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ABSTRACT The effects of crystalline morphology and its kinetics on the melting point depression and 
thermodynamic interactions in miscible blende are theoretically analyzed and experimentally compared. 
Two compatible blends are studied: PEO/PMMA and PVF,/PMMA. As the concentration of amorphous 
PMMA increases, the thickness of folded-chain lamellae becomes thinner and the rate of crystallization 
slows down by orders of magnitude. These result in an increase in the concentration-dependent interac- 
tion parameter at their melting temperatures. From the morphological and thermal studies of PEO/PS 
block copolymers, we also find a great deal of similarities in the crystallization, melting, and interaction 
phenomena between this system and the miscible PEO/PMMA blends. 

Introduction 
Miscible blends, in which one of their components is 

crystallizable and the other is amorphous, have been exten- 
sively investigated in recent years.l-14 It was found that 
the equilibrium melting temperature and crystal growth 
rate of a semicrystalline blend are depressed as the con- 
centration of amorphous polymer increases. Nishi and 
Wang (NW)' provided an interesting analysis which relates 
the melting point depression to the polymer-polymer inter- 
action parameter ( x 1 2 ) .  Good agreement of the negative 
x12  values obtained from different experimental tech- 
niques was reported.12-15 However, there are indica- 
tions that the interaction parameter is not a constant 
but depends on c~ncentrat ion. '~-~~ 

It is the purpose of this paper to analyze the effects of 
crystalline morphology and its kinetics on the melting 
point depression and thermodynamic interaction in mis- 
cible polymer blends by extending the NW equation. Two 
compatible blends are studied: PEO/ PMMA and PVF,/ 
PMMA, where PEO = poly(ethy1ene oxide), PMMA = 
poly(methy1 methacrylate), and PVF, = poly(viny1idene 
fluoride). In the study of PEO/PS block copolymers, 
where PS = polystyrene, it has been ob~erved '~* '~  that 
PS molecules are incorporated in the interlamellar regions 
of PEO spherulites as depicted in Figure 1. Such mor- 
phology is similar to that which was observed in the mis- 
cible PEO/ PMMA  blend^.^?'^ Other similarities between 
the two systems will also be discussed. 

Thermodynamic Consideration 
According to Flory's theory of melting point depres- 

sion," the equilibrium melting temperature of a misci- 
ble polymer blend is determined by the condition that 
the chemical potentials of crystalline component in the 
crystalline and liquid phases must be equal, i.e. 

11.2-cL; = ClzC-IJ; (1) 
The chemical potential p, per mole of crystallizable units 
in the blend relative to its chemical potential p," in the 
pure liquid state 

where V is the molar volume of repeating polymer unit, 
N is the degree of polymerization, 4 is the volume frac- 
tion, R is the gas constant, T is the absolute tempera- 
ture, the subscript 1 refers to the amorphous polymer 

QQ2~-9297/9Q/2223-Q333$02~5Q~Q 

and 2 to the crystalline polymer. 

melt can be written as2'pZ3 
In general, the free energy of crystallization from the 

(3) 
The free enthalpy of a crystal consists of bulk and sur- 
face contributions 

AG = Gcryst - Gmelt 

where yi represents the surface free energy per unit area 
and Ai is the corresponding surface area. The surface 
area energies are always positive and G,,,, - Gbulk is greater 
than zero for temperature below the melting point. Thus, 
the difference in the chemical potential between a crys- 
talline polymer repeating unit pZc and the same unit in 
the liquid state becomes 

(5 )  
where V, is the crystal volume. The bulk related free 
enthalpy per unit volume is given by the familiar expres- 
sion 

a 9 2  = -Ahz( 1 - T /  T,") (6) 
where Ah, is the heat of fusion per unit volume of a crys- 
tal and T," is the melting point of a pure polymer. Con- 
sidering a two-dimensional nucleation consistent with the 
morphological picture depicted in Figure 1, we have 

F; - I.L; = VzAG/ Vc = V2(&2 + 2ye/ l )  

(7) 

where ye is the interfacial energy per unit area for the 
fold surface shown in Figure 2, 1 is the lamellar thick- 
ness, and V = ab1 with a fixed monomolecular layer b. 

