
Im 
s = surface 
u 

urn 
CU = bulkffuid 

= lower critical value based on 

= upper critical value based on Nu, [at intersection 
of Equations (6) and ( l o ) ]  

= upper critical value based on Nu 
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Heat Transfer and Curing in Polymer 
Reaction Molding 

EPHRIAM BROYER 
and 

CHRISTOPHER W. MACOSKO 

A theoretical model is proposed for curing in polymer reaction molding 
operations like casting, potting, lamination, thermoset molding, or reaction 
injection molding. In  many cases, convection and mass diffusion can be 
neglected. The resulting unsteady heat equation with temperature dependent 
generation is solved numerically. Temperature and property profiles, gel 
point, sol fraction, and modulus are presented for a typical urethane system 
under several conditions. Two dimensionless groups, the adiabatic tempera- 
ture rise and the ratio of polymerization rate to heat conduction rate, are 
most significant. Process design criteria are discussed. 

Department of Chemical Engineering 
and Moteriols Science 

University of Minnesota 
Minneapolis, Minnesota 55455 

SCOPE 
A large number of polymer products are formed into 

their final shape by polymerization in situ. Examples in- 
clude processes like monomer casting, potting or encap- 
sulation, bonding with structural adhesives, in situ foam- 
ing, reinforced plastic lamination, and thermoset and rub- 
ber molding operations. The recent development of a num- 
ber of very fast urethane systems with a wide choice of 
final properties has resulted in a new processing method, 
reaction injection molding (Wood, 1974; DelGatto, 1973), 
which has high growth potential. 

Correspondence concerning this paper should be addressed to C. W. 
Macosko. 

There is a body of descriptive literature on these proc- 
esses. Problems of nonuniform reaction due to heat transfer 
and the reaction exotherm are well recognized (for exam- 
ple: acrylics, Horn, 1960; epoxies, Lee and Neville, 1967; 
polyesters, Doyle, 1969; rubber, Hills, 1971). Some qual- 
itative guidelines for processing are given, but there are 
few analytical studies. As Kamal (1974) states in a recent 
review of thermoset injection molding, “So far there has 
been no systematic study in the literature to relate basic 
kinetic, thermal and rheological parameters for thermosets 
to their injection molding behavior.” In  rubber molding, 
Hills (1971) reports some transient heat transfer calcula- 
tions to predict cure development in thick sections. Engel- 
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maier and Roller (1975) use transient heat transfer and a curing thick sections of solid propellants. Each of these 

types of processes. It appears that a general approach can 

ization. 

time and temperature dependent viscosity to model thick- 
neSS change in laminates’ Stonecypher et 

studies are sound, but they have dealt with very ’pecific 

be taken to all molding operations which include polymer- 
al. (1966) also include heat of reaction in their model for 

CONCLUSIONS AND SIGNIFICANCE 
Most polymer reaction molding processes appear to be 

controlled by a balance of internal heat generation and 
heat transfer through the mold walls. Convection and part 
geometry effects are generally secondary. Molecular diffu- 
sion can be neglected. This leads to a straightforward tran- 
sient heat transfer problem which can be readily solved 
numerically. 

Calculated temperature profiles for a typical system show 
that adiabatic conditions are often encountered near the 
center of real moldings. A critical thickness h, is suggested 
for determining when a process is essentially adiabatic. 
This defines the maximum temperature, since high tem- 
peratures can cause side reactions, degradation, volatiliza- 
tion, and damage to components near the polymer, such 
as in electrical encapsulation. 

From these temperature and concentration profiles, and 
with the network structure property relations of Macosko 
and Miller (1976 a,b), we can calculate gel point, molecu- 
lar weight, sol fraction, and modulus changes with posi- 
tion and time in the mold. For cyclic processes like ther- 
moset injection molding and reaction injection molding 
which involve significant capital equipment, it is advan- 
tageous to cure the part surface rapidly and follow with a 
postcure. I t  may be more desirable to control heat flux 
through the mold walls rather than T ,  as is usually done. 
Mold cure cycles are usually controlled on surface hard- 
ness or flex modulus which can be predicted from our mod- 
ulus relations. 

