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Abstract—Polymer fluid flow and polymerization reaction occur simultaneously during the reactive polymer

processing. The viscosity and physical properties change as the reaction proceeds and the crystallization and vitrifica-

tion occur as the T, and the T, of the polymerizing fluid exceeds the reaction temperature within the mold.

INTRODUCTION

Reactive polymer processing includes the reaction
injection molding (RIM), reactive extrusion (REX),
reactive spinning, pultrusion and the BMC (bulk
molding compound) and SMC (sheet molding com-
pound) processes. The fluid flow and polymerization
occur at the same time and the physical properties
of the polymerizing fluid change as the reaction pro-
ceeds. The glass transition temperature (T, and the
melting point (T,) of the polymerizing fluid in-
creases as the conversion increases. Thus reaction-
induced crystallization occurs as the T,, of the
polymerizing fluid exceeds the reaction temperature
(the local temperature inside the mold cavity) in the
case of the reactive processing of the semi-crystalline
polymers such as Nylon 6. This process has to be
kinetically expressed since the exothermic heat from
the crystallization changes the temperature profile,
reaction rate and the viscosity of the fluid.

The reaction-induced vitrification (solidification}
occurs as the T, of the polymerizing fluid exceeds
the reaction temperature in the case of the RIM pro-
cess of epoxy resin. The vitrification stops the reac-
tion and a new kinetic equation of the curing reaction
has to be derived in order to model the reactive pro-
cesses. This phenomena will affect the T, profile
across the thickness direction of the molded article.

Rubber, particularly amine or carboxylated
acrylonitrile butadiene rubber (ATBN or CTBN) is
sometimes added to the epoxy resin to impart high
impact properties. The rubber is soluble in the epoxy
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oligomer at the initial stage of the reactive process-
ing but as the curing reaction proceeds and the
molecular weight of the epoxy resin increases, the
compatibility of epoxy and rubber decreases and at
certain level of conversion, phase separation is
started. the competing process of phase separation,
vitrification and gellation determines the final mor-
phology of the epoxy RIM product. The phase
separation process also occurs during the
polyurethane-unsaturated polyester and
polyurethane-epoxy IPN RIM processes.

This paper reviews recent stadies done at the
polymer engineering lab. of the chemical engineer-
ing department of KAIST.

REACTION INDUCED
CRYSTALLIZATION OF NYLON 6

The anionic polymerization during the reaction
injection molding process of Nylon 6 is carried out
somewhat below the melting point of the polymerized
product, and thus the reaction induced crystalliza-
tion occurs as the reaction proceeds. A nonisother-
mal crystallization kinetic equation was obtained (1)
and the engineering analysis of the RIM process of
Nylon 6 was carried out including the exothermic ef-
fect of the crystallization during the processing and
the crystallinity profile in the moided product was
obtained (2).

The caprolactam monomer was polymerized
under anhydrous condition using sodium caprolac-
tam as the catalyst and the activator was prepared
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Fig. 1. Comparison of the experimental conversion data
{points) and the calculated vaiues (lines) from Eq.
3 at various initial temperatures; (a) 144.5°C, (b)
138.5°C and (¢) 133.2°C.

by reacting hexamethylene diisocyanate (HDI) with
caprolactam monomer at 80°C. The concentration
of the catalyst and the activator were 1.5 mol% and
0.5 mol%, respectively.

The reaction kinetics for the Nylon 6 polymeriza-
tion was obtained from the adiabatic experiment
measuring the exothermic heat of polvmerization in
the case when the polymerization and crystallization
occur separately (when the reaction is carried out at
high thmperature, the polymerization occurs first and
the crystallization is observed after the polymer is
formed due 1o the slow rate of crystallization), The
final equation was obtained by fitting the experimen-
tal results from the adiabatic experiments carried out
at different initial temperatures with the autocatalytic
model as foliows (Eq. 1 and Fig. 1).
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A new crystallization kinetic equation was derived
to describe the crystatiization kinetics induced by the
polymerization. In Eq. 2, the first exponential term
indicated the diffusion of the polymer chain. The
constant E; was observed to increase as the
molecuniar weight of Nylon 6 increased. The second
exponential term described the supercooling effect
and the melting point T,, should be expressed as a
function of conversion. The fourth term was included
to describe the effect off the impingement of the
growing crystals.
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Fig. 2. Equilibrium crystallinity versus the conversion at
which the crystailization started to occur.
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Fig. 3. Melting temperature versus cenversion; (a) melting
temperature of the monomer extracted polymer (b)
melting temperature of the reaction mixture.
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The o
could be obtained at a given conversion and it was

wias the equilibrium erystallinity that

ohserved to sary with the inital conversion when the
High

crystallininy was obtained when the crystallization

crystallization had  started. equilibrium
was started at low conversion (when the jeaction
temperature wis low) and shightly lower equilibrium
conversion was obtained when the crystallization was
started after the reaction proceeded to some extent
due to the viscosity effect of the medium. Fig. 2 and
Eq. 3 was obtained to describe this effect.
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The melting point change as a function of con-
version was also obtained {rom actual experiment by
stopping the reaction at intermediate conversion and
measuring the T, of the reaction intermediate. Fig.
3 and Eq. 4 was obtained to describe this T,
change.

