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SYNOPSIS

The mechanical properties of a crosslinking isocyanate-hydroxy system were predicted by
a combination of the measured curing kinetics and a model for polymer network growth.
The kinetic parameters were determined from FTIR using the linear rising temperature
method (the activation energy = 52 kJ /mol, reaction order = 2.9). This data, combined
with the network model, was used to predict the rise in elastic modulus as measured by
dynamic mechanical analysis (DMA). The agreement between the predicted and experi-
mental results was excellent over the early part of the curing, but the model failed at higher
isocyanate conversions. In addition a novel method for obtaining the activation energy for
the reaction directly from DMA results is presented; the value obtained from this method
was in excellent agreement with that obtained by FTIR.

INTRODUCTION

The characterization of the cure behavior of coating
materials and how it changes with variables such as
temperature and formulation provides an essential
base for developing models to describe film forma-
tion.! We propose that characterization data can be
used with mathematical models for reaction kinetics
and network buildup to give insights into the fun-
damental behavior of crosslinking systems and, ul-
timately, provide a predictive tool. The system con-
sidered here is based on a crosslinking reaction be-
tween isocyanate and hydroxyl functional resins®®
following the simple process

(l
R-NCO + R-OH - R—NH—C—O0—F

isocyanate hydroxyl polyurethane
functional functional
resin resin

to form a durable polyurethane film. In real coating
systems, both reactants are usually multifunctional,

* To whom correspondence should be addressed.

Journal of Applied Polymer Science, Vol. 44, 565--575 (1992)
© 1892 John Wiley & Sons, Inc. CCC 0021-8995/92/040565-11304.00

and the alcohol may have both primary and sec-
ondary — OH groups. The resulting film is often
highly crosslinked to give high performance clear-
coat finishes, for example, on car bodies.

The curing mechanism is an important consid-
eration in understanding and, hence, predicting the
behavior of these films. The approach taken here is
to obtain kinetic parameters using a spectroscopic
technique and to attempt to relate this to changes
in physical properties such as viscosity or modulus
using a model for network growth.

Time-resolved Fourier transform infrared spec-
troscopy (FTIR) provides an ideal technique for
following the cure process and obtaining the kinetic
parameters. The isocyanate infrared absorption
band occurs in a clear spectral region and can be
monitored without interference from other bands.
By integrating this peak as a function of time, an
accurate measure of the extent of reaction, «, during
cure can be made.

For an isothermal experiment, where the extent
of reaction, «, is monitored with time, the kinetic
behavior for an nth-order reaction can be described
by the relation

da n
E—k(l—a) (1)
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where k is the rate constant. Assuming k is thermally
activated and follows a simple Arrhenius expression
over the temperature region of interest:

k=Aexp(—E/RT) (2)

then the kinetic parameters, namely, the activation
energy (E), preexponential factor (A), and n can
be determined by a series of isothermal measure-
ments at different temperatures. However, one of
the main problems associated with this type of mea-
surement on polymer systems is the intervention of
the glass transition temperature (7,), which in-
creases as the reaction proceeds and can rise to meet
the isothermal cure temperature. When this occurs,
the reaction rate will be sharply reduced and the
underlying kinetic behavior of the chemical process
will be difficult to extract. This problem is partic-
ularly acute when dealing with low or ambient tem-
perature isothermal cures. For temperatures signif-
icantly above ambient, there is also the difficulty of
attaining rapid thermal equilibrium at the required
temperature; this must be achieved if meaningful
kinetic data are to be obtained using isothermal ex-
periments.

Nonisothermal or temperature scanning mea-
surements of film curing processes can overcome
these experimental problems. Techniques such as
dynamic mechanical analysis (DMA ), differential
scanning calorimetry (DSC), and FTIR can provide
a means for obtaining information on the kinetics
of cure using temperature scanning methods."*” The
effect of T, can be avoided so long as the experi-
mental temperature is always held above the T, of
the curing system. The kinetic parameters of a cure
reaction can be obtained using a simplex minimi-
zation method applied to a single FTIR or DSC ris-
ing temperature scan.®® Although this approach can
often give good results when applied to polymer re-
actions, we have preferred to adopt a multiple heat-
ing rate method as it makes fewer assumptions and
is generally more robust.’® Also, its application to
the FTIR results provides a useful parallel to the
method we propose for the interpretation of DMA
data where kinetic analysis of a single rising tem-
perature experiment would be inappropriate.