Polymer reaction forming processes can be broken down 
into several operations as shown schematically in Figure 
1. Each process must include component metering, either 
batch or continuous; intensive mixing to bring the reac- 
tants into intimate molecular contact within a time scale 
short compared to the process cycle time; ffow inlo the 
final shape, such as filling a mold; reaction or curing in 
shape until part is stiff enough to remove; post-curing step 
sometimes used to improve modulus, and dimensional 
stability. 

The important molecular changes that occur during 
these operations are illustrated for a trifunctional poly- 
merizilig with a bifunctional monomer in Figure 2. The 
most important molecular information is the gel point. 
This is the point at which the weight average molecular 
weight gw becomes infinite, where one molecule becomes 
the size of the reactor. Beyond the gel point, more and 
more of the molecules attach to this infinite network; thus 
the weight fraction soluble w, drops to zero. The fraction 
of A3 acting as elfective cross-links P(X3) increases to 
one at full reaction. Macosko and Miller (1976 a, b) have 
derived relations for these property changes as functions 
of extent of reaction 17. For the case of A3 + B2 with 
equal stochiometry and reactivity of functional groups, 
these relations reduce to 

where 

\ Prepolyrner (5) -Prectse 
Ca ta l ys t  -Weighing-Mixing- Flow t o - C u r e - R e r n o v e 4  Pos t -  
Addi t ives -o r  F l o w /  t Shope t Part 

Me te r ing  d 4 f ! 

Fig. 1. Schematic representation of the unit operations of reactive 
polymer molding; q represents heat flow into or out of the process. 

li 
lb 2 

1 ,,’ \ I 
0 - 
0 I 2  3 4 5 6 7 8 9 10 

Fig. 2. Molecular property changes with extent of reaction in tri- 
functional network polymerization. From equations ( 1 )  to (4); Ma3 
= 165, Msz = 168, equimolar in functional groups, bulk con- 

centrations. 

These molecular changes, of course, govern the proc- 
essing behavior through property changes such as viscosity 
and modulus vs. time and temperature. The data of 
Gordon, Ward, and Whitney (1971), Lipshitz et a1 
(1975), and Valles and Macosko (1975) indicate that 
for a number of network polymers, the viscosity is directly 

AlChE Journal (Vol. 22, No. 2) March, 1976 Page 269 



Shut Eject  
O f f  

MI I  
mmmm 

'Fi l l  t G e l  
Reocl ion Time 

Fig. 3. Rheologicol changes during a polymer reaction molding cycle. 

TABLE 1. COMPARISON OF TYPICAL FLOW AND CIJlW. TIMES I N  
POLYMER REACTION MOLDING 

Process Flow time Cure time 

Monomer casting (epoxy ) 60 s 24 hr. 

Fiberglabs lamination 20 s 30 min. 
( Brydson, 1969 ) 

(Engelinaier and Roller, 1975; 
Roller, 1975; Lubin, 1969) 

(Blow, 1971; Hills, 1971) 

(Beck and Golovay, 1972; 
Norfleet and Boone, 1974) 

(Prepelka and Wharton, 1975 ) 

Rubber compression molding 15 s GO min. 

Thermoset injection molding 3 s  2 min. 

Reaction injection molding 2 s  1 min. 
+ 2 hr. 

post cure 

related to Dw: 

1) = KXZk (5) 

If the shear modulus at small strains obeys the ideal 
equation of rubber elasticity (ignoring, for example, ef- 
fects of entanglements, filler, crystallinity), then G is pro- 
portional to cross-link concentration: 

G = 1/2. CA,P (x3) RT (6)  
Given a kinetic expression, we can convert 1) to reac- 

tion time and generate a property vs. time plot such as 
Figure 3. This i~iformation is important to d e h e  the op- 
timum stages in the cycle operation. 

