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The crystalline structure, spherulitic crystallization and melting behaviour of isotactic
polypropylene (iPP) is comprehensively reviewed, illustrated and discussed. It is demonstrated
and summarized how the nucleation, development and growth of the different spherulites
depend on the crystallization and melting conditions both in quiescent and sheared melt.
Based on the results the microtexture development during real processing conditions is
elucidated for selected examples. Several subjects of intense debate on the above topics are
clarified using evidence from polarized optical micrography and differential scanning

calorimetry.

1. Introduction

During the crystallization of polymers, various super-
molecular structures form as aggregates of chain-fol-
ded fibrillar or lamellar primary crystallites with
definite geometrical arrangements. When polymers
crystallize in a melt, different supermolecular forma-
tions may develop [1-3], most frequently spherulites
‘and cylindrites (axialites), with some hedrites (poly-
gonal formations), quadrites (tetragonal formations), and
dendrites (pine-shaped formations). Supermolecular
structures may be readily visualized by polarizing
optical microscopy while their constituents, the prim-
ary crystallites, may usually be observed only by
electron microscopy. The characteristics of super-
molecular structure are markedly influenced by the
thermal conditions, mechanical effects, and by the
presence of extraneous materials.

In the present review, essential results from the
polarizing optical microscopy of the supermolecu-
lar structure of isotactic polypropylene (iPP) are
surveyed.

2. Crystalline structure of iPP

iPP was the first representative of the industrially
manufactured stereoregular polymers. It has a high
tendency to crystallize [4]. iPP is a polymorphic ma-
terial with a number of crystal modifications [ 5], such
as monoclinic (o), hexagonal (B), and triclinic (y). The
monoclinic (x), modification occurs most frequently
[6-8]. In the crystallization of conventional iPP
grades, essentially the a-modification is formed which
may be accompanied by a lower or higher amount of
B-modification at higher undercooling [93. Under spe-
cial crystallization conditions, however, when the
“temperature gradient method” [10-12] is used or
when selective B-nucleating agents are present, the
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product will be quite rich in f-modifications [13-29].
Varga et al. [30-33] prepared the pure B-modification
in the presence of selective B-nucleating agents, by the
appropriate selection of the thermal conditions of
crystallization. The y-modification may form in de-
graded, low molecular weight PP or in samples crys-
tallized under high pressure [5, 25, 34-42]. Quenching
{(abrupt cooling) the molten polymer leads to an inter-
mediate crystalline order, indicated by two diffuse
X-ray diffraction peaks, which is different from both
the crystalline and the amorphous states. The inter-
pretation of the structure formed is still disputed in the
literature [43-48].

Consequently, iPP can comprise a variety of super-
molecular structures implying crystallites of different
modifications. The formation of supermolecular struc-
tures of - and B-modifications of iPP was first dem-
onstrated by Padden and Keith [9].

3. Spherulitic crystallization of iPP
Spherulitic structure generally appears when crystal-
lization is conducted in the viscous state and/or at a
high undercooling [1-3]. Polymers in a quiescent melt
crystallize essentially into spherulitic structures. Fol-
lowing crystallization in a thin film of melt (two-
dimensional crystallization), transmission optical
microscope between crossed polarizers reveals the de-
velopment of birefringent disc-like formations on ran-
domly formed crystal nuclei, growing radially at a
constant rate (linear growth rate) under isothermal
conditions. When they come into contact with each
other, the growth fronts of the spherulites finally result
in a multitude of polygonal formations confined by
straight or curved lines (Fig. 1).

The term “spherulite” indicates an aggregate of
primary crystallites of spherical shape or spherical
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Figure 1 Sample consisting of negative radial a-spherulites (oy);
T,=413K.

symmetry consisting of crystallites growing from a
central nucleus uniformly in all steric directions. Com-
plete filling of the space is provided by further
branching of fibrils from the main growth of fibrils at
small non-crystallographic angles. Spherulites can be
considered to be radially symmetrical, optically uni-
axial crystals. Consequently, the polarizing micro-
scopic pattern of a spherulite show a central dark
cross (Maltese cross) with wings coincident with the
respective planes of polarizer and analyser. The phe-
nomenological theory of spherulitic crystallization
of polymers was developed by Keith and Padden
[49, 50]. According to these authors, the contamina-
ting components (e.g. fractions with low, if any, tend-
ency to crystallize), segregated from the melt in the
vicinity of the crystallization front, are responsible for
the branching of the fibrils. Bassett and Vaughan
[51], however, drew attention to some contradictions
in this phenomenological theory based on electron
microscopic studies on spherulites.

Nuclei inducing the formation of spherulites are
pin-point type (at least on the resolution of optical
microscopy) or fibril type. In the latter case, primary
crystallites growing and branching from the nucleus
may transform into the characteristic radially sym-
metric form of spherulites through transient sheaf-like
or oval formations [52, 53]. In this case, in contrast to
the spherulite as a whole, no spherical symmetry exists
in the vicinity of the centre of the spherulite. This non-
homogeneous central region in a- and B-spherulites of
iPP was demonstrated experimentally [53-55]. In
fact, the process of spherulite nucleation [56], and the
sheaf-like nucleation sites were also discovered. Herdt
and Kallweit [57] analysed the possible types of
supermolecular aggregates of fibrils growing from a
fibrillar nucleus through several branches at different
angles and frequencies. They conducted a computer-
ized simulation for their possible formation and com-
pared them to the real ones. The formation of a
transient sheaf-like structure from a fibrillar nucleus
and its further transformation into the spherical sym-
metry of spherulites were analysed quantitatively by
Dobbert [58] who also clarified the effect of this
process on the time dependence of the overall crystal-
lization.
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Using polarizing optical microscopy, several char-
acteristic types of spherulite can be distinguished
(Figs 1-5). Depending on the feature of fibrils, the
spherulites can be radial or ringed type. In radial
spherulites, the fibrils are straight while, in the ringed
ones, they are helical, i.e. twisted around their longit-
udinal axes [2]. Consequently, in the polarizing
micrographs, concentric dark rings appear corres-
ponding to the pitch of the helix (Fig. 5). Depending

T.=393K.

Figure 3 Sample consisting of mixed radial a-spherulites (a,);
T, = 403 K.

Figure 4 Negative radial B-spherulite (B;) in the field of a-spherul-
ites; T, = 393 K.



Figure 5 Sample comprising negative ringed B-spherulites (Bv);
T, =408 K.

on the birefringence, spherulites can be optically posit-
ive or negative [3]. The birefringence of a spherulite,
An, is defined as

An = n, — (1)

where n,, n, are the refractive indices along the radial
and tangential direction of the spherulite, respectively.
Consequently, in the case of positive spherulite, n, is
greater than n, and, for the negative one, n, smaller
than n,. The optical character, i.e. the sign of birefrin-
gence of the spherulites can be determined by means of
a primary red filter (A-plate) located diagonally be-
tween crossed polarizers. In this way the first and third
quarter of the sight are blue and the second and fourth
ones are yellow (Fig. 2) when the spherulites are posit-
‘ive, while a reversed arrangement of the quarters is
observed (Fig. 1) for negative spherulites. (For a more
detailed review, see [59].) It should be noted that the
black-and-white copies of coloured pictures are pre-
sented here representing the yellow and blue fields by
lighter and darker tints, respectively.

Padden and Keith [9] were the first to report five
different types of spherulites consisting of «- and
B-modifications (- and B-spherulites formed dunng
the melt crystallization of iPP). They demonstrated
that three types of a-spherulite might be formed de-
pending on the temperature of crystallization: positive
radial (marked I) below 407 K, negative radial above
410 K (marked 1), and mixed-type spherulites in the
intermediate range (Figs 1-3). The latter has no inevit-
able optical character and shows no Maltese cross in
the micrograph (Fig. 3).

Two types of B-spherulite were detected to form
sporadically with the a-modification [9]: negative
radial (marked III), highly birefringent, below 401 K,
and negative ringed (marked I'V) between 401 and
405 K (Figs 4 and 5). Padden and Keith [9] marked
the various types of spherulites with Roman numerals.
The present report departs from this notation, using
o, Oy, O as well as By and Byy, which indicate the
modification, and the subscripts refer to the notations
of Padden and Keith [60]. The observations of
Padden and Keith [97 were essentially supported by
subsequent investigations, but the temperature ranges
for the formation of the particular types of spherulites

have been corrected more or less, presumably due to
the variability in the characteristics of the molecular
structure of iPP types studied [53, 61].