We have developed an approach that combines
the kinetic parameters from nonisothermal mea-
surements with a simple model for polymer network
growth and simple rubber elasticity theory with the
result that we can predict the rise in elastic modulus
as measured by DMA. This enables us to predict
the behavior of coating materials from their for-
mulation under different curing conditions.

THEORY

A convenient way of analyzing isothermal data is
the reduced time plot.!! If we write

fla)=(1-—a) (3)
and
* da
gla) = s Fla) (4)

From Egs. (1) and (4)

g(a)zkfadt=kt (5)
thus,
gla) t
=t 6
g(0.5) tos (6)

where g(0.5) is the value of g(a) at o = 0.5 while
tos5 is the time elapsed from the start of the exper-
iment to when a = 0.5. The interest of this expres-
sion lies in the fact that by plotting « against reduced
time (t/to5) the same shape is obtained regardless
of the value of the rate constant, and thus indepen-
dent of temperature. In this way, by co-plotting re-
sults, data from different experiments can be com-
pared. Unless the behavior is the same at different
temperatures, the activation energy cannot be de-
termined as the assumption underlying Eqgs. (1) and
(2) are violated. For nth-order kinetics then

-1 -a)? ]
- 1—-n

g(a) (7)

The experimental curve is compared with the com-
puted reduced time plot to obtain the reaction order.
The value of k at each temperature can then be found
by plotting g(«) against t once the reaction order
has been determined and shown to be independent
of temperature. A and E values can then be
determined from an Arrhenius plot of In(k)
against 1/7.

To obtain the kinetic parameters from the rising
temperature FTIR results, we have used a method
based on the analysis of a series of experiments per-
formed at different heating rates. For this noniso-
thermal technique, the kinetic behavior is modeled
using an Arrhenius-type expression based on Egs.
(1) and (2):



do_(1-a)" _E
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where b = dT'/dt, i.e., the heating rate. It can be
shown that for a rising temperature experiment'?

gla) =?—5T2e’E’RTI(E,T) (9)
where
2 3!
KE, T) =1~ E/RT T (E/RT)?
4!
_ (_EW 4+ . (10)

Equation (9) can be rearranged to give

b _ . AR _E
T?I(E, T)  Eg(a) RT

In (11)

Using the approximation proposed by Doyle, *** Eq.
(11) can be reduced to the simple form for a given
extent of reaction, a:

E

1 =X —1.0516 —————
n(b) =X RTy(a)

(12)

where X is a constant. This is effectively a modified
form of the approach proposed by Ozawa.'® A series
of experiments is carried out at different heating
rates, b, and the temperature at which a given ex-
tent of reaction is reached [T,(«)] is determined
for each experiment. The extent of reaction can be
measured directly by FTIR or inferred from the
DMA results (see later for detailed explanation). A
plot of In(b) against 1/Ty(«) from these results
gives a value for the activation energy. This will be
true regardless of the form of g(«). The Doyle ap-
proximation has to be treated with some caution.
However, here it is only used as the starting point
for a subsequent iterative treatment that takes the
Taylor series in Eq. (11) to four terms (see later).

