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ABSTRACT : The reaction kinetics and chemorheology of a fast pelymerizing thermoset poly-
urethane (PU) system composed of 4,4-diphenylmethane diisocyanate, poly(propylene oxide) triol,
and dibutyltin dilaurate (T) as a catalyst was investigated. The adiabatic temperature rise mea-

surements were carried out to analyze the reaction

kinetics of the PU system since polymerization

rate was so fast. A second order Arrhenius type reaction kinetic equation could describe well the
reaction kinetics of the PU system. The power with respect to the catalyst concentration was about
0.6. Viscosity change of the PU system with low catalyst concentration during 1sothermal poly-
merization was measured using a rheometer. A viscosity function was estimated from the rheome-
ter data and the kinetic data through nonlinear regression. The power law index with respect to the
weight average molecular weight was dependent on the isothermal cure temperature.

Introduction

The reaction kinetics of thermoset polymers
such as epoxy, polyester and polyurethane have
been analyzed by several methods. Titration of
end group, GPC, NMR, IR and UV spectroscopy
measures directly the concentration of functional
groups contained in a reacting mixture.” On the
other hand, since the chemical conversion of func-
tional group is related to the change of physical
properties such as modulus, viscosity, dielectric
constant and heat evolution, the reaction kinetics
can be also analyzed indirectly. Among them, dif-
ferential scanning calorimetry (DSC), which cal-
culates the chemical conversion by measuring heat
evolution during polymerization, has been the most
popular techniques in analyzing the reaction kinet-
ics of thermoset polymer systems because it is con-
venient for use and ease in analyzing data.™™
Prime" reviewed some kinetic studies by thermal
characterization for thermoset polymer systems.

However, for fast polymerizing thermoset sys-
tems usually used for the reactive processes such
as reaction injection molding (RIM) and resin
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transfer molding (RTM), DSC is not useful for
kinetic study because preparing and handling the
samples are difficult. So the adiabatic temperature
rise method has been used.*® To carry out the adi-
abatic temperature rise measurement, a RIM ma-
chine is needed to mix reactants and deliver it into
an adiabatic chamber. The reactants are combined
by impingement mixing just before they are char-
ged into the adiabatic chamber. The viscosity of
each reactant needs to be low enough (Reynolds
number>200) to attain complete mixing at im-
pingement point.

The viscosity functions for thermoset polymer
systems have heen obtained from the viscosity
data measured by a rheometer and reaction kinet-
ics obtained using IR or DSC.5** The viscosity
functions need to consider the effects of tem-
perature and conversion on the viscosity of poly-
merizing reactant mixture.

The reaction kinetics of a fast polymerizing PU
system have heen analyzed using the adiabatic tem-
perature rise method in this study. Using the kinet-
ic data and viscosity data measured using a

rheometer at various isothermal curing tem-
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peratures, a viscosity function for the PU system
with low catalyst level has been estimated.

Experimental

Materials. A thermoset PU RIM system com-
posed of Isonate 1431 (Dow Chem. Co.) and
Voranol 230-238 (Dow Chem. Co.) was employed
in this study. The Isonate 143 L was composed of
4,4"-diphenylmethane diisocyanate(82%) and tri-
functional cycloadduct(18%). The Voranol 230-238
was polylether) polyol based on poly{propylene
oxide) (PPO). Equivalent weights of the isecyanate
and polyol were 144.3 and 230.7 respectively. Fune-
tionality of the polyol was approximately 3.0 and
that of the isocyanate 2.07. A catalyst used was T
(dibutyltin dilaurate, from Aldrich Chem. Co.). In
this study, catalyst level was defined as the weight
percentage of T3 relative to the polyol weight used.

Adiabatic Temperature Rise Measurement.

Since reaction rate of the polyurethane system
was so fast, the adiabatic temperature rise meas-
urement was carried out to analyze reaction kinet-
ics of the PU system. Stoichiometric amount of
the isocyanate and polyol was used. Catalyst level
was changed from 0.05 to 0.4%. Inlet temperature
of the reactants was changed from 30 to 60°C.
The experimental setting for the adiabatic tem-
perature rise measurement is shown in Figure 1.
An adapter nozzle connects the mixhead of RIM
machine to tygon tubing which flows the reactants
into the adiabatic chamber. A lever arm RIM ma-
chine made at the University of Minnesota was
used to inject the reactants. Reynolds number (Re)
of each reactant stream based on the tube di-
ameter needs to be larger than at least 200 to

adiahatic chamber
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Figure 1. Experimental settings for the adiabatic tem-
perature rise measurements.
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make sure sufficient impingement mixing at the
mixhead.” Re of the isocyanate stream was OVer
1000 and that of the polyol stream over 500 in this
study. Details on the RIM machine were described
by Mikkelsen and Macosko.” Thermocouples pre-
placed within the adiabatic chamber are connected
to a microcomputer to receive termnperature change
with time. More details on the adiabatic tem-
perature rise measurement were also described by
Camargo ef ol.” and Pannone and Macosko.”

