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ABSTRACT: The kinetics of step polycondensation is described on the basis of the classi-
cal branching theory. A simple method is proposed for calculation of the average longest
length (L) of the linear chain in a crosslinked molecule under arbitrary functionalities
of original monomers. A viscosity of the system is represented as a product of a structure
factor by a friction factor. The latter was taken as the Arrhenius exponent. The struc-
ture factor was chosen in the form of a power function of L. The method has been used
for the approximation of the viscosity of phenol—-formaldehyde resin in the course of
curing by boron oxide. An activation energy of 11.8 kcal/mol was found by the method
of a best matching of the structure factor for the different viscosity kinetic isotherms
in the scale of a reduced time of the reaction. © 1997 John Wiley & Sons, Inc. J Appl Polym

Sci 66: 319-328, 1997

INTRODUCTION

Prediction of a changing of the rheological state
of polymer compositions in time under nonisother-
mal conditions is of value in the technology of
polymer molding® and obtaining foam materials
on the base of thermosets. The cure kinetics is of
particular interest while synthesizing the poly-
mer intumescent fire-protective coatings and
paints.?® A general principle determining the ef-
fect of such coatings consists of a multiple in-
crease of a volume of a polymer composition due
to an intensive foam formation under the action of
a flame or heat. A fast solidification of the polymer
composition is the main condition of the stabiliza-
tion of the foam, which is why the synchronization
of the curing reaction and the reaction of gas for-
mation is a vital factor determining the effect of
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the coatings. We shall consider a number of prob-
lems concerning the intumescent coatings in the
next article,* while the goal of present article is
to discuss a method that allows one to estimate
the rheological state of thermosets, which un-
dergo a step polycondensation, through parame-
ters of the curing reaction and the reduced time
of the reaction. The system consisting of phenol—
formadehyde resin and boron oxide will be consid-
ered as a particular illustration. Note that this
system can serve as an example of intumescent
coating with a coefficient of the volume increase
equal to =~ 20-30.

THEORETICAL APPROACH

Curing Kinetics

A stepwise polycondensation A + B, can be de-
scribed from the viewpoint of the classical
branching theory.?~7 In the latest decades, efforts
were made to explain the formation of branching
polymer structures by using the percolation the-
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ory.® Despite the serious arguments® against the
classical Flory and Stockmayer theory, there are
still no grounds to call in question its simple and
often confirmed experimentally '*'* criterion of gel
formation. Discussing the kinetics of nonlinear
polycondensation, we shall be guided by the the-
ses of the classical theory.

According to the branching theory, the forma-
tion of a polymer network does not lead to the
decelerating of the reaction between the func-
tional groups of a compound A, with the function-
ality fand a compound B, with the functionality
g. In the absence of the substitution effect, the
degree of conversion of functional groups of any
of these compounds is determined by the kinetics
of the second-order reaction. For example, for the
extent of conversion of the A groups, we have

dp/dt = [ksexp(—E,/RT)/V]
X gNg(1 —p)(1 - pp) (1)

where R is the gas constant; T is the temperature;
p =(A — A,)/A is the extent of conversion; A and
A, are, respectively, the initial and remaining
numbers of groups in the compound A, in moles;
V, the system volume; N, the initial amount of
the B, compound in moles; k;, the reaction rate
constant; E,, the activation energy; and g, the
stoichiometric ratio. The value of 8 connects the
extents p = p, and pp of the conversions of the
groups of the A, and B, compounds as

ps = Bpa = Bp, B =/[Na/gNg

where N, and Ng denote the initial mol amounts
of the A and B, compounds in the reaction blend,
and f and g are functionalities. The system vol-
ume is expressed by the formula

V = MANA/dA + MBNB/dB
where M,, Mgz and d,, dg are the molecular

weights and the densities of the A, and B, com-
pounds, respectively. Denoting

Es = ksgNB/(MANA/dA + MBNB/dB) (2)

one may write the solution of eq. (1) for the case
of nonisothermal kinetics as follows:

p=1[1-exp((B— 1)k,)]l/
[1 - Bexp((B— Dkr)] (3)

where 7 is the reduced reaction time:

; :f expl —E,/RT(¢)] dt

0

T
or T:f exp(—E,/RT)(dt/dT)dT (4)

To

where T is the initial temperature.