In Varga’s comprehensive studies [30, 33, 60], the
temperature ranges of the formation of PP pB-modifi-
cation (B-PP) were rendered more reliable. He demon-
strated that the formation of B-PP had a theoretical
upper temperature limit ( 7, = 413-414 K), while in-
direct experimental data [30] referred to a possible
lower temperature limit (T3 & 373 K). Recently, the
existence of T,z was proved by direct experiments
[62].

Later, formation of some new types of spherulite
was also detected.

With a high-temperature crystaltization of iPP
(T, = 420-430 K), Awaya [63] observed several new
types of a-spherulites, designated pseudo-positive,
pseudo-negative, neo-mixed, high-temperature positive,
and flower-like ones. In our laboratory, highly de-
graded iPP produced positive a-spherulites (Fig. 6)
independently of the crystallization temperature
where monofibrils and small-angle branches of
fibrils became visible even by optical microscopy.
During a self-seeded high-temperature crystallization
(T, = 423-433 K), positive a-spherulites were found
[55, 56] in contrast to the observations of Padden and
Keith [9]. In our own experiments, the random ap-
pearance of hexagonal hedrites of B-modification was
detected in addition to the a-spherulites even at a low-
resolution optical level (Fig. 7). At a further stage of
growth, they eventually transformed into a radial
symmetry characteristic of the spherulitic structure.
Using electron microscopy, Geil [64] and Olley [65]
detected B-hedrites produced by melt crystallization.
The micrographs suggest that hedrites are derived
from a spiral growth of lamellae round a screw dis-
location. The size of the hedrites is about 1 um [65].

The formation of spherulites of positive and mixed
optical character is unexpected in polymers. Accord-
ing to the structural model based on the radial growth
and small-angle branching of fibrils, the molecular
chains folded into fibrils are nearly or exactly per-
pendicular to the radius of the spherulites. As the
refractive index is higher in the chain direction than
perpendicularly, the primary fibrils have a negative

Figure 6 Positive a-spherulite formed in a degraded iPP sample
with fibrillar structure resolved at the optical level
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Figure 7 Hydrite (hexagonal formation) of B-modification in the
field of a-spherulites.

optical character. Correspondingly, polymers are ex-
pected to produce only optically negative spherulites.
The experimental results on the structure of positive
and mixed spherulites in iPP were reviewed by
Norton ‘and Keller [53]. It was demonstrated un-
equivocally by electron microscopy that a-spherulites
contained fibrils with large-angle branches even at
about 80° to the radius of the spherulite [53, 54]. This
was in good agreement with Khoury’s data [66] for
twin crystals grown by crystallization in solution and
with other observations [67-71]. The structure of the
positive and mixed spherulites was interpreted by the
“cross-hatched” model [ 53-56, 72] where radial fibrils
were accompanied by a great number of tangential
ones. Assuming a quadratic arrangement of fibrils, the
relative amount of radial and tangential fibrils in
various types of a-spherulites was determined by
Idrissi et al. [73] using optical microscopy, light
scattering, and calorimetry.

The optical character of a-spherulites is controlled
by the ratio of radial to tangential fibrils. Raising the
temperature of crystallization leads to a reduction in
the proportion of tangential ones [53] and, simultan-
eously, a positive to negative character trans-
formation. No tangential fibrils form above 428 K
[56]. It was also revealed [53] that the thickness of
tangential fibrils was lower than that of the radial
ones.

Structural and optical characteristics of p-spheruli-
tes were studied comprehensively by Samuels [ 74, 75].
He found intrinsic refractive indices in the hexagonal
(B) modification of 1.536 and 1.506 in the c- (chain
direction) and a-axis directions respectively, resulting
in a strong negative optical character. He also
revealed that the tangential refractive index of By-
spherulites was constant (1.507) while it changed
periodically between 1.496 and 1.519 in By-spherulites
according to their ringed feature.

The arrangement of the fibrils in B-spherulites is
radial, as is usual in polymeric spherulites, and no
traces of cross-hatched structure can be detected [53].
The central region of B-spherulites comprises non-
homogeneous and sheaf-like branched fibrils [53].
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3.1. Melting of spherulites

The melting characteristics of iPP spherulites were
studied by Padden and Keith [9]. They established
that positive and mixed a-spherulites gradually trans-
formed into the negative type when warmed and
melted. On the other hand, B-spherulites recrystallized
into the a-modification during heating. This observa-
tion, supported by other authors [11-13, 16-18, 25,
28] has led to the assumption of thermodynamic
instability of the B-modification.

Subsequently, Varga [30] pointed out that melting
of the B-modification had a specific feature including a
much more complicated process than that outlined
above. Namely, the melting characteristics of B-PP are
highly dependent on the thermal post history of the
crystalline sample. In other words, a melting memory
effect takes place. In contrast to the current concept in
the literature [9, 11-13, 16-18, 25, 28], when heating
begins from the temperature of crystallization, the
B-modification does not recrystallize into the a-form.
Instead, they melt separately, like the thermodynami-
cally stable modifications. However, if samples
containing B-PP are cooled below a critical temper-
ature, T§, before heating, the partial melting is
accompanied by a recrystallization into o-form
(Po-recrystallization) and, finally, they melt in the
a-form. This critical recooling temperature, T%, is
~ 373-383 K [30--33]. Consequently, a Pa-recrystal-
lization susceptibility appears due to recooling.

An optical representation of the melting memory
effect is shown in Figs 8 and 9, in samples containing
radial negative o-spherulites and ringed negative
B-spherulites after the isothermal crystallization at
T. = 408 K. The separate melting of B-spherulites is
presented in Fig. 8, while Po-recrystallization of
B-spherulites in recooled samples during the partial
melting is seen in Fig. 9 where negative ringed
B-spherulites transform into positive ringed -a-spheruli-
tes preserving the ringed character up to complete
melting. The o-modification recrystallized from
B-spherulites has a higher melting point than a-spheruli-
tes originally present in the sample formed isothermal-
ly (Fig. 9¢). The higher melting point of the a-modifi-
cation formed by recrystallization is thought to be due
to its higher (re)crystallization temperature. The
appearance of the tendency to Pa-recrystallization
of B-PP cooled below T} can be attributed to the
formation of an a-phase within the spherulites in the
temperature range below T3, due to a secondary
crystallization taking place in the cooling process.
This phase acts as an a-nucleating agent during the
partial melting of B-spherulites [30]. Presumably,
the lower limit temperature of B-PP formation, T,g,
is in the vicinity of T§%.

It should be noted that the experimental melting
point of spherulites (the temperature of the complete
disappearance of birefringence) depends on the tem-
perature or temperature range of crystallization; thus,
it cannot be considered to be a material constant. In a
sample subjected to the usual crystallization condi-
tions, the melting points of the - and B-modifications
are ~ 440 and ~ 425 K, respectively. The thermodyn-
amic equilibrium melting point, T3, i.e. the melting



Figure 8 Separate melting of ringed B-spherulites. Heating was
started from T,(T. = 410 K), (a) The original sample (T, = 410 K).
(b) T = 433 K during heating (T < T,,/a/).

temperature of a perfect crystal of infinite size, deter-
mined by various extrapolation methods, is an im-
portant real material constant. The following relation
can be established between the experimental, T,, and
the thermodynamic equilibrium melting points, 7o

[76]

20
T T (1 LAHf> @)

where L is the thickness of the folded-chain crystalli-
tes, o the folded surface energy of crystallites, and AH,
is the heat of fusion. L increases with increasing T.;
consequently, T, also increases simultaneously. Liter-
ature data for T2 of the - and B-modifications are
highly contradictory. For T2 of the a-modification,
the folllowing values were reported: 449 K [77],
449.6 K [78],451.4 K [79], 458 K [75, 80] 459 K [81,
82], 460.5 K [83], 481 K [84, 85], 485K [86], and
493 K [75, 87]. For that of the B-modification the
values given were: 443 K [74], 450 K [80], 457 K [33],
465 K [26], and 473 K [12]. The author accepts
457 + 4K as the most reliable T2, of the B-modification
[33] obtained with pure 8-PP when the disturbance of
Ba-recrystallization was eliminated. Therefore,
79 =481 K is considered to be the most probable
value for the a-modification [84, 85].

