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ABSTRACT: The spherulitic structure of isotactic polypropylene (iPP) from the melt was
studied by polarized light and scanning electron microscopy. From the crystallization
morphology, it can be observed that crystallization of iPP from the melt below 1327C
forms two types of spherulites, termed a- and b-spherulites. The structure of iPP
isothermally crystallized above 1327C shows a-type only. The a-spherulites have a
complex crosshatched array of radial and tangential lamellar structures, while b-spher-
ulites have, to some extent, simpler lamellar morphology with lower crosshatching
content compared with a-type. However, in a-spherulites the radial lamellar thickness
is greater than that of tangential lamellae, but in b-spherulites the radial and tangen-
tial lamellae have approximately the same thickness. q 1998 John Wiley & Sons, Inc. J
Appl Polym Sci 67: 1259–1265, 1998

Key words: isotactic polypropylene; crystallization; thermal behavior; morphology;
optical microscopy; scanning electron microscopy

INTRODUCTION havior of iPP usually shows multiple melting
peaks. The appearance of this melting behavior
has been attributed to different factors such asIsotactic polypropylene (iPP) structure is one of
two different spherulitic structures,10 two differ-the most complex commercially developed poly-
ent crystal sizes,11 and recrystallization and per-meric materials, because it has a number of crys-
fection of the poor crystals during heating.12 How-tal modifications1–4 such as monoclinic (a ) , hex-
ever, it was found with no b-phase, the sourceagonal (b ) , and triclinic (g ) . The appearance of
of double-peak shapes may be attributed to thethese three structures is critically dependent
recrystallization of the less-ordered a1-form, withupon the crystallization conditions.5–8 Actually,
a random distribution of up and down chain pack-commercial iPP grades have crystallized mostly in
ing with methyl groups, to a more ordered a2-forma modification under the usual thermal conditions
with a well-defined deposition of up and down hel-with only sporadic occurrence of b-modification
ices in the unit cell.13formed at low crystallization temperature.9 How-

The purpose of this study, which is presentedever, Varga5,6 prepared pure b-modification in the
in two parts, is to correlate the overall crystalliza-presence of selective b-nucleation agents under
tion with melting behavior through the knowledgeappropriate thermal conditions of crystallization.
of spherulitic morphology for iPP crystallizedThe g-modification may form in low molecular
from the melt at different temperatures.weight iPP or in samples crystallized under high

pressure.7,8 Experimentally observed, melting be-
EXPERIMENTAL

Materials
Correspondence to: Ali M. Qudah.

The PP samples used in this work are iPP in pellet
Journal of Applied Polymer Science, Vol. 67, 1259–1265 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/071259-07 form supplied by PSCC at RAPRA, UK. Its molec-

1259

8e13 4771/ 8E13$$4771 12-08-97 11:48:51 polaa W: Poly Applied



1260 AL-RAHEIL, QUDAH, AND AL-SHARE*

Figure 1 Optical micrograph of iPP sample showing Figure 3 Optical micrograph showing different views
of an intermediate stage of growth of iPP at 1457C.different views of monolayer crystals in early stages of

growth at 1457C.

All the resulting objects were photographed by
a Nikon 35 mm camera type FX-35 DX and theular mass has been determined, by PSCC, to be
optical microscope used in this study was a NikonMn Å 4.7 1 104, and Mm Å 4.2 1 105.
type (Optiphot Pol) .

Optical Microscopy
Scanning Electron Microscopy

Samples were prepared by squashing individual The lamellar textures of melt crystallized spheru-pellets between slide and coverslip on a hotplate lites of iPP were studied using a Leica Cambridgeto the thickness ofÇ 100 mm. The samples melted scanning electron microscope (Stereoscan 360).under nitrogen flow in a Mettler FP82 hot stage, Samples were prepared for scanning electron mi-at 2007C for 1 min, to obtain a crystal-free melt, croscopy (SEM) in two ways: (1) crystallizing theand then cooled to the crystallization tempera- iPP pellet in the differential scanning calorimetryture, Tc , and kept there for predetermined crystal- (DSC) furnace while it is in an uncovered alumi-lization time, tc . The optical microscopy study was num crucible, and (2) the iPP pellet is squeezedperformed on the film specimen while it was on between glass slide and a coverslip on a hotplate,the hot stage at crystallization temperatures the coverslip then removed and the slide with thewithout further modification. The resulting ob- iPP film on it is inserted to the DSC hot-stage. Injects were observed in the optical microscope un- both cases the samples were crystallized at theder the following conditions: (1) crossed polars, needed temperature for a predetermined time and(2) crossed polars with quarter-wave plate, and then quenched in liquid nitrogen to keep the final(3) crossed polars plus compensator. structure, followed by sputter coating with gold

Figure 4 Optical micrograph of iPP sample showingFigure 2 Optical micrograph showing an intermedi-
ate stage of growth of iPP at 1457C. an advanced stage of growth at 1457C.
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dicular to the plane of the page, with angle of
Ç 807 between them. Such results reveal that the
crosshatched morphological pattern, popular at
low crystallization temperatures,14 can be found
in the early stages of the growth at a relatively
high crystallization temperature (e.g., 1457C).
Right of (D ) there is an object with multilayers
showing development from square habit.