The variation of the concentrations of the parti-
cles of different composition and polymerization
degree is described by a system of differential
equations of an infinite order. Since each of these
equations is autonomous, an immediate molecu-
lar weight distribution is determined unambigu-
ously by the extent of conversion p. An analytical
solution of the problem concerning the molecular
weight distribution can be obtained'® only in
the case of one-component polycondensation (A,
+ Ay), although the change of molecular weight
distribution with the conversion extent p can be
calculated also in a general case by the Monte
Carlo method.'® Unfortunately, there are no ex-
perimental methods of determination of molecu-
lar weight distributions of the crosslinked poly-
mers and their calculation is exclusively of a theo-
retical interest. Only the integral characteristics
of distributions, e.g., an average-weight molecular
weight, M,,, can be valuable for practical applica-
tions.

The expression for M,, can be deduced by differ-
ent, although equivalent methods. The recursive
Miller and Macosko method ' seems to be the sim-
plest and most efficient one, which for the general
case of nonlinear polycondensation under consid-
eration leads to the formula

Miglps + pa(g — 1)pi]
+ M3 fpa + ps(f— 1)pil
. + 2pApBMAMBgf
(pBg&Ma + pafMp)
X [1 = pape(f—1)(g — 1)]

w

According to the Flory theory, gel formation is
determined by the condition M, — «. This condi-
tion is fulfilled if

G=1-p8p*(f-1)g-1)=0 (5)

At the point of gelation (G = 0), the viscosity
of the composition should tend to infinity. Thus,
the dynamic changes of viscosity give one of the
methods of experimental testing of the criterion
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expressed by eq. (5). Modern studies!’ have
shown that it holds true.

Equation (5) gives a simple method of calcula-
tion of the reaction rate constant &, on the basis
of the determination of the points of gel formation
at different temperatures. Combining the condi-
tion

p-=1B(f- (g - D1 (6)

and eq. (3), we find an expression for the rate
constant through the reduced reaction time 7, and
the conversion extent corresponding to gelation

k, = 7,/(8 — Dnl(p, — )/(p,8 — DI (7)

The value of 7, does not depend upon the tem-
perature while physical time ¢, preceding the gela-
tion significantly depends upon the temperature
and for isothermal conditions is determined by
the formula

t. = 7.exp(E,/RT) (8)

Approximation of a Viscosity of Thermosets Under
Nonisothermal Conditions

With the above assumptions, the most important
parameter for the calculations is the reduced reac-
tion time 7. This determines unambiguously the
conversion extent p, which, in turn, according to
the branching theory, determines the immediate
molecular structure of the material.

The immediate mechanical properties of the
composition, e.g., its dynamic viscosity 7, are de-
termined by both the structure of the material
and temperature, i.e., n = gl T, p(7)] = n(T, 7).
Since the properties of a small amount of a poly-
mer should not depend upon the way of the pro-
cess by which it reached the state with the param-
eters (T, 7), in any of the planes n +~ 7 (T = const)
orn + T (7 = const), the viscosity should be an
unequivocal function of one of the variables 7 or
T. We note that in the systems, where several
reactions with different activation energies take
place, the immediate molecular composition of the
melt would depend upon the way of the process
and the attempts of quantitative approximation
of the viscosity dependence upon the time for the
nonisothermal conditions would probably be fu-
tile.

