values of a,, as, ki,
ks, ks, f, N1 and N3 are determined as the values of
these parameters when the experimental results are
well reproduced by the calculated results.

The temperature dependence of k; (i=1, 2 or 3) is
expressed by Arrhenius equation
k; = A;exp RT
From the values of slopes of linear parts in Fig. 4, E is
roughly estimated as 197 kI mol'. If temperature
dependence of k, and k4 is different, f also depends
on temperature. The mean value of E, and E3 will be
206 kJ mol .

Using the model described above, the decomposi-
tion behaviors of the fluororubber are simulated. The
value of a; used in the simulation is fixed at 0.39.
When a, is 0.15, a5 is 0.46, and, N, and N5 are 2, the
experimental results are well reproduced with this
model. Fig. 6 shows the calculated and the observed
relations between o and f. Difference between the
observed and the calculated results shown in Fig. 6
is within experimental error.

Fig. 7 shows the calculated and the observed rela-
tionships between da/dt and «. Considering that the
noise level of de/dt is £0.0002 to 4-0.0003 min~", the
observed data is almost reproduced by the calculated
curves though the deviation seems slightly larger than
this noise level. Fig. 8 shows the observed data of do/d¢
against o at 400.7°C and the calculated curves of
adC,/dt, a,dC,/dt, azdCs/dt and o/dr against «. The
shapes of the curves of a;dC,/dt and a,dC,/dt+a3dCs/
dr against o are similar to the curve of types A and B in
Fig. 6, respectively.
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Fig. 6. Plots of the observed and the calculated relations between o and z. Solid lines show the calculated results.

Fig. 9 shows Arrhenius plots of &k, k> and k5. The
values of activation energies and pre-exponential fac-
tors are shown in Table 1. The differences between E,
E, and E; are small. This is the reason that the
consecutive reactions are observed. E, is slightly
larger than E; and E;, as it is pointed out from the
results shown in Fig. 1. The value of E| is almost equal
to the estimated value, 197 kJ mol~'. The mean value
of E, and E; is 206.5kImol™! and is equal to
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Fig. 7. Plots of the observed and the calculated relations between
da/dt and o. Solid lines show the calculated results.

206 kJ mol ™', which is obtained by the superposition
shown in Fig. 3. The values of f depend on temperature
slightly.

The shape of the curve of type C in Fig. 5 could not
be reproduced by the model above described and the
values of parameters used. This means that the model
or the values of parameters used are not yet sufficient.
Considering the noise level of da/dt, there is a pos-
sibility that the value of a; is overestimated. As
described before, it is possible that the number of
reactions is not three but four. Further, if, for example,
A is insoluble in R; and R,, X; in Egs. (5) and (6)
should be eliminated. However, as the relations
between o and ¢ are well reproduced and the difference

0. 006

(da/dt)/min1
0.004

0. 002

Fig. 8. Curves of the calculated do/dt, a;dC,/dt, a,dCy/dt, azdCs/
dr, and, the observed da/dr against o at 400.7°C.
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Fig. 9. Arrhenius plots of k; (A), k> (O) and k3 ([J).

Table 1

Activation energies and pre-exponential factors®

Reaction constants A (min™ ") E (kJ mol™")
k 3.32x10" 199

ks 1.05x10" 210

ks 6.88x10" 203

Ky 7.48%10° 188

" ky=fko.

between the observed and the calculated values of do/
dr are only slightly larger than noise level, these
possibilities are not examined in this paper. For further
detailed discussion, the improvement of precision of
do/dt is necessary.

Appendix A.

The symbols of the materials are used as the suffixes
of symbols of mass, w, number of molecules, N,
molecular weight, M, and mole fractions, n, in order
to express the values of the materials. When
reactions (1)-(3) are assumed, the material balance

of A, Ry, P, R,, P, and P3 is expressed by following
equations:

wa(0) = wa(r) + wr;s (1) + wp, (1)

wa(0) = wgr,B + Wp,

wr,B (1) = wg, () + wp, (2) + wr,B (1)

WR,B = WR,B + Wp, = Wp, + Wp,

WR,B (1) = WR, (2) + we, (1)

WR,B = Wp,

we (1) = we, (1) + we, (1) + wp, (1)

w(t) = wa(t) + wr,(2) + wr, (7)

where 0 and ¢ in the parentheses show the time. The
symbols without brackets are the values of final state.
Suffixes RyB and R,B show the hypothetical values if
the following reactions do not occur. wg,g(f) is pro-
portional to wp,(f) and wg,g(¢) is proportional to
wp, (). wp(?) is the total mass loss and w(¥) is the total

residual mass at time f.
Cy, C, and Cj are defined by

_we (1) _ wes(2)

