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ABSTRACT The process of morphology formation in a binary blend of poly(ecapro1actone) (PCL) and 
polystyrene oligomer (PSO) has been observed at various temperatures and compositions by small-angle 
X-ray scattering (SAXS) employing synchrotron radiation. A strong scattering at smaller angle was observed 
during the morphology formation in addition to the intensity maximum arising from the crystalline region 
consisting of the alternate stacks of lamellae and amorphous layers. These SAXS curves indicate a possible 
coexistence of the crystalline region and the amorphous region (rich in PSO) throughout the morphology 
formation in the blend. The time dependence of parameters characterizing the crystalline region is similar 
in features to that of the crystallization of homopolymers, suggesting that the rate of morphology formation 
is substantially controlled by the crystallization of PCL. The analysis based on the combination of the 
paracrystalline lattice model developed by Hosemann and the two-phase model by Debye and Bueche shows 
that phase separation takes place simultaneously with crystallization of PCL on the morphology formation 
to determine the details of the complicated morphology in the present system. 

Introduction 
It has been well-known that in binary compatible 

crystallinel amorphous polymer blends the amorphous 
component is expelled from lamellar crystals during 
crystallization and eventually accommodated into the 
amorphous layer between lamellae. As a result, an increase 
of long spacing, an alternating distance of lamellae and 
amorphous layers, can be observed by small-angle X-ray 
scattering (SAXS) with increasing amorphous fraction in 
the system.' It is manifested with a number of polymer 
blend systems, such as poly(ccapro1actone) (PCL)/poly- 
(vinyl chloride) (PVC),2-' poly(vinylidene fluoride) (PVF2)/ 
poly(methy1 methacrylate) (PMMA) 15*6 and poly(ethy1ene 
oxide) (PEO)/PMMA ~ y s t e m s . ~ ? ~  The process of polymer 
crystallization from the homopolymer melt or compatible 
blends has recently been investigated by SAXS with 
synchrotron radiati~n.~?"'~ The results show that blending 
amorphous polymers yields a significant reduction of the 
crystallization rate but main features of crystallization 
are similar to those of the homopolymer crystallization. 

In binary polymer blends, phase separation between 
components may intervene in the morphology formation 
when the constituent polymer crystallizes, and a compli- 
cated morphology will be formed by a cooperative effect 
of phase separation and cry~tallization.'"~~ We have 
recently investigated the morphology of such a system, 
the poly(ecapro1actone) and polystyrene oligomer (PSO) 
system, at various PCL compositions (~PCL) and crystal- 
lization temperatures (T,) by SAXS and differential 
scanning calorimetry (DSC).21p22 This system has a UCST- 
type coexistence curve with the critical composition in 
the vicinity of ~ J P C L  - 0.2, and PCL crystallizes below 60 
"C in the blend. Competition is, therefore, expected 
between the phase separation and PCL crystallization 
during the morphology formation. We have proposed a 
tentative phase diagram of this system and discussed that 
the phase separation should take place simultaneously 
with the crystallization of PCL even for the samples 
quenched outside the binodals.22 As a result, the final 
morphology is a mosaic structure consisting of the amor- 
phous region rich in PSO and the crystalline region with 
lamellae and amorphous layers (Figure 1). The amorphous 
layer in the crystalline region may accommodate a limited 
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amount of PSO. The phase diagram also successfully 
explains the T,  dependence of complicated spherulites in 
the PCL/PSO system recently observed by Tanaka and 
N i ~ h i . ~ ~ ? ~ ~  

In the present study, the process of morphology for- 
mation in the PCL/PSO system at various ~ P C L  and T, 
values has been investigated by SAXS with synchrotron 
radiation. The SAXS curves are compared with those 
from the pure PCL, and the effect of blending PSO is 
elucidated as a function of T,  and $ppc~. Next, it is 
demonstrated that phase separation takes place simul- 
taneously with the crystallization of PCL from the time- 
sliced SAXS curves during the morphology formation. The 
results are interpreted with a combination of the paracrys- 
talline lattice model developed by Hosemann26 and the 
two-phase model developed by Debye and Bueche.26 The 
parameters characterizing the morphology, such as long 
spacing and correlation length, are evaluated as a function 
of time at each T, and $PCL. 