The modern problems of approximation of
chemorheological data are considered by Bitsrup

and Macosko.™ The authors proceed from the gen-
eral principle of representing the viscosity as
product of the friction factor £ by the structure
factor F':

n=¢&F

The structure factor F does not depend upon the
temperature and is determined by the integral
characteristics of the molecular-weight distribu-
tions. At a point of gelation, F — oo,

The friction factor in the general form'® can be
expressed as follows:

£ = &exp{B/[f, + ai(T — Ty} (9)

where @, is a factor of liquid expantion; f;, a free
volume at the glass-formation temperature 7,; B,
a free volume in the proximity of a segment neces-
sary for that segment to make a jump; and &;°,
an inherent jump factor. Empirical coefficients
are considered as being temperature-indepen-
dent. The critical temperature T is very sensitive
to the average molecular weight of a polymer and,
therefore, depends on the conversion extent p.
Since p, in turn, depends on reduced time 7 and,
consequently, to a great extent is determined by
the form of the function 7'(¢), formula (9) obvi-
ously does not allow one to separate explicitly the
temperature-dependent and structural compo-
nents of the viscosity.

One may assume that the functions T, (p) and
F(p) are always monotonously increasing ones;
then, the viscosity is an unequivocal function of
the system state. Under isothermal conditions
with an increase in time, both the friction factor
¢ (due to decrease of segment mobility) and the
structure factor F' (due to enlargement of mole-
cules) increase. In this situation, there arises a
question as to whether an unlimited growth of
viscosity is due to the transition of the system into
the glasslike state or into the gel.

Isothermal solidification was studied in detail
by Gillham et al.'®'" The authors discovered that
there exists the critical temperature T below
which the composition transforms directly into
glass, omitting the gel-like (rubber-like) state. At
temperatures higher than 7", the system first
transforms into a gel and then into a glass. Fur-
thermore, there exists a critical temperature of
glass formation T';, that if higher, the system does
not transform into glass, but transforms into a gel
in accordance with the criterion expressed by eq.
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(5). At very high temperatures, the reactions of
destruction and coke formation begin to occur in
the system. These processes at high temperatures
proceed much faster than does polycondensation,
since they are characterized by higher activation
energies E;, and E,, (e.g., Ref. 17, for the epoxy
systems E,;, =~ 50-75 kcal/mol and E,, =~ 36-42
kcal/mol, while E; =~ 11-15 kcal/mol). Thus, at
high temperatures, the system can transform
from liquid straight into coke.

A question of attaining of the glasslike or rub-
berlike (gel-like) state under nonisothermal con-
ditions is very complex and should be solved indi-
vidually for each thermoset. Unfortunately, the
quantitative theory of the glass formation is very
weakly developed. The only rational approxima-
tion, which holds true only for stoichiometric mix-
tures (8 = 1), is known. This is the Di Benedetto '8
equation that can be represented for the noniso-
thermal conditions as follows:

T(t) = Tlp(7)]

TgO(Ex/Em - Fx/Fm)p(T)
et T a FEp Y

where E,/E,, is a ratio of the lattice energies for
a crosslinked and uncrosslinked polymer, respec-
tively; F./F,, is the corresponding ratio of segmen-
tal mobilities; and T, is a temperature of glass
transition at no reaction. It is obvious that T';
= T,(1). It is noteworthy that the extent of con-
version p, at the point of gel formation, in accor-
dance with eq. (5), does not depend upon the form
of the T'(¢) curve, whereas the conversion extent
at the moment of glass formation depends on the
rate of heating of the system. Equations (3), (4),
and (10) form an algebraic system, on the basis
of which the values of T' = T, and p = p, corre-
sponding to eq. (10) can be calculated. With in-
crease in the heating rate, the values of 7., with
which eq. (10) is fulfilled, are shifted toward
higher temperatures. Since the function T, (p) is
monotonous, with increase in the heating rate, a
tendency for an increase in the both T, and p,
should be observed. If p, > p,, the system first
transforms into a gel and then into a glass. If p,
< p,, the system transforms directly into a glass.
At high heating rates, eq. (10) should not have a
solution, indicating that the system can only be
in the liquid or viscoelastic states. The epoxy sys-
tems, for instance,!® do not transform into the
glasslike state upon the rates of linear heating
surpassing =~ 8°C/min. It is known that at low

heating rates a “falsification” of the chemical ki-
netics takes place.'® It ceases to conform to eq. (1)
and is determined by eq. (10). In other words, the
conversion extent changes with temperature so
that the system always remains on the verge of
transition from the liquid (or elastic) state into
the glasslike state. In this case, a polymer, re-
maining a solid, can be crosslinked so deeply that
its next melting can occur only as a result of chem-
ical destruction.