By substituting eq 2 and 5-7 into eq 1 and by replac- 
ing T by T,, the equilibrium melting temperature for 
the blend, one obtains 

To an approximation sufficiently accurate for N ,  and N ,  
much larger than 1 and at  low to moderate T," - T,, eq 
8 reduces to 

2 Tm 2y  RT,' - , 1 - 2 + -  
Tm" - 1Ah2 VlAh2X'24' 
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(9) 
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CHAIN FOLDING ON 
GROWTH FACE 
/ 

Figure 1. Schematic representation of chain-folding crystalli- 
zation in a polymer mi~ture.'~ 

Figure 2. Model for surface nucleation and crystallization. 
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Figure 3. Dependence of melting temperature and degree of 
crystallinity of PEO/PMMA on the volume fraction of PMMA. 
Circles are e~perimental:~ curves are fitted to eq 13 and 14. 

The main difference between the above equation and the 
NW equation is that the second term on the right, eq 9, 
relates the melting point not only to the interaction param- 
eter but also to crystal thickness or perfection. 

The free energy for crystallization per unit volume may 
also be approximated as  follow^"^^^ 

(10) 
where & is the degree of crystallization. From eq 5-10, 
we obtain 

Ag = AG/V, = -AhZ(l- T/Tmo)4, 

1/1= aAhd1- 434;/2~, (11) 

xlZ = -aVlAh24c/RTmo (12) 

a = (Tmo- Tm)/Tmo4; (13) 
The above equations are the functional relationships 
between the melting point depression, lamellar thick- 
ness, and polymer-polymer interaction parameter. 

Miscible Blends 
The crystallization and melting behavior of solution- 

cast films of PEO/PMMA blends were measured as a 

and 

where 

Table I 
Parameters for Thermal Analysis 

PEO/ PVF,/ PEO/PS 
PMMA PMMA solvent melt 

V,, cm3/mol 83.4 84.9 101.0 
Ah2? cal/cm3 57.3' 44.0 52.P 
T,", O C  67.5" 170.6 59.3* 
(I 0.057 0.068 0.038 
4: 0.86 0.96 0.95 0.86 

0.52 0.59 0.63 B 0.79 

a From ref 9 and 18. From ref 19 and 24. 
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Fxure 1. Concentration-dependent lamellar thichess and inter- 
arliun parameter in PKO, PMMA. 

function of composition? Using the reported data and 
eq 13, we find that a is a composition-independent con- 
stant. The measured degree of crystallinity can be 
expressed in the form 

& = 4: -04; (14) 
with the constants 4: and 0 determined from the data 
in Figure 3. In addition to T,", a, and 8, other use- 
ful properties (VI, Ahz, pl, and p2) are listed in Table I. 
The density ratio (p1/p2)  is needed in relating the weight 
(w,) to volume fractions, i.e. 

w1 = (PI/P2)41/[1+ (PI/P2)411 (15) 
In Figure 4, the changes of lamellar thickness and inter- 

action parameter in PEO/PMMA blends are calculated 
from eq 11 and 12. As the volume fraction of the crys- 
tallizable PEO decreases from 100% to 30%, we find that 
the lamellar thickness becomes thinner and less perfect, 
which is in agreement with what had been seen under 
electron microscope? At  the same time, the polymer mix- 
ture becomes less compatible, which is also consistent 
with the reported 0bservation.8*'~ 

The thermal and crystallization behavior of PVF,/ 
PMMA can also be described by eq 13 and 14 with the 
parameter T ", a, $:, and 0 determined from the exper- 
imental data'and shown in Table I. The dependence of 
PVF, crystal thickness 1 and interaction parameter xl, 
on the volume fraction of PMMA is calculated in Figure 
5. The composition-dependent xI2 parameter for this sys- 
tem was mentioned by other authors.'"'' The present 
analysis supports this notion as a general phenomenon 
for crystallizable miscible blends and quantifies the con- 
tribution from the change in crystalline structure on the 
composition-dependent xI2 parameter. 
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Figure 5. Concentration-dependent lamellar thickness and inter- 
action parameter in PVF,/PMMA. 
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Figure 6. Effects of composition and temperature on the crit- 
ical free energy of crystallization (AG*) and activation energy 
for molecular transport ( A P )  in PEO/PMMA. 