We offer a novel extension to this approach for
application to DMA data. To do this we must con-
sider a polymer impregnated onto a glass fiber braid
being sheared at a frequency of 1 Hz. The polymer
is applied to the braid in an uncured form; then a
temperature scanning experiment is started. The
polymer crosslinks and the dynamic modulus mea-
sured by the DMA increases. To analyze this type
of data, we must make some assumptions; the first
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assumption is that the dynamic storage modulus G’
of the polymer measured at 1 Hz is proportional to
the static modulus G, which can be calculated from
elementary rubber elasticity theory. Therefore, for
a polymer denoted p,

» = constant X G, (13)

where G, is the static shear modulus of the polymer.
Provided the experimental temperature is above the
T, of the polymer measured at 1 Hz, this is likely to
be a good assumption as the sample must be in the
rubbery plateau region in both the frequency and
temperature domains. The impregnated glass fiber
braid is effectively a polymer-fiber composite. Tak-
ing the treatment of Nielson,!” the experimental
configuration used requires the expression for lon-
gitudinal-tranverse shear modulus:

_1+B
1 — Ba

G.
a; (14)

where G, is the shear modulus of the composite, a
is a constant related to the packing fraction of the
fibers of the braid and the type of packing and

_E/J/E, -1

B
E,/E, + 1

(15)

where E, is the tensile modulus of the glass and E,
is the tensile modulus of the polymer. During the
experiment the polymer is always above its 7},. The
rubbery modulus of the system considered here is
at least two orders of magnitude below that of the
glass; thus, it is a good approximation to say that B
= 1. It can be seen that

G, = constant X G, (16)

From elementary rubber elasticity theory

G= (17)

where G is the shear modulus, d is the sample den-
sity, R is the gas constant, T is absolute temperature,
and M, is the average weight between crosslinks.
While this expression is based on a very simple
model of rubber elasticity that neglects, for example,
entanglement effects, it has been shown to be an
adequate first approximation in many cases.'® In the
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temperature region of interest we shall assume that
mass is not lost and so

G, = constant X (18)

M.

It should be pointed out that this is only true for
the “rubbery” plateau above the T,. From Egs. (13),
(16), and (18) we can write

7

1 ta t><i (19)
Mc—cons n T

where G is the measured dynamic storage modulus
of the composite; 1/M, can be taken as a measure
of extent of reaction. Thus, if a series of DMA ex-
periments are carried out at different heating rates
and a value of G’/ T is chosen in each one, then Eq.
(12) can be used to determine the activation energy
by exact analogy with the procedure described for
the FTIR results.

The crosslinking reaction, which leads to gelation
and the buildup of a network, can be modeled using
various methods. The approach used here was orig-
inally proposed by Macosko and Miller;'® given the
average molecular weight and relative quantities of
the reacting species, then the gel point, sol fraction,
pendant fraction, elastically effective weight frac-
tion, and crosslink density can be determined as a
function of extent of reaction.

The methods given can be used to determine a
function that describes extent of reaction as a func-
tion of time and temperature. The expressions de-
rived by Miller enable crosslink density to be cal-
culated as a function of extent of reaction. The two
are combined to predict crosslink density as a func-
tion of time and temperature.

EXPERIMENTAL

The example used in this analysis is a standard two-
pack coating system consisting of a tri-functional
isocyanate crosslinker and a hydroxy functional
acrylic resin composed of secondary — OH groups
with a small proportion of primary — OH groups.
The reaction follows the simple process described
in the introduction with the product being a poly-
urethane.

A Bruker IFS48 FTIR spectrometer was used to
follow the curing reaction both isothermally and
nonisothermally. The —NCO and —OH compo-
nents were mixed in a stoichiometric ratio with cat-
alyst and coated onto a KBr disc. This was mounted
onto a Specac variable temperature cell that has a
linear temperature programmer for controlled sam-
ple heating. The cure process was monitored by the
decay of the — NCO band at 2275 cm™! both iso-
thermally and at different heating rates. Figure 1
shows a typical decay in the — NCO stretching fre-
quency as measured by FTIR for a temperature
ramping method with a heating rate of 0.5°C/min.
The extent of reaction, «, during cure was deter-
mined from the FTIR results by integration of the
isocyanate band at 2275 cm™! and normalizing
against the initial peak area so that