For t < tgel we have a liquid with increasing viscosity. 
In this liquid region, mixing sliould be accomplislied at 
low viscosities. I t  may be necessary to add heat to melt 
or lower the viscosity of the reactants. Flow into the 
mold must also take place below some viscosity level to 
get complete filling. Ideally, we would like low viscosity 
throughout the filling process. 

For t > tgel, the material becomes a rubbery solid with 
increasing modulus. If there are temperature gradients 
in the part, modulus will vary with position. At some 
modulus and strength level, the part will be reacted enough 
to be removed. Further reaction can be accomplislied in 
a post cure oven. These processing operations are shown 
superposed on the viscosity and modulus changes in Fig- 
ure 3. 

Below we propose a mathematical model for polymer 
reaction molding. The model is particularly aimed at 
predicted curing and molded part properties. 

THE MODEL 

N o  Flow Assumption 
In most polymer reaction molding processes, the fill 

or flow time is significantly less than the total cure time. 
Table 1 summarizes some of the reported \dues  for 
these times. 

If the filling time is small, or if the composition and 
temperature of tlie part are fairly uniform at t l ~ e  end of 
filling, then we can neglect convection and greatly sim- 
plify the problem. The mold filling process can be modeled 
by using a finite element analysis (for examplr, Broyer, 
Tadmor, and Gutfinger, 1975) taking into account changes 
in viscosity due to polymerization. Some aspec,s of flow 
with networlc polymerization have been treated numeric- 
ally and experimentally by Lipshitz and Macosko (1975). 

No Diffusion Assumption 
By neglecting flow, the one-dimensional m u s  trans- 

fer equation in terms of the concentration of tunctional 
groups of type A becomes 

(7) 

If we assume perfect initial mixing, the only driving 
force for diffusion of A groups arises from changes in re- 
action with y. Typically, the reactants involved have 
molecular weights greater than lo2. At reaction condi- 
tions, the viscosities exceed 1 poise and increase continu- 
ously. Using the Stokes Einstein equation (Bird et al., 
1960) 

and the values above with T = 320"K, we find D < 
10-9cm2/s. Crank and Park (1968) give for diffu- 
sion of hydrocarbons into rubber. These low dausion 
coefficients will decrease further with reaction. 

Using 1 0 - 9  for D, we can compare tlie orde,. of mag- 
nitude of diffusion and generation terms on the i ight-hand 
side of Equation (7) .  Consider a fairly thick part with 
a rather slow reaction: C A o  = 0.2 mole/l, RA = 
niole/l/s, and Ay = 1 cm. We find 

Thus, it appears quite reasonable for nearly all polymer 
reaction molding processes to neglect diffusion of reac- 
tants in the mold curing stage. This reduces inahs transfer 
to just the kinetic expression for the rate of clisappear- 
ance of A functional groups. 

Chemical Kinetics 
Determination of kinetics, particularly beyond the gel 

point, is difficult. Since the polymers formed are usually 
three dimensional and insoluble, indirect methods must 
be used. Calorimetry, infrared and other spectrographic 
methods, electrical conductivity, and dynamic mechanical 
and dielectric methods have all been tried (Kamal, 1974). 
For example, three studies with infrared measurements 
on different urethane systems report an increase in RA 
(Mussatti, 1975), no change (Vilesova et al., 1972), and 
a decrease (French et al., 1970) after the gel point. 
With a hydrosilation system, Valles and Ylacosko (1975) 
find no change in order but a decrease of about 30% in k 
at the gel point. Several calorimetric studies on epoxies 
and polyesters indicate that one kinetic expression can 
fit the entire conversion (Prime, 1973; Kamd et al., 
1973). 
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For lack of more precise data, it seems best to assume 
an nth order reaction throughout the entire cure. Thus 

RA = kCAn (10)  

(11) 

and we assume an Arrhenius temperature dependence 
k = A e - E d R T  

In our numerical solution, we allow for more complex 
schemes, particularly for change in k beyond the gel 
point. 