Crystallization Kinetics 
In addition to the above-mentioned thermodynamic 

properties, the presence of an amorphous polymer should 
have a strong effect on the spherulitic crystallization in 
compatible  blend^.^ The steady-state growth rate, f = 
dr/dt with r = the radius of spherulite, is governed by a 
modified Turnbull-Fisher equation in the form22~25~26 

f = fa exp[-(AG* + m ) / R T ]  (16) 
where AG* is the free energy of crystallization of a nucleus 
of critical size, A P  is the activation energy controlling 
the short-distance diffusion of crystallizing element across 
the phase boundary, and f ,  is a constant. Following the 
physical picture depicted in Figures 1 and 2 and eq 3 
and 4,  the critical value of AG is 

The mobility of chain segments is inversely proportional 
to the local relaxation time, A, which is related to the 
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0. I 
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free-volume fraction, f ,  by Doolittle's as 

A - exp(l/f) (18) 
At  temperatures above the glass transition temperature 
( Tg) ,  the free-volume fraction can be approximated by 
the "universal" relation 

(19) 
where the thermal coefficient of expansion of free vol- 
ume af = 4.8 X 10-4/"C and To = Tg - 51.6 "C. Com- 
paring eq 16 and 19, we have 

(20) 
From the Tg data of PEO/PMMA blends: the glass tran- 
sition temperature for this system can be adequately 
described by2' 

(21) 
The critical free energy of crystallization and the activa- 
tion energy for molecular transport in PEO/PMMA blend 
are plotted in Figure 6 as a function of the volume frac- 
tion of PMMA and crystallization temperature. In addi- 
tion to those given in Table I, parameters listed in Table 
I1 are used in the calculation. When the concentration 
of PMMA increases, Figure 6 reveals that the PEO crys- 
tal becomes more difficult to form and, a t  the same time, 
the energy barrier for a molecule to diffuse across the 
liquid-crystal interface gets higher. Therefore, the growth 
rate of spherulites in the PEO/PMMA blends slows down 
as the volume fraction of PMMA goes up in Figure 7. 

A clear physical picture emerges from the thermody- 
namic and kinetic analyses. When the volume fraction 
of PEO decreases from 100% to 30%, the basic inter- 
lamellar structure depicted in Figure 1 is not altered,' 
but the local population and motion for the crystalliz- 

f = af(T - To) 

AF* = 2080RT/(T - Tg + 51.6) 

l/Tg = wl/Tgl + (1 - wi)/Tg2 
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Figure 8. Comparison of calculated (-) and measured3 (cir- 
cles) radial growth rate of spherulites in PVF,/PMMA as a func- 
tion of composition and crystallization temperature. 

Table III 
Composition Dependent Constant i,, 

PEO/ PMMA 

41 0.0 0.1 0.2 0.3 0.4 
log i., 11.50 11.38 11.60 12.10 12.60 

(f,, !"mid 
PVF,/PMMA 

$1 0.0 0.24 0.33 0.42 0.55 0.60 
log io 7.65 7.43 7.30 7.20 7.00 6.65 

(io, rm/min) 

able PEO and amorphous PMMA to interact are signif- 
icantly reduced. These result in orders of magnitude drop 
in the rate of crystallization, in thinning the thickness of 
lamellae, and in smaller negative values of the polymer- 
polymer interaction parameter. The blends become less 
compatible. 

Equations 16-21 should apply equally well to other mis- 
cible blends. Consider the PVF,/PMMA blends. When 
the experimental spherulitic growth rate versus crystal- 
lization temperature data for a given volume fraction of 
PMMA are used, the values for b and Y Y ~  are deter- 
mined as shown in Table 11. The other required input 
data are given in Table I. A comparison between the 
calculated and measured3 radial growth rate of spheru- 
lites in PVF, and its blends with PMMA at  various com- 
positions and temperatures is carried out in Figure 8. 
Our analysis reveals that all the physical properties and 
parameters listed in Tables I and I1 are independent of 
temperature and composition. In order to achieve the 
quantitative comparisons shown in Figures 7 and 8, Table 
I11 suggests that the constant ko is independent of tem- 
perature but is a function of composition. 