Tm=928+ 125 i4)

In order to obtain a correlation between the two
canstants, one for the diffusion and the other for the
supercooling effect in Eq. 2, the temperature of the
maximum rate of crystallization T, was derived by
differentiating the Eq. 2. And by rearranging Eq. 6,
a correlation between E, and ¥ was obtained as Eq.
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The temperature of maximum crystallization rate,
T, could be obtained by carrying out the DSC cool-
ing experiment and measuring the peak of the ex-
otherm during crystallization on reaction mixture
with different conversion level. The crystallization
peak temperature at the cooling rate of 10°C/min
was obtained and it was assumed that the crystalliza-
tion peak temperature at the cooling rate of 0°C/min
which corresponded to the isothermal crystallization
experiment should be proportional to the peak
temperature measured at 10°C/min (a). From
literature, it was reported that the T, value of Nylon
6 was 140°C and the new correlation between the
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conversion and T, was obtained as bq. X
T,=8.858 512 g

The actual crystaliizaiion Jata was obtained by
carrying out the adiabaric experiments at low initial
temperature to have the polymerization and kinetic
data was obuained from the exothermic lweat of
crystallization by subtracting the exorhermic heat of
reaction from the overall exotherm. The parameters
in Eqg. 2 were determined as follows by fitting the
experimental curve with the equation as shown in Fig.
4 and Eg. 9. The effect of the reaction rate constant
k on the simulated exotherm from the polvmeriza-
tion and the crystallization by combining the Eq. |
and 2 is shown in Fig. 5. When the polymerization
rate is very fast as in line (a), the crystallization ex-
otherm is observed after the polymerization is com-
pleted, but when the reaction is slow, the
polymerization and the crystallization occur at the

same time.
3.18
E,=—"""—+43.258-+3.2 )
=1 61-7 3,258+ 3.28 {9

A computer simulation for the Reaction Injec-
tion Molding (RIM) Process was conducted based on
the nonisothermal reaction induced crystallization
kinetic equation thus obtained in a disk type mold
(2). The temperature, conversion and the crystallinity
profile inside the mold cavity as a function of time
were obtained as shown in Fig. 6, 7 and 8. It was
observed that the conversion reached near comple-
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Fig. 4. Comparison of the adiabatic temperature rise
between the experimental data (points) and the
calculate values (lines) from Eq. 4 at various in-
itial temperature; {a) 125.7°C, (b) 117.3°C, (¢}
113.5°C, and (d) 108°C.



I A A A R T A AT

S 1

- ’ /
s/ !
Fas ¢ ‘Jl /
< g b I‘)
- 130 /{’(E) / (h} (ci r/ [Tl
}w, ! v." ifj
| ,,‘ y /
o /t‘ e /f ,/":3_,.,—""‘//
,—w’_"_: et
W"‘"‘
100 } . !
0 160 200
t (sec)

Fig. 5. Adiabatic temperature rise calculaied from Eq. 4
al ditferenf value of k: (a} 1.0 x 10, (1)2.5 x 10, (¢)
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Fig. 6. Change of the temperature profile with time.

tion after 100 seconds (Fig. 7) but the equilibrium

crestallimity was not obtained even after 180 soconds

ifie R

VITRIFICATION AND PHASE
SEPARATION DURING THE RIM
PROCESS OF EPOXY RESIN

An engineering analysis of reaction injection
molding process of epoxy resin was carried out
through numerical simulation and actual experiment
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Fig. 7. Change of the conversion profile with time
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Fig. 8. Change of the crystallinity profile with time.

(3). In order to simulate the process, the reaction
kinetic equation as well as the viscosity function was
obtained from the thermal analysis and rheological
fCasuicimeiti.

The epoxy resin was composed of the reaction
product of the diglycidyl ether of Bisphenol-A
{DGEBA; epoxy equivalent of 190) and triethviene
tetramine (TETA) with the amount of TETA fixed
at 10 phr (parts per hundred parts of DGEBA by
weight). The reaction kinetic equation was obtained
from the dynamic DSC experiment (4} by measur-
ing the exothermic heat of reaction. As shown in Fig.
9, the vitrification (or solidification) occurred as the
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Fig. 9. Thermograrms obtained from the dynamic DSC
experiment during the epoxy curing.
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Fig. 1. Glass transition temperature versus conversion
from experimental data (solid line represents Di
Benedetio’s equation).

T, of the reacting mixture exceeded the reaction
temperature. When the heating rate was set at
0.5°C/min, the reaction was carried out at low
temperature and the reaction rate was slowed due to
the vitrification effect at about 30°C. As the sample
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Fig. 11. Experimental conversion data (points) and the con-
version calculated from the kinetic equation (lines).
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Fig. 12. Viscosity versus temperature plot measure by RMS
(points) and calculated from the viscosity function
(lines) during the epoxy curing process.

was heated further the reaction proceeded again as
the reaction temperature was increased at above 80°C
and the double peak of exotherm was observed.

