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The isotacticity dependence of the spherulitic morphology of isotactic polypropylene (iPP) with high isotacticity
between 98.9% and 99.8% in isotactic pentad fraction ([mmmm]%) was studied. Conventional iPP with low
isotacticity, [nmmm]= 93.5%, was used as a reference. Isothermal crystallization was carried out@+-125
15C°C. Morphological observations were carried out by polarizing optical microscopy and transmission electron
microscopy. Nearly all the spherulites showedoaform crystal structure and negative birefringenaa) The

radial lamellar (R-lamellar) fractionfr, estimated fromAn increased with increase in isotacticity and
crystallization temperature. This result indicates that the degree of cross-hatching composed of R-lamellae and
tangential lamellae (T-lamellae) decreased with increase in isotacticity and crystallization temperature. It was
shown for the first time that the spherulite fully occupied by R-lamella,fres; 1, was obtained when the sample

with the highest isotacticity was crystallized at 160This means that there are few cross-hatched lamellae. The
origin of cross-hatching is discussed, focusing on the role of configurational defects within a molecular chain and
the mobility of molecules in the crystallization proce€s1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION and thermal resistance. Therefore, we studied onlyathe
form spherulite in this research.

The isotacticity of isotactic polypropylene (iPP) plays an Observations of the spherulitic and lamellar morphology

important role in the crystallization process. Until recently, of iPP were carried out by optical microscopy and by

isotacticity has not been sufficiently high, which means that transmission electron MICroscony. using the permanaanic
the degree of crystallinity of iPP was not high enough under ) Py, 9 P 9
. It has been found that there are cross-

the usual molding conditions and that iPP could not achieve ﬁgfcgwgdt?;rggllﬁeﬁiextures in the interior of a melt-qrawn
its ideal physical performances (its mechanical and thermal 9

properties, etc.). Recently, it became possible to obtain jpp0'M spherulite. A 'similar cross-hatched structure was
with high isotacticity by the development of catalyst observed by Khoury for a solution-grown crystal, and it is

technology, so it is expected that the structure and properties,]?e“e‘]/ceCI thaththe lr_rgorp?:ologyhoftCrrlqss-hi\:](_:hmg '?] corlntm(_)n
of iPP will be improved. or a-form spherulites. Cross-hatching within a spherulite is

It is well known that there are four polymorphs of iPP: the composed of radial lamellae (R-lamellae) growing along the

monoclinic @), pseudo-hexagonalg), orthorhombic 4) radius of the spherulite, and tangential lamellae (T-
and smectic fc;rrri's‘S Morphologies o’f thex and 8 forms Iqmellae) crossing nearly orthogonally to the_ R.-Iamellae.
are usually spherulitic, in the case of melt crystallization. gi'g]urr? |1(b:1) ||Ilus':1ra:eﬁtthewlﬁi- ";]mid -IE;:alesllaebWIEhlrrr]nac?Ailr?_

Spherulitic morphology has been studied extensively for . ensional Spnerutite, Which 1s Kno 0 be forme a
long time. Padden and Keftrobserved thex- and 8-form thin film. The growth direction of the R'Iamee}"[jae corre-

spherulites by means of polarizing optical microscopy, and SPONdS 10 thea. axis in a monoclinic unit cetl. It is

o ; : idered that lateral growth rate along #heaxis (V) is
classified them into four categories, type 1 to IV. Types | and consi : ; a
Il and their mixed type are spherulites @fform, and type much larger than that along theaxis (Vy). Figure 1(b) is an