For nonstoichiometric mixtures, the Di Bene-
detto equation does not hold true and it is impossi-
ble, at present, to predict their behavior. Upon
deviation of 5 from the unity, the critical tempera-
ture T, seems to have to decrease, since a part of
low molecular fractions of the excessive compo-
nent increases, which, in principle, can limit 7.
Anyway, eq. (5) is the only orientation in the the-
ory of curing the nonstoichiometric mixtures. We
shall further assume that the unlimited growth
of viscosity (n — o) is due to the structure factor
(F — x).

If the temperature is greater than 7T, + 50°C,
then ' the Arrhenius law can be used for approxi-
mating the viscosity, viz.:

n = noexp(EJ/RT)F (11)

where E, is the activation energy of the viscous
flow and 7, is an empiric parameter that within
a narrow temperature range can be considered to
be a constant. Equation (11) expresses a known
law of logarithmic “additivity.”?>?*! Equation (11)
is more convenient in comparison with eq. (9) be-
cause the former explicitly separates the tempera-
ture and structural factors of viscosity. The acti-
vation energy E, =~ 10 kcal/mol seems to be suit-
able for many polymer systems.” This value will
be used below as a reasonable estimation.

There are several ways to give an empirical
presentation of F'. For example, F' can be consid-
ered as a function of reduced time 7 or as a func-
tion of the conversion extent p. Unfortunately, in
these cases, any empirical formulas for F will hold
true only for mixtures of a definite composition.
The coefficients of these formulas cannot be con-
stant upon the change of 5. The methods of a
representation of F' through the integral parame-
ters of the molecular weight distributions have
advantages because these provide for the approxi-
mation of viscosity with different 5. The Lipshitz—
Macosko formula®® can serve as an example of
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such approximations: F' = M, where a =~ 3.4.
However, the method of expression of F through
an average longest length L of the polymer chain
improves the correlation in the calculations of vis-
cosity. So, one may expect that the equation

n = noexp(E,/RT )L (12)

where « is an empirical parameter (a =~ 3.4), will
provide for a good approximation with different 3
within a wide range of p up to the point of gelation.
Since L = L[p(7)], eq. (12) is a generalized
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method of expression of viscosity as a function of
a temperature and reduced time.

An Average Longest Linear Chain in a Branching
Molecule

Miller et al.?®** deduced the formulas for the cal-
culation of L on the basis of the recursive method
following from simple relationships of the proba-
bility laws. These formulas®?* were obtained for
the case f= 3,4 and g = 2. Here, we shall consider
a general case when fand g are arbitrary. Let us
imagine a situation when the molecules A;and B,
interact with each other by the scheme

B

A B B A
NS | s
A A+ — A AB
T ‘TAi“
B
A B _g
JlBln
v L2 A
p N B
e . 11| 2
8" BA — —AB
3! \«
A No
Following the method of Miller and Macosko, — (1 —-pPR(LE=N))"}¢! (14)

let us introduce a probability of an event that in
the direction B™ “looking in” the B, parent mole-
cule chosen at random there will be disposed
along some linear chain more than one B, mole-
cule (see above scheme):

PR(LE=1)

=1-{1-ppl1—-(1-p)'N&" (13)
where p is a conversion extent of the A groups
that is equal to probability of joining the func-

tional groups of the A type to the groups of the B

type in one of the directions 1, 2, 3, , f— 1,
and pfAl1l — (1 — p)’']is the probablhty of the
continuation of the chain —B,—A;,—B,— + * -in
one of the directions 1',2',...,g — 1.