Block Copolymers 
The melting point depression has not been considered 

in previous theories on the block copolymers with crys- 
tallizable b l o ~ k . ~ ' , ~ ~  The theory proposed in this paper 
will be used to describe the phenomenon. From the mor- 
phological and thermal studies of PEO/PS block co- 
polymer~,'~*'~ the results indicated: (1) the PEO folded- 
chain lamellae are sandwiched between the amorphous 
PS layers depicted in Figure 1 and (2) the size and per- 
fection of the lamellae appear to depend on copolymer 
composition. The lamellae thickness becomes thinner, 
and the lamellae becomes progressively more distorted, 
as the volume fraction of PS increased from 0 to 70%. 

I PS-b-PEO 
I I I J 

0 0.2 0.4 0.6 0.8 

VOLUME FRACTION OF POLYSTYRENE, 4,  
Figure 9. Melting point depression in PEO/PS block copoly- 
mer films cast from solvents and melt. Symbols are experi- 
mental;'$ curve is fitted to eq 13. 
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Figure 10. Degree of crystallinity of PEO versus volume frac- 
tion of PS. Symbols are experimental;" curves are fitted to eq 
14. 

These are the same conclusions reached for the miscible 
PEO/PMMA blends mentioned earlier. However, a block 
copolymer, in which the incompatible components are 
linked through covalent bonds, differs from a mixture of 
compatible homopolymers. Covalent bonding can signif- 
icantly improve the miscibility of polymer components 
in block copolymers which could be characterized by the 
xI2 parameter. 

Figure 9 shows that the melting point depression data 
for PEO/PS copolymer films casted from preferential sol- 
vents and the melt" can indeed be described by eq 9 or 
13 plotted as the solid curve, from which T," and u are 
determined. A comparison of eq 14 with the measured 
degree of crystallinity as a function of the volume frac- 
tion of PS is shown in Figure 10. The method of sample 
preparation seems to have an effect on the values of 4c 
but has no influence on the functional relationship between 
r # ~ ~  and &. When the parameters listed in Table I for 
PEO/PS block copolymers are used, the changes in the 
thickness of lamellae and interaction parameters are illus- 
trated in Figures 11 and 12, respectively, as a function 
of PS concentration. The theoretical predictions are con- 
sistent with the experimental  observation^'^ mentioned 
earlier. While an increase in the volume fraction of the 
amorphous component affects the melting behavior and 
the crystal thickness in a similar way in both copolymer 
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theoretically calculated and experimentally compared. As 
the volume fraction of PMMA increases, the local pop- 
ulation and motion for the crystallizable and amorphous 
components to interact are significantly reduced. These 
results in orders of magnitude drop in the rate of crys- 
tallization. The polymer mixtures become less compat- 
ible, which is consistent with the reported observations. 

By comparing the morphological and thermal behav- 
ior of the PEO/PS block copolymers with those of the 
PEO/PMMA miscible blends as a function of composi- 
tion, we find a great deal of similarities in the crystalli- 
zation, melting, and interaction phenomena between these 
two systems. The basic PEO lamellar structure in PEO/ 
PS copolymers is preserved, but the thickness or perfec- 
tion of lamellae decreases, as the volume fraction of PEO 
decreases from 0 to 70%. Therefore, an increase in the 
concentration-dependent interaction parameter a t  the 
melting temperatures results. 

Registry No. PEO, 25322-68-3; PMMA, 9011-14-7; PVF,, 
24937-79-9; (PEO)(PS) (block copolymer), 107311-90-0. 
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Figure 11. Composition-dependent lamellar thickness in PEO/ 
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and blend systems, we should also mention that kinetics 
(such as thermal annealing) plays a much more impor- 
tant role in crystallizable homopolymersz3 than in crys- 
tallizable block  copolymer^.^^ 

Conclusions 
The well-known Nishi-Wang equation for the melting 

point depression of miscible polymer blends has been 
extended to include the effect of crystalline morphology. 
When the basic structure of folded-chain lamellae sand- 
wiched between amorphous polymer layers remains unal- 
tered, the melting point depression arises, not only from 
the polymel-polymer interaction but also from the change 
in crystal thickness or perfection. We find that the thick- 
ness of lamellae becomes thinner and the negative value 
of the xlz parameter smaller a t  low concentrations of the 
crystallizable component in miscible blends. 

Without changing the input parameters, the composi- 
tion and temperature dependences of spherulitic growth 
rates of the PEO/PMMA and PVFJPMMA blends are 
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