A,
Ao

(20)

a=1-

The DMA measurements were carried out on a
Du Pont 983 DMA with the sample supported on a
glass fiber braid in the shear mode. The samples
were prepared and catalyst added just before im-
pregnating the braid (25 ul. were applied from a
micropipette). Linear rising temperature experi-
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Figure 1 Decay of the isocyanate IR absorption band at a heating rate of 0.5°C/min.
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Figure 2 Isothermal cures at (a) 20, (b) 80, (¢) 100, and (d) 120°C. The solid lines refer

to reduced time fits to the data (see Table I).

ments were performed at the same rates as used for
the FTIR measurements, namely, 0.5, 1.0, 2.0, 3.0,
and 5.0°C/min. All experiments were performed at
a shear frequency of 1 Hz. The braid dimensions
were 10 X 13 X 0.1 mm and the dynamic displace-
ment was 0.2 mm.

The network model used was that proposed by
Macosko and Miller!® for a simple AB reaction. It
enables systems comprising any number of A species
with any combination of functionalities to be cross-
linked with any number of B species with any com-
bination of functionalities. It provides, before the
gel point, average molecular weight and, after the
gel point, crosslink density together with weight of
pendant fraction and sol fraction. Here the hydroxy
functional polymer was denoted as the A species
while the isocyanate was the B species.

RESULTS AND DISCUSSION

FTIR

Initially, isothermal measurements were performed
to assess the applicability of this approach. Tem-
peratures for these experiments were 25, 80, 100,
and 120°C, and these results are given in Figure 2.
At 25°C the reaction was very slow, and after 15 h
the process had only gone to 15% completion. For
each temperature, except 25°C where the extent of

reaction was too low, the apparent order of reaction
was calculated using the reduced time method.!’ The
results are shown in Table I. The thermal lag in the
system increased with increasing temperature as in-
dicated by the acceleratory period for the 120°C ex-
periment; for the reduced time analysis, a delay of
5 min before starting the reaction was estimated for
this experiment.

If, for the reasons given in the introduction, an
experimenter wants to measure reaction kinetics
that are unaffected by the intervention of the T,
then isothermal experiments must be conducted
within a temperature “window.” The lower boundary
of this window is given by the T, of the fully cross-
linked material (or the highest T} it can achieve in
practice) while the upper boundary is its decom-
position temperature. It is often the case for systems
that must cure under ambient or low-bake condi-
tions that the T, of the fully crosslinked system is

Table I Orders of Reaction Using the Reduced
Time Analysis on the Isothermal Data

Temperature (°C) Order of Reaction (n)

25 No reasonable fit
80 5.7

100 3.6

120 4.0
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relatively high compared to the normal cure tem-
perature. This means that, within the temperature
window, the reaction occurs very rapidly. Ideally,
for an isothermal experiment, the sample should be
heated instantaneously from some low temperature
at which no reaction is occurring to some higher
temperature. Clearly this is not achievable in prac-
tice and, in general, the higher the temperature is
above ambient, the more difficult it will be to ap-
proach ideal behavior. The important consideration
is the speed with which the sample can be brought
to the desired temperature compared with the rate
of the chemical reaction. It can be seen, therefore,
that we have particularly acute experimental diffi-
culties: high reaction rates, and relatively elevated
temperatures. For the FTIR experiments there is
the added practical problem of rapidly and uniformly
heating a KBr disc. These difficulties are well illus-
trated by our isothermal results. At 100°C or below
the reaction order is very high, 3.6 or above, strongly
suggesting a diffusion-limited process, i.e., one
impeded by the rise of the T}, to meet the cure tem-
perature. At 120°C the thermal lag, which is not
significant on the time scale of the reaction at the
lower temperatures, becomes clearly evident and
starts distorting the results. In fact, DMA results
presented later show that even at this temperature
the sample is not on the rubbery plateau of the sys-
tem when cured to its maximum attainable crosslink
density (see Fig. 8). The rubbery plateau is only
achieved above 130°C. Thus, these results are en-
tirely consistent with glass transition data given
later.