Figure 2 shows an intermediate stage of growth
in a different part of the same specimen, the object
labeled (A ) is observed approximately down the
original object plane. As such object develops, four
leading groups of lamella grow out from the four
sides of the square habit. Object (B ) , more devel-
oped than object (A ) , begins to spread out of the
four sides and starts to have the sheaflike struc-
ture. At the bottom sheaf of this object one can
see individual dominant lamellae; some of them
are approximately parallel and some are splaying
apart. For the object seen in (C ) the plane is
slightly tilted with respect to the plane of the film.
Figure 3 shows objects similar to those in Figure
2, object (A ) viewed approximately in a perpendic-
ular direction to its plane, which gives a sheaflike
section, objects (B ) and (C ) in the same figure
have planes tilted at Ç 457. At the tips of these
objects individual lamellae can be identified.

Figure 4 shows more advanced stages of growth
Figure 5 Optical micrograph of iPP sample grown at for samples crystallized at 1457C for 30 h; the1327C. (a) Thin part of the specimen, (b) at the edge

orientation of the original square habit persistsof the specimen.
in considerable measure to very large dimensions.
It shows an object exceeding 150 mm in diameter.
In Figure 4, the original square habit of the objectfilm and then examined by the scanning electron

microscope at different accelerating voltages. lies in the plane of the page. The object is rosette-
shaped, with four radiating groups of lamellae. In
this case the birefringence rosette must not be
confused with the Maltese cross shown by spheru-RESULTS AND DISCUSSION
lites under linearly polarized light.

Early stages of crystal growth of iPP are seen in
an optical microscope for samples crystallized at
1457C for 24 h. Figure 1 shows what is observed
in such pictures which are still not a complete
objects. In Figure 1 one can see directional views
related to an initial square lamella. Below the
center there are two square monolayer crystals
and their planes parallel to the plane of the pic-
ture. Above (A ) a similar monolayer appears to
change direction by Ç 257. Above (B ) an object
consists of two parallel monolayers, which may be
related to a screw dislocation. With clear inspec-
tion of the same object one can see a thinner la-
mella with normal view to the page. Above (C )
there is an object parallel to the plane of the page Figure 6 Optical micrograph of iPP sample grown at

1057C.that appears to have two crossed lamellae perpen-
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Figure 7 Scanning electron micrograph of a-spherulite at the edge of the specimen
grown at 1257C. (a) Low magnification, (b) higher magnification to the lower part of
(a), and (c) higher magnification to the left part of (a).

However, the thickness of the sample between Figures 5(a) and (b). The spherulitic structure
in Figure 5 is a-type developed by repetitivethe glass slide and the coverslip considerably re-

duced at the edges due to the material flow during branching and diverging of lamellae, of branching
angles varying fromÇ 5–407. The dendritic struc-the melting process. In these regions the supply

of the crystallizable material is exhausted early, ture in Figure 5 is similar in appearance to the
melt-crystallized poly(epichlorohydrin)dendriticand the objects formed at the boundary of the

specimen are immature spherulites with den- structures grown in thin sections of the film at
807C,15 and the monofibrils and small-angledritic structures. These objects are crystallized

under the same thermal conditions as the spheru- branches of fibrils became visible even by optical
microscope.lites in the melt-rich parts of the sample. Due to

the open structure of these objects, more details As the supercooling is increased, nucleation
density decreases the spherulitic diameters. Fig-can be observed than in the spherulites formed

in the melt-rich regions concerning the radiating ure 6 shows spherulitic structure of iPP crystal-
lized from the melt at 1057C, formed at the edgesdominant and subsidiary lamellae. The images of

such regions for samples crystallized at 1327C are of the sample. Due to the lack of crystallizing ma-
terial at the thin parts of the sample, the formedshown in the transmission light micrographs in
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Figure 8 Scanning electron micrograph showing Figure 10 Scanning electron micrograph of iPP sam-
crevice formed from impingement of spherulites grown ple crystallized at 1287C showing a- and b-spherulites.
at 1387C.