Rheometric Mechanical Spectrometer (RMS).

To obtain a viscosity function for the PU system
containing 0.05% catalyst, viscosity change with
time during isothermal polymerization was measur-
ed using the Rheometrics System IV and RM3-800
rheometer. It was difficult to measure viscosity of
the PU system containing over 1.0% catalyst due
to fast polymerization. Parallel disk plates with di-
ameter of 25 mm were used. Shear rate was chan-
ged from 10 s to 1 s” with time to obtain vISCoS-
ity data in wide conversion range and to check the
shear rate dependence of the viscosity of the react-
ing PU mixture. Three isothermal curing tem-
peratures of 32, 42, and 55 "C were used.

Result and Discussion

Reaction Kinetics. To study reaction kinetics
of the fast polymerizing thermoset PU systems,
adiabatic temperature rise measurement methods
were used. Camargo ef al.” and Pannone and
Macosko™ also used the adiabatic temperature rise
measurement technigue to study reaction kinetics
of PU RIM systems hecause the polymerization
rates of the PU systems were so fast.

Figure 2 shows adiabatic temperature rise data
of the PU systems containing (.10, (.18, 0.28, and
0.40% T, The adiabatic temperature rise (temper-
ature difference between inlet temperature and
maximum temperature attained) was approximate-
Iy 110“C. The reaction rate increased as the cat-
alyst level was increased. For the PU system con-
taining 0.4% catalyst, Figure 3 also shows adiabatic
temperature rise data obtained at the different in-
let temperatures of 30, 40, 53, and 60 °C. The plot
shows the dependence of reaction rate on the in-
itial temperature. The reaction rate increased with
increase of the imtial temperature,
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Figure 2. Adiabatic temperature rise with time for the PU
systems containing (.10, 0.18, 0.28, and 0.40% catalyst lev-
els.
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Figure 3. Adiabatic temperature rise with time for the PU
system containing 0.40 % catalysts with four different initial
temperatures of 30, 40, 53, and 60 °C.

The energy balance for the adiabatic reactor re-
lates the rate of temperature change directly to
heat generation due to the convetsion change,

ar _

pC =

—AH L [NCOI (1)
dt
where C, is the heat capacity (0.44 cal/g), AH..
the heat of reaction (15.9 kcal/mol} and [NCO] the
isocyanate concentration (0.0029 mol/cm®). Eq. (1)
can be rearranged to show that an incremental
change in temperature is proportional to an in-
crement in reaction as follows.

AHrn AHpn [IJCO ]u
dr = - =222 J[NCQ]=———————— d
pC [ ] C « ()

4 »
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To relate A H,., to the adiabatic temperature rise,
it is assumed that (1) the reaction proceeds
conversion(o) = 1, and (2) p, C, and A H,.. are con-
stant. Integrating Eq. (2) with T =T, (inlet tem-
perature) at =0 and T =Tuzat =1 gives

AH[NCO ]y
T —-T,=AT ;=———— 3
max 0 ad pcp ( )
and
T-T,
= 4
o AT, (4)

The heat of reaction, A H.. can he calculated by
Eq. (3) using the adiabatic temperature rise data.
Substituting Eq. (3) and (4) back into Eq. (2) and
assuming an Arrhenius type second order reaction
kinetics gives

=
(T~ T 2L = k039 (Z) [NCOTo Ty =T (5)
4% gy exp(Z)INCOR (1= (6)

These equations were used to analyze the adi-
abatic temperature rise data. In the above
equations, the term expressing the reaction rate de-
pendence on the catalyst concentration is com-
bined into k.

Best fitting kinetic parameters {k., E} for the adi-
abatic temperature rise data were determined by
the Marquette's multivariable nonlinear regression
method and Runge-Kutta integration technique as
given in Table I. Reaction rate of the PU system
was affected by the catalyst, Tu: level. Figure 4
shows the change of reaction rate constant as a
function of the catalyst level. The reaction order
with respect to the catalyst concentration was

+ about 0.6 for the PU system. Richter and Macosko®

proposed a catalyst dissociation step which gives
an order of 0.5-1.0 with catalyst concentration.
The reaction order with respect to the catalyst
concentration for the PU system fell within their
boundary.

