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A theoretical simulation of the effect of cure shrinkage on the miscibility of a polydisperse rubber with a 
trifunctional monomer which undergoes a polycondensation reaction is presented. Both components 
contribute with an excess volume, calculated according to Simha and Boyer concepts. The free energy of 
mixing, stated in a lattice model, includes the contribution of holes in both entropic and enthalpic terms. The 
cure shrinkage is simulated through a decrease in the Van der Waals volume (and the associated excess 
volume) of the thermosetting polymer with conversion. This leads to a decrease in the absolute value of the 
entropic contribution and an increase in the value of the term associated with interaction energies. Both 
factors act against rubber miscibility, thus leading to demixing at lower conversions (compared to the case 
where cure shrinkage is excluded). The effect is, however, relatively small. © 1997 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Rubber modification of thermosetting polymers is 
extensively used for toughening purposes. A usual 
method of developing the required morphology of 
dispersed rubbery domains in the polymer network is 
to select an oligomer that is miscible in the initial 
formulation and that phase-separates during cure. This 
reaction-induced phase separation process is primarily 
driven by the decrease in the entropic contribution to 
the free energy of  mixing, arising from the size increase 
of the oligomeric species 1'2. A secondary effect, that 
may act in favour of  or against demixing, is the variation 
of  the effective interaction parameter with conversion 3'4. 

We have recently presented a thermodynamic analysis 
of phase separation for a rubber-modified cyanate ester 
system 3. The use of  a Flory-Huggins  (FH) equation, 
taking polydispersity of  both components into account, 
led to the conclusion that experimental cloud-point 
conversions could be fitted only by accepting that the FH 
interaction parameter decreased with conversion. This 
was explained by the reduction of  the gap between the 
solubility parameters of  both components due to the 
conversion of  polar cyanate ester units into less-polar 
triazine tings (it must be taken into account, however, 
that the mean-field approximation of the FH model 
constitutes a simplified thermodynamic description; in 
this regard, the interaction parameter plays the role of  a 
fitting functionS-Y). 

On the other hand, during the polycondensation of  
cyanate esters, a significant decrease in the specific 
volume at constant cure temperature has been reported 8. 
For  the uncatalysed cure of  bisphenol A dicyanate 
at 200°C, the cure shrinkage attained a value of  8 
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AV = 0.119mlg -1 or % A V  = 12.3. Our attention has 
been drawn to the question of  whether this volume 
change during reaction has a bearing on rubber 
miscibility. To get an answer to this question is the aim 
of the present paper. 

A polydisperse polybutadiene oligomer dissolved in a 
trifunctional monomer undergoing an ideal polycon- 
densation reaction will be considered in the following 
analysis. The system will be regarded as a blend of  three 
constituents: a rubber, a thermosetting polymer and 
holes, the latter being present in an amount  equal to the 
addition of  the excess free volume contributed by 
the other two constituents. The effect of  the decrease 
in the excess free volume due to polycondensation will 
be accounted for by a lattice model including the 
presence of  holes 9'1°. 

SELECTED SYSTEM 

The selected rubber is an oligomeric polybutadiene with 
-~n = 51.3 and Xw =98.5 ,  which are typical values 

3 for rubber modifiers . Its molecular-mass distribution 
is described by the Schulz-Zimm equationll: 

w x = 3.09 × 10-4x  1"087 e x p ( - 0 . 0 2 1 2 x )  (1) 

where Wx is the mass fraction of  the x-mer. 
In order to determine the excess volume contributed 

by x-mers, Simha and Boyer concepts for the thermal 
expansion of  polymers will be applied (Figure 1 )12. The 
Van der Waals molar volume for the constitutive 
repeating unit of  polybutadiene is equal to 12 Vw = 
37.4 cm 3 mo1-1 . Therefore, the Van der Waals volume of 
an x-mer is given by 