Heat Tronofer 
All polymer reaction molding processes are exothermic, 

and both the reactants and products have low thermal 
conductivity. Thus, the generation term in the energy 
equation can be significant. Most molded parts are thin 
in one dimension, and the heat transfer can be reduced 
to a slab calculation. For this initial work we will con- 
sider only temperature gradients perpendicular to the 
mold walls, the y direction, to be significant. Thus, the 
energy equation reduces to 

Nearly all thermosetting materials are amorphous; thus, 
thermal diffusivity, density, and heat capacity change 
little with reaction from liquid to solid or within the 
temperature range of a typical cure (Van Krevelan, 1972; 
Brandrup and Immergut, 1975). If one type of reaction 
predominates, then it is also reasonable to assume that HR 
is constant throughout the reaction. However, changes 
in these thermal properties with extent of reaction and 
temperature can be readily included in our numerical 
solution. 

Dimensionless Equations 
Following is a summary of the assumptions which seem 

appropriate for the curing stage of polymer reaction mold- 
ing: 

1. Homogenous, well-mixed system at t = 0. 
2. Noflow. 
3. One-dimensional heat conduction. 
4. Negligible molecular diffusion. 
5. nth order kinetics. 
6. Thermal properties, a, p, cu, and H R  constant. 

Thus, Equations ( 7 )  and (12) become 

+ HRAe-Ea/RTCAn/pCu (13)  
aT d2T -- -a- 
at aY2 

Defining dimensionless variables, we get 

Temperature may be made dimensionless by initial tem- 
perature T' = T/T,, which is most convenient for the 
heated wall case or by the adiabatic temperature rise T" 
= ( T  - T,) / (Tad - T o ) .  The governing equations be- 
come 

or 

TABLE 2, TYPICAL DATA RANGE FOR UNFILLED THERMOSETS 

p = 0.9 - 1.4 g/cm3 H R  = 15-30 kcal/mole 
cu = 0.3 - 0.5 cal/g"C 
OL 

CA,  = 0.01-0.5 mole/l 
n = 0.5-2 = 0.7 - 1.5 X 

cmz/s E,  = 10-25 kcal/mole 
t1/2 = 101-101 s 

Dimensionless groups 

B = 15-40 
A.T'ad = 0.01-0.75 
k' = 10-3-10t3for n = 1 

8C' 
at' ( l e a )  - - = k'C'" exp B ( 1  - l/T') 

or 

It is instructive to examine each of the three dimen- 
sionless groups. 4Tfad is the adiabatic temperature rise 

- H R C A ~  
TO PCuTo 

- Tad - T o  hTfad = 

Since HE,  p, and cv are expected to be approximately con- 
stant with T and p ,  ATfad is assumed constant. The choice 
of a chemical system then fixes all quantities but To. Note 
that inert fillers or diluents are often added to thermoset 
systems. These can be effective in reducing ATfad, since 
fillers and diluents always reduce Cao and can increase p 
and cv. 

B = E,/RT, is the dimensionless activation energy and 
is determined by chemical system and initial temperature. 
k' is a dimensionless reaction rate; k' = CA,n-1h2Ae2B/a. 
Through A, E,, and perhaps n, the kinetics can change dur- 
ing the polymerization particularly after the gel point. k' is 
a ratio of polymerization rate CAon-'AePB over heat con- 
duction rate dh2.  It is the quantity most sensitive to 
processing conditions, through h2, through To in B, and 
catalyst concentration in A. Large k', as in thick parts or 
fast reactions, causes the solution to approach the adi- 
abatic case. 

Table 2 gives the range of thermal and kinetic data for 
' some typical thermosetting systems: epoxies, polyesters, 

The boundary conditions become, in dimensionless form 
polyurethanes, phenolics, and melamines. 