Experimental Section 
1. Materials and Sample Preparation. The poly(t-capro- 

lactone) (PCL) used in this study was supplied by Scientific 
Polymer Products Inc. and was fractionated with a benzeneln- 
heptane system. The weight-average molecular weight M, 
determined by gel permeation chromatography was 13 700, and 
the ratio of M, to number-average molecular weight&, MJM., 
was 1.44. Polystyrene oligomer (PSO) was purchased from Tosoh 
Corp., and M ,  and M J M .  were stated to be 950 and 1.13, 
respectively. 

The solvent-casting method was employed to prepare blends 
with various @PCL values ranging from 0.60 to 1.0. PCL and PSO 
were dissolved in a common solvent, benzene, at a polymer 
concentration less than 15 % . The solution was cast on a glass 
plate, and the solvent was evaporated under vacuum at  80 OC for 
more than 40 h. 

2. Small-Angle X-ray Scattering (SAXS) Measurement 
with Synchrotron Radiation.*' The process of morphology 
formation in the blends was observed by small-angle X-ray 
scattering (SAXS) with synchrotron radiation. The experiment 
was carried out at National Laboratory for High Energy Physics, 
Tsukuba, Japan (Photon Factory), with small-angle X-ray 
equipment for solution (SAXES) installed at  beam line BL-1OC. 

The storage ring was operated at  an energy level of 2.5 GeV 
with the ring current of 25F300 mA during the period of 12 or 
24 h. The SAXES employs apoint focusing optics with a double 
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flat monochromator followed by a bent cylindrical mirror. The 
incident beam intensity (with wavelength X = 0.1488 nm) was 
monitored by an ionization chamber for the correction of minor 
decrease of the primary beam intensity during the measurement. 
The scattered intensity was detected with a one-dimensional 
position sensitive proportionalcounter (PSPC) with 512 channels, 
and the distance between the sample and the PSPC was about 
2000 mm. The geometry was further checked by a chicken tendon 
collagen, which gives a set of sharp diffractions corresponding to 
65.3 nm. Details of the optics and instrumentation are described 
elsewhere.% 

The temperature control of the sample holder was achieved 
by circulating water of constant temperature by which the tem- 
perature fluctuation was achieved within the range of 0.2 O C  

throughout the experiment. The morphology formation was 
started by dropping the water temperature from the homogeneous 
state of the sample (ca. 65 "C) to T,, and it took less than 1 min 
for the sample to reach T,. The SAXS intensity was collected 
as the sum of the scattered intensity during the period of 10 or 
20 s from the beginning of temperature drop, and the measure- 
ment was continued until the integrated intensity ceased to 
change. 

The SAXS intensity measured was corrected for the decrease 
of the ring current, background scattering, and finally Lorentz 
factor. Since the optics of SAXES is point focusing, the intensity 
was not corrected for the smearing effect by the fiiite cross section 
of the primary beam. The Lorentz-corrected SAXS intensity 
against s (=2 sin 8/A, 28 is the scattering angle) was obtained as 
a function of time t after the temperature has dropped to T,. 

3. Analysis of Time-Resolved SAXS Curves. The SAXS 
curve obtained during morphology formation is the superposi- 
tion of the two scattered intensities: one having a peak at s - 
0.06 nm-' and arising from the crystalline region consisting of 
the alternating stacks of lamellae and amorphous layers, and 
another increasing intensity as s - 0, suggesting ita peak is 
probably located at  s = 0. The intensity from the crystalline 
region is successfully approximated in the previous by 
the paracrystalline lattice theory developed by H0semann.z The 
Lorentz-corrected scattered intensitys2Z(s) obtained at  t is given 
by 

s 2 m  a V,(t)((P, - P a l 2 )  x 

where p1 and p a  represent the electron density of the lamella and 
amorphous layer, respectively, and are time-independent if we 
ignore the minor variation in composition of the amorphous layer. 
V,(t) is the volume fraction of the crystalline region in the blend 
at  t, N is the mean number of the repeating unit of the lamella 
and amorphous layer within a crystalline region, andf, and fa are 
the Fourier transforms of the thickness distribution functions 
h,(r) and ha(%) of the lamella (with mean thickness 1, and 
distribution Bc) and amorphous layer (1. and 83, respectively, 
given by 

ha(r) = - 1 exp( - -) 
8*(2*)'/2 

(3) 