One feature of the spherulitic structure of iPP
formed in isothermal or non-isothermal crystallization is

v

()} 2 Z v

Figure 9 Ba-recrystallization of the ringed B-spherulite during the
heating process, preceded by cooling to room temperature.
{a) Initial sample at room temperature, (b) during heating at 433 K,
(c) after melting of the original a-spherulites at 438 K.

illustrated in Fig. 10. On the right-hand side of the
figure, the temperature range of formation of a- and
B-types of spherulites is presented. On the temperature
axis, the approximate temperatures of changes in
spherulite type (e.g. 7/1 — m) are marked. Limit tem-
peratures for the development of smectic structure and
the theoretical lower and upper temperature limits
(T, and Tp) of the formation of the B-modification,
are also indicated in Fig. 10. It can be concluded from
the notations of the zone labelled “isothermal” what
kind of structure would form in a crystallization pro-
cess at a certain 7,. In the section labelled “non-
isothermal”, information about the structure expected
at different cooling rates (indicated by the straight
lines T = f(z) with different slopes) is obtained. At a
constant cooling rate, crystallization proceeds at a

2561



7 fiki . Iso- Temperotn;re
Non-isothermal thermal fg:,:%eti%n
To(a)
a -
o
T (Bal)
7 (l-m) Q+Byy j
am+pw Q.
€
7 (ut-1y) g |
am+Byyy
7{l-m)
<
QB |
]
7 (ap)
a;
i (@m+a;+By),+B)y)
T ' lap+ai+By)) sm m

Time

Figure 10 Formation of types of iPP spherulites during isothermal and nonisothermal crystallization.

continuously decreasing temperature from the initial,
T,,, to the final, T, crystallization temperature. In-
creasing the cooling rate shifts 7,, and T, values
towards the lower temperatures and the temperature
range between them is widened. The temperature
range of crystallization may, therefore, comprise the
formation ranges of various types of spherulite de-
pending on the cooling rate and thus, an extremely
wide variety of structures can be produced. These are
indicated in parentheses beside the individual cooling
curves in Fig. 10. It should be emphasized that Fig. 10
is a schematic representation. The temperature ranges
of crystallization may change for various iPP grades
or in the presence of additives. Consequently, the
features of the structure may also be altered.

It is worth mentioning that the optical character
may vary even within a growing spherulite if the
temperature is not constant during crystallization, as
illustrated by the series of photographs in Fig, 11. The
sample was crystallized in a two-step isothermal tem-
perature regime where the crystallization temperature
was periodically changed between 403 and 413 K. In
this cyclic stepwise crystallization, o-spherulites con-
sisting of mixed (a,) and optically negative (o)
annuli (“glorioles™) are formed. The structure of the
B-spherulites in the centre of the sample does not reflect
any changes in T, because, in the 403-413 K range,
spherulites of By type are produced (Fig. 11a).

A sample crystallized in two steps will melt in two
steps (twice). Initially, the B-modification melts -be-
tween 423 and 428 K beginning with its part formed at
the lower temperature, followed by the other portion
crystallized at the higher temperature (Fig. 11b,c).
Then the a-modification melts in a similar two-step
method between 438 and 443 K. It is clearly visible in
the pictures by inspecting the colours in the quarters
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that the mixed spherulites transform into negative
ones. The two-step melting of o~ and B-spherulites is a
descriptive optical representation of the general rule
that the melting points of polymeric crystallites
formed at higher T, (ie. having more equilibrated
structure) are higher (cf. Equation 2). Step-wise
melting was proved by calorimetry where separate
melting peaks of a-crystallites formed at different tem-
peratures could be unequivocally distinguished in the
melting curves (Fig. 12). Because only traces of the
B-modification were formed under these crystalliza-
tion conditions, no peak for this modification was
found in the melting curves.

‘The characteristics of the spherulitic crystallization
of crystallizable block and random ethylene/propyl-
ene copolymers with low ethylene contents are some-
what different from those of iPP homopolymers.
When commercial block copolymers are crystallized,
the types of spherulite correspond to those observed
by Padden and Keith [9]. Transformations during
heating (o — o, = o Or o, — o) are also similar
[88]. The spherulitic structure of block copolymers,
however, has an essential feature which differs from
that of homopolymers. On the surface of the spheru-
lites, a fine distribution of drop-like heterogeneous
inclusions appears. Their size depends on the ethylene
comonomer content and on the crystallization condi-
tions but its order of magnitude is about 1 pm. These
drop-like inclusions become particularly discernible in
the optical micrographs against the background of
spherulites transformed into the optically negative
form when heated to temperatures in the vicinity of
the melting point (Fig. 13). The inclusions may be
attributed to the phase separation of crystallized chain
segments of ethylene sequences. This can also be
proved by calorimetric measurements: around 380 K



Figure 11 (a) Sample crystallized under cyclically alternating temperature steps (T, = 403, 413 K) and (b—d) its stepwise melting. (a) Final

stage of crystallization, (b) 425 K, (c) 433 K, (d) 440 K.

(the melting range of polyethylene), a diffuse end-
othermic peak appears in the melting curves of block
copolymers. These observations make it probable that
two separate crystalline phases are present in these
block copolymers. Spherulitic structure and melting
characteristics of block copolymers resemble those of
polyethylene/polypropylene blends [89-91]. Prentice
[92] used differential interference contrast microscopy
to demonstrate the influence of producing technology
(solvent or gas-phase process) on the heterogeneous
phase structure of spherulites in block copolymers. He
proved unequivocally that the gas phase process
yielded real block copolymers instead of homopol-
ymer blends. He found no phase separation in homo-
polymers, nor in random copolymers [92].

Copolymers with random ethylene distribution
along the main chain are highly undercoolable poly-
mers. For this reason, they crystallize into spherulitic
structures, resolved readily at optical level, even at low
temperatures. During the crystallization of a random
copolymer, positive radial a-spherulites are formed
together with traces of radial negative B-spherulites.
The optical character of these a-spherulites, however,
remains unchanged when heated; in fact, they melt in
positive form. This behaviour, therefore, is different
from that of type o; spherulites of homopolymers and
block copolymers produced by low-temperature crys-
tallization [88].

The thermal conditions (crystallization temper-
ature, cooling rate) of crystallization govern not only
the type and optical character of spherulites, the poly-
morphic composition and the thermophysical charac-
teristics (e.g. T,,) of the samples obtained, but aiso
influence the size and size distribution of the spheru-
lites. By reducing the crystallization temperature or by
increasing the cooling rate (under otherwise un-
changed conditions), the average spherulite size de-
creases due to an increase in the average density of
nuclei. As a theoretical interpretation for the size
reduction of spherulites with increasing undercooling
(AT = T?, — T,), the thermodynamic barrier of nucle-
ation is proportional to AT ~2 while that of growth is
linear with AT ~! [93]. In other words, the rate of
nucleation increases at a considerably greater extent
than that of growth of nuclei when the temperature
decreases.

In-samples containing both modifications, B-spher-
ulites are usually larger than a-spherulites. This can be
attributed to the higher linear growth rate of B-spher-
ulites [9]. Lovinger et al. [12] demonstrated that, in
spite of the reduction in ratio between the growth
rates of the two modifications (Gg/G,) with increasing
temperature, Gg > G, consistently in the temperature
range studied. Because B-spherulites form only below
a certain temperature (405 K according to Padden
and Keith [9]), no data are available in the literature
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Figure 12 Calorimetric melting curves of iPP crystallized at two

temperature levels (7, = 413K for ¢, = 60 min, T, =403 K for

t. = 10 min) isothermally, at different sequences, and with cyclically
alternating temperatures.

A

Figure 13 Spherulitic structure of a propylene block copolymer
(Moplen EP-H 31 RA) after annealing.

for Gg in higher temperature ranges. Using the step-
wise isothermal crystallization, the temperature range
of Gg determination can be widened [60, 94]. With
this method, B-spherulites are produced at a lower-
temperature step followed by the measurement of the
rate of continued growth at different higher temper-
atures.

The results from step-wise crystallization may be
summarized as follows {94].

1. With increasing crystallization temperature,
Gp/G, decreasing and, above a-certain temperature,
Tgy, in contrast to earlier literary data [9, 12], the
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Figure 14 Temperature dependence of the linear growth rates
(G, Gg) of «- and B-modifications.

growth rate of the a-modification exceeds that of the
B-modifications. The level of Tp, is 413414 K, as seen
in Fig. 14.