(homogenous initial conditions) T" (0 ,  y') = 0 

or T'(O, y') = 1 

C'(0, y') = 1 (17)  
a T' 

(t', 0) = - ( t ' ,O) = 0 aT" 

dY' aY' 
(symmetry about y' = 0)  - 

(t', 0 )  = 0 
dC' 

aY' 
- 

For the adiabatic case 

(t', 1 )  = 0 
aT' - 
aY' 

For the isothermal wall case 

T'(t', 1) = T,' = T,/T, (19) 
For constant wall heat flux 
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Fig. 4. Adiabatic temperature rise for first order polymerization with 
a range of generation rates. 
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Fig. 5. Adiabatic temperature rise for second order polymerization 
with a range of generation rates. For B = 40 temperature rise i s  

complete at t’ < 0.2 for all d r a d  > 0.05 

Stonecypher et al. (1966) have solved the dimensional 
Equations (13) and (14) numerically for the isothermal 
wall and the specific considerations of curing propellant 
motors. We have solved the dimensionless Equations (15) 
and (16) with the various boundary conditions using a 
Crank Nicolson implicit method (Carnahan et al., 1969). 
Best accuracy was obtained by varying the time incre- 
ments to keep the average concentration change approxi- 
mately constant; 0.01 < AC’(t’, 0 )  $- AC’(t’, 1) < 0.03. 
Twenty equal increments were used in 0 4 y’ 6 1. In- 
creasing this gave greater accuracy for T’ and C’ gradients 
near the wall (see Figures 8 and 9) .  This numerical 
scheme presented no stability problems and gave excel- 
lent agreement with the analytical solutions for the adia- 
batic and isothermal cases. Further details of the solution 
are available from the authors. 

CALCULATED TEMPERATURE PROFILES 

Adiabatic 
For the adiabatic boundary condition, the conduction 

term drop from Equation (15).  Then, by dividing (16) 
into (15) and integrating, we obtain 

C’ = - T* (21) 
Thus, C‘ can be eliminated from (15), giving 

0. 

T* T‘ 

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 
t’ 

Fig. 6. Temperature rise in a reacting slab at different cross sec- 
tions as a function of time for the isothermal case. T,’ = 1 ,  k’ = 

1, n = 1, AT’,& = 0.423 and 6 = 18.7, pgel = 0.707. 

-- - /C’(-T*)~ exp B dT* 
d f  

or 

(23) 
dTo 

( - T * ) n  exp B ( AT’adT* ) 
,hTfadT* + 1 

where 
t* = k’f = Caon-lAe-Bt 

Douglas and Eagleton (1962) have solved Equation (23)  
for n = 0, 1, and 2. However, the solution involves the 
exponential integral, a tabulated function; thus it is gen- 
erally simpler to integrate ( 2 3 )  numerically and present 
the results graphically. This is done for n = 1 in Figure 4 
and n = 2 in Figure 5 for several values of A y l d  and B.  

The adiabatic case is particularly useful, first because 
it represents the maximum temperature rise possible in a 
polymer reaction molding. The adiabatic limit is obeyed 
near the midplane of many actual moldings. Adiabatic 
data can also be used to generate useful kinetic infonna- 
tion. From temperature vs. time curves on adiabatic ex- 
periments, ATfad can be determined directly and the ki- 
netic parameters n, A, and B can be obtained by numeri- 
cally fitting Equation ( 2 2 )  to the data. Stonecypher et al. 
(1966) have done this for a methylmethacrylate poly- 
merization using the experimental method of AlLm ( 1969). 
We are presently carrying out experiments to determine 
the usefulness of an adiabatic reactor for generating kinetic 
data on thermosets. 

Isothermal Wall 
Calculated temperature distributions with conduction 

through the mold wall are shown in Figures 6 and 7. 
Properties of a polyurethane network formation at 45°C 
by a polyester trio1 and a chain extended 1,6-hexamethyl- 
ene diisocyanate, HDI, with dibutyltin dilaurate as a cata- 
lyst was used for the calculations (Lipshitz, Macosko, and 
Mussatti, 1975, and Table 2 ) .  The dimensionless groups 
for this system are given in Figure 6 and are typical of 
many urethane foams and cast elastomers. 