The SAXS peak intensity (sZZ(s)), a t  t is proportional to V,(t)  
if we assume that the parameters characterizing the crystalline 
region do not change during the morphology formation, so that 
t dependence of V,(t) is simply evaluated from the SAXS intensity 
maximum. The intensity a t  smaller angle arises from the in- 
homogeneity of the system. This inhomogeneity will not be a 
phase-separated structure such as a modulated structure due to 
the spinodal decompositionm but the two-phase structure (similar 
to the structure a t  the late stage of phase separation) illustrated 
in Figure 1, because the process of morphology formation is 
essentially controlled by the crystallization of PCL, as is found 
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amorphous region 
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Figure 1. Schematic illustration proposed in our previous papern 
showing the two-phase structure consisting of the crystalline and 
amorphous regions. The crystalline region comprises alternate 
stacks of lamellae and amorphous layers. The amorphous region 
is mainly composed of PSO. The proportion of this two-phase 
structure in the system increases with increasing time from the 
beginning of morphology formation. 

later, and the coagulation rate of the amorphous phase is expected 
to be extremely large?"N Therefore, it is reasonable that the 
morphology during the phase transition is approximated by the 
two-phase model, which is previously used for the final mor- 
phology of the present PCL/PSO system.21sz The SAXS intensity 
Z(s) during the morphology formation is described by 

(4) 

where 5' is known as a correlation distance and defines the size 
of heterogeneity.2 p', and pta represent the average electron 
density of the amorphous and crystalline regions and are time- 
independent. V ( t )  is expressed as2 

(5) 
where Va(t)  is the volume fraction of the amorphous region in 
the blend at  t and $( t )  is the volume fraction of the crystalline 
regionin the two-phase structure (i.e., V,(t) / (V,( t )  + Va(t ) ) ) .  The 
plot of 1/(Z(s))lI2 against s2 should be linear a t  smaller s, from 
whichparameterstand V ( t ) ( ( ~ ' ~ - p ' , ) ~ )  can beevaluated. Next, 
we consider the parameter O ( t )  defined by 

W )  = V(t ) /V, ( t )  (6) 
O ( t )  is equal to 1 - $( t )  and represents the volume fraction of the 
amorphous region in the two-phase structure. The SAXS 
measurement in the present study provides relatiue intensity, so 
that the value proportional to O ( t )  is evaluated through eqs 1-6 
instead of exact O W .  The t dependence of O ( t )  as well as (should 
give important information about the morphological change. We 
are especially interested in whether the two-phase structure 
illustrated in Figure 1 appears from the beginning of the 
morphology formation or whether the crystalline region (with 
lamellae and amorphous layers) appears first followed by the 
formation of the amorphous domain. 

Results 
The present PCL/PSO blend has a UCST-type coex- 

istence curve with the critical composition in the vicinity 
of 4 p c ~  = 0.2, and PCL crystallizes below 60 "C in the 
blend.21 From the phase diagram (binodals and melting 
temperature of PCL) of this system, all blends investigated 
(0.6 I 4 p c ~  I 1.0) are homogeneous at above the melting 
temperature of PCL (-60 "C), and the morphological 
change was observed at temperatures ranging from 30.0 
to 42.5 "C, where a complicated morphology is expected 
by a cooperative effect of liquid-liquid phase separation 
and crystallization. In our previous paper,22 the final 
morphology was proposed to be a mosaic structure 
consisting of the crystalline region (made up of the  
alternate stacks of lamellae and amorphous layers) and 
the amorphous region with a PSO-rich composition (Figure 
1). We discussed on the  basis of the phase diagram that 

