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ABSTRACT: We investigated the spherulite formation in an isotactic polypropylene (iPP)/partially 
hydrogenated oligo(styrene-co-indene) blend by time-resolved light scattering equipped with a CCD camera 
system and transmission electron microscopy (TEM). The V, (parallel polarization) light scattering pattern 
at  a high crystallization temperature ( T ,  = 105 "C) changed from a single-ring pattern to a double-ring 
one and then to a circular symmetric one. Based on model calculation, the formation of the ring pattern 
can be interpreted by the positive birefringence spherulite which is expected to  appear when the 
crosshatched lamellae sufficiently develop. The H, (cross-polarization) light scattering pattern was the 
rod type, implying that a high level of orientation ordering was established in radial direction but a low 
level in tangential one. It is consistent with the above argument on the V, patterns since the less ordering 
in tangential orientation could be caused by the crosshatching. Similar analysis on the crystallization 
at  a low temperature (T, = 85 "C) showed a formation of noncrosshatched and fragmented lamellae. 
The analysis was supported by the TEM observation. Thus, we found that the new morphologies are 
available by adding miscible impurity and controlling the T,. 

Introduction 
It is well-known that the spherulite of isotactic 

polypropylene (iPP) consists of crosshatched lamella 
branching; i.e., subsidiary lamellae grow tangentially 
to the radiating primary lamellae.' The fraction of 
crosshatch lamellae in iPP spherulites is high at a low 
crystallization temperature T,, and it decreases with 
increasing T,.2 When the fraction of crosshatch lamellae 
is sufficiently high, the radial refractive index of the 
spherulite is higher than the tangential one; i.e., the 
birefringence of the spherulite becomes positive.2 On 
the other hand, the birefringence is negative when the 
fraction of radial lamellae is high. Hence, the birefrin- 
gence changes the sign from positive to negative with 
increasing Tc.2 

Recently, we found that iPP and a partially hydro- 
genated oligo(styrene-co-indene) (HSI) are miscible 
above the melting temperature of iPP. The iPP/HSI 
blend provides a nice opportunity to investigate the 
effect of miscible impurity on spherulite formation. In 
this paper, we carry out time-resolved light scattering 
studies on the spherulite formation at various T;s using 
a highly sensitive charge-coupled device (CCD) camera 
system. The results are assessed by transmission 
electron microscopy (TEM). 

Experimental Section 
The iPP used was a commercial polymer supplied by Mitsui 

Toatsu Chemicals, Inc. (J3HG; M ,  = 3.5 x lo5, M ,  = 5.0 x 
lo4). HSI was obtained from Arakawa Chemicals, Ltd. (Arkon; 
M ,  = 770). 

iPP and HSI were melt-mixed at  190 "C using a Mini Max 
Moulder (CS-183 MMX, Custom Scientific Instruments, Inc.). 
The blend ratio was fixed at  a 30/70 (iPP/HSI) weight ratio. 
The single-phase melt was extruded and chopped into pellets. 
A thin-layer specimen (-15 pm thick) was prepared by 
pressing the pellets between two cover glasses at  200 "C. 

After the specimen was held at  200 "C for 3 min, it was 
rapidly transferred into a light scattering hot stage set at  the 
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Figure 1. Light scattering apparatus. 

desired crystallization temperature. The light scattering 
apparatus is shown schematically in Figure L3 A polarized 
He-Ne gas laser of 632.8-nm wavelength was applied verti- 
cally to the film specimen. The scattered light was passed 
through an analyzer. We employed two optical geometries; 
one was the H, geometry in which the optical axis of the 
analyzer was set perpendicularly to that of the polarizer, and 
the other was the V, geometry with a parallel set of the two 
axes. The angular distribution of light scattering intensity 
was detected by a highly sensitive CCD camera with 576 x 
382 pixels (Princeton Instruments, Inc.). 

Structural development during the isothermal crystalliza- 
tion was also observed under polarized optical microscope with 
a sensitive tint plate (Olympus BH-2). 