Let pPR(L% = N) be the probability of a con-
tinuation of a chain of the length L% = N in one
of the directions 1, 2, ..., f — 1. When replacing
p in the round brackets of formula (13), by the
latter probability, we obtain the probability of an
event that in the direction B™ along any chain
there will be more than N + 1 of B, molecules,
ie.

PR(LE=N+1)=1-{1-ppll

Similar formulas can be obtained for the direc-
tion A™:

PXLY=1)

=1-{1-p[1l—(1-p8p)* Yt (15)
PMLP=N+1)=1-1{1-p[1
— (1 - BpPR(LY =N)* 1}t (16)

Let us neglect the difference in the end groups.
Then, we can express the maximum chain lengths
in the directions B™, A™, as was done by Macosko
and Valles:

Li=2 5 PE(LE=N) (17)
N=1
Lip=2 Y Pi(L{=N) (18)

N=1

We shall not make any difference between the
types of the connected molecules and we shall ex-
press the chain length as a total number of the
connected molecules in the chain; that is why the
multiplier 2 appears in formulas (17) and (18).
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In other words, the length of the chains A,—B,
is accepted to be equal to 2. In Ref. 23, the chain
length is calculated as the number of the mole-
cules of B, type (g = 2) in this chain. That is why
the chains —B,—A;,—B,—A; and —B,—A;,—
B, are considered indiscernible. With such an ap-
proach, it is natural that the end groups are not
taken into account.

A total number of the molecules in the chain of
the maximum length, passing through molecules
B, and Ay, is expressed as

!

Ly=L% + ppLi +1 (19)
Ly=LY+pL¥+1 (20)

It is noteworthy that upon Lz > 1 and g = 2 formu-
las (13), (14), (17), and (19) agree with the ex-
pressions given by Valles and Macosko.?

When calculating L, analogously with the cal-
culation of the average molecular weight,* it is
necessary to take into account the probabilities
that any molecule chosen at random is a molecule
of B, or A;. These probabilities are equal to the
mol % of B, and A;in the reaction mixture. There-
fore, the average maximum chain length will be
equal to

L = LB.’)CB + LAxA
=[Lg + (g/f)BLAY1 + (g/f)B] (21)

The procedure of summing the series in eqs.
(17) and (18) requires large expenditures of com-
puter time. However, the calculations can be sig-
nificantly accelerated if the sums are substituted
by integrals, which, in turn, are expressed analyt-
ically. To increase accuracy, it is preferable to sum
up several first terms of the series by a direct
method. So, we represent eqs. (17) and (18) as
follows:

J-1
2 Y PE(Ly =N)+2I, (22)

N=1

Ly
Linr=2 z PYX(LY = N) + 21, (23)
N=1

where I, and I, are integrals, which are taken
analytically, and </ is a number determining the
accuracy of the calculation of L and L.

Let us denote zy’ = PX(LE = N), 2@
= PR(L? = N). Expending the right parts of egs.
(14) and (16) in the Taylor series and omitting

the terms higher than the second power, we ob-
tain

2l = (1 - G)z(1 - Hizl)(i = 1,2)
where

G=1-p8p*(f-1(g-1)
H, =pl(f—2)+ppBg—-2)(f-1)]/2
H, =ppl(g —2)+p(f—-2)g—-1)1/2

It is convenient to introduce the new variable
y = N — J. Let us assume that the discrete func-
tions zy’ are approximately equal to the continu-
ous functions z; (y) of y, i.e., 2%’ ~ z;(y) (i = 1, 2)
withy = N — J.