2. If the second temperature step is higher than Tj,,
a-nuclei are formed on the surface of growing
B-spherulites, developing a-spherulitic segments which
finally overgrow the basic spherulite completely. This
Ba-bifurcation of growth during the step-wise crystal-
lization and melting of this product is illustrated by
the series of micrographs in Fig. 15. In the sample
crystallized in two steps, regions of a- and f-modifica-
tions also melt in two steps. The shape of the
a-segments on the surface of the growing f-spherulites is
particularly conspicuous as the B-modifications have
completely fused. It can be seen (at this stage) that they
have developed from punctiform nuclei. Further, it
can be deduced from the melting features that o-nuclei
do not induce po-recrystallization of the basic
B-spherulites formed in the first step; moreover, f-spher-
ulites continue to grow wherever they remain un-
covered by a-segments, which enables the determina-
tion of Gy values even above Tg,. This observation
also proves that no Pa-recrystallization is possible in
the solid phase. There is a structural reason for this,
namely, the elementary cells of the a-modification are
packed with alternating clockwise and counter-clock-
wise helical chains, while the B-modification contains
orily unidirectional helices [14]. For apa-recrystal-
lization, therefore, rewinding of chains is required
which is hindered in the solid phase.

3. The frequency of Bo-bifurcation increases with
the temperature of the second step, as illustrated by



the micrographs in Fig. 16. It is clearly visible after the
complete fusion of B-modification (Fig. 16b) that the
Ba-bifurcation on the surfacé of the growing spherulite
is nearly complete at this temperature. It should be
emphasized that increasing temperature involves de-
creasing growth rates (G, Gg) simultanecously with
increasing the number of a-nuclei.

4. The data of growth kinetics (Fig. 14) can be
interpreted using the theoretical relationships of crys-
tallization kinetics [95, 96]. It was established that
growth of o and B-modifications proceed in the
Hoffman’s growth regimes II and Il in the temper-
ature range studied. The cross-over temperatures for
the transition between the growth regimes II and III
are in agreement with literature data, being 7(I11-111),
=408 + 1K [84, 96] and T(IT-II)y = 406.2 + 1 K
[94] for a- and B-modifications, respectively.

Figure 15 Structure and melting feature of «- and B-spherulites
grown by stepwise crystallization. (a) o~ and B-spherulite formed at
the first temperature step ( T, = 408 K), (b) further growth and Po-
bifurcation of growth at the second step (7, = 414.5K), (¢, d,e)
stepwise melting of spherulites during heating ( 7 = 430.5, 436.5 and
440 K).

The conversion of the optical character of «- and
B-spherulites as a function of crystallization temper-
ature can be connected with the change in the features
of the growth regime [84, 96]. Actually, the mixed
optical character of o-spherulites switches over to
negative around the temperature T(II-III), while, in
the vicinity of T(II-1Il)s (somewhat below that), the
transition of B-spherulites between the radial and
ringed types is observed [9, 53, 61].

5. The temperature T, = 413-414 K, above which
Ba-bifurcation of growth occurs during the course of
step-wise crystallization, can be regarded as the theore-
tical upper limit temperature of formation of the
B-modification, i.c. above this temperature, the forma-
tion. of the B-modification is not possible. Even if a
nucleus of B-modification might occur accidentally
during crystallization above Ty, (7T, > Ty), nO
B-phase could develop due to the Pa-bifurcation of
growth on the surface of the nucleus.

Above the temperature Tp,, only some further
growth of the p-modification may exist, followed more
and more frequently by Bo-bifurcations of growth.

Lovinger et al. [12] observed an opposite phenom-
enon, af-bifurcation of growth, during the crystalliza-
tion at a substantial undercooling (7, < Tp,). At a
high cooling rate, a usually individual B-nucleus is
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Figure 16 (a) B-spherulite grown by
(T,, =408 K, T,, = 418 K) and subjected to Pu-bifurcation and
(b) the remaining annule of w-modification after melting of the
B-modification.

stepwise crystallization

formed on the surface of some growing a-spherulites,
which develops into a B-spherulite segment. However,
this af-bifurcation is an accidental event, difficult to
reproduce [12, 60]. It is worth mentioning that this
aB-bifurcation is utilized in the temperature gradient
method by which films enriched in B-modification are
prepared [10-12].

3.2. Effects of melting history
Another noteworthy thermal factor that influences the
course of spherulitic crystallization and the resulting
structure is the thermal history of the melt, ic. the
preceding melting conditions, final temperature, 7%,
and duration, t, of fusion before the crystallization.
The role of fusion conditions can be attributed to
the fact that, after melting of the polymeric crystallites,
partially ordered molecular bundles may remain in the
melt which can act as self nuclei [93] during the course
of recooling. These self nuclei may induce a high-
temperature crystallization called self-seeding [93].
Thermal stability of the partially ordered molecular
bundles remained after the melting, depending on the
characteristics of the original crystal structure. This
will be illustrated by several examples later on. In this
section, the effect of fusion conditions on the features
of the new crystallization process is shown for initially
spherulitic samples obtained by crystallization in a
quiescent melt. The influence of the final temperature,
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T, of fusion on the new crystallization during the
course of cooling was first studied by Vidotto et al.
[97] for polyethylene, polyoxymethylene, and poly-
butene. Banks et al. [98] demonstrated, for partially
crystallized iPP samples containing individual o-
spherulites, that an aggregate of microcrystals could
be resolved in place of the original spherulites molten
out after the mild fusion before recooling (the struc-
tural memory effect). Binsbergen and de Lange [54]
established that the elements of the aggregates were
long-shaped optically positive particles oriented in the
direction of the radius of the original spherulite. For
this reason, the whole particulate aggregate in the
place of the previous spherulite also had a positive
optical character. The structure memory effect in a
sample containing individual o- and B-spherulites is
illustrated in a micrograph from the author’s laborat-
ory (Fig. 17). This phenomenon was studied by several
research groups for samples with a-spherulites [ 55, 56,
73, 99].

Early reports [ 54, 97, 98] associated the effect of the
final temperature of fusion with a partial melting of
the samples, attributing it to the role of some residual
crystalline phase. It is reasonable, however, to make
the role of the thermal conditions somewhat more
precise. As shown above, the melting of polymers
proceeds in a wide temperature range and the temper-
ature of collapse of the crystallites having the highest
melting point is accepted as the experimental melting

Figure 17 New crystallization of a sample containing o- and
B-spherulites preceded by heating up to above the melting point of
a-modification (T,(o) < TF) into microcrystalline aggregates.
(a) Initial sample at 7.( T, = 408 K), (b) new crystallization during
cooling after fusion.



point, T,. If the final temperature of fusion, 7%,
approximates but does not exceed T (Tg < T,,), 2
certain proportion of the crystalline phase remains in
the system which acts as crystalline self-nuclei dunng
the subsequent cooling. If, however, T¢ > T, the
sample will be amorphous, i.e. no long-distance three-
dimensional order will remain. This amorphous phase
still cannot be regarded as an isotropic melt, because
some local orderliness of the molecular chains pre-
viously included in a crystal lattice has been preserved.
These clusters of local orderliness can be considered as
“amorphous self-nuclei”. They are able to transform
into crystalline self-nuclei during the course of cooling.
Beyond the melting point, a temperature limit, T,
can be defined above which even the amorphous
nuclei disappear and the melt transforms into an
isotropic state free of ail seif-nucler (“blank™ melt). The
level of T¥ depends on the original structure of the
sample and may be influenced by the duration of
melting, tg. If Tx < T§, the fusion conditions affect
the course of crystallization in the cooling process and
thus the final structure. The latter depends on the
character and amount of self-nuclei remaining because
self-nuclei induce crystallization at higher temper-
atures than the thermal or athermal ones. These
phenomena are illustrated in Fig. 18 where the calori-
metric crystallization curves are shown for samples
heated to different 7% levels, followed by cooling at a
constant rate.

Depending on the T values, the following cases can
be recorded [99] for the recrystallization of iPP after
the fusion of a~spherulites.

1. If Te > TE (blank melt), corresponding to the
crystallization conditions, one of the types of spher-
ulite shown in Fig. 10 will be formed in the cooling
process, independently of T.

2. If Tx < T, the “crystalline nuclei” remaining in
the system induce an epitaxial recrystallization of the
amorphous phase obtained by partial fusion during
cooling. When heated to T, the structure of the
crystallites becomes more perfect, causing a noticeable
increase in the melting point [99]. According to
Padden and Keith’s observations [9], in the heating
process, oy-spherulites transform into the oy -form with
a simultaneous decrease in birefringence. During
cooling, the negative optical character persists with a
continuous increase in birefringence [73, 99]. This
case essentially corresponds to a high-temperature
annealing {Fig. 19b).