V ( t )  = $( t ) ( l -  $( t ) ) (V, ( t )  + V a ( t ) )  



1924 Nojima et al. Macromolecules, Vol. 25, No. 7, 1992 

. :-., . .  . .  .... . '. . . .  . . . .  
,-+ ....... -.- .. ......., -..-.-C...-'.. . . . . . . . . . . . . .  260 *e . '\A,. ., " 

. . .  ... -. ....-, . 230 ' '' ' 
_-,.-I-. . I . ......-.... ...?,.. . . . . .  . . . .  .... ... -,... 1 - 

.... 
.... ...... 110 '*...'-' 070 .... .--**-....... --..- ...... " -. .--...I_ 

-.-c -.__ ...-,-A:.. . ...--"...'.'.. . .. ...... ....._......-.._.. .s.?p. 

Figure 2. Time-resolved SAXS profiles during morphology 
formation at 40 "C for the blend with ~ P C L  = 1.0 (a) and 0.6 (b). 
The SAXS intensity is corrected for the Lorentz factor. The 
numerals in the figure represent time from the beginning of 
morphology formation. Some of the data are omitted for the 
purpose of clarity. 
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Figure 3. Time-resolved SAXS profiles during morphology 
formation for the blend with 4 p c ~  = 0.8 at Tc = 30.0 (a) and 42.5 
"C (b). 

liquid-liquid phase separation should take place simul- 
taneously with crystallization; that is, the amwphous 
region appears at  the beginning of the morphology 
formation and continues to increase. This means that the 
volume fraction of the amorphous region in the two-phase 
Structure is constant throughout the morphology formation 
and the proportion of this mosaic structure increases with 
increasing t. 

1. Time-Resolved SAXS Curves. Figure 2 shows the 
timeresolved SAXS curves corrected for the Lorentz factor 
from the blends with ~ P C L  = 1.0 (a) and 0.6 (b) at  T, = 40 
"C. In Figure 2a, the scattering maximum arising from 
the crystalline region appears at  s - 0.07 nm-l and grows 
with increasing time t after a short period of induction 
time. The growth of the scattering maximum is considered 
as a result of the increase of the crystalline region, as 
observed in the crystallization of many homopolymers.4J2-17 
The scattering curves of Figure 2b for the blend with ~ P C L  
= 0.6, on the other hand, have an increasing intensity 
toward smaller angle in addition to the intensity maximum 
a t  s - 0.06 nm-l arising from the crystalline region. The 
SAXS intensity a t  smaller angle, which is increasing in 
intensity with t, could be observed on the final morphology 
of this system in the previous paper22and is attributed to 
a mosaic structure consisting of the crystalline and 
amorphous regions; i.e., an average electron-density dif- 
ference between two regions makes the scattered intensity 
at  smaller angle. This scattered intensity was successfully 
analyzed by means of the DebyeBueche relation,% usually 
used for systems possessing a two-phase structure. The 
quantitative analysis of the time-resolved SAXS curves 
will appear in a following section. 

Figure 3 shows the time-resolved SAXS curves from 
the blend with ~ P C L  = 0.8 at  T, = 30.0 (a) and 42.5 "C (b). 
Both SAXS curves have a faint scattered intensity at  
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Figure 4. Final long spacing plotted against T, for the blend 
with ~ P C L  = 0.8. The open circle represents the present data 
obtained at the SAXES facility with synchrotron radiation, and 
the solid symbol shows the data previously obtained after the 
SAXS intensity with the Kratky camera was desmearedm for the 
same blend.22 
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smaller angle (indicated by arrow), and this scattered 
intensity grows slightly with decreasing T, values. The 
difference in phase relations at  different temperatures is 
not large, so that the resultant SAXS curve does not have 
a large difference in ita shape. The other characteristic 
in Figure 3 is that the morphology completion takes a very 
long time a t  higher T,, and no sign of phase separation (or 
scattered intensity at  smaller angle) appears until the 
crystallization starts (or scattered peak appears a t  a finite 
angle). The extended process of crystallization with 
increasing T, values can be usually found in the homopoly- 
mer crystallization, such as polyethylene1"17 and poly- 
(ccaprolactone),4 using SAXS with synchrotron radiation. 