Substituting the finite increments by deriva-
tives, we obtain the following differential equa-
tions:

(1)

25\%1 —zN ~dz;/dy

=(1- G)Zi(l - Hizi) —Z; (i= 1, 2) (24)
with the boundary conditions:

z(0) =25 (=1,2)
2,.=0 (i=1,2)

Solving eqs. (24), we find for integer y (y = 0,
1, 2, - - -) the following estimation:

2%, ~ zi(y) = 29 /{exp(Gy)

+ H;z$'(1 — G)lexp(Gy) — 11/G}
(1=1,2) (25)

Functions (25) are easily integrated analytically:

0

L=3 a0~ ztay

N=J 0

=[1/(1 - G)H;1In{l + (1 - G)H;z¥/G} (26)

EXPERIMENTAL

Novolac phenol—formaldehyde resin (PhFR, Keme-
rovo, Russia) with an average-weight molecular
weight =~ 500 and boron oxide obtained by the
tempering of boric acid (pure for analysis) in a
porcelain crucible for 2 h at 600°C are used as the
reagents. When H3;BO; is used instead of ByOs,
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an isolation of the gas (H;0) in the polymer mass
is observed, which hinders the reproducibility of
the viscosity measurements. At the same time in
the case of B;O3, the polymer melt remains practi-
cally homogeneous up to the point of gelation.

The viscosity measurements were accom-
plished using a rotation viscosimeter®?® made on
the basis of an asynchronic executive engine-gen-
erator with a hollow rotor.?® Viscosity was studied
at a constant deformation rate, i.e., at a constant
rate of rotations of the stress transducer (= 2/s).
The latter was made as a cone of 0.13 radians, 40
mm height. The viscosimeter was calibrated by
the viscosity of solutions of sugar in glycerin and
the viscosity of Canadian balm, which, in turn,
were measured by the absolute Stokes method.
Upon constant rotations, the voltage on the driv-
ing winding of the engine depends linearly upon
the viscosity.?

In the experiment, a composition was used
which consisted of 20% by weight of B,O3; and 80%
by weight of PhFR. The reagents were mixed in a
quartz cuvette at =~ 120°C for 3 min. During this
time, B,O; has time to become dissolved in the
resin. The extent of conversion of the curing reac-
tion at 120°C for 3 min is so small that it can be
neglected. Then, the cuvette was immersed in a
bath with silicon oil, heated to the temperature of
measurements (= 180-230°C). To avoid oxidation
of the resin by air oxygen, the free room of the
cuvette was filled by Ar. Heating of the cuvette
proceeded for = 30 s. This time is not long in com-
parison with the moment ¢, of the gel formation.

At the initial moment, a viscosity of the system
is so small (we suppose =~ 0.5-5 Pa-s) that at the
beginning of the measurements it is not possible
to balance the voltage on the winding of the engine.
However, after reaching some threshold of viscos-
ity (= 20-50 Pa-s), as a result of the curing reac-
tion, the measurements become stable. A region of
the viscosity chosen (see below) for the quantita-
tive analysis (100—-3000 Pa-s) corresponds to the
stable measurements. The upper limit of the mea-
sured viscosity (=~ 3000 Pa-s) is determined by the
power of the engine. After reaching the upper limit
of viscosity, the rotations of the stress transducer
first slow down and then stop.

RESULTS AND DISCUSSION
The Calculation of a Length of an Average Longest
Linear Chain

At the point of gelation, the series in egs. (17)
and (18) must diverge, i.e., LE — © and L} — .

I i
758 P 10

Figure 1 The dependence of the maximum length of
the polymer chain upon the conversion degree for the
component B, with the functionality g = 2 upon differ-
ent functionalities f of the component A;: (1) 20; (2) 8;
(3) 6; (4) 4; (5) 2. The points and the solid lines are
the results of calculations using eqs. (17) and (18) and
eqs. (22) and (23), respectively.

However, it is rather difficult to find a criterion
of the divergence directly from eqs. (17) and (18).
On the other hand, one can expect that the accu-
racy of eq. (24) will be greater the larger are the
values of L® and L. Therefore, eqs. (17) and
(18) and eqgs. (22) and (23) have common asymp-
totes. This conclusion is confirmed by numerical
calculations.