Vw(x) = 37.4x cm 3 mo1-1 (2) 
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Figure 1 Molar volume as a function of temperature 

Values of molar thermal expansivities are taken as ~2 

E c =0.45  x 10-3Vwcm3mol 1K-1 (3) 

E L = 1.00 x 10 3 Vw cm 3 m o l  i K 1 (4) 

The compact volume at T = 0 K is related to the Van 
der Waals volume by 12 

Vc(0 ) = VL(0)= 1.30Vw (5) 

Therefore, molar volumes for an x-met at any 
temperature T above Tg are given by 

Ve(x ) = (1.3 + 10 3T)37.4x (6) 

Vc(x ) = (1.3 + 0.45 x 10-3T)37.4x (7) 

The associated volume of holes (excess volume) is 
given by 

VH(X ) = VL(X ) -- Vc(X ) = 2.057 x t0 2Tx (8) 

The selected trifunctional monomer has the following 
arbitrary values of  molar mass and Van der Waals 
volume: M = 300gmol -I and V w = 160cm 3 mo1-1. The 
Flory Stockmayer distribution gives mass fractions of 
y-mers for any conversion, p < Pgel ~ 0.51 

(2y)!3 p>. 1(1 p)>.+2 (9) 
wy = ( y _  1)!(2+>0! 

The Van der Waals volume of the y-mer is expressed as 

Vw(y ) =  1 6 0 y - 0 , - 1 ) A V w = ( 1 6 0  AVw)y+AVw 

(10) 

where AWw is the decrease in Vw per mol of covalent 
bonds (cure shrinkage). At full conversion (p = 1), there 
are 3/2 covalent bonds per mol of initial monomer. 
Therefore, 

Vw(p= 1) V w ( p = 0 ) - 1 . 5 A V w  (11) 

Assuming a 12% volume contraction in the course of 
polymerization, i.ej Vw( ~ = 1)/Vw(p = 0) = 0.88, leads 
to AVw = 12.8cm mol-  . 

The molar volumes of  the y-mer at any temperature T 
(above Tg) may be obtained by similar arguments as 
those used to derive equations (6) to (8): 

VL(y ) = (1.3 + 10-3T)(12.8 + 147.2y) (12) 

Vc(y ) = (1.3 + 0.45 x 10-3T)(12.8 + 147.27) (13) 

The associated molar volume of  holes (excess volume) 
is given by 

VH(y) = VLO') -- Vc0') = 0.55 x 10 3T(12.8 + 147.27) 

(14) 

VOLUME FRACTIONS 

In order to calculate the volume occupied by each one of 
the three constituents, i.e. compact rubber, compact 
thermosetting polymer and holes, it is necessary to define 
a calculation basis independent of  conversion. The mass 
fraction of rubber in the initial formulation, WR, is 
selected. 

The number of moles of the rubber x-mer, per unit 
mass, is given by 

nx = WRWx/(54.1x) (15) 

where 54. l x  is the molar mass of  the x-mer. 
The compact volume occupied by the rubber x-mer, 

per unit mass of  system, is obtained from 

VR(X ) = n× Vc(x ) (16) 

The total compact volume occupied by the rubber, per 
unit mass, is given by 

VR = ~ VR(X) (17) 

Values for the thermosetting polymer y-mer are 
calculated in an anologous way: 

ny = (1 - WR)Wy/(300y ) (18) 

Vp (V) = / ' / y  V c (V) (l 9) 

Vp = Z Vp0') (20) 

The volume of holes per unit mass is calculated from 

V H = ~-2. nx VH (x) + Z / ' / y  VH (y) (21) 

The total volume per unit mass, is then given by 

Vz = VR + Vr, + VH (22) 

Corresponding volume fractions are defined by 

= V R ( x ) / V v  (23) 

¢~R = Z q~x (24) 

Oy ~- V p ( y ) / V  T (25)  

~)P = Z *Y (26) 

¢~H = 1 -- q~R -- ¢~P (27) 

FREE ENERGY OF MIXING 

In order to derive expressions for the free energy of  
mixing, AGmix, a lattice with a mesh equal to the 
compact volume of the rubber repeating unit will be 
defined. 