For TEM analysis, ultrathin sections were cut with micro- 
tome from crystallized samples and stained with ruthenium 
tetraoxide (RuOb) in the gas phase. The lamellar morphology 
was observed under TEM with an accelerator voltage of 100 
kV (JEM-100CX, JEOL Ltd.). 
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Figure 2. Temperature dependence of the growth rate in a 
30/70 iF'P/HSI blend (0) positive birefringence spherulite and 
(0) negative birefringence spherulite by optical microscopy. 

Results and Discussion 
Figure 2 shows the crystallization temperature (TJ 

dependence of the crystallization growth rate (G) in the 
30170 iPP/HSI. Note here that the G was obtained by 
the slope of the time variation of the spherulite radius. 
The radius at high crystallization temperatures (T, > 
95 "C) was obtained by the peak maximum of the V, 
scattering profile (see eq 6 )  and that at low temperature 
was by the peak of the H, scattering pattern (see eq 
10). G increases with increasing T, and attains a 
maximum at T,, = 95 "C. Morphology evolution was 
found to be different below and above 95 "C. Hence, in 
this paper, we will eontine discussion to two representa- 
tive temperatures; Le., one is 105 "C (T, > T-) and 
another is 85 "C (T, < Tmm). 

Figure 3 shows the change in the V, and H, scattering 
patterns during the crystallization at T, = 105 "C. In 
Figure 3 is also shown the time variation of the 
integrated scattering intensity, the invariant Q: 

Q = LI(qh2 a4 (1) 

where I(q) is the intensity of the scattered light at the 
scattering vector q, q = (MA)/sin(O/Z), 1 and O being 
the wavelength and scattering angle, respectively.4 The 
invariant in H, mode, QH., is described by the mean- 
square optical anisotropy (@) 

Qq (S2) = &(% - (4)' (2) 

where & is the volume fraction of spherulites and a, 
and at are the radial and tangential polarizabilities of 
the spherulite, respectively. The invariant in the V, 
mode, Qv,, is ascribed to both (6') and the mean-square 
density fluctuation (7'). The (7') is given by 

(3) 

where a. is the average polarizability of the spherulite 
and ao is the polarizability of the melt. Hence, the QH, 
is expected to increase with increasing volume fraction 
of spherulites and then level off when the spherulites 
are volume-filled, while the QV, is expected to attain a 
maximum when the spherulites occupy 50% volume. 
Such time variations in QH, and QV, are seen in Figure 
3. It is also seen in Figure 3 that the onset time of 
invariant QH,(toH) is different from that of &,(tov). The 

(7') = @*(1 - @& - ad' 
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Figure 3. Changes in the invariant and the scattering 
patterns, both under H, and V, modes: 30/70 iPP/HSI blend, 
T, = 105 "C. (a, a') 50, (b, b') 80, and (c, c') 190 s. 

time lag (tov -  OH) is ascribed to the development of 
an isotropic domain as the precursor of the spherulite, 
as discussed in our previous paper.3 The V, scattering 
patterns observed at three crystallization times ( t l ,  t z ,  
and t g )  are shown by panels a-c in Figure 3. Corre- 
sponding H, patterns are shown in panels a'-c'. 

In V, mode, a single-ring pattern appears a t  an early 
stage of crystallization (a) and then another ring ap- 
pears at wide angle (b). That is, the V, pattern changes 
from single ring to double ring with time of crystalliza- 
tion. The rings become smaller with time. Finally, the 
rings disappear and a weak circular symmetric pattern 
is observed after the spherulites have volume-filled (c). 
In H, mode, the rod-type pattern (a') is observed and it 
becomes smaller with time (b', e'). 