The alternative method that may eliminate the
influence of the T}, on the kinetics is the rising tem-
perature experiment; ideally, the increasing exper-
imental temperature remains sufficiently well above
the T, of the system to prevent it from having any
effect while enabling the reaction to begin at lower

Table II Activation Energies Calculated Using
the Doyle Approximation

Extent of Reaction (a) Energy (kdJ/mol)

0.1 54+ 2
0.2 54+3
0.3 53+ 3
0.4 52+ 3
0.5 50+ 4
0.6 49+ 5
0.7 509

From Refs. 13-15.

2 2.5 3
1/T (1000/K)

Figure3 Arrhenius plots for the different heating rates
at different extents of reactions: (a) 0.1, (b) 0.2, (¢) 0.3,
(d) 0.4, (e) 0.5, (f) 0.6, and (g) 0.7.

temperatures. In addition, by taking 7°(0) = 25°C,
thermal lag and resulting experimental errors can
be avoided. Experiments were performed at heating
rates of 0.5, 1, 2, 3, and 5°C/min. Using Eq. (12)
(Doyle approximation) activation energies were
calculated for the range of extents of reaction 0.1 to
0.7; the results are shown in Table II; the plots are
given in Figure 3.

The close agreement between all of the values
obtained at different extents of reaction indicates
that the reaction is controlled by a single activation
energy and the same g(«) applied in all cases. Thus
the assumptions underlying the kinetic treatment
adopted here are conformed to, and it appears that
the T, has had little influence on the reaction rate
because the reaction temperature has been success-
fully maintained above the T} at all times. The DMA
data presented later provide further experimental
confirmation of this point. The average value is 52
kJ /mol, and this gave an initial approximation for
E. Having determined an initial approximation for
the activation energy, it is comparatively simple to
derive the kinetic parameters from the FTIR results
using Eq. (7) together with Eq. (9). These equations
were incorporated into a LOTUS spreadsheet to-
gether with the experimental «, T values. By car-
rying out an iterative procedure manually, values
for n and A can quickly be arrived at that provide
good agreement with the experimental data. This is
illustrated in Figure 4, which shows plots of observed
values against model values for the three heating
rates, all of which show close agreement over almost
the whole range of a. It also illustrates the o against
T plots together with the model predictions—again
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the level of agreement is excellent. The expression
derived in this way is as follows:

d
-ﬁ:(l—w@MWW6iQ®
_ (52 +4)x10°

X 103
exp RT

] (21)

It can be seen that, although the reaction order is
considerably lower than any of the isothermal ex-
periments, it does not have the expected value of 2
that a bimolecular reaction should have. However,
this lowering and the fact that n is independent of
b provide additional evidence that the T, has not
influenced the kinetics of the reaction. Overall, the
results confirm that the nonisothermal approach is
more reliable. If there was any influence of the T
on the reaction rate, there would be significant de-
viations from the model particularly at the slowest
heating rates. The high value for the order of re-
action probably arises due to the fact that once the
gel point has been passed and a dense network es-
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tablished, then diffusion eventually has a predom-
inating influence on the reaction kinetics. Whatever
the root cause, our data clearly shows that the re-
action kinetics can be modeled using this expression
on an empirical basis, over a wide range of temper-
ature and extent of conversion. This is sufficient for
the purposes of our analysis.

Dynamic Mechanical Analysis

The chemistry of the cure reaction results in a grow-
ing crosslinked network so that the mechanical
properties of the curing system change with time.
An analogous series of nonisothermal experiments
at the same heating rates as those used for the FTIR
measurements were performed by DMA. A typical
result is shown in Figure 5; at time 0, the material
was a low viscosity liquid so that dynamic storage
modulus was initially zero. Further into the exper-
iment the modulus underwent a rapid increase to a
first maximum; then a slight decrease followed by a
further rapid increase. At temperatures above the
first maximum bond scissions were clearly occurring

200
150 3
= i
a ]
£ 1004
'G -1
]
50 4
Py E—
40 80
Temperature ( °(:)
130
] 195 °C
120
E 4
s ] \
110 220 °C
170 190 210 230 250
Temperature (°C)
Figure 5 (a) DMA characteristic for the curing process

for a heating rate of 5°C/min. (b) As (a) but expanded
in the temperature region of the inflection.
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Figure 6 Behavior of the curing material on a glass
fiber braid as monitored by TGA.