A comparison of the adiabatic temperature rise
data calculated from the kinetic model (lines) with
the data {symbols) measured from the adiabatic
temperature rise experiment is shown in Figure 5

Korea Polym. J., Vol. 4, No. 1, 1996



Reaction Kinetics and Chemorheology of a Highly Reactive PU System

Table I. Reaction Kinetic Parameters for the
Thermoset PU Polymerization

T, level klmol's']  Elcal/mol] [NCOl, =
0.10 0.846x10° 12000 0.0028 2
0.18 1.203x10° 12000 0.0020 2
0.28 1.562x10° 12000 00029 2
0.40 2.340%10™ 12000 00029 2
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Figure 4. Reaction rate constants as a function of catalyst
ievel.

for the PU systems with 0.10, 0.18, 0.28, and 0.40%
catalyst. The kinetic model describes fairly well
the adiabatic temperature rise data of the PU sys-
tems. Figure 6 also shows a comparison between
the adiabatic temperature rise data calculated from
the kinetic model and the experimental data for
the initial temperatures of 30, 40, 53, and 60 °C at
0.4% catalyst level. Even though there was small
deviations at low and high conversion range, the
simple second order Arrhenius type reaction kinet-
ics could explain fairly well the reaction kinetics of
the T, catalyzed PU crosslinking.

Chemorheology. The viscosity change of a reac-
tive thermoset during polymerization affects the
processibility in for example, RIM, RTM, SRIM
(structured reaction injection molding), and pul-
trusion. In RIM process, the viscosity of a reacting
mixture needs to be low enough to aveid in-
complete filling. That is, the filling time has to be
shorter than the gelation time for complete filling.
So, it is important to understand exactly the
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Figure 5. Comparison between the model prediction and

the experimental adiabatic temperature rise data at 0.10,

0.18, 0.28, and 0.40 % catalyst levels.

Temp.["C)

Time [sec]

Figure 6. Comparison between the model prediction and
the experimental adiabatic temperature rise data at four dif-
ferent initial temperatures of 30, 40, 53, and 60 °C,

chemorheology of a reactive polymer system in
order to determine optimum processing parame-
ters such as filling time, flow rate, initial and wall
temperature, etc.

In order to model a reactive polymer process
such as RIM, a viscosity function considering the
effects of temperature, shear rate, and conversion
on the viscosity change during polymerization has
to be derived. Figure 7 shows the viscosity change
with cure time together with the shear rate
change for the PU system containing 0.05% T
during isothermal curing at 32°C. The viscosity
change was not affected by the shear rate change.
The shear viscosity of the PU system was in-
dependent on the shear rate within the range of in-
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Figure 7. Viscosity change with reaction time and shear
rate change for the PU system containing 0.05% catalyst
during isothermal polymerization at 32 °C.

terest. For a similar PU system, Castro” also re-
ported that the viscosity of the polymer system
was independent on the shear rate. So the fol-
lowing empirical viscosity function proposed by
Castro and Macosko?” was employed in this study
to analyze the viscosity change of the PU system
during polymerization.

1= n(T Y (=) e 7

o
o, — X

"gel
where No(T) = A, exp( K, / RT), 04 is the con-
version at gelation, and ¢ and b are empirical
parameters. The Vogel relation (no(7} = 4, exp(1/
{¢+d (T-T))) can be used instead of the Arrhenius
temperature dependence term” to consider glass
transition effect on the viscosity. Eqg. (7) has been
employed in this study since it is more appropriate
for a reacting PU system with large 7-T,.* Eq. (7)
was also adopted by Kim & al’® to fit the viscosity
change of a rubber modified epoxy system.

The viscosity data of each reactant are sum-
marized in Table IL In order to analyze the effect
of temperature on the viscosity of each reactant
and the PU mixture, best fitting parameters of the
Arrhenius type viscosity function were determined
through regression as given in Table IIL. The
viscosity of the PU mixture was taken by cal-
culating the weight average of each reactant viscos-
ity. The activation energy of the viscosity function
for the PU system (9.533 kcal/mol) was similar to
the values reported for general PU systems (8.5 to
11.0 kcal/mol).'*® Arrhenius type viscosity func-
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Table II. Viscosity Data for the Thermoset PU System

temp. (K] viscosity [Pa.s]
Tsonate 1431 Vorancl 230-238  mixture
298 0.0300 0.213¢ (.1426
323 0.0135 (.0551 0.0391
348 0.0071 0.0176 0.0136
373 0.0039 0.0066 0.0056