3. f T, < Tr < TE, the effect of amorphous nuclei
is predominant during the recrystallization. Two cases
were reported [ 99] as observed by optical microscopy.

(i) If T is higher than the melting point only by 1 or
2 K, in the sites of the original spherulites, melted
positive spherulites appear during cooling (Fig. 19¢).
Crystallization during cooling takes place like a
“photographic development process”: the structure
corresponding to the original spherulitic one appears
suddenly with a continuously enhancing birefringence
as the temperature decreases. Thus, it is not the usual
method of crystallization (formation and growth of
nuclei) which leads to this structure. ‘

Spherulites newly crystallized in the positive form
do not change their optical character during repeated

390

463 446

Exo

441

dQ/dtttmd mgts™h

Endo

440

410 430 450
T T

T =4385K
~Sem0-9-0
{
°

L A

1 L
360 380 400
7 (K)

420 440

Figure 18 Effect of the final temperature of fusion on the course of recrystallization curves of a sample crystallized isothermally (7, = 395 K
for ¢, = 20 min) as recorded by calorimetry. The melting curve of the initial sample is shown top right with an indication of T values.
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Figure 19 (a) Isothermally crystallized sample consisting of mixed
a-spherulites, and its transition into (b) negative and (c) positive
spherulites after heat treatment depending on T (see text).

heating. Thus, their behaviour differs from that of the
positive spherulites (o) formed during direct crystal-
lization at low temperatures. Consequently, a new
type of positive spherulite is formed.

As shown in Fig. 11, spherulites developed in two or
more isothermal crystallization steps consist of annuli
with different melting points. This type of spherulite is
capable of demonstrating the above phenomena in
one single sample by melting and recrystallizing them.
Let Tx be selected between the melting points of the
different regions. In this case, the fused part recrystal-
lizes into an optically positive structure, while the non-
melted part preserves its former negative optical
character obtained during heating. It is clearly visible
in Fig. 20 that the optical character of the molten
regions has switched over (reversed distribution of
yellow and blue fields). Recrystallization into the pos-
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Figure 20 New crystallization of a spherulite formed on cyclically
alternating the crystallization temperatures ( T, = 403, 413 X) after
heating to T = 443 K (see text).

Figure 21 New crystallization of a sample consisting of a-spheru-
lites after fusion (T = T, + 6 K) into optically positive micro-
crystalline aggregates.

itive form is, therefore, a sensitive indicator for the
completeness of melting.

(i) By a gradual enhancement of 7T, optically pos-
itive microcrystalline aggregates consisting of optical-
ly resolvable individual particles replace the melted
spherulites during the new crystallization by cooling
(Figs 17 and .21) as shown above. As Tf is increased,
the newly crystallized microcrystalline aggregates be-
come coarser, indicating a drop in the density of self-
nuclei.

In the initial stage of formation of microcrystalline
aggregates, the characteristics of crystal growth from
self-nuclei were studied comprehensively both by op-
tical [54, 73, 97] and electron [54-56] microscopy. On
this basis, the non-homogeneous texture of the centres
of the spherulites, the origin of the positive optical
character, and the cross-hatched fibrillar structure,
can be interpreted during the spherulitic crystalliza-
tion. It was shown [54-56] that the formation of a
twin-crystalline . “quadrite” structure was induced
from self-nuclei. This revealed that the cross-hatched
texture respounsible for the positive optical character
developed during the crystallization at higher super-
cooling [53-56]. It was also demonstrated that during
an isothermal crystallization induced by self-nuclei,



optically negative and positive spherulites were
formed above and below 428 K, respectively [73].
This can be attributed to the difference in the density
of self-nuclei whether the new crystallization observed
at the optical level takes place like a “photographic
development” process or with the appearance of par-
ticular aggregates.

Recrystallization of B-spherulites after melting was
studied by Varga et al. [100]. The new crystallization
of B-spherulites is more complicated because of the
melting memory effect. In the new crystallization of
B-spherulites heated without recooling to different T,
three regions with two intermediate ones can be recog-
nized as a function of Tf.

1. If T < T,(B), B-spherulites recrystallize into the
B-modification.

2. If T,(B)< Tp < T,(x), melted B-spherulites
crystallize into optically positive spherulites of the
a-modification like a photographic development pro-
cess (Fig. 22).

3. If Ty exceeds the limit temperature of the self-
nucleus free range ( T > TF), the features of recrystal-
lization become independent of the fusion conditions.

If 7% is in the vicinity of the melting points of either
B- or a-modifications, T, (B) or T,,(2}, respectively, the
features of crystallization and the polymorphic com-

Figure 22 New crystallization of a B-spherulite (a) heated to above
its melting point ( Tz = T,,(B) + 5) and (b) then cooled.

position of the recrystallized sample change abruptly
with T (intermediated regions).

Recooled B-spherulites recrystallize into the
a-modification during heating and then melting in this
latter form. For this reason, the features of the new
crystallization as a function of T} correspond to that
described for the a-modification with a single ex-
ception; a-spherulites formed by Pa-recrystallization
transform into the isotropic melt state, free of self-
nuclei, at a higher temperature than the original
a-spherulites formed isothermally.

3.3. Shape of spherulite boundaries
Spherulitic crystallization in a thin (essentially two-
dimensional) film of a melt leads to a texture of
polygonal profiles confined by straight and curved
lines (Fig. 1). In a bulk crystallization, however, the
spherulites are confined by planes and curved surfaces.
Boundary lines and surfaces are formed when the
circular or spherical spherulites, initially growing, un-
hindered, come into contact with each other. From
this point, they can extend only in those directions
where “free” melt is present.

Spherulite boundaries are “weak sites” in the poly-
mer. Failure of the material is often initiated on these
spots [101, 102]. Here cracks and voids may form
during the crystallization due to some contraction
(Figs 1, 3 and 11a). The “weak site” feature of spherulite
boundaries is also derived from the fact that the
majority of the non-crystallizing component is accu-
mulated in these regions. Consequently, a quantitative
description of the characteristics of spherulite bound-
aries may contribute to an exact interpretation of the
fracture and failure processes.

Under isothermal conditions, the nucleation may
proceed simultaneously (athermal nucleation) or at
different moments (thermal nucleation). On the other
hand, the linear growth rates of various polymorphic
modifications are different. Because the spherulites of
o- and B-modifications are formed together during the
crystallization of iPP, it permits the observation of
characteristics of boundary lines between spherulites
nucleated at the same and/or different moments, as
well as growing at different rates.

A quantitative description of boundary shapes
between spherulites is given in several papers
[60, 103—-107]. The shape of a boundary line or surface
between adjacent spherulites depends on the distance
between the nuclei, on the time shift between their
nucleation, and on the absolute and relative growth
rates of spherulites. All the above factors are influ-
enced by the thermal conditions of crystallization.

A guantitative description of the shape of spherulite
boundaries is usually simplified to the two-dimensional
isothermal crystallization, but the results can be ex-
tended to the three-dimensional growth as well. The
following equations describe the boundary contours
of shorter or longer range between two adjacent
spherulites.

Consider a nucleus A as the origin of coordinates
formed at a time ¢, = t, after a nucleus B has formed
at t; =0 on the axis X at a distance d from the
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nucleus A. Growth rates of both spherulites are V,
and V7, respectively (V, < V), the relative rate is
defined as V, = Vg/V, < 1.

The shape of the spherulite boundary in this general
case (where V, # Vg and t, # 0) is described by a
fourth-degree equation [104]

2d d? — Vi \?
2 2
<X +Y 1—V,2X+ =7
2V Vgto \
(——1_;;’) (X2 + 7Y% A3)

Equation 3 and some of its specific forms have reliable
meanings if none of the spherulitic fronts “overgrows”
other nucleus (i.e. d > — Vaty ord = Vity).

The graphical form of Equation 3 corresponds to
two closed curves installed in each other being sym-
metrical to the X axis. The real spherulite boundary
corresponds to the outer contour of this double curve.
Consequently, the spherulite growing at a higher rate
will encompass the other one, which thus becomes an
inclusion. The formation of a-spherulite inclusions
surrounded by fB-spherulite (Fig. 23) was observed ex-
perimentally [104-107]. During the formation of an
inclusion, the growing fronts of the B-spherulite meet
behind the inclusion forming a straight intrinsic
BB-spherulite boundary [107]. However, inclusions
are formed very rarely because other spherulites grow-
ing in the vicinity of the two nuclei prevent it
occurring (Figs 24-26). The “dented” PBa-spherulite
boundary line in Fig. 25 has formed due to the con-
siderable time lag of nucleation of B-spherulite with
the higher growth rate.