Vcell = (1 .3+0.45 X 10-3T)37.4cm3mol I (28) 

The number of moles of  cells occupied by x-mers and 
y-mers, per unit mass, is given by 

Vc(x)/Vcel l  - -  x (29) 

V~(y)/Vcell = (12.8 + 147.2y)/37.4 = Y(y) (30) 
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The number-average degrees of polymerization of 
both components, referred to the lattice size, are calcu- 
lated as 

Z n x x / E n x = 2  n (31) 

E n y Y ( y ) / E  ny = 1~ (32) 

While ~a remains constant, I? increases with conversion. 
The number of moles of cells, per unit mass, occupied 

by the different constituents are 

N R = VR/Vcell (33) 

Up = Vp/Vcell (34) 

NH = Vn/Veen (35) 

and 

AfT = NR + Np + NH (36) 

Both Np and NH decrease with conversion due to cure 
shrinkage. 

The number of moles of holes in the system is 
determined by the size distribution. If  a uniform 
distribution equal to the cell size is set, the number of 
moles of holes is given by 

n H = N H (37) 

The free energy of  mixing may be expressed in terms of 
the variations of internal energy, the volume change 
upon mixing and the entropic contribution: 

AGmi x = AUmi x + PyAVmix - -  TASmi  x (38) 

where PT is the total pressure. It has already been 
assumed that AVmix = 0, i.e. the total volume of holes is 
the sum of the volume of holes associated with the rubber 
and that associated with the thermosetting polymer. 

The entropic contribution is calculated by assuming a 
random occupation of cells by the different constituents. 
This gives the usual combinatorial expression: 

-ASmix/R = E nx In q~x + ~ ny In q)y -~- n H In q~H (39) 

The internal energy of the mixture is calculated by 
assuming that it depends only on nearest-neighbour 
interactions 9, 

Umix = (Z/2)(NRPRRERR + 2NRPRpERp + Nr, Pr,r, Epv) 
(40) 

where z is the coordination number, P• is the probability 
that component i at a particular lattice site interacts with 
j (if i = j ,  then Pij is calculated taking into account only 
the segments that are not covalently bonded), and E 0 
is the energy per interaction pair (all the interaction 
energies involving holes are assumed to be zero). 

In the mean-field approximation, Pij values are given 
by 9 

PRP = Np/NT = q~P (41) 

PRR =fRNR/NT =fR~bR (42) 

Pvv = fvNv/Nx = fp~Pv (43) 

fR = (z - 2)/z + 2/(z2.) (44) 

fp = (z - 2)/z + 2/(zI  ~) (45) 

The factors fR and fv give the fraction of coordination 

sites that are not covalently bonded with the selected site. 
I f z  ~ c~,fR = f p  = 1. 

For the pure compact components, the corresponding 
internal energies are given by 

U R = (Z/2)NRfRERR (46) 

U v = (z/2)NvfvEve (47) 

Then, 

AUmi x = Umi x - U R _ U P = (z/2)(NRNF/NT) 

x {2ERF -- [(N T - NR)/Np] fRERR (48) 

- [(NT -- Np)/NR] fFEFp} 

By calling a = zERv/RT, fl = ZfRERR/2RT and 7 = 
zfvEvp/2RT, and using volume fractions, equation (48) 
becomes 

AUmix/NTRT = XqSRqSr, (49) 

where 

x = + - 7( R + (50 )  

From equations (38), (39) and (49), and taking into 
account that Xnx/Nx = ~bx and Y(y)ny/N w = ~by, the free 
energy of mixing per mole of cells may be written as 