Table IIL Best Fitting Parameters of the Arrhenius
Viscosity Function

matetial Aq E,
[Pa.s] [cal/mol]
Tsonate 143L 1.20% 10°° 6000
Voranol 230-238 7.13%10° 10180
mixture 1.45%10% 9533
i e
E —— Polyol
- I ——— Mixture
< 0.F | —ar— Isocyanate
= E
= F
3 i
o
w 001
S
g_ng;x::ln:.l.n:i-n.
0.0026 0.0028 0.003 0.0032 0.0034
1T [K]

Figure 8. Arrhenius plot of the viscosity data for each
reactant and mixture. The viscosity data for mixture was
taken by calculating the weight average of the viscosities of
reactants.

tion (line} is plotted in Figure 8 together with the
rheometer data {symbaol). The slope of the straight
line is equivalent to E./R.

Figure 9 shows the viscosity change with time
during isothermal polymerization at 32, 42, and 50
°C with 0.05% T The viscosity data measured us-
ing the rheometer are shown as symbols. Each
curve indicates model prediction calculated by the
viscosity equation, Eq. (7). Best fitting parameters
of the viscosity function were determined through
regression using the parameters {A4,, E,) of the Ar-
rhenius type viscosity equation as an initial guess.
The reaction kinetics obtained from the adiabatic
temperature rise measurements were contained in

Korea Polym. J., Vol. 4, No. 1, 1996
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Figure 9. Comparison between the mode! prediction and

the RMS viscosity data for the PU system containing 0.05%

catalyst at 32, 42, and 50 °C.

Table IV. Parameters of the Viscosity Function
Estimated from the Rheometer Data

Ay E, Oy a b
[Pa.s] [cal/mol)

45464%10° 9246

(.6836 2.94 -1.18

the fitting program to calculate conversion with
time. Table IV summarizes the parameters of the
viscosity function. A theoretical gel point {0.6836)
was calculated using Macosko's equation.”

— i 0.5
% = e Do D ®)
where fico (2.07) and fos (3.00) are functionality of
the isocyanate and polyol respectively. If all the
functional groups are equally reactive and the func-
tionality of diisocyanate is 2, then the weight av-
erage molecular weight of the PU system can be
calculated by Macosko and Miller's recursive theo-

24

ry.

P14 (fou-1dr o5} Mo +2(1+r UZ)MOHZ/fOH +4r oM xcoMon
9)

M=

{rMucor2Mon/for) (L-(fom-1)7 o)

where r is the initial ratio of functional group con-
centration (r=[NCOT/[OH1s), Mo (288.6 g/mol)
is the molecular weight of the diisocyanate mono-
mer, and Mo (692.1 g/mol) of the polyol with a
functionality feu (3.0). So M, of the PU system can
be calculated as a function of time and conversion
from the reaction kinetic equation and Eq. (9).
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Figure 10. Viscosity as a function of molecular weight for
the PU system containing 0.05% catalyst during cure at 32,
42, and 50 °C.

The relationship hetween the viscosity and the
molecular weight is plotted in Figure 10. The pow-
er law exponent was increased with the isothermal
curing temperature (2.69 at 32 °C , and 3.08 at 50
oC}. It is considered that the viscosity change is a
little more sensitive to the molecular weight at
high temperature because the polymer chain has
more flexibility at high temperature. For linear
polymers, the viscosity is known to depend on
the molecular weight, and the power law is usually
emploved to express the viscosity vs. molecular
weight relationship. The power law index is about 1
in low malecular weight range, but increases to 34
above the critical molecular weight. However, for
crosslinking system, there is no doubt that the
viscosity dependence on molecular weight will be
different from the linear polymer system. Lip-
schitz and Macoske" reported that the exponent
was 1 to 2.6 for several crosslinking polymer sys-
tems. The power law indices for the PU system
are somewhat higher than their results, but still
less than 3.4.

Conclusions

The reaction kinetics of the fast polymerizing
thermoset PU system was investigated by carrying
out the adiabatic temperature rise measurements.
The second order Arrhenius type reaction kinetic
equation was found to describe well the reaction
Kkinetics of the PU system., The power with respect
to the catalyst, T:» concentration was about
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0.6. A little deviations between the kinetic model
and the adiabatic temperature rise data were ob-
served at low catalyst levels. The viscosity func-
tion for the low catalyst PU system was estimated
from the rheometer data and the reaction kinetics
obtained from the adiabatic temperature rise data.
The viscosity of the PU system was independent
on the shear rate within the range of interest. The
power law index with respect to the weight av-
erage molecular weight of the low catalyst PU sys-
tem increased as the isothermal cure temperature
was increased.
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