Before the time-resolved SAXS curves can be quanti- 
tatively analyzed, it is necessaryto check the compatibility 
in scattering angle of the present resulta with that obtained 
previously with an Kratky camera.22 Figure 4 shows the 
T, dependence of the final long spacing for the blend with 
~ P C L  = 0.8, where resulta obtained by both the Kratky 
camera and the SAXES facility with synchrotron radiation 
coincide and no systematical error could be detected. A 
similar result also could be found for the ~ P C L  dependence 
of the long spacing between both apparatus. 

2. Time Dependence of SAXS Curves. Figure 5 
shows the time dependence of long spacing L, a repeating 
distance of the lamella and amorphous layer, evaluated 
from the angular position of the maximum intensity of 
the SAXS curve for the blend with ~ P C L  = 1.0 (pure PCL), 
0.8, and 0.6 a t  T, = 40 "C. The final L changes greatly 
in the range 0.8 I 4pc~ I 1.0 but changes only slightly or 
is almost constant in the range ~ P C L  < 0.8. The other 
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Figure 6. Normalized intensity maximum plotted against time 
for the blend crystallized at T, = 40 "C with ~ P C L  = 1.0 (01,O.g 
(O), 0.8 ( O ) ,  0.7 (m), and 0.6 (0). 
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Figure 7. Normalized intensity maximum plotted against t for 
the blend with ~ P C L  = 0.8 crystallized at T, = 30.0 (O), 35.0 (e), 
39.5 (01, 41.0 (m), and 42.5 "C (0). 
characteristic in Figure 5 is a large decrease of L at the 
early stage of morphology formation, especially remarkable 
in the pure PCL. This decrease was widely observed in 
the crystallization of homopolymers and is attributed to 
the rearrangement of bent lamellae appearing in the 
beginning of crystallizations or the thickening and/or 
thinning of lamellae during ~rystallization.~~ In the blends, 
on the other hand, this decrease is insignificant and 
difficult to distinguish from the experimental error. The 
lesser regularity of the lamellar structure in the blend, 
which is conveniently expressed in terms of N in eq 1 and 
decreasing N was demonstrated with decreasing ~ P C L  
values in our previous paperF2 is responsible for the 
ambiguous decrease of L. The T, dependence of L 
measured for the blend with ~ P C L  = 0.8 in the range 30.0 
I T, I 42.5 OC, on the other hand, is negligibly small, and 
the decrease of L at the early stage of morphology formation 
was not clear for every T, measured. 

Figure 6 shows the time dependence of the normalized 
intensity maximum, Le., peak intensity divided by the 
final intensity, for the blends with ~ P C L  = 1.0,0.9,0.8,0.7, 
and 0.6 at  Tc = 40 "C, and Figure 7 shows that for the 
blend with ~ P C L  = 0.8 at T, = 30.0, 35.0, 39.5, 41.0, and 
42.5 "C. These figures express the growth features of the 
crystalline region in the blend at each T, and ~ P C L .  The 
growing rate is slower with decreasing ~ P C L  and with 
increasing T,, which is qualitatively similar to the previous 
result with a compatible PCL/poly(vinyl chloride) blend.4 
The half-time of crystallization, t l g  Le., the time necessary 
to reach the half-value at  the angular position of the 
maximum intensity, is considered to be a measure for the 
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Figure 8. Half-time necessary to reach the final value at the 
angular position of the intensity maximum, tl/z, plotted against 
I#IPCL at Tc = 40 "C (left) and against T, for the blend with ~ P C L  
= 0.8 (right). 
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Figure 9. Normalized intensity maximum plotted against 
reduced time, t/tllz. In the upper curve, the data are obtained 
from the blends crystallized at 40 "C with 4 p c ~  = 1.0 (O), 0.9 (e), 
0.8 (o), 0.7 (m), and 0.6 (0). In the lower curve, the data pointa 
are from the blend with ~ P C L  = 0.8 crystallized at T, = 30.0 (O), 
35.0 (O), 39.5 (01, 41.0 (m), and 42.5 "C (0). 