The V, scattering pattern is theoretically described 
by5S6 

Ivy = A v  cos' ~~(3/u3)'{(g. - aJSi U - sin U) + 
(a, - a3(2 sin U -  Ucos U -  Si U) + 
(g. - rq)[cos' (8/2)/cos OICOS' p(4 sin U - 

U C O S U - ~ S ~ U ) } '  (4) 

(5) cos' el = cos 8/(cos2 8 + sin' 8 cos' p Y  
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Figure 4. The second term in eq 4 (calculated). 

where A is a proportionality factor, V is the volume of 
spherulites of radius R,, p is the azimuthal angle, and 
a, is the polarizability of the surroundings. Si U is the 
sine integral defined as 

d.x u sin x S i U = h  - 
X 

where U is given by 

The single-ring pattern in V, mode at the early stage 
of crystallization suggests that the third term of eq 4 is 
minor so that there is no azimuthal angle dependence 
in the V, pattern. This may be caused by a, at. By 
numerical calculation, one can show that the first term 
in eq 4 is very small, two decades smaller than the 
second term, when a, is comparable to at. In Figure 4 
is shown the calculated curve of the second term of eq 
4, {(3/i?)2(2 sin U - U cos U - Si U)], as a function of 
U. It has two maxima at U = 5.7 and 9.0. Setting the 
U = 5.7 and using the peak angle in Figure 3a,b, the 
spherulite radius R, was estimated by eq 6. The 
estimated values R, were exactly equal to those obtained 
by the optical microscopic observation. 

The spherulites with weak positive birefringence were 
observed under the polarized microscopy at early stage. 
It suggests a, 2 at. The birefringence of a spherulite is 
given by6 

An = n, - nt = ( (3 f -  1)/2) (n ,  - n,) ( 7 )  

where f is the fraction of crosshatch lamellae. nc and 
n, are the principal refractive indexes along the a-  and 
c-axes of a crystal, respectively. The weak positive 
birefringence (An L 0) suggests that f i s  slightly larger 
than V 3 ,  implying a significant amount of the crosshatch 
lamellae. The An increases with increasing the fraction 
of crosshatch lamellae. Since An is proportional to a, 
- at, the value of a, - at increases with increasing 
fraction of crosshatch lamellae. The intensity of the 
second peak at U = 9.0 in Figure 4 becomes larger with 
increasing a, - at. This may render the change in 
pattern from single ring to  double ring during the 
crystallization, as shown in Figure 3a,b. The peak shifts 
to smaller angle with increasing R,, then approaches 
O " ,  and the ring pattern disappears, as shown in Figure 
3c. 

As shown in Figures 3a'-c', the H, pattern is the rod- 
type and it becomes smaller with time. However, 
rodlike aggregates were not obvious under the polarized 
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Figure 5. H, scattering intensity as a function of w. The solid 
line is a curve calculated by eq 8, setting a = 2.2 pm: 30170 
iPP/HSI blend crystallized at T, = 105 "C for 80 s. 

microscope, but spherulites with a diffuse maltese cross 
pattern were observed. According to Stein and C ~ U , ~  
the relative intensity of scattered light from a spherulite 
at angles less than the scattering maximum (8  < Om=) 
is enhanced by the disorder in the tangential direction, 
whereas the relative intensity at the wide-angle region 
( 8  > Om,,) is enhanced by the disorder in the radial 
direction. Thus, the appearance of the rodlike pattern 
in the H, mode may be caused by the excess intensity 
at the small angles due to a low level of orientation 
ordering in the tangential direction and a high level in 
the radial direction. Less ordering in the tangential 
orientation in the spherulite could be caused by the 
orientational disorder of the crosshatch. The ordering 
in the radial direction can be analyzed quantitatively 
in terms of scattering variables as follows. 

A typical one-dimensional H, scattering profile at p 
= 45" is shown by the open circles in Figure 5. The H, 
intensity decreases monotonously with the reduced 
angle parameter w ,  defined by (2nl/z)R, sin 8, R, being 
calculated from the peak in the V, profile in Figure 3a,b 
by setting U = 5.7 in eq 6. According to Stein and Chu,I 
the disorder parameter 6 is described by the orientation 
angle fluctuation of the optical axis within a spherulite. 
By the mode1 calculation, they suggested that the large 

results in a broad H, scattering profile. That is, as 6 
increases, the intensity at w = 4 decreases and the 
intensity decreases more gradually with w.  Hence, as 
a measure of 6 in the radial direction, one can employ 
the ratio of the intensity at w = 15 to that at w = 4; 
Le., E = I(w = 15)/I(w = 4).  The 6 obtained from Figure 
5 is shown in Figure 6a. The disorder parameter 
slightly decreases with time but never reaches a very 
low value, suggesting the rodlike H, pattern should be 
maintained even at a late stage of crystallization. 