We see in Figure 6, as expected, that when heat trans- 
fer is included, there is a temperature gradient across the 
slab. It is significant to note that the tenter of  the slab 
has nearly an adiabatic temperature rise. Only very close 
to the mold wall is the exotherm reduced to les, than half 
of the adiabatic rise. This is of course due to the large 
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Fig. 7. Temperature rise at center of slab for several k' and isothermal 
(hotter) walls Tw' = 1.1 shows the effect of increasiing sample 

size on T' 

heat of formation of the urethane bond ATlad and poor con- 
ductivity compared to reaction rate k' for nearly all un- 
filled thermosets. 

Figure 7 shows the effect of changing k' on the center 
line exotherm for the same urethane system. For a given 
chemical system, k' can be increased essentially by in- 
creasing catalyst concentration (increase A) or by increas- 
ing part thickness h. We also let T ,  = 1.1 To  = 350"K, 
which is typical in casting. Most other thermoset processes 
also use heated molds ( T ,  > T o ) .  As expected, increasing 
the rate of reaction or decreasing the heat transfer; that is, 
increasing k' raises the exotherm. Such temperature 
changes have been observed experimentally when the size 
of a casting increases (see Lee and Neville, 1967, Figure 
9-5). 

CALCULATED PROPERTY CHANGES 
With mold temperature as a function of y' and t', we 

can calculate the extent of reaction at every point and 
time in the mold. Through relations like those of Equations 
( 1) to ( 6 ) ,  molecular and rheological property profiles 
can readily be calculated. The triol-HDI urethane system 
used in Figures 6 and 7 is an A3 + Bz type of network 
formation and should follow the property relations given 
in Equations (1) to (6). 
Gel Point 
As discussed earlier, the most important of these prop- 

erties is the gel point which in this case is p,,l = 0.707, 
Equation ( 2 ) .  By plotting t'gel vs. y', we can visualize how 
the solidification front moves across the slab. Figure 8 
shows these gelation profiles for a range of k' values for 
the urethane system. The dimensionless group k't',,l = 
t"gel = AePB tgel ( n  = 1) is again used to reduce the 
scale of the data. For fast reactions or thick parts, thus 
large k', the center gels much sooner than the surfaces. 
The isothermal and adiabatic limits bound all the real 
intermediate solutions. The distance between these two 
limits is determined by the dimensionless adiabatic tem- 
perature rise ATlad. Reduction in the heat generated, for 
example, by reducing C A o ,  brings the limits closer to- 
gether. 

Once the chemical system, catalyst level, and initial 
temperatures are picked, the only way k' can be changed 
is through h. This suggests that we can define a critical 
thickness above which the system is very close to adia- 
batic. Note from Figure 8 that for k' = 1, the center 75% 
of the slab reaches the gel point essentially as if it were 

(itothrrmal) 
1.2 - 

1 . 1  - 

.8 

.7 

.6 - 

.5 - 

- 
- 

. I  (adiabatic) 1 

Y '  Slab Cross Section 
Fig. 8. Time to gel as function of the cross section at various rates 

of reaction. T,' = 1, n = 1, 4T)ad = 0.423 and B = 18.7. 

1.0 I 

y' Slab Cross Sectlon 
Fig. 9. The effect of heated walls on the time to gel as function 

of the cross section. k' = 1, n = 1, AT'ad = 0.423 and B = 18.7. 

adiabatic. By using k' = 1, the critical half thickness for 
adiabaticlike curing is 

Reducing ATfad will raise the lower limit in Figure 8. 
This will affect slightly the intermediate curves, but the 
concept of a critical slab thickness will still hold, 

Figure 9 shows the effect of heating the mold wall on 
togel. Wc see that by heating the walls enough, T,/T, > 
1.15 in our case, it is possible to have the skin material 
gel before the core. This is a desirable situation, if the 
total temperature rise does not cause other problems such 
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= 18.71. X ,  = M,/M,,. 