growth rate of the crystalline region and is plotted in Figure 
8 against ~ P C L  and T,. t1/2 increases remarkably with 
decreasing ~ P C L  and increasing T,, suggesting that blending 
the amorphous polymer has the effect of decreasing 
significantly the crystallization rate similar to increasing 

To investigate quantitatively the effect of the amorphous 
polymer on morphology formation, the normalized in- 
tensity maximum is plotted against reduced time, tltlp, 
in Figure 9 for different ~ P C L  values at T, = 40 OC (upper 
curve), together with the data at different T, for the blend 
with 4 p c ~  = 0.8 (lower curve). Although the t dependence 
of the intensity maximum shows different curves in Figure 
6 according to ~ P C L ,  they coincide with each other and 
make one master curve in Figure 9. This means that the 
overall feature of morphology formation in the blend, where 
crystallization and liquid-liquid phase separation may 
occur cooperatively, is the same as that of the pure 
crystalline polymer, where the crystallization is the only 
factor to form the morphology. Therefore, the crystal- 
lization of PCL controls the whole rate of morphology 
formation in the blend, because if liquid-liquid phase 
separation controls the process, the time dependence of 
the intensity maximum should be quite different from 
that of the pure PCL and a completely different mech- 
anism for the morphology formation, for example, spin- 
odal decomposition, will control the system.29 The above 
results, of course, do not mean that the details of the 
morphology are determined by the crystallization of PCL. 

To 
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Figure 10. Intensity maximum (s21),, (0) and 8(t)  (0) plotted 
against time for the blend with ~ P C L  = 0.6 at T, = 40.0 "C. 8( t )  
is almost constant throughout morphology formation within the 
experimental error. 

Rather, it is shown in the next section that the details of 
the morphology are determined by a cooperative effect of 
liquid-liquid phase separation and crystallization. The 
normalized intensity maximum at different T, values is 
also successfully scaled by the reduced time (lower curve 
in Figure 9), suggesting that the effect of rising T, is the 
same as that of blending the amorphous polymer as far as 
the growth rate of the morphology is concerned. 

3. Analysis by Models. In our previous paper,22 the 
structure within the crystalline region was successfully 
approximated by the paracrystalline lattice model pro- 
posed by HosemanrP with a correction of the boundary 
profile between the lamella and amorphous layer,3l and 
the scattered intensity from the inhomogeneity (two-phase 
structure) was also expressed according to the model of 
Debye and Bueche.26 This means that the interference 
effect of scattered intensity is insignificant even if it exists 
between the two-phase structure and the crystalline region. 
Figure 10 shows the t dependence of O ( t )  for the blend 
with ~ P C L  = 0.6 at  T, = 40.0 OC, together with the plot of 
the intensity maximum arising from the crystalline region 
(proportional to V,(t)). V&) and also V(t )  increase 
abruptly with increasing t and eventually level off at  a 
constant value, indicating that with increasing t the 
crystalline region, amorphous region, and therefore two- 
phase structure appear, grow, and prevail in the system. 
The value of W), on the other hand, is almost constant 
throughout the morphology formation. Especially at  the 
early stage, in spite of the dramatic increase of the intensity 
maximum, 8( t )  remains constant, although the data points 
are somewhat scattered because of the inadequacy of the 
scattered intensity. This constancy of O ( t )  means that on 
the morphology formation the two-phase structure grows 
directly from the homogeneous melt of PCL and PSO, 
and amorphous regions (and also crystalline regions) 
appear with a constant proportion in the two-phase 
structure. Figure 10 does not support the usual concept 
about the morphology formation in compatible crystalline/ 
amorphous blend systems, where the crystallization occurs 
first and the amorphous component ejected from the lamel- 
lar crystal is accommodated into the amorphous layer 
between lamellae, and eventually a new amorphous domain 
appears by the phase separation at  this amorphous layer 
if the layer becomes thermodynamically unstable. Figure 
10, on the other hand, suggests that in the present PCL/ 
PSO system the morphology is formed simultaneously by 
a cooperative effect of liquid-liquid phase separation and 
PCL crystallization. 