as the modulus decreased; the TGA result given in
Figure 6 showed that the onset of decomposition
was in this temperature region. The second increase
was ascribed to carbonization of the sample as the
TGA showed rapid weight loss. It should be noted
that in the temperature region where the modulus
was increasing rapidly there was very little weight
change, thus the assumption of constant density
made in the derivation is validated in the region of
interest. The early mass loss shown in this plot is
due to solvent evaporation. An advantage of the
methods employed here is that they can be used to
study coating systems where solvent loss occurs.
The change in T, during the course of the reaction
was investigated by rapidly cooling the sample to
—100°C immediately after applying to the DMA
braid, then scanning at 5°C/min up to 175°C, the
temperature at which the maximum modulus was
attained at this heating rate. The sample was cooled
again and then heated to 200°C. The results from
these two experiments are shown in Figures 7 and
8. The tan(delta) peak in Figure 7 is poorly resolved
due to the fact that the liquid (uncrosslinked) poly-
mer braid composite has a zero modulus immediately
after the glass transition, and the signal to noise
ratio is poor under these conditions. From these re-
sults it can be clearly seen that the 7, of the sample
at the start of the experiment and at the point when
the maximum modulus was obtained were both well
below the sample temperature; and, therefore, the
modulus measured was the rubbery modulus of the
material. This confirms the inferences made from
the kinetic data given earlier. Inspection of the re-
sults shows that this is also true even when the
heating rate is reduced to 0.5°C/min. In addition it
can be seen that an isothermal temperature of 100°C
is within the transition region and even 120°C would
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-100 0 40 80 120160

Temperature ( C)

Figure 7 Behavior of the curing material as monitored
by DMA at a heating rate of 5°C/min.

not be in the rubbery plateau. This is consistent
with the discussion of the isothermal results given
earlier.

The activation energy for the cure reaction can
be determined from the DMA results following the
procedure outlined in the theory section. The data
at all the heating rates, G’/ T against T, were nor-
malized as shown in Figure 9. The normalization is
with respect to the initial maximum modulus ob-
served. This is necessary because, although great
care is taken in sample application on the braid,
consistency is difficult, and absolute values for G’
can vary from experiment to experiment. An anal-
ogous Arrhenius plot to that for FTIR (Fig. 3) was
obtained—Figure 10 shows In(b) vs. 1/T (at half
maximum height in Fig. 9). The activation energy
was found to be 53 + 2 kJ/mol; this is consistent
with the literature.?#' Considering the completely
different experimental approaches used, the values
obtained for the activation energy by FTIR and
DMA are in excellent agreement. This further con-

0.6 3
tan(delta)
0.5 G A
5041 2
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Figure 8 Monitor of the T} of the cured material after
heating to 175°C at 5°C /min.
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rates.

firms that the theoretical approach adopted here has
some validity. It should be noted that this treatment
assumes that the modulus maximum occurs at the
same extent of reaction in each case. Inspection of
the FTIR data and the closeness of the values ob-
tained by the two different methods tend to support
this assumption in this case. However, a more gen-
eral treatment that avoids this assumption will be
given in a future article.

Network Model

For a given extent of reaction, network models can
be used to calculate the gel point, sol fraction, pen-
dant fraction, elastically effective weight, and cross-
link density. Using this information, M, can be de-
termined. The network model'® was applied to a
simple A + B reaction. Figure 11 shows a plot of the
crosslink density against extent of reaction as cal-
culated from this model.

Adh A

In(b)

4
E
L

8
6
4
2
1
8 1
6
4
2
0 1
2 1
4
6 1
8
0

1
1
1.
1.
0.
0.
0.
0.
-0.
-0.
-0.
-0.
0.