The H, scattering intensity is given by7 

cos ez = cos e/(cos2 0 + sin2 8 sin2 p)l" 

where x = kr sin 8, k = 2x12, k' is a proportionality 
constant, J2(xd and Jz(x2) are the second-order Bessel 
functions, a' = wa/R, and a is a correlation distance of 
the ordered region. The IH,(w) profile in the wide-angle 
region ( w  > 4) can be calculated for a given parameter 
a;  approximating JZ(X)X is the seven-order polynomial 
equation. The ZH,(UI) curve given for the a value 
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(brthe correlation distance Q and the interfibrile distance d: 
30170 iPP/HSI blend at T. = 105 "C. 

obtained by best fitting to the experimental data is 
shown by the solid line in Figure 5. The a values thus 
estimated are shown by the open circles in Figure 6b. 
The a increases with time. a is related to 5 and the 
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distance between fibrils d' 

a = dlZp (9) 

The d values estimated by eq 9 are shown as a function 
of time in Figure 6b. The d is kept almost constant 
during crystallization. This suggests that new radial 
fibrils are not formed between the already existing ones. 
The formation of new fibrils may be restricted due to a 
high concentration of the impurity (HSI) in the inter- 
fibril region. The high concentration of HSI in the 
interfibril region can be caused by rejection of HSI in 
fibril order during crystallization of iPP.8-10 This was 
supported by the appearance of open spherulites under 
poiarized m&oscopy. 

Firmre 7 shows TEM microe'raDhs and their schematic 
dra4ngs for the blend (a) ;;ld for neat iPP (b) both 
crystallized at  T, = 105 "C. In schematic drawings, the 
thick and thin stripes represent the radiating primary 
lamellae and the crosshatch lamellae, respectively. In 
the micrographs, crystalline lamellae appear as white 
stripes since the staining agent (RuOl) penetrates just 
into amorphous regions. The population of the cross- 
hatch lamellae is low in the blend while it is high in 
neat iPP. The radiating primary lamellae are arranged 
parallel to each other in the blend, while they are 
arranged multidirectionally and are curved in neat iPP. 
These are consistent with the results of light scattering 
and polarized optical microscope analyses: the weak 
positive birefringence spherulite and the rodlike scat- 
tering pattern were observed in the blend, in contrast 
to the strong positive birefringence spherulite and a 
circular symmetric H, pattern in neat iPP. That is, in 
the blend, the weak positive birefringence of the spher- 

Figure 7. TEM micrographs and schematic drawings: (a) 30pIO iPP/HSI blend and (b) neat iPP, both crystallized at T, = 105 
"C for 1 day. 
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Figure 8. Changes in the invariant and the scattering 
patterns, both under H, and V, modes: 30/70 iPP/HSI blend, 
T, = 85 "C.  (a, a') 24, (b, b') 44, and (e, e') 88 s. 

ulite is ascribed to the low density of the crosshatch 
lamellae and the rodlike H, pattern to the parallel 
arrangement of radiating primary lamellae and the 
disordered arrangement of crosshatch lamellae. 