Figure 11 shows the t dependence of the correlation 
length 6 for the blend with ~ P C L  = 0.6 at  T, = 39.5 "C 
evaluated from eq 4. 4 is almost constant as well as t9(t) 

1 I 

Time (sed 
1000 2000 3000 

Figure 11. Correlation length, E ,  estimated from the Debye- 
Bueche relation (eq 4), plotted against time for the blend with 
~ P C L  = 0.6 at T, = 40.0 O C .  

T ("C) 
2,8 32 9" 4,O 4,4 
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Figure 12. &(a), evaluated from eq 6, plotted against T, for the 
blend with ~ P C L  = 0.8 (A) and against ~ P C L  at T, = 40 "C (0). 

irrespective of t, suggesting that the main feature of the 
two-phase structure, i.e., the interrelation between crys- 
talline and amorphous regions, does not substantially 
change throughout the morphology formation and sup- 
porting the morphology formation by the cooperative effect 
of liquid-liquid phase separation and crystallization. The 
constancy o f t  could be derived at  every condition studied. 

Figure 12 shows the Tc and ~ P C L  dependences of 8(t) 
evaluated by eq 6. Both V,(t) and V(t) in eq 6 include the 
p s i b l e  fluctuation in intensity or the occasional difference 
of the equipment as well as the morphological contribution, 
so that they cannot be directly compared each other. In 
the evaluation of 8(t) ,  on the other hand, the accidental 
factors cancel out and O ( t )  can directly be compared. 8(t)  
decreases remarkably with increasing C#JPCL, while it 
decreases slightly with increasing T,. The change of 8(t)  
between C#JPCL = 1.0 and 0.6 is about 10 times larger than 
the change between T, = 30.0 and 42.5 "C. These changes 
should reflect the phase diagram of this system and can 
qualitatively be explained on the basis of the phase diagram 
of this system (Figure 13). The details will be presented 
under Discussion. 

Discussion 
The time-resolved SAXS curves obtained from the 

present PCL/PSO blend have revealed the following two 
fundamental facta about the process of morphology 
formation in binary semicompatible crystalline/amorphous 
blend systems. (1) Blending the amorphous polymer 
(PSO) retards and stretches the PCL crystallization, but 
the time dependence of its features, conveniently expremed 
by the parameters such as long spacing (Figure 5 )  and 
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Figure 13. Schematic illustration of the phase diagram with 
Crystallization and liquid-liquid phase separation. L and C 
denote liquid and perfect crystalline phases, respectively, and 
the dashed curve represents the lower limit of ~ P C L  in the 
amorphous layer between PCL lamellae. In the present PCL/ 
PSO system, the critical temperature of phase separation (G) is 
above 150 "C with the critical composition ~ P C L  - 0.2, and the 
binodal curve meets with the melting point curve at ~ P C L  - 0.58 
and T, - 54 "C (B).21 

intensity maximum (Figures 6 and 71, is substantially the 
same as those of the crystallization process of the ho- 
mopolymer (PCL). This indicates that even if the details 
of the morphology are determined by a cooperative effect 
of liquid-liquid phase separation and PCL crystallization, 
the growth rate of the morphology is controlled by the 
crystallization of PCL in the blend. (2) The details of the 
morphology are determined by the phase diagram of this 
system, i.e., a cooperative effect of liquid-liquid phase 
separation and crystallization. The two-phase structure 
illustrated in Figure 1 appears at the early stage of 
morphology formation, and this structure grows with t 
with the proportion of the amorphous region (and hence 
the crystalline region) constant. This conclusion comes 
from the fact that the volume fraction of the amorphous 
region in the two-phase structure, which is proportional 
to O ( t )  introduced in eq 6, remains constant throughout 
the morphology formation (Figure 10) but is intimately 
dependent on 4 p c ~  and T, (Figure 12). 