Il and IV are those ofg form. Type | spherulites show enlarged illustration of the crossing of R- and T-lamellae. In
positive birefringenceAn) and appear at a lower crystal- Figure 1(b), configurational defects (opposite monomer

lization temperaturesTQ) below 134C, while type II  nSertions)are shown byfilled circlésigure 1(b) shows the -
spherulites show negative birefringeﬁce and appear atmodel of the onset of T-lamellae, which will be discussed in

higherT,, values above 138. Under atmospheric pressure, detail below. Type | sphe_rulltes show a '_[yp|cal Cross-
the a-form crystal is the most stalfleln the application of hatqheq morphology, while in type 2 sphelrzu_lﬁes, the major
iPP to materials for commercial products, theform is portion is composed of R-lameliae. Logt al proposed

more suitable than th@form because of its higher modulus that the cross-hgtched structure Is formed via an epltaxlal
growth mechanism, showing that the observed crossing

angle, 99 20, is just the same as thg angle of the

*To whom correspondence should be addressed. Tel: 0975-21-0975; fax: monoclinic unit cell of thex form- T_hey suggested that T-
0975-23-3691; e-mail: yamada@orc.jpo.co.jp lamellae nucleate and grow epitaxially on R-lamellae.
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Figure 1 (a) Schematic illustration of a two-dimensional-form

spherulite showing an edge-on lamella. (b) Represention of the onset of a

T-lamella growing epitaxially on the side surface of an R-lamella. It is to be
noted that the folding direction shown schematically is not real

Binsbergen and Lange proposed a method to estimate
the R-lamellar fractiorfg, using the birefringenceaf) for a
two-dimensional iPP spherulite which is usually seen within
a thin film. Awaya®~*8estimatedy using their method and
the refractive indices along ttee, b andc axes measured by
Takaharaet al'® An becomes negative wheh increases
above 0.665 with the increaseTi. The highestg observed
by Awaya® was 0.71, which means that there are still a lot
of T-lamellae in a spherulite.

The isotactic pentad fraction ([mmmm]%) is the most
common parameter with which measure isotactiCityn

with increase in tacticity and.. This trend can also be
recognized in table 2 of Ref. 22 where the decrease in the
amorphous layer thickness between lamellae with an
increase in isotacticity is more dominant than the increase
in lamellar thickness. These results suggest that configurational
defects tend to be excluded from lamellae and are mainly
involved in the amorphous region with an increase in tacticity
andT.because the size of the configurational defectis too big to
be involved in compactly packedform lamella.

It is expected that there is a possibility of formation of a
spherulite composed of only defectless R-lamellae when the
tacticity andT, increase. The purpose of this study is to
show that a nearly “perfect’a-form spherulite, which is
composed of only R-lamellae without any T-lamellae and
defects within a lamella, will be formed when iPP with very
high isotacticity, such as [mmmm] higher than 99.8% and
Nm > 2068, is crystallized at a high, higher than 15TC.

This study will make clear the important role of tacticity in
the formation mechanism of a superstructure, such as T-
lamellae and spherulites, of stereo-regular chain polymer
materials. This role is still an unsolved important problem in
the crystallization of polymers.

EXPERIMENTAL

Samples

Three kinds of high isotacticity temperature-rising elution
fractionation (t.r.e.f.) fractions of iPP were used in this
study: iPP-A, -B and -C. Their original samples were
polymerized with MgC}-supported catalysts. For compar-
ison, conventional low isotacticty iPP (iPP-D) polymerized
with Ziegler—Natta Catalyst was also used. All the samples
were stabilized by adding antioxidants, 0.10% of Irga-
nox1010 and 0.15% of Irgafos168 (Ciba-Geigy, Switzer-
land). Characterizations of the molecular structure of the
samples were carried out usingC nuclear magnetic
resonance’fC-n.m.r.) and gel permeation chromatography
(GPC) (Table ). The three fractionated samples iPP-A, -B
and -C have almost similar molecular weights (M#5-61
x 10% and narrow molecular weight distributiokl (/M =
2.1-2.6). The isotacticity of iPP-A is the highest ([mmmm]
=99.8% and\,, = 2068). The isotacticity of iPP-B is in the

this study, we also used another parameter, the number-middle ((mmmm]= 99.6% andN,, = 1209) and that of iPP-

average sequence length of meso additibh)t:. Nm,
which will be explained in detail in the experimental section
below, is particularly sensitive in the high isotacticity