024 0.0025 0.0026 0.0027 0.0028
/T (1/K)

Figure 10 Arrhenius plot of the DMA results. The
thermal activation energy of the cure process is 53 * 2
kd /mol.
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Figure 11 The calculated crosslink density as a func-
tion of the extent of reaction.

We now have a method for calculating the extent
of reaction as a function of time and temperature
from the kinetic model obtained by FTIR noniso-
thermal measurements and also a means of calcu-
lating the elastic modulus as a function of extent of
reaction from the Miller network model.

Using the network model, a value for M, was cal-
culated, and the theoretical modulus was normalized
using the following expression derived from Eq.
(19):

T(a)M.(min)

Normalized G’ = T'(min) M (a)

where

T(«a) = temperature at extent of react «
M (a) = M, at extent of reaction «
M. (min) = minimum M, (at the G’ maximum)
T(min) = temperature at M.(min) (at the G’
maximum)

Using these values of G’ with the kinetic model al-
lows theoretical normalized DMA profiles to be
plotted for any given value of activation energy, re-
action order, and preexponential factor for any AB
system with varying functionality and composition.

Simple inspection of the results makes it clear
that the maximum G’ measured does not correspond
to complete reaction. From Figure 9 it can be seen
that the G’ maximum occurs at 140°C at 0.5°C/min;
inspection of Figure 4 shows this corresponds to ap-
proximately 68% reaction. In fact, it corresponds to
about 65 + 3% reaction in all cases. Moreover, ac-
cording to the model, the modulus should continue
to rise rapidly up to 65% reaction, whereas the ex-
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perimental results clearly show a deceleratory pe-
riod. In the absence of any absolute values, com-
parison between two normalized sets of data is nec-
essarily somewhat arbitrary. We have chosen to
adopt the following procedure; between an extent of
reaction of about 0.15 (the gel point where G’ begins
to rise) and 0.6 (close to the extent of reaction at
the maximum G'), the extent of reaction is approx-
imately a linear function of temperature; see Figure
4. Also crosslink density is approximately a linear
function of extent of reaction, see Figure 11. Thus
crosslink density, and therefore G’, should be ap-
proximately a linear function of temperature. Linear
behavior is observed just after gelation. This was
extrapolated to meet the line corresponding to the
value of the first maximum in G’ (see Fig. 5). This
temperature corresponds to an extent of reaction of
about 45% in all cases so the predicted modulus data
from the model were normalized against the modulus
at this extent of reaction. The argument behind this
method is that this is the approximate course the
modulus increase would have taken in this temper-
ature region had ideal behavior been conformed to.
The results are presented in Figure 12. It can be
seen that the agreement is good over the early part
of the cure. It should be noted that, while the nor-
malization procedure influences the degree of agree-
ment between the model and the experimental data
over the later part of the cure, it cannot influence
the prediction of the onset of modulus buildup. This
aspect of the predicted behavior is in excellent
agreement with experiment. The failure of the model
at higher degrees of cure is probably due to the fact
that, for this system, the distance between crosslinks
is rapidly reduced to a few tens of monomer units;
thus, the underlying assumptions of the rubbery
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Fiugre 12 Plot showing the agreement between the

predicted (solid lines) and the modulus measured by DMA
for heating rates of 0.5, 2, and 5°C/min.

elasticity expression used here are violated. It as-
sumes that each chain is free to adopt a Gaussian
distribution; when the chain length becomes too
short, this assumption will not hold.

CONCLUSION

Kinetic parameters for a commercial polyurethane
coating system were obtained from FTIR using a
nonisothermal method. This data was coupled to a
network model and simple rubber elasticity theory
to give a prediction of the mechanical behavior of
the curing system. The predictions of the model were
compared with an independent set of experimental
results obtained by DMA. While a number of as-
sumptions were made and a normalization procedure
was used rather than absolute values, the approach
taken was successful over the early part of the cure,
and this type of model will enable a more predictive
approach for optimizing commercial formulations.

In addition, a method was devised to obtain ac-
tivation energies directly from DMA data, and the
value obtained using this method were in excellent
agreement with those obtained from the FTIR re-
sults.
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