as degradation or volatilization or a reaction so rapid as 
to interfere with filling. Curing the skin first allows rapid 
demolding, thus shorter mold cycle times. Finally, prop- 
erties of the core can often be reached more economically 
in post curing ovens. For gelling to occur first at the skin, 
the gel time at T ,  must be less than the gel time at the 
slab center which is usually very close to the adiabatic 
gel time: 

- -  

tgel(Tw, isothermal) < tgel(Y = 0) tgel(adiabatic1 

Figure 10 shows the effect of supplying a constant heat 
flux at the mold wall q‘, with k’ = 1, T,(t = 0)  = To, 
and the same urethane system. We see that the skin al- 
ways gels first, and the wall temperature will rise greater 
than AT,,. Maintaining q’ = 0 is the only way to have 
truly an adiabatic reaction throughout the slab. Allen has 
used feedback control to maintain q‘ = 0 and operate 
adiabatically. For fast reactions like reaction injection 
molding, it may not be possible to maintain control of 4‘. 

Other Property Changes: M,,,, ws, G, El 

Using Equation (1)  and p vs. position and time, we 
can calculate the molecular weight increase in the mold. 
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y’ Slab Cross Section 

Fig. 12. The fraction of soluble material as function of the loca- 
tion a t  various times. k’ = 1, T,’ = 1, A p a d  = 0.423, and 5 = 

18.7. 

We define the weight average degree of polymcrization 

Figure 11 shows X ,  profiles across the slab at various 
reaction times for k‘ = 1.0, T,’ = 1 and the same ure- 
thane system. These will be directly related to  viscosity 
rise through Equation ( 5 ) .  The high temperature rise at 
the core oi the slab will cause high rates ot reaction which 
in turn result in a rapid rise of molecular weight followed 
by gelation. 

Prom Equation ( 3 )  and the concentration profiles, we 
can calculate the fraction of soluble material at any point 
in the mold. Figure 12 shows some of these dculations. 
Note that w, = 1.0 gives fge1. Because of the steep de- 
crease in solubility beyond f g e l  (see Figure 2 ) ,  the typical 
cure can be described as layered curing. This could have 
detrimental effects on properties owing to nonuniform 
shrinkage and locked in stresses, 

A cure cycle is usually determined when the surface of 
the part has reached a certain cure level, fo example, 
clean release from the mold, no marks from thl knockout 
pins, or sufficient flex modulus (for example, 110 hang-up 
in the mold, minimum sag in the post cure). Shear modu- 
lus can be calculated by using Equation (6) m d  the T 
and Ca profiles. G profiles will be be similar fo  those of 
the fraction of soluble material. 

The modulus of elasticity in flexure Ef is very important 
in thin wall products. For material with moclulus as a 
function of position (but with a constant Poisson ratio), 
the flexural modulus is defined as 

where E is the tensile modulus. In rubberlike materials, 
E = 3G. Figure 13 shows the buildup of the flexural 
modulus in three cross-linked elastomer systems. Curve A 
indicates a compact network resulting from the reaction of 
low molecular weight monomer. Curve B dexribes the 
system that has been used in the calcuLiltions throughout 
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Fig. 13. The buildup of flexural modulus with reaction time for 
three urethane systems. T,/To = 1.15, B = 18.7, k’ = 1.0, n = 1, 

Apad = 0.935( A);  0.423 (8); 0.061 (c). 
this paper, and curve C indicates a commercial system with 
higher molecular weight prepolymers. We have assumed 
the same kinetics and physical properties. Decreasing the 
molecular weight of the monomers leads to an increase in 
the concentration of the functional groups, thus increasing 
A T a d .  This increase causes a higher rate of reaction for 
the curve A mixture, In Figure 13 T,’ = 1.15; thus, we 
accelerate the reaction near the wall which increases the 
flexural modulus. With Tw’ = 1.0, the Ef rise would be 
much slower than shown, since by Equation (26) the 
modulus of the skin material dominates flexure modulus. 
Barth and Robertson (1970) have reported similar shape 
flexure modulus vs. cure time curves for a thermosetting 
polybutadiene system. 