The $JPCL and Tc dependences of 0 ( t )  can be qualitatively 
explained on the basis of the phase diagram exhibiting 
both crystallization and phase Separation. Such a phase 
diagram has been predicted theoretically20 and experi- 
mentally.18JB~zz~24 Burghardt, for example, calculated the 
phase diagram of such systems on the basis of the Flory- 
Huggins theory and discussed the effect of molecular 
parameters on the equilibrium phase diagram.z0 Figure 
13 shows the schematic illustration of the phase diagram 
constructed in our previous study based on the experi- 
mental results.zz Here, L and C represent the disordered 
(amorphous) and ordered (perfect crystalline) phases, 
respectively. In the region denoted L1+ Lz, two disordered 
phases coexist, and in the region denoted L + C, the 
disordered phase and perfect crystal of PCL coexist 
thermodynamically. At temperature TI, three phases, A, 
B, and C, coexist thermodynamically (eutectic temper- 
atureh20 In the case of crystallization of polymers, the 
perfect crystal does not appear; instead, the repeating 
structure consisting of the lamellar crystal and the 
amorphous layer always appears. The amorphous layer 
between lamellae may in part accommodate the PSO 
expelled from the PCL lamella to result in the increase of 
the amorphous layer thickness. Therefore, it will be useful 
to add the third phase M represented by a dashed curve 
in Figure 13, which stands for the composition of the 
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amorphous phase between lamellae. This third phase is 
not in thermodynamic equilibrium and may change in 
composition according to the thermodynamic and kinetic 
factors in the process of the morphology formation. 

When a homogeneous blend at  E is quenched into F, 
8(m) is thermodynamically determined by the lever rule 
at F if we ignore a small amount of the amorphous 
component accommodated in the amorphous layers be- 
tween lamellae, as 

O(m) a (1 - 4pCL)/(1 - 4b) (7a) 
where f$b is the PCL composition of the amorphous region 
in equilibrium with the perfect PCL crystal and is tem- 
perature dependent. This 4 b  can be evaluated by the equi- 
librium requirement between chemical potentials of the 
crystalline and amorphous phases 

= A&,, (8) 
where C denotes the perfect crystalline phase and L 
denotes an amorphous phase. By assuming an appropriate 
model, for example, the Flory-Huggins-Scott for 
the amorphous phase, &,Can be calculated. 4b is, however, 
expected to be very small. By putting C#Jb to be 0 to a first 
approximation, eq 7a is rewritten 

W m )  a 1 - 4PCL (7b) 
Equation 7b means that O(m) equals 0 at ~ P C L  = 1 and 
increases linearly with decreasing ~ P C L ,  which is in good 
agreement with Figure 12. The proportion of the amor- 
phous region is, therefore, larger when a blend at E' is 
quenched into F" compared to a blend at  E quenched into 
F (at the same temperature Tc). Thus, the initial 
composition ~ P C L  is expected to dramatically affect the 
final proportion of the amorphous and crystalline regions 
in the blend. When the blend at E is quenched into F', 
on the other hand, the phase relations at F' are not so 
different from those at F; in other words, f#Jb changes 
slightly, so that eq 7b holds approximately at different 
temperatures. The difference in the amount of the 
amorphous polymer accommodated in the amorphous 
layer changes principally the final proportion of the 
amorphous and crystalline regions in the two-phase 
structure of the blend. 

The phase diagram presented in Figure 13 seems to 
explain the ~ P C L  and Tc dependences of S(m) as well as 
all SAXS curves exhibiting both the intensity maximum 
arising from the crystalline region and the increasing 
intensity at smaller angle. It is necessary to confirm the 
validity of this kind of phase diagram by the accumulation 
of many experimental results. 
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