At lower crystallization temperatures, the situation 
was very different. Figure 8 shows the change in V, 
and H, scattering patterns from the blends during 
crystallization a t  T, = 85 "C. The V, pattern changes 
the shape from a large circular symmetric pattern (a) 
to  a smaller one (b) and then to a cross-shaped one (c) 
with time. The circular symmetric pattern means no 
azimuthal angle dependence of the scattered light, 
implying that the third term in eq 4 is minor (a, sz at). 
The spherulite with weak negative birefringence ob- 
served under the polarized microscope a t  an early stage 
suggests at 2 a,. It implies that a, - u, is comparable 
to at - %. In such case, the first term in eq 4 is much 
smaller than the second term, as has been discussed 
for the V, patterns at  high T, (Figure 3). Then, the V, 
patterns in Figure 8a,b should be ascribed to the second 
term; however, the value of a, - a, should be much 
smaller than that of the high T, case in Figure 3 so that 
the first peak in Figure 3 (ring) could not be detected 
to render the circular symmetric pattern. The change 
of the shape from circular symmetric pattern to two- 
fold symmetric with azimuthal dependence can be 
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Figure 9. H, scattering intensity as a function of w .  The solid 
line is a curve calculated by eq 8, setting a = 0.6 pm: 30/70 
iPP/HSI blend crystallized at T. = 85 "C for 30 s. 
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Figure 10. Time variation of (a) the disorder parameter 5 
and (b) the correlation distance a and the interfibril distance 
d :  30/70 iPP/HSI blend at T, = 85 "C. 

interpreted by the increase of the at - a, with time. 
Actually, the negative birefringence in spherulite be- 
came stronger and the H, intensity increased with time 
of crystallization. 
As shown in Figure 8a'-c', a four-leaf clover H, 

pattern appears and it becomes smaller with time. The 
appearance of the four-leaf clover pattern is ascribed 
to high ordering in both tangential and radial directions 
in the spherulite. The radius of the spherulite can be 
estimated by the equation of Stein and Rhodes;" 

4.1 = 4dR$A) sin(8,/2) (10) 

where 8, is the scattering angle for the intensity 
maximum in the one-dimensional scattering profile a t  
p = 45". Using the value of R. given by eq 10, the 1 ~ " -  
(w)  profile at p = 45" is nicely described by eq 8, as 
shown by the solid line in Figure 9. Following the 
procedure described above, the values of a, d, and 5 were 
also calculated. The results are shown in Figure 10. 
The disorder parameter E in radial direction is shown 
to decrease with time (Figure loa). The distance d 
between fibrils decreases rapidly with time and then 
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Figure 11. TEM micrographs and schematic drawings: (a)30/70 iF'P/HSI blend and (b) neat iPP, both crystallized at T. = 85 "C 
for 1 day. 

levels off (Figure lob). It suggests that new radiating 
fibrils are formed between the already existing fibrils 
during crystallization. The formation of new fibrils 
could be achieved in the interfbrile region in which HSI 
concentration is very low. The low HSI concentration 
may be caused by an entrapment of HSI between 
lamellar 

Firmre 11 shows TEM microeraohs and their sche- 
mat& drawings for the blend (a) A d  for neat iPP (b) 
both crystallized at  T, = 85 "C. No crosshatch lamellae 
are observed, but fragmented lamellae are seen in the 
blend. The fragmented lamellae are arranged parallel 
to each other in a radial direction. Thus, the discussion 
of light scattering is supported by TEM observation. A 
white region having a radius of -0.1 pm is seen. It may 
be assigned to a HSI-rich amorphous domain between 
lamellar stacks, supporting the result of light Scattering 
analysis on the entrapment of HSI by segregation 
between lamellar stacks. It is deduced that the segre- 
gated HSI in lamellar scale prevent nucleation on radial 
primary lamellae so that crosshatching is suppressed. 
Thus, compared with neat iPP, a unique morphology is 
available hy crystallization from the single-phase mix- 
ture of iPP and impurity. 

Conclusion 
The light scattering and TEM analyses revealed that 

the new morphologies are available by adding miscible 

impurity and controlling the T,. At high T,, both the 
population of crosshatch lamellae and the ordering of 
radial lamellae in the blend are higher than in neat iPP. 
At low T,, no crosshatch lamellae are formed but the 
fragmented lamellae develop in the blend. The frag- 
mented lamellae are arranged parallel with each other 
in a radial direciion. 
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