By using the relations for hardness of an ideally elastic 
material derived by Timoshenko (1934), it is possible to 
predict the change in, for example, Shore hardness 
(ASTM D-1415), of the part surface with cure time. The 
resulting curves are qualitatively similar to Figure 13. 
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NOTATION 

A = frequency coefficient of reaction rate 
A3 = monomer with 3 A functional groups 
a = exponent in viscosity relation, Equation (5) 
B = E,/RTo = dimensionless activation energy 
B2 = monomer with 2 B functional groups 
C’ = C A / C A o  = dimensionless concentration 
Ca, C A ~  = concentration of A functional groups 
cu = heat capacity 
D 

E, 
E = tensile modulus 
El 
G = equilibrium shear modulus 
HR = heat of reaction 
h = half slab thickness 

= average diffusion coefficient of molecules in poly- 

= reaction rate activation energy 

= modulus of elasticity in flexure 

merizing mixture 

h, = d x  = critical thickness for adiabaticlike be- 

K 
k = polymerization rate constant 

k b  = Boltzmann’s constant 
kT = thermal conductivity 
M, 
M A 3 ,  MB2 = molecular weight of monomers 
n = order of reaction 
P ( X 3 )  = fraction of A3 molecules acting as cross-links 

= extent of reaction P =  
pgel 
q’ 
R = gas constant 
R A  = rate of polymerization 
r = average radius of monomers 
T = temperature 
To = initial polymer temperature 
Tw = mold wall temperature 
T’ = T / T o  = dimensionless temperature based on initial 

Af3-B 
havior 

= viscosity coefficient, Equation (5) 

K = CAon-1h2Ae:B/or 

- = weight average molecular weight 

CAo - C A  

CAO 
= extent of reaction at gel point 
= dimensionless wall heat flux, Equation (20) 

temperature 
m m  
1 - 1 0  

Tad - To 
T* = = dimensionless temperature based on 

ATad 
Tad - To 

To 
= H,CA,/~C,T~ = dimensionless adia- ATtad = 

batic temperature rise 
t = reaction time 
t1’2 

tge l  = gel time 
f = a0t/h2 = dimensionless time based on conduction 
t* = k‘t‘ = CAon-’Ae-Bt = dimensionless time based on 

W A ~ ,  W B ~  = weight fraction monomer, Equation (4) 
w, = weight fraction solubles 
X ,  
y 
y’ = y/h = dimensionless position 
Q 

7 = viscosity 
p = density 
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Buffalo, New York 14214 Rates of adsorption/desorption are calculated by considering Born, 

double-laver. and van der Waals forces. Conditions exist where rates are , ,  
highly sensitive to particle size, shape, and chemical constitution because 
diffusion over a potential barrier controls. On this basis, a new separation 
technique, called potential-barrier chromatography, is suggested. 
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SCOPE 
Removal of suspended solids from a liquid may be 

required, either to recover valuable products or to re- 
move obnoxious particulates. Clarification of dilute aqueous 
suspensions is frequently performed in deep-bed granu- 
lar filters, where the grains provide a surface on which 
the particles may adsorb. If two types of particles differ 
in their adsorption rate, separation of them may be ac- 
complished by selectively adsorbing one species on the 
grains. Furthermore, reversibility of adsorption would 

allow chromatographic separation of particle mixtures, 
analogous to gas chromatography. 

Physical adsorption arises from physical interactions 
between the suspended particles and the collector, such 
as van der Waals attraction, double-layer repulsion, and 
Born repulsion. The total interaction energy, as a func- 
tion of the particle-collector gap width, displays either 
one minimum and no maximum or two minima and one 
maximum. Several mechanisms for chromatographic sep- 
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