C is rather low ([mmmm}= 98.9% and\,, = 434). iPP-D
(M, =53 x 10*andM,/M, = 7.6) was used as a reference
of typical conventional iPP with the lowest isotacticity

region. Cheng and coworkers studied the effect of ([mmmm]= 93.5% and\, = 73).

isotacticity on the crystallization and melting behaviour of
iPP?2~%* The [mmmm]% andN,,, of iPP used in their studies

are lower than 98.8% and 500, respectively. The study of iPP of

much higher isotacticity has not been reported so far. Caeng
al. showed that configurational defects are involved within
lamellae when iPP with rather low tacticity is crystallized at
rather lowerT %, which can be explained by a well-known

Number-average sequence length of meso additigy) (

iPP polymerized with the MgGisupported catalyst
has only meso or racemic sequences and no head-to-head
or 1,3-combination. Therefore, the type of structural defect
is only an opposite insertion of monomer. The number-
average sequence length of meso additibh,)(is the

uniform inclusion model groposed by Sanchez and Eby for average number of monomer units between two opposite

random stereo-copolymérs They also showed that the

insertions of monomer, which is defined by the following

possibility of inclusion of configurational defects decreases equatiof*

N 2(mmmm-+ mmmr+ rmmr) + (mmrm-+ mmrr+ mrmr—+ rmrr)
me MmmMrm-+ Mmmrr+ mrmr -+ rmrr

1)
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Table 1 Molecular characteristics of iPP applied to the present study. The isothermally crystallized
[mmmm] Np? M, M, M./M., thin film was etched for 15 min with the etching reagent
% x107%  x 1073 prepared by dissolving 0.2 wt% potassium permanganate in
PP-A 998 2068 58 137 24 5:2 concentration of sulphuric acid:phosphoric acid mixture
iPP-B 096 1209 61 130 21 in a ultrasonic bath at room temperature. After the treat-
iPP-C 98.9 434 45 117 2.6 ment, the specimen was washed with a dilute sulphuric
iPP-D 93.5 73 53 401 7.6 acid, hydrogen peroxide, water, and acetone, respectively
*Number-average sequence length of meso addition each for 90 s in an ultrasonic bath. Then, it was dried in a

vacuum oven for 1 h at 4C. The specimen surface was
replicated as follows. The surface was coated by carbon
Nm was estimated usingC-n.m.r. signals. If it is assumed vertically after shadowing with platinum/palladium at an
that opposite insertions of monomer are included randomly angle of 40. A small amount of 25% polyacrylic acid solu-
in a molecular chain, the correspondence betweention was deposited onto the coated specimen and dried for
[mmmm]% andNy, is approximately given by the following  about 12 h at room temperature. The dried polyacrylic acid
equation layer with the carbon replica is easily removed from a speci-
500 men. The polyacrylic acid is dissolved in water for a few
Np = 100— [mmmm% (2 hours. The obtained replica is mounted on a grid for TEM
° observation. TEM observation was performed using a
Since the portion of the opposite insertion of monomer tends HITACHI H-800 with 100 kV accelerating voltage.
to be excluded from a lamellar crystal due to the size of the
configurational defect being too large to be involved in Differential scanning calorimetry (DSC)
compactly packedx-form lamellae, N, strongly affects DSC measurements were carried out on a Perkin-Elmer
the crystallization behavior of iPP. DSC7 on isothermally crystallized samples. It was cali-
brated by the melting temperatures of indium (15630

Isothermal crystallization

Isothermal crystallization was performed as follows.
Films about 15um in thickness were prepared using a hot
press. The films placed between glass slides were melted in
a silicon oil bath at 230 for 10 min, and then rapidly
transferred to another oil bath kept at a cho$gmetween
125°C and 150C. After the completion of crystallization,
they were quenched in ice water.