AGmix/NTRT = Z(~bx/X) In ~b~ + Z[q~y/Y(y)] In q~y 

+ ~H lnq~H + Xq~R~p (51) 

CLOUD-POINT CURVES (CPC) 

Chemical potentials arise from the partial derivatives of 
AGmi x with respect to nx, ny and n n. The following 
equations were obtained: 

A#x /RT  = 1 + In q~x - Ax + X(~v)2X 

+ xT p ./ R (52) 

A#y/RT = 1 + In (by - A Y(y) + X(~R) 2 Y(y) 

+ Y(y)/3C~Rq~H/@ (53) 

A#H/RT = 1 + In ~b u - A - X~R~ -- fl~R -- 7~e (54) 

where 

A = (~bR/3fn) q- (~bp/Y) + ~b H (55) 

Cloud-point curves (CPC) were obtained by equating the 
chemical potentials in both phases and using typical 
procedures to solve the resulting equations 13'~4. 

RESULTS AND DISCUSSION 

In order to generate a CPC with a maximum located 
close to room temperature and with an upper-critical- 
solution-temperature behaviour (UCST), the coordi- 
nation number, z, was set equal to 10 and the follow- 
ing values were selected for the interaction energies: 
Evv = 235.3Jmol -1, ERR = 402.8Jmol -1 and ERp = 
(gRRgpp)  1/2 = 307.9 J mo1-1 . The resulting CPC for the 
initial mixture of monomer and rubber is shown in 
Figure 2. The location of the maximum threshold 
temperature at very low rubber concentrations, i.e. 
wR(max) = 0.075, is typical of solutions of a polydis- 
perse polymer (the rubber) in a solvent (the monomer). 
The critical point is located at wR(crit) = 0.163. 
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Figure 2 Cloud-point curve for the initial mixture of the monomer 
with the polydisperse rubber 
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Figure 3 Cloud-point conversions (Pep) as a function of the rubber 
mass fraction when the polycondensation is carried out at T = 460K 
(O: AVw = 0; @: AV w = 12.8cmamo1-1) 

Figure 3 shows the ca lcula ted  c loud-po in t  convers ions  
when the po lycondensa t ion  is carr ied out  o f  460K.  
Points  located at  higher  convers ions  represent  the case 
where no cure shr inkage occurs  (AVw = 0). Points  
loca ted  at  lower convers ions  take  the volume shr inkage 
into account  (AVw = 12.8 cm 3 m o l - ] ) .  S imula t ions  per-  
fo rmed at  different t empera tu res  gave the same picture  as 
Figure 3; i.e., cure shr inkage acts to decrease the c loud-  
po in t  convers ion  but  the effect is relat ively small  (it may  

be con ta ined  within the exper imenta l  e r ror  involved in 
the measuremen t  o f  conversion) .  

F r o m  equa t ion  (51), it is observed tha t  a decrease in 
the vo lume f rac t ion o f  holes decreases the en t rop ic  
con t r ibu t ion  to the free energy o f  mixing  and  increases 
the value o f  the energetic term. Both factors  act aga ins t  
rubber  miscibi l i ty  in the thermose t t ing  polymer .  There-  
fore, c loud-po in t  convers ions  are shifted to lower values. 

C O N C L U S I O N S  

The volume con t rac t ion  dur ing  po lymer iza t ion  (cure 
shr inkage)  p roduces  a slight decrease in the miscibi l i ty  o f  
the rubbe r  in the thermose t t ing  po lymer ,  leading to a 
shift o f  c loud-po in t  convers ions  to lower values. The 
reason for this effect is the reduct ion  in the vo lume 
fract ions o f  holes. This p roduces  a decrease in the 
en t rop ic  con t r ibu t ion  to the free energy o f  mixing and  an 
increase in the value o f  the energetic term. Both  factors  
act in the sense o f  decreas ing rubbe r  miscibi l i ty  in the 
thermose t t ing  polymer .  
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