One of the special cases (V,, # Vg and t, # 0) is
realized when the spherulite growing at a higher rate
(A) is nucleated at the same moment that the growing
front of the other spherulite reaches site A (d = Vit,).
The same phenomenon is observed when a modifica-
tion transition occurs in the front of the growing
spherulite (Ba-bifurcation of growth, cf. Fig. 15). In
this case, Equation 3 simplifies to that of the limacon
of Pascal [104].

If two nuclei are generated at the same moment
(t, = 0) but grow at different rates, being different in
modification (V, # V3), the boundary line between

Figure 23 A ringed spherulite enclosing an inclusion of leaf-shaped
B-spherulite (7, = 397 K).
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Figure 24 Partial formation of .an o-inclusion in a mixed poly-
morphic sample (7, = 397 K).

Figure 25 Pattern of a “dented” boundary line between o- and
B-spherulites (7, = 395 K).

Figuré 26 Pattern of a circular boundary line between «- and
B-spherulites ( 7, = 395 K).

them will be circular, as described by the following
equation

i P, v, P
[X_(l—V3)] = [(I—Vf)] @

This circular spherulite boundary (formation of an
incomplete inclusion) is illustrated in Fig. 26. It can be



seen that the original nucleus is not situated in the
centre of the round-shaped spherulite inclusion, while
the optical centre of the inclusion is coincident with
the original nucleus.

Spherulites growing at the same rate (identical
modification) form hyperbolic (V, = V5 and t, # 0)
or straightline (V, = Vy and t, = 0) boundaries. The
simplified forms of Equation 3 for these cases are

I e

2 2

X == (6)

Experimentally, the wing of the hyperbola of Equa-
tion 5 that has the nucleus formed later in its focus will
appear. The straight-line boundary corresponds to the
normal bisector of the junction line between the
nuclei. These two latter cases are the most frequent
phenomena in the spherulitic crystallization, as illus-
trated in Fig. 27.

The experimentally observed shape of inclusions
differs from that expected from the above deductions
[104, 105]. They are leaf-shaped ending in a tip
(Fig. 23). This is attributed to the fact that the front of
the spherulite travels a longer way than expected from
the deduction of Equation 3 when an inclusion has
been formed [104]. By drawing a tangent from the
nucleus of the faster-growing spherulite to the actual
spherulite boundary, a shielding point is marked out.
At this point, the spherulite front growing from the
nucleus A is shaded by the spherulite formed from the
nucleus B causing a distortion of the shape of the
front. The role of this shielding point was first demon-
strated by Ledniczky [105] who later attempted to
develop an approximate quantitative description
[106]. The exact solution of this problem was attained
by Schulze and Wilbert [107] revealing that the dis-
torted spherulite front behind the shielding point fol-
lows a logarithmic spirai in shape. The shape of the
spherulite boundary behind the shielding point is also
described by two logarithmic spiral curves symmetri-
cally to the straight line between nuclei A and B. The

Figure 27 Linear and hyperbolic boundary lines between a-spheru-
lites.

boundary between the spherulites from nuclei on the
growing spherulite fronts and the basic spherulite, also
forms two logarithmic spiral sections in contrast to the
limacon of Pascal [60, 104] given by disregarding the
shielding effect. Thus, Equations 3 and 4 are valid up
to the shielding point. Because several nuclei may be
situated in the vicinity of a given spherulite, the
boundary sections between the individual pairs of
nuclei do not extend to the shielding point in the
majority of cases. Consequently, the applicability of
Equations 3 and 4 is practically not limited by the
aforementioned limit of validity, apart from the very
rare formation of inclusions.

4. Cylindritic crystallization of iPP
Mechanical stresses (tension, shear, compression)
exert considerable influence on the crystallization of
molten polymers and on the features of the super-
molecular structure formed. The mechanical effects
act essentially on the elementary processes of nuc-
leation. By tensile and shear loads, polymeric mole-
cules are stretched and oriented into rows in the
molten state. These prearranged rows of molecules
transform into crystalline clusters at a certain temper-
ature which may act as crystallization nuclei. This
characteristic linear type of self-nucleus is termed a
row nucleus [ 108, 109]. Row nuclei begin to crystallize
at a higher temperature than the homogeneous or
heterogeneous ones. Row nuclei induce an epitaxial
growth of crystallites of folded chains leading to char-
acteristic supermolecular formations of cylindrical
symmetry, cylindrites [109]. Thus, the core of a cylin-
drite is a row nucleus which develops into folded-
chain fibrillar crystallites perpendicular to the row at
cylindrical symmetry [108]. Like the spherulites, these
growing folded-chain fibrillar crytallites may also
branch, providing complete space filling. The fibrils
can be either linear or helical (twisted around their
longitudinal axis) as in the case of the radial or ringed
spherulites, respectively. The diameter of the row
nuclei in the cylindrites is estimated to about 15 nm,
while the size of fibrils may reach the micrometre
range [1107] like that of the building units in the
spherulites. The dimension ratios of the cylindritic
structural elements are markedly different from the
“shish-kebab”-type formations where the diameter of
the stretched-chain fibrils and the dimensions of the
folded-chain lamellae on them are commensurable.
During the crystallization of iPP, well-developed
cylindritic structure, resolved by optical microscopy,
may be formed. Even a slight shear stress of molten
iPP leads to a cylindritic crystallization [111-1137 as
demonstrated by the series of pictures in Fig. 28. In a
molten thin film between glass piates, row nuclei are
formed when a shear stress is applied by slipping the
cover plate. For the sake of testing technique, it is
reasonable to distinguish three types of row nucleus
density: row nucleus density is high if the diameter of
the cylindrites on the row nuclei remains below the
optical resolution; at medium row nucleus density,
cylindrites are readily distinguishable at the optical
level (Fig. 28); a sample has low row nucleus density
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Figure 28 Cylindritic crystallization (a—c) in slightly sheared melt
(T, =403 K).

when only a few isolated individual cylindrites appear
(Fig. 29). Characteristics of cylindritic crystallization

can be visualized most clearly in samples of the latter

type.

Characteristic features of the cylindritic crystalliza-
tion are summarized as follows [113].

Row nuclei have considerable thermal stability in a
relatively wide temperature range above the melting
point. Consequently, a marked structural memory
effect can be observed in the cylindritic crystallization.
In other words, after repeated consecutive melting—
cooling ( fusion-recrystallization) cycles, the cylindri-
tic structure is reproducibly recovered. The thermal
stability of row nuclei and the reproducibility of cylin-
dritic structures were studied by Varga [113]. He
established the following cases depending on the final
temperature of fusion, 7%:
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row nuclei

Figure 29 Cylindritic crystallization on stable
(T, = 403 K), (a) after cooling to T, (b, ¢) isothermal growth at
403 K, (d) after the segment of B-spherulites has molten out when
heated to 430 K.



() T, < Tp < (T, + 15K) — row nuclei are ther-
mally stable and the fused sample crystallizes into the
original cylindritic structure when cooled;

(i) (T +15K) < T <473 K — the number of
row nuclei gradually decreases and nuclei are ob-
served to break into pieces. The stability of row nuclei
is determined in this range by the mechanical effects
that have induced their formation;

(iii) T > 473 K ~ row nuclei are completely dis-
integrated and a blank melt, free of any self nuclei, is
obtained. During the crystallization after fusion,
therefore, a spherulitic structure is formed at an over-
all reduction in nucleus density. Thus, the temperature
of complete disintegration of row nuclei formed in the
sheared polymer melt, T§, is quite high.