Morphology

Polarizing optical microscopy. Spherulitic morphology
was observed using an OLYMPUS polarizing optical micro-
scope with a sensitive colour plate. Tle and §-form
spherulites can easily be distinguished by the observation
with the optical microscope. Path differences were [
measured by using a Berek compensator. Binsbergen andig.. ™.
Lang€® presented a formula to estimate the R-lamellar .
fractionfg

2An+ (Ng +ny — 2n,)
fo=
R R ®)

wheren,-, ny andn, are the refractive indices for anform
crystal along thea*, b, andc axes, respectively. It is to be
noted that equation (3) is formulated for a two-dimensional
spherulite with biaxial orientatiora{ andc). Equation (3)
can be used for the case of arelatively lafigevhere almost
all lamellae are edge-0f In the case of a comparatively
smallfg, birefringence approaches zero, because of the exis-
tence of edge-on T-lamellae with positive birefringence and
flat-on lamellae with little birefringence.

The values of each refractive index were given by
Takahareet al.'®

ny =1.5067 n,=15070 andh, =1.5419 4)

Awaya'®~*8obtained the following relationship from equa-
tions (3) and (4)

_ 0.0351- 4n

'R =""00528 ®)
Figure 2 Typical spherulitic morphology observed by polarizing opical

L . microscopy. (a) iPP-A with highest Nes 2068 crystallized at the highest

Transmission electron microscopy (TEM)The perman- T, = 150°C shows an evident Maltese cross, (b) iPP-C with loMige= 434

ganic etching technique developed by Bassetl.”® was crystallized at the lowesT, = 125°C shows irregular pattern
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and lead (327.4%) as standards. Each sample was heatedandT.. It is confirmed that a spherulite of the former was

from 30°C to 230C at a rate of 1%C min~! in a nitrogen
atmosphere.

RESULTS

Morphology

Typical optical micrographs of spherulites are shown in
Figure 2 All the spherulites of fractionated samples showed
negative birefringence (Type Il). For the sample of iPP-A
with the highesN,, ( = 2068) crystallized at the highest

(=150C), the spherulite shows a pronounced Maltese Cross

and a continuous sheaf-like texture aligning radiafig(re
2(a)), which suggests that R-lamellae are dominant in this
spherulite. In contrast, for iPP-C with rather &Ny, (=434)
crystallized at the lowesf, (=125C), the spherulites
showed a somewhat distorted Maltese crédgure b)),

composed of almost all radially oriented stacked R-lamellae
(Figure 3@a)), the thickness of which was about 45 nm. In a
spherulite of the latter, many T-lamellae are observed
between the R-lamellaeFigure 3b)), which has a
typical cross-hatching structure. The typical thickness of
R-lamellae and T-lamellae is about 29 nm and about
21 nm, respectively, i.e. the R-lamellae were thicker than
the T-lamellae. Thus it is shown that the fraction and the
thickness of the R-lamellae increased with increase in Nm
andT..

DSC

Typical melting behaviours observed by DSC for
isothermally crystallized specimens are shownFigure
4(a) and ), corresponding tod) and ) of Figure 2and
Figure 3 respectively. Continuous change was observed

which suggests that the fraction of T-lamellae increases with from (a) to (b) with decrease Ny, andT.. Itis reported that

decrease irN, and T.. Continuous change in spherulitic
morphology was observed from (a) to (b) with decrease in
NmandT..