side surface of a-lithes and lie in a different plane.
spherulites are open and provide clear evidence This suggestion is also central to the epitaxial
about branching and deviation from the radiating relationship of side surfaces giving the angles 807
lamellae. This is demonstrated by the SEM micro- 40 * twining angle characteristic of crosshatching.
graphs, Figure 7, which shows a sample crystal- Lotz and Wittmann17 suggested that the cross-
lized at 1257C for one hour in the hot stage, fol- hatching lamellae epitaxially grown in iPP occur
lowed by immediate quenching in liquid nitrogen on the lateral (010) crystallographic plane of the
to preserve the final structure the sample reaches. radial lamellae by a satisfactory interdigitation of
Figure 7(a) shows a-spherulites formed at the the methyl groups of facing planes. Figure 7(c) is
edge of the sample, where the thickness of the a view, at high magnification, of the left part of
sample is small. The picture shows that the cross- the spherulite shown in Figure 7(a). In this figure
hatching structure increases as the sample thick- three types of lamellae can be identified: domi-
ness increases, from the left to the right. Figure nant, subsidiary, and crosshatched lamellae.
7(b) is at higher magnification of the lower part There are three basic habits, differing in profiles,
of Figure 7(a), and shows that there are radiating of dominant lamellae in this location of the spher-
dominant lamellae between short lamellae (cross- ulite: (1) planar, (2) slightly curved, and (3) S-
hatched) traversing from one dominant lamella shaped lamellae. Such lamellar profiles have been
to the next. It is consistent with the thin film seen previously in melt-crystallized polyethyl-
observations of Padden and Keith16 which say ene.18 In Figure 7(c) , the subsidiary lamellae
that the crosshatching lamellae nucleate on the branch out from the main lamellae at small

angles, and continue outward growth until they
collide with outer lamellae growing radially. After
that, they continue growing radially to maintain
the overall orientation.

Figure 8 is a SEM micrograph of melt-crystal-
lized iPP sample at 1377C for 16 h in the DSC.
The sample wasÇ 1 mm thick, and after the crys-
tallization it was quenched in liquid nitrogen; the
surface of the sample was rough due to the crev-
ices between the formed spherulites. During the
solidification process the melt has retracted and
has gone to feed crystallization of material below
the surface. Therefore, the spherulites at the up-
per surface of the sample do not have spherical
symmetry and their top surfaces are flat, while
inside the sample the formed spherulites have fullFigure 9 High magnification of the crevice shown in

Figure 8. symmetry. To see such spherulites, in this case,
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b-spherulites was actually verified by Padden and
Keith.1 It appears that the b-spherulite structure
is more open and simpler than a-type. Therefore,
one can imagine that the faster growth rate of b-
type is correlated to their simpler lamellar mor-
phology, compared to the complex crosshatched
structure in a-spherulites. The arrangement of
the lamellae in b-spherulites is radial with small
angles branching, as usually seen in polymeric
spherulites. According to Norton and Keller,20 no
traces of crosshatched structure was detected.
This result disagrees with our finding in b-spher-
ulites, where the crosshatched structure was ob-
served in different parts of b-spherulite, as seen,

Figure 11 Scanning electron micrograph showing
for example, in the arrowed region of the SEMcentral part of b-spherulite grown at 1287C.
micrographs (Figs. 11 and 12). However, the
crosshatching contents in b-spherulites are much
less than those in a-spherulites. On the otherwe looked deeply through the crevices, so that the

spherulites are seen down the a* axis (growth hand, SEM observations show that for b-type both
radial and crosshatched lamellae have approxi-direction).19 Figure 9 shows the spherulite tex-

ture inside the crevice, appearing in Figure 8, at mately the same thickness, which grow simulta-
neously.higher magnification in this particular region; the

vertical look to the sample is down the growing
direction (a*, normal to the page). Through the
crevice the contrast of the dominant lamella is

CONCLUSIONSincreased and the crosshatching between them is
highlighted. This allows one to see the cross-

Spherulites of iPP crystallized from the melt de-hatching restricted to lengths between dominant
velop from initial square lamellae by branchinglamellae. It is apparent that the thickness of ra-
probably from screw dislocation and spreadingdial lamellae is greater than that of crosshatching
out from four sides to form sheaflike structures.lamellae, as long as the crosshatching phenome-
This process continues, producing radiating indi-non is observed.
vidual lamellae, within which short lamellaeFigure 10 is a SEM micrograph of iPP crystal-
(crosshatched) traverse the distance between twolized from the melt at 1287C. This figure shows
neighboring radiating lamellae, leading eventu-two kinds of spherulites. The first is an a-type
ally to a spherical envelope.spherulite with an average diameter Ç 300 mm

Crystallization of iPP below 1327C producesand exhibits a dark contrast, the second is a b-
type spherulite having a larger diameter, ú 400
mm diameter in most cases, and appears much
brighter in intensity than the a-type. All micro-
scopic observations made in this article suggest
that b-type spherulites appear at crystallization
temperatures below 1327C, and above that a-type
was observed. The proportions of b-type spheru-
lites increases with decreasing the crystallization
temperature and it was detected to form sporadi-
cally with the a-modification. However, in most
cases the b-form does not exceed 15% of the crys-
tallized material. In samples containing both
modifications, b-spherulites in most cases have a
larger size than a-spherulites, with the concavity
oriented toward the a-spherulites. This can be at-
tributed to the higher linear growth of b-spheru- Figure 12 Scanning electron micrograph showing

edge of b-spherulite grown at 1287C.lite. This difference in growth rate between a- and
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