The course of cylindritic crystallization is illustrated
by the series of pictures in Fig. 29. In the central line of
the photograph, a row nucleus of high thermal
stability is situated which induces cylindritic crystal-
lization upon cooling. The cylindritic front grows in
two directions, parallel to the row nucleus, resembling
to a transcrystallization. At a low row nucleus dens-
ity, spherulites also appear in the sample (generally
at a considerable delay) resulting in a mixed
cylindritic—spherulitic structure. Row nuclei induce
cylindrites of a-modification. This can be explained by
the fact that crystallization starts on the row nuclei at
a high temperature, above the upper limit temperature
of p-modification, Ty, thus, the formation of a-modi-
fication is inevitable. Therefore, no way leads to the
formation of cylindrites of B-modification. At a high
undercooling, however, punctiform f-nuclei may also
be formed on a row nucleus of a-modification or on
the growing a-cylindritic front, They may develop into
B-spherulitic segments contoured by straight lines.
From a B-nucleus on the row nucleus, the spherulitic
segment grows in both directions (Fig. 29). A p-nu-
cleus on the growing cylindritic front (ap-bifurcation
of growth) is able to grow only in one direction [113].
With increased undercooling, the number of B-nuclei
is enhanced. At low temperatures, the great number of
B-spherulitic segments may completely prevent
growth of the a-cylindritic front (see, for example,
Fig. 33 later). In this case, the pattern of the sample
resembles a B-cylindrite, but the stack of B-spherulitic
segments grown from individual nuclei is proved by
melting tests.

Because the building units of both cylindrites and
spherulites are folded-chain fibrils [108], differing
only in steric arrangement from one another, many
common features can be observed in the crystalliza-
tion, melting, and optical characteristics of cylindrites
and spherulites and in their dependence on the ther-
mal conditions. The only exception is a narrow region
of the cylindrite in the close vicinity of the row nucleus
due to the fact that crystallization starts earlier (at a
higher temperature, before reaching the isothermal T,)
on the row nuclei. It was demonstrated experimentally
[113] that growth rates of spherulitic and cylindritic
fronts of identical modification were equal. The de-
pendence of the optical character of a-cylindrites on
T, is the same as that of spherulites: negative above
410 K, while, below this temperature, cylindrites of

mixed optical character are formed. Positive cylindri-
tes were found in highly undercoolable random co-
polymers of ethylene and propylene.

At the same time, the cylindrite region in the close
vicinity of an a-row nucleus is always negative optic-
ally. Between crossed polarizers at a diagonal position
parallel to the v axis of the A plate, negative cylindrites
are blue, positive ones are yellow while, in mixed
cylindrites, blue and yellow stripes alternate irregu-
larly perpendicular to the row nucleus (Fig. 30).
a-cylindrites, produced by stepwise crystallization,
consist of stripes of optical character corresponding to
T, and melt stepwise. Changes in the optical charac-
ter of cylindrites during the recrystallization after an-
nealing or melting as a function of 7% are identical to

DL
Figure 30 (a) Cylindrite of mixed optical character crystailized
isothermally (7, =403 K), and its transition into (b) negative
(Ty < T,) or (c) positive (Tp =T, + 2K) form by heating and
subsequent cooling.
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those of spherulites [99] as shown by the photographs
in Fig, 30. If Ty < T,,, the mixed cylindrites transform
to negative optical character (Fig. 30a and b). When,
however, the sample which was heated above T, by 1
or 2K and cooled down is crystallized, an optically
positive cylindrite will be formed (Fig. 30a and c). It
should be noted that, in the latter case, the region of
the cylindrite in the close vicinity to the row nucleus
would not melt; consequently, its negative optical
character is preserved (Fig. 30).

In a sample containing cylindrite and spherulites
together, boundary lines of characteristic shape are
formed between the two types of supermolecular
formation [113]. Between cylindrites and spherulites
of identical modification and growth rate, the bound-
ary line is parabolic. The shape of this parabola is
determined by the relative position of the spherulitic
nucleus and is independent of the growth rate and of
the crystallization temperature. If the growth rate of
cylindrites is different from that of spherulites, V, < ¥
or V, > V,, the shape of the boundary line is a hyper-
bola or ellypsis, respectively. Because in iPP only
a-cylindrites are formed, the boundary lines are para-
bolic with o-spherulites and hyperbolic with
B-spherulites [113]. As was shown above (Fig. 29),
straight-line boundaries may also be formed if a faster-
growing spherulitic nucleus (B-modification of iPP
below Tg,) is initiated on the row nucleus or on the
growing cylindritic front. The angle, ¢, between the
direction of the row nucleus and the straight boundary
line depends on the relative growth rate (V, = V,/ V)
according to the following equation

1
cos®

v, = +

r

o

It is worth mentioning that boundary lines between
transcrystallization fronts developing from heterogen-
eous surfaces and spherulites, are similar to those
described above.

5. Structures crystallized under
processing conditions

The structure of crystalline polymeric products is
formed during crystallization in the processing oper-
ations and depends on the thermal and mechanical
conditions in the mould cavity. These conditions are
highly influenced by the parameters of the processing
technology. In addition, thermal and mechanical
conditions vary locally according to the geometry of
the mould cavity. Consequently, products (except for
compression-moulded ones) have non-homogeneous
anisotropic structure [114] with properties varying
within a wide range depending on the processing
factors.

Many reports covered determination of structures
and properties of products as functions of the pro-
cessing conditions. The present paper treats only the
supermolecular level of the structure as studied by
optical microscopy. It should be emphasized that op-
tical microscopy provides useful information about
the structure of a sample as a whole, in spite of its
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relatively low resolution. Possibilities of optical stud-
ies can be widened by extending them to the observa-
tion of melting and recrystallization processes, i.e.
thermo-optical methods are used. In our laboratory, a
thermo-optical technique was developed based on the
structural memory effect [115] for testing end-pro-
ducts. As shown above, the structural memory effect
can be ascribed to a certain thermal stability of nuclei
and remnants of various supermolecular structures
above the melting point acting as self-nuclei during
recooling of the melt. Self-nuclei of different types may
have considerably different thermal stabilities. Res-
idues of folded-chain crystallites setting up spherulites
and cylindrites are stable only in a very narrow tem-
perature range (ATy = T§ — T,, = 6.0 K) [99] while
row nuclei (or their fragments) formed by mechanical
effects remain in a molten polymer more or less even
up to Ty = 473 K [113]. Stability of row nuclei is also
influenced by the intensity of the mechanical effect
that has induced their formation, governing the di-
mensions and order of rows of molecules formed.
Thus, a systematic variation in the final temperature
of fusion, T, may “develop” morphological form-
ations of different stability separately by means of the
new crystallization. A direct observation of crystalliza-
tion under the processing conditions involves tech-
nical difficulties. For this reason, only indirect
information is available about the process of structure
formation. The thermo-optical method based on the
structural memory effect provides an essential recon-
struction of the crystallization process during the
moulding [115].

5.1. Structure of injection-moulded products
Injection moulding involves particularly complicated
thermal and orientation conditions during cavity
filling. These deformation and orientation processes
are generally accepted to be described by the Tadmor
model [116]. Accordingly, surface layers of flowing
melt are exposed to tensile stress while lower layers
suffer shear stress, resulting in an orientation of
molecular coils in the flow direction. In the core,
further from the wall, some extent of disorientation
may take place after cavity filling and before crystal-
lization, depending on the heat-transfer conditions.
All these processes lead to a complex non-homogen-
eous supermolecular structure from the crystallizing
polymers. Kantz et al. [117] were the first to demon-
strate that injection-moulded iPP had a skin-core
structure. This skin—core structure and the relations
between structure and properties were studied by sev-
eral groups [115, 117-135]. They suggested various
models to describe this complex structure on the basis
of optical microscopy, X-ray diffraction, electron
microscopy, and calorimetry. The supermolecular
structure of a microtomed section from an injection-
moulded sample cut at the machine direction is illus-
trated by an optical micrograph in Fig. 31. It can be
seen that the core layer has a spherulitic structure
demonstrating a disorientation (relaxation) of the melt
in this region before crystallization has started, follow-
ed by a crystallization in the quiescent melt. The



Figure 31 Characteristic skin—core structure of injection-moulded
iPP.

largest spherulites are found at the centre of the
sample, and the size decreases towards the wall of the
mould reflecting the heat-transfer (cooling) conditions
in the cavity. The skin layer is highly oriented having a
homogeneous structure at the resolution level of op-
tical microscopy and a negative optical character with
unrecognizable individual morphological formations.
Between the core and skin layers, a relatively sharp
boundary line appears (Fig. 31).