Typical transmission electromicrographs of iPP-A crys-
tallized at 150C and iPP-C crystallized at 125 are shown
in Figure 3 where @) and ) correspond tod) and ) of
Figure 2 respectively. Continuous change in lamellar
texture was observed frona)(to (b) with decrease i,

.

a‘" oy ¥ - . .v.’ ) "" *

iRaa*a‘} direction

Figure 3 Typical lamellar morphology in iPP spherulites observed by
transmission electron microscopy. R and T indicate R-lamella and T-
lamella, respectively. The radial direction corresponds tathtirection of

an o-form unit cell. (a) Stacked R-lamellae for iPP-AN§ = 2068)
crystallized at 15TC; (b) cross-hatched lamellae for iPP-R ( = 434)
crystallized at 12%C. Sclae bar= 0.2pm
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the melting temperaturer () of §-form crystals is 1572C,
while that ofa-form crystals is higher than 180°. For iPP-

A crystallized at highT, (=15CC), melting endotherm
peaks of thex-form crystals at 171°& and 179.7C, higher
than 160C, were observed FHgure 4(a)). For iPP-C
crystallized at rather lowl, (=125°C), dominant melting
peaks of thex-form crystal at 164.TC and a small melting
peak of theg-form crystal at 150.Z were observed
(Figure 4(b)). It was confirmed that all the spherulites
observed in the present study were mainly composeg of
form crystals.T,, increased with increase iN,, and T..
These melting behaviours were in good agreement with the
microscopic observations.

R-lamellar fraction,fg

The R-lamellar fractionfg, estimated using equation (5),
is plotted against . for three kinds of specimens, iPP-A, -B
and -C Figure 5). fg increased with increase . for all the
samplesfy also increased with the increase in isotacticity.
For iPP-A with the largesii,, crystallized at the highest;
(=15C0C), fg reaches nearly 1. It should be stressed that a
nearly “perfect” a-form spherulite composed of only R-
lamellae was obtained for the first time. For iPP-C with

endotherm

Heat flow

(@)iPP-A, Te=150°C

(b)iPP-C, T=125°C

130 140 150 160 170 180

120 190

Temperature / °C

Figure 4 Typical DSC melting behaviours of samples iPP-A and -C
crystallized isothermally at (a) 130 for 48 h, and (b) 12% for 15 min
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Figure 6 (a) Plot of R-lamellar fractiorfr against Nm or [mmmm}.
Dotted line corresponds tiz for An = 0. Nnt is Nm for fg = 1. Arrow
indicates Nmfor T, = 15C°C. (b) Plot of NnT againsfT . obtained from (a)

lower Nm crystallized at loweF, (= 125C), in contrastfg

is about 0.75, which means that the fraction of T-lamellae is
about 0.25. Thus it was confirmed qualitatively tHat
increases with the increase My, andT..

Isotacticity dependence 6§

The relationship between Nm afigis much more clearly
shown in Figure 6a). Another isotacticity parameter of
[mMmmm] is also shown in the upper horizontal axig.
increased linearly with increase in ldg,, from which the
following experimental formula was obtained

fr=A log Ny, + B (6)

whereA andB are constant® decreased from 0.18 to 0.14
(LNlog N,)) andB increased from 0.26 to 0.53 with increase
in T.. Here we will denoteN,, for fr = 1 asN,,°. N,° was
estimated to be 2000 fdr, = 15C0°C. This indicates that an
almost “perfect” a-form spherulite was obtained for the
first time. It is easy to estimate thé,° from the point in
Figure 6&a) where fg reaches 1. The lo,’ is plotted
againstT, in Figure 6b). log N,” decreased linearly with
T., that is

logN,’=C— AT, (7)

whereC andD are constants; = 17.14 andD = 0.033 (1/

K). Itis predicted that the “perfect'«-form spherulite will

be obtained even when iPP is crystallized at loWwgrsuch

as below 14€C, if very pure iPP, such as [mmmn#
99.9%, could be crystallized. This also means that a “per-
fect” a-form spherulite can be obtained even for iPP with
lower N, if it could be crystallized at highefF,.

For the conventional iPP with the lowebt, (iPP-D,
N,, = 73), the spherulite shows positive birefringence for
T. = 125C and negative birefringence for = 140°C. For
iPP-D, the transition temperature of theform spherulitic
morphology from type | to type Il was about 18 which
agrees well with Padden and Keitf'sind Norton and
Kellers® results, 134-13€.