The glass transition temperature, T, of the reac-
ting mixture was measured from the samples obtained
by stopping the reaction at different level of conver-
sion (Fig. 10). In orter to describe the T, change as
a function of conversion, Di Benedetto’s equation
was used to fit the data as Eq. 10.

Te-Te  0.3-0.2)8
T  1-0.88

(19
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In order to describe the effect of the viirification
on the reaction rate, the reaction kinetic equation was
muodificd 1o mclude the effect of the difference of
the T, of the rection mixture and the reaction
temperature. Thus a WLF type frequency factor was
added in the equation and the parameters were deter-
mined by the regression of the conversion daia (Fig.
11) obtained from the DSC exotherm as follows (Eqg.
11, 12).

dc* _ _ 18600 L e ve ;

at =A,exp RT (1-C* 1%
(T~Tg—20)

—=ln i3 Ry = Qe - e Y 17

InA,=Ini3.83 = 10%) ST =T 2] th

The viscosity function was measured with the
parallel plate rheometer (Rheometrics Mechanical
Spectrometer RMS). The viscosity function was ob-
tained from the reaction kinetic equation and the
viscosity measurement by changing the parameters
in the viscosity function to fit the rheometer data as
shown in Fig. 12 and Eq. 13.
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The computer simulation results (5) on the epoxy
RIM process inside a disk 1ype mold utilizing the
reaction kinetic equation with the vitrification effect
as well as the viscosity function thus obtained, could
give informations about the T, profile within the
molded product as a function of time such as shown
in Fig. 13.

The addition of the CTBN and ATBN rubber
(carboxylated and amine terminated butadiene-
acrylonitrile rubber} to enhance the impact resistant
properties would make the system more complicated,
sinice the phase separation behavior should also be
analyzed. The CTBN and ATBN both show UCST
behavior when they were mixed with the epoxy
oligomer and the critical temperature increased as the
curing reaction proceeded which meant that the com-
patibility at a given temperature decreased as the
molecular weight of the epoxy resin increased (Fig.
14}. The phase separation behavior was studied by
the laser light scattering method on the polymeriz-
ing samples, CTBN rubber (AN%: 17, m.w.: 3,500)
and ATBN rubber (AN%: 16, m.w. 3,600) were add-
ed in varying amounts and curing reaction was car-
ried out at 70-110°C,
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Fig. 13. Change of T, profile with time during the epoxy

RIM process.
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Fig. 14. Cloud point curveswith conversion (mol. wt.) for
the DGEBA-ATBN biend.

Fig. 15 shows the typical light scattering result.
As the polymerization was proceeded, the scattered
light intensity increased and the angle of maximum
scattered light also moved towards lower angle. The
domain correlation length (md) which was the
distance between the center of the neighboring do-
mains {which could be related to the domain size if
the concentration of the domain was known), was
inversely refated to the angle of maximum scattered
light intensity, and thus the results showed that the
domain size increased up to 3.5 microns at about §
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Fig. 16. Change of domain correlation length with the com-
position and curing temperature,

min after the curing had started and remained cons-
tant, The domain correlation length could vary at a
given CTBN concentration when the curing
temperature was changed, in ranges from 1 to 3
microns which could affect the impact strength
significantly (Fig. 16).

Fig. 17 shows the growth of the domain corr-
lation length as a function of the curing time with A
TBN content of 5, 10, 15% cured at 93°C. The epoxy
blend with higher ATBN concentration showed rapid
growth of the rubber dornain duc to the growing in-

Swie A 149 #1135, 1988

1!

o
- [0
o ATHBN®
i ® s
i“ ‘. * e
= T s W EELE
E n o
= 00 = E:’ﬂ
= - e
o
IO! i Llj!lle A U S N W W ¥
10t Hr 1!
Time, s

Fig. 17. Change of domain correlation length with different
ATBN composition, (T =90°C),
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Fig. 18. Change of domain correlation length with different
curing temperature (ATBN 103,

compatibility of the blend and the final domain sirve
was reached ar about 5 min after the curing reaction.
The domain growth when cured at different
temperature (Fig. 18) shows the effect of the UCST
behavior which indicates better compatibility at high
temperature. Thus the final domain size reached
about 3.5 microns when cured at 70°C but it reach-
ed only 2 microns when cured at 90°C although the
grawth rate of the rubber domain was slower at low
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curing temperature because of the high viscosity of

the reacting Tind.
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NOMENCLATURE

© temperature dependent frequency factor
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&0

 concentration of reactant A, g/cm’
. extent of reaction at gel point
. activation energy of diffusion for crystalliza-

tion, cal/mol

: gas constant, 1.987 cal/gmol °K

. glass fransition temperature

: glass transition temperature at zero conversion
. temperature of miximum crystal growth rate
: melting point

: degree of crystallinity

: equilibrium crystallinity

: conversion

. conversion at which crystallization was started
: eonstant of supercooling effect
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