It was revealed by thermo-optical investigations
based on the structural memory effect that the sheared
region consisted of a-cylindrites of negative optical
character oriented in the machine direction with dia-
meters less than the resolution level of optical micro-
scopy, due to the high density of row nuclei. In a
sample newly crystallized after heating above the
melting point (Tx = 448 K), cylindritic structure is
resolved even at the optical level (Fig. 32). It seems
probable from the observation of recrystallization that
a rapid cylindric crystallization proceeds on row
nuclei formed in the sheared region during the pro-
cessing. From this layer, a transcrystalline front grows
towards the core of the sample where spherulitic crys-
tallization starts after a significant delay. Consequen-
tly, the relatively sharp boundary layer between the
skin and core layers is an outcome of the trans-
crystalline front. As is clear from the micrographs in
Fig. 32, the majority of the transcrystalline part of the
sample is of ¢-modification with sporadic B-spheru-
litic segments confined by straight lines. Formation of
these segments is induced by B-nuclei appearing on
the surface of the transcrystalline front as evidenced
by the straight-line Ba-boundary line [113]. By in-
creasing the cooling rate, the B proportion of the
transcrystalline phase is enhanced. As indicated by the
sections from the end-product (Fig. 31), the greater
part of the transcrystalline region is formed in
B-modification under injection moulding conditions
[115, 135]. The structure of the skin layer is, therefore,
complex comprising the extended outer layer, the
cylindritic region oriented in the machine direction in
the sheared zone, and the transcrystallized zone grow-
ing down the latter. Depending on the technological
parameters of injection moulding, the thickness of the
complex skin usually varies between 100 and 350 pm.

The existence of a tensile stress on the surface of the
flowing melt is indicated by a characteristic structure
along the weld lines [115]. It is clearly perceptible in
Fig. 33 that highly birefringent B-segments have
grown down from the parabolic weld line. It can be
established on the basis of the optical pattern and of
the melting characteristics that the immediate sur-
roundings of weld lines are of a-modification consisting
of row nuclei originated by extending the surface
layers and of a cylindritic structure formed thereon.
By virtue of the row nuclei on the surface, the earliest
crystallization takes place on this site. Even in this
case, B-spherulitic segments are induced by B-nuclei
formed on row nuclei that lock the growth of the
a-cylindritic front due to their higher growth rate.
According to the melting and recrystallization ex-
periments, the thermal stability of row nuclei formed
by virtue of the extension in the surface layers, is
markedly lower than that in the sheared region, indic-
ating the differences in the mechanical stress. It is
worth pointing out that the angle, ¢, between the
Ba-boundary line formed during the transcrystalliz-
ation and the row nuclei, depends on the relative
growth rate (V, = V,/V}) (Equation 7) which is, in
turn, temperature dependent. With a knowledge of the
temperature function of V,, the crystallization temper-
ature can be determined from angle ¢. In other words,
angle ¢ may serve as an “internal thermometer”.

Ehrenstein et al. [136] developed a method of manu-
facturing high-strength greatly oriented (self-reinfor-
ced) plastic products using conventional processing
machines (such as injection-moulding machines).
Thermo-optical investigations revealed a high density
of negative cylindrites oriented in the machine direc-
tion in self-reinforced iPP injection mouldings, with-
out a spherulitic core in contrast to the skin-core
structures of conventional injection-moulded pro-
ducts.

5.2. Structure of extruded products

According to the investigations of Dragaun and
Muschik [137-139], extruded products have also
skin—core structure. Similarly to injection mouldings,
the skin structure is homogeneous at the optical level
while the core consists purely of a-spherulites. The
thickness of the skin layer depends on the temperature
difference (AT) between the melt and the cooling bath
but never exceeds 300 um. Skin thickness decreases
slightly with increasing AT. The area surrounding the
sheared region is rich in partially oriented spherulites
of By type, as in injection-moulded samples. The skin
layer has also formed by oriented crystallization on
row nuclei due to the shear stress in this case. Thermo-
optical studies [140] based on the structural memory
effect revealed that the skin layer of iPP extrudates
consisted of optically negative cylindrites again orien-
ted in the machine direction. It was proved by the fact
that the recrystallization of a sample fused under mild
conditions (7g = T, + 15 K) before recooling pro-
ceeded in a similar way to that of the injection
mouldings (Fig. 32).
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5.3. Structure of weld joints

Large-scale mass production of plastic bulk goods
renders high significance to the various welding tech-
niques. PP products are usually joined by hot-plate
welding or vibration welding. In the processes, surface
layers of parts to be joined are melted followed by

cooling under a predetermined pressure. Bond
strength is provided by the crystalline structure
formed in cooling the melt. Welding conditions (tem-
perature, pressure, duration) control the temperature
distribution and flow conditions from site to site. On
the other hand, the thermal environment and mechan-
ical stress considerably affect the structure formed
after recrystallization and, consequently, the bond
strength.

The theoretical basis of hot-plate welding was ana-
lysed comprehensively by Potente [141]. The super-
molecular structure of weld joints in iPP and its
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Figure 32 Section from injection-moulded sheet and its new crystal-
lization after heating (7 = 448 K). (a) Initial sample; (b, ¢, d) dur-
ing the cooling process at 418, 416, 410K after fusion at 448 K;
(e) isothermal crystallization at 410 K.

Figure 33 Cylindritic structure containing a large number of
B-spherulitic segments formed along the weld line,

dependence on the welding parameters have been
covered by several papers [142—-150]. The supermo-
lecular structure of joints is complex and inhomogen-
eous. It should be noted that, in spite of the close
similarity in joint structures reported by various au-
thors, nomenclature and interpretation of these mor-
phological structures is far from uniform at present.
The majority of joints of hot-plate welding has spheru-
litic structure [147], i.e. recrystallization takes place
essentially in a quiescent melt. Along the central line of
a joint (in the area surrounding bonded surfaces), a
band of spherulites [143] (or a “dendrite” structure as



stated by Korub [142]) can be observed in most cases.
In our opinion, this can be deduced from a higher
density of heterogeneous nuclei due to the contamina-
tion (possibly partial decomposition) of the surface to
be bonded. Symmetrically to the central line, two
spherulitic regions can be seen [147] mostly with the
a-modification disseminated by some accidental
B-spherulites (By;). From the central line towards the
intact material, the size of the spherulites decreases,
transforming them to a microspherulitic structure.
The size of spherutlites and the proportion of B-modifi-
cation depend on the welding conditions in this
region. Between the original material and the re-
crystallized joint, a characteristic structure can be
recognized. In the close vicinity of the intact material,
an optically unresolved homogeneous zone exists
highly oriented towards the edges. In our opinion, this
zone consists of spherulites that melted partially and
deformed by virtue of pressure (as they are plated and
shifted slightly towards the edges of the sample). This
assumption has been made probable by studies of the
influence of the final temperature of fusion on the
recrystallized structure [99].

The structure of vibration-weld joints was investig-
ated extensively by Ehrenstein et al. [151-1537 as a
function of welding time and pressure. This method
permits a considerably wider pressure range for the
examination of joint formation. Thermal and rheo-
logical conditions in a weld joint and their dependence
on the processing conditions were analysed by
Potente [154]. It was established by Schiarb [153],
extending his studies on the structure of joints by
thermo-optical investigations on the basis of the struc-
tural memory effect, that three characteristic types of
joint can be recognized depending on the pressure. At
high pressures, the highly oriented structure formed
consists mainly of cylindrites oriented to the flow
direction (Fig. 34). At medium pressures, the unori-
ented homogeneous structure formed cannot be re-
solved at optical level. At low pressures, a multilayer
weld structure is formed consisting of different charac-
teristic zones (Fig. 35). Transcrystalline zones of a- or
o and B-modifications may play an important role in
the formation of this structure [152]. It was also
assumed that the formation of a multilayer weld struc-

Figure 34 Highly oriented weld structure formed at high pressure.

Figure 35 Multilayer weld structure (consisting of deformed spheru-
litic, transcrystalline and flow zones) formed at low pressure,

ture might be associated with the facts that the layer in
close vicinity to the intact material in the molten
region was plastic at low pressures while those around
the central line were subjected to flow deformation
[152]. The optimum strength of structural joints can
be attained in the range of low welding pressures.

6. Conclusion

The supermolecular structure of isotactic polypro-
pylene is extremely variegated as formed under differ-
ent thermal conditions and mechanical stress during
the crystallization process. A survey is given of the.
effects of the thermal conditions (crystallization tem-
peratures, cooling rate, annealing, final temperature of
fusion) on structural features of spherulites. Charac-
teristics of the cylindritic structure formed in melts
under mechanical stress are introduced. The complex
character of a supermolecular structure formed under
processing conditions is also analysed briefly.
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