The numerical results show that with J = 5
(see Figs. 1 and 2) an error of the L calculation
by using eqs. (22) and (23) instead of eqs. (17)
and (18) does not exceed 1% for all p values. One
can see from eq. (26) that I; - « (i = 1, 2) and,
respectively, L — «, when G — 0. Thus, the crite-
rion of gelation corresponding to eq. (5) is common
for both M,, and L.

In the proximity of the gel point (p — p,, G —
0), the function L(p ) has the following asymptotic
form:

L(p) = c1 — ¢c2In(G) (27)
where ¢, and ¢, (c; > 0) are some constants. Equa-

tion (27) agrees with the result of Zimm and
Stockmayer,?” obtained for the hydrodynamical
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Figure 2 The same as in Figure 1 withg = 3 and f:
(1) 30;(2) 9; (3) 7; (4) 5; (5) 3.

radius of the branching molecules. Similar to the
maximum length of the chain L, as p — p,, the
hydrodynamical radius becomes linearly depen-
dent upon In(G). Thus, it can be expected? that
the formulas for the hydrodynamical radius and
the formulas for L in treating the experimental
data will lead to similar results.

Analysis of the Cure Kinetics in the System:
Phenol-Formaldehyde Resin + B,O;

Solidification in the system under consideration
takes place as a result of the formation of ether
bonds. We shall assume the following formal
scheme of the reaction of interaction of B,O3 with
PhFR:

OH

|
[—CeH3—CHy—] + B20;3 —

O—B—0—B—0OH

|
0

|
[—CeH3—CHy,—]

OH

|
+ [—CeH;—CHy—]

_(le2 C|)H (|3H2—
[—CeH;—O—B—0—C¢H;—1 + HBO,
(28)

The molecule HBO, can be connected with the
resin again. The coordination-unsaturated deriv-
atives of boric acid are strong Lewis acids.”® Thus,
in principle, the reaction of B,O; with hydroxyl-
containing compounds like ROH, where R is an
organic radical, can proceed up to the formation
of the anion [B(OR),]~. However, if R is a frag-
ment of novolac resin, as is the case in scheme
(28), the formation of spatial structures with the
coordination 4 of boron atoms is hardly possible
due to sterical hindrances. We shall assume that
the functionality of boron atoms is equal to 3 (g
= 3). Thus, the molecule B,O; can be considered
as a unity of the two particles with the func-
tionality of 3 and the molecular weight of Mp
= 3Ms,0, = 34.8 g. The novolac resin used in the
experiments represented an oligomer with a de-
gree of polymerization of 5. We assumed in the
calculations that M, = 518 g, f = 5.

The measurements of viscosity in the system
were carried out by a rotation viscosimeter at four
temperatures (see Fig. 3). In the experiments, a
composition consisting of 20% by weight of B,O;
+ 80% by weight of PhFR was used. It is notewor-
thy that this composition is optimal for the foam-
ing of the coating.* With our assumptions, it corre-
sponds to the stoichiometric coefficient 8 = 0.45.

While using H;BO; instead of B;O3, an isola-
tion of the gas (Hy;0) in the polymer mass is ob-
served, which hinders the reproducibility of mea-
surements, whereas in the case of B,O3 addition,
the polymer melt remains practically homoge-
neous up to the point of gel formation.

The activation energy of the curing reaction
was determined by the method of a best matching
of the curves F(p) for different temperatures in
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Figure 3 The dependence of viscosity upon time for
the phenol—formaldehyde resin with 20% by the weight
addition of B,O3 at T (°C): (1) 225; (2) 208; (3) 195;
(4) 182.
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the scale of the reduced time. The structure factor
F(p) was calculated as n exp(—E./RT ), where E,,
= 10 kcal/mol. The dependence of In F" on the time
at four temperatures is presented in Figure 4. On
each of those dependencies j = 1, 2, 3, 4, there
were chosen 5 points ¢; (i = 1,2, ...,5) with the
equal ordinates. The value of E; was calculated
by the minimizing of the following function:

5 4
AE) =3 5 [t¥exp(~EJ/RT) — 7,1°
i=1j=1
4

where 7, = (3 = texp(—E,/RT;). The proce-

=1
dure of the minjimizing leads to E, = 11.8 kcal/
mol. Having calculated the average values of the
reduced time for each coordinate, one can return
to the scale of dimensional time ¢}’ = #;(E,/RT})
and build the curves corresponding to the best
matching of the functions In F in the scale of re-
duced time (see the dotted lines in Fig. 4).