Ci
wp, WR,B
C wp, (f)  wr,B(t)
y = 2l — _ReBA/
wp, WR,B
t
Cs = WPs( )
Wp,

In the real decomposition reactions, the quantity of R,
and R, decreases by the following reactions. X;, X,
and X3 at ¢ are defined by

x; = a0
wa(0)
X, = WR, (t)
WR,B
X; = WR, (t)
WR,B

The fractions of total mass loss for each reaction, a;,
a, and aj are defined by

o= P

wa (0)
__Yp

@A)
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wa(0)

Fraction of total residual mass, X, and that of total
mass loss, o, are defined by

_w()
X= WA(O)
_ Wp(l‘)
RN

From these equations, the following relationships are
obtained:

o =a1Ci 4+ a,Cr + a3C; (A.1)

Xi+Ci=1, Xx+C,=C, X3+C=C
(A.2)

X = X] + ((,12 +a3)X2 +a3X3 =1—-ua (A3)

If coexisting materials do not influence the reac-
tions, the rate equations are described using these
equations. If coexisting materials influence the
reactions, it is necessary to describe mole fractions
with mass fractions. Using molecular weight, M,
and number of molecules, N, mole fraction is
converted to mass fraction. The starting material A
is crosslinked polymer. However, from the point of
view of decomposition reactions, it is assumed that A
has a hypothetical molecular weight, M, and the
sample is composed of a hypothetical number of
molecules, Ns. From N, molecules of A, Np, mole-
cules of P, and Ngr, molecules of R; are produced
by reaction (1). Ngr, is a hypothetical value when
the second reaction does not occur. Nr,/Ny=N; is
the number of molecules of R, produced from 1 mol
of A.

For reaction (2), it is assumed that one molecule of
R, produces Np, molecules of P, and Ng, molecules of
R,. When reaction (3) does not occur, Ng, Nr, mole-
cules of R, and Ng,Np, molecules of P, are produced
from N, molecules of A. If the number and the
molecular weight of R, does not change by reaction
(3), then Ng, is equal to Np, and Mg, is equal to Mp,.
The number of molecules of P; produced from Ny
molecules of A is Ng,Np, = Ng,NRr,. Nr,Np,/Np =
N3 is the number of moles of R, and P; produced
from 1 mol of A.

The numbers of residual molecules of A, R; and
R, at ¢ are denoted by Na(f), Ng,(¢) and Ng, (1),

respectively. These are related to mass fraction as
follows:

MANA(I)
Na(t) = Na———= = NaX
A() A MANA AA]
Mg, Nr ([)
Ny, (1) = Ng, ——12 = Ng X
Rl() R MR]NRI R; A2
MRzNRz(t)

NRz(t) :NRlNRz :NRlNR2X3

Mg, NRr,Ng,

The number of vaporized molecules till z, Np,(7),
Np,(t) and Np,(t), respectively, are related to mass
fraction as follows:

MPNP (t)
NPl(t):NPl ]Wlpllvlpl :NP]CI
Mp,Np ([)

Np, () = Ngr,Np, —=—2-" = Ng,Np,C
p, (1) = NR, P i Ne Np,  VRiVRC
My, N, (1
1\7193(1‘):1\71{1 Ps P() :NR]NP3C3

N S SN Z
" Mp,Ng, Np,

Mole fractions of residual A, R, and R, at r are
denoted by na, ng, and ng,, respectively. These are
expressed by mass fractions as follows:

na = Na(1) _ X,
Na(t) + Ng, (1) + Nr, (1) X1+ Ni1Xa + N3 X3
(A4)
- IVR1 (l‘) _ N X,
'ONA() + Nj, (1) + N, (1) X1 + N1 Xz + N3 X3
(AS)
]\IR2 (l) N3X3
ng, = =
Na(t) + Nr, (1) + Ng,(t) X1+ NiXa + N3X;
(A.6)

Mole fractions of Py, P, and P3 vaporized till ¢ are
denoted by np,, np, and np,, respectively. These are
expressed by mass fractions as follows:

Py (t)

np, NPI 1 ( )
Np, (t)
=27 —( A.8
e Ng,Np, ! ( )
Np, (t)
=327 —( A9
Ps Ng,Np, 3 ( )
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