DISCUSSION

Formation mechanism of T-lamellae

It is well known that thea-form iPP crystals form a
cross-hatched lamellar structure which is composed of R-
and T-lamellae. The present study showed that the fraction
of T-lamellae (i.e. cross-hatching) decreased to zero as
isotacticity (N,,) and T. significantly increased. The
isotacticities of iPPs report%‘a 1550 far were lower
than those of the iPPs used in this study. Therefore, the
formation of T-lamellae should be strongly related to
configurational defects within a molecular chain (opposite
insertion of monomer) and the decrease in diffusion
(mobility) of chain molecules necessary for crystallization.

The morphological characteristics and the origin of T-
lamellae have been extensively studfetf° It has been
established that a T-lamella subsidiary nucleates epitaxially
on the side surface (010) of an R-lamella by a satisfactory
interdigitation of the methyl groups of the facing plafie**

The rate of epitaxial nucleation of T-lamellae depends on
the degree of supercoolifty Therefore, the R- and T-
lamellae are often called mother- and daughter-lamellae,
respectively. Thus the formation of the T-lamellae has been
regarded as the process of secondary crystallization.

Here we will present a schematic model of the onset of
T-lamellae and show that a long loose loop will easily
nucleate epitaxially on the side surface, which is the
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(@) loose loop or cilia fact that molecules within the T-lamellae include a higher
density of defects, which will slow down the lamellar
thickening as mentioned above, than those of R-lamellae.
Thus it is expected that the degree of crystallinity which
growth front relates to the mechanical and thermal properties will be
Vs improved for iPP with a decrease in configurational defects.

R-lamella -
sliding
diffusion

2 dim. nucleus

S— defect CONCLUSION

- 1. The fraction of the amount of cross-hatched lamellar
(b) pinning texture of iPP decreased with the increase in isotacticity
(Nm) and crystallization temperaturé& ., where Nm is
the number-average sequence length of meso addition.

A
N

’ V- The cross-hatched lamellae are composed of radial
c remained lamellae (R-lamellae) and tangential lamellae (T-
>14b loop lamellae). The R-lamellar fractionfq) was estimated
a* by the birefringence measurement. It was shown for the

first time thatfr = 1.0 whenN,, and T, increased up to
2068 and 15TC, respectively, which means that there are
(c) almost no cross-hatched lamellae.
L 2. R-lamellae were shown to be thicker than T-lamellae,
therefore it is expected that heat resistance will be
V. improved with increase ifik. The degree of crystallinity
of iPP generally increases with the increase Tip
Therefore, it can be expected that thermal and mechan-
ical properties will be improved by controlliny,, and

side
surface

new stacked layers ct
3. The formation mechanism of the T-lamellae, i.e. the
e e fome o s oo+ b e Cl0SS-hatched lamellae of iPP spheruite, is proposed.
puIIing-in of loose loops or cilia, (b) thegpulling-in stops by pinnigg duetoa W_hen_Nm a”?‘rc are low, it is expected that long |O(_JpS or
defect in molecule or the stacking of layers on the nucleus, (c) epitaxial  Cilia will remain on the end surface of lamellae during the
nucleation of the loop on the side surface (010) of an R-lamellawhichforms ~ surface nucleation and growth process. This is because
a T-lamella pinning of so-called refolding would occur, when
molecular defects attach to the end surface, which is
due to the fact that the defect is too large to be included
within the lamellae. The loops or cilia will form the T-
lamellae via epitaxial growth on the side surface. This
model explains the observed facts welf*

origin of T-lamellae.Figure 7 schematically represent a
model to explain the formation mechanism of T-lamellae.
Figure 7(a) illustrates a chain which is partially crystallized
on the growth front forming a two-dimensional nucleus (2-
dim. nucleus) and which partially remained within the melt,
forming loose loops or cilia. In the two-dimensional ACKNOWLEDGEMENTS
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