The time of gel formation is the moment of in-
finite growth of the viscosity. It seems that the
time moments when viscosity reaches the values
of =~ 3 X 10% Pa-s are close to the time of gel
formation. Multiplying these by exp(—E,/RT),
according to eq. (8), one can obtain the 7, value.
For curves 1-4, the following 7, are obtained, s:
0.127°%, 0.1137', 0.111°*, and 0.107 '. The
spread of these values is small (= 20%). Thus,
any 7, (or an average 7,.) can be used for the calcu-
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2 —

3 —
W
N

! [’ —

5 —

6 —~

| I | | !

4 S

tx7077 s

Figure4 The dependence of the structure factor loga-
rithm upon time at the temperatures corresponding to
Figure 3. The solid curves are plotted on the basis of
interpolated original values of viscosity. The dotted
curves correspond to the best matching of the solid
curves in the scale of the reduced time.
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Figure5 The dependence of the structure factor loga-
rithm upon the maximum length of the polymer chain
at T (°C): (1) 225; (2) 208; (3) 195; (4) 182.

lation of the rate constant of the curing reaction.
However, to avoid the intersection of the kinetic
curves 7(¢) with the abscissas corresponding to
gel transitions, we took a maximum of these val-
ues in the calculations: 7, = 0.127 ! s, which cor-
responds to the maximum temperature of 225°C.
Then, the values ¢’ for the other temperatures
(see Fig. 3) were calculated by the formula ¢’
= 7,exp(E/RT}).

The reduced rate constant %, calculated in ac-
cordance with eqs. (6) and (7), is equal to 68.4
s '. The dimensional constant k, with dy, = 1 g/
cm® and dp = 1.8 g/cm?® is equal to 3614 (mol/
cm?) x 571,

Having calculated %, one can find from eq. (3)
the p value for each time moment and then by
using eq. (21) calculate the maximum length of a
polymer chain. By estimating a slope of the depen-
dence In F upon L (see Fig. 5), we are able to find
the constant « in eq. (12). The calculations led to
a = 3.26. This value unexpectedly corresponds
well to the known coefficient 3.4. When extrapo-
lating the straight line to the value of L = 1, the
constant In n, = —8.35 is determined.

Using the obtained constants, it is possible to
build theoretical dependencies of the viscosity on
the time. As seen from Fig. 3, the approximation
is fulfilled quite satisfactorily.
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CONCLUSIONS

Although the linear dependence of the viscosity
logarithm upon the logarithm of the average lon-
gest linear chain in a branching molecule has
semiempirical sense, this dependence can approx-
imate well the viscosity of thermosets over a wide
range. For instance, for the considered system,
phenol—formaldehyde resin and boron oxide, a
satisfactory approximation is observed within the
range of viscosity =~ 100—-3000 Pa-s. It is notewor-
thy that the calculated coefficient of the slope of
the above dependence of 3.26 is very close to the
well-known value of 3.4.

The best matching of the structure factor corre-
sponding to different kinetic viscosity isotherms
gives a fast and simple method of finding the acti-
vation energy of the curing reaction. The consid-
ered relationships approximate with a satisfac-
tory accuracy the series of isotherms and not only
one isotherm. Therefore, one can expect that at
least within a reasonably narrow range of temper-
ature it enables the viscosity to be predicted under
nonisothermal conditions as well.

The work was fulfilled with the financial support of
“INTAS,” project INTAS-93-1846.
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