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ABSTRACT: This article highlights the melt crystalliza-
tion behavior of different grades of isotactic polypropylene
(iPP) using a hot-stage polarizing optical microscopy. iPP
samples were heated up at a heating rate of 10°C/min pass-
ing the melting temperature and then kept for 3 min at a
temperature range of 175-200°C before they cooled rapidly
at 40°C/min to crystallize isothermally at a range of 130-
145°C. It has been found that the temperature at which the
samples were kept has a strong effect on the crystallization
mode; for samples heated up and kept at temperatures
below 190°C, the crystallization started with thin and long

rods or nodules, which grew in the circumferential direc-
tion only while their lengths remain unchanged as the time
passed. The shape of the nodules can be straight, circular,
branched, or entangled, and they can grow parallel to each
other or they can be crossed or in a random way. This phe-
nomenon disappeared completely for samples melted and
kept at temperatures above 195°C. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 122: 2228-2243, 2011
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INTRODUCTION

Isotactic polypropylene (iPP) can crystallize into
monoclinic o-structure, hexagonal p-structure, tri-
clinic y-structure, and a mesomorphic structure.'™
Formation of different polymorphic forms can be
controlled by the conditions of crystallization and/
or by the addition of special nucleating agents. For-
mation of monoclinic a-structure can be achieved by
a slow cooling of the quiescent melt, whereas the
presence of special nucleating agents or crystalliza-
tion at high pressure produces hexagonal B-structure
or triclinic y-structure, respectively. On the other
hand, the mesomorphic structure, which is interme-
diate between amorphous and crystal forms of iPP,
can be obtained either by rapid melt-crystallization
or by crystallization from the glassy state.”” Poly-
morphs of o, B, and y are related to the typical la-
mellar crystal morphology, whereas the characteris-
tic feature of the mesomorphic form of iPP is the
formation of nonlamellar domains. The structure
and morphology of iPP obtained as a function of the
conditions of crystallization can be further modified
by annealing.>” By varying the conditions of crystal-
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lization, a range of crystal structures and morpholo-
gies of iPP can be obtained, which in turn allows
controlling the properties in a wide range.

The structure and morphology of quench-induced
mesophase have been widely studied. Early electron
microscopic studies by Gezovich and Geil'” revealed
the nodular (granular) structure in quenched i-PP
film, and they suggested that there was “granular-
like” structure, which had small and imperfect hex-
agonal crystallites in the film. Ogawa et al."' studied
the size distribution of nodules on the surface of
polypropylene (PP) films crystallized from the glass
and subsequently annealed. The authors reported
that the origin of the nodule was the crystallite pro-
duced by the growth of many nuclei, which were
generated on crystallization from the glass and sur-
vived on annealing. The surviving nuclei grow until
they collide with the neighbors.

An ultraquenching technique is used by Hsu
et al.” to prepare glassy isotactic PP films of thick-
ness up to 0.3 mm. The structure and properties of
the as-quenched and subsequently crystallized sam-
ples were characterized by various techniques. X-ray
diffraction shows PP crystallizes from the glass into
a smectic structure at —20°C and then transforms to
monoclinic microcrystals at 40°C; a nodular structure
was observed on the surface. Annealing above the a-
relaxation temperature results in an increase in the
nodule size. The authors found that the transforma-
tion temperature increases with the film thickness. A
study is presented by Norton and Keller'? in which
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the authors crystallized a range of commercial iPP-s
in the temperature range 100-150°C. The investiga-
tion has centered on the five different spherulite
types, as identified optically, which were then corre-
lated with the details of their particular lamellar
morphology. It was found that each spherulite type
is characterized by virtue of the arrangement of its
constituent lamellae, in terms of orientation, habit
type, and crystal structure. Thus, specific correla-
tions were obtained between the structural entities
on all scales of the structure hierarchy. Caldas
et al.'’® used a scanning transmission electron micros-
copy to study the amorphous matrix of quench-
cooled iPP. The dark field images revealed the exis-
tence of microcrystalline regions, 10-20 nm in size,
that have the o-monoclinic crystal form. Regions of
lower crystalline order are also observed, which,
according to micro-micro diffraction, also possess
the a-monoclinic crystal structure but with substan-
tially larger unit cell constants. Differential scanning
calorimetry studies by the same authors indicate
that during quench cooling to the glassy state iPP
samples attain a low degree of crystalline order, and
upon heating from the glassy state, these samples
exhibit exothermic transitions, between —15 and
120°C, that correspond to the formation and subse-
quent perfection of the microcrystalline regions.

A gradual deformation at the fiber surface from a
spherulitic structure to a shish-kebab-type structure
is observed using a scanning probe microscopy when
the investigation of changes in the morphology of PP
monofilaments during melt-extrusion and subse-
quent drawing is studied by Risnes et al.'"* The effect
of nucleating agent on the crystalline morphology
under different structure levels of PP materials was
investigated by Xu et al.'® The authors reported that
increasing nucleating agent has an effect on both
high and low levels of the crystalline structure, the
nucleating agent displayed a heterogeneous nuclea-
tion effect. It is also reported that it is more stable for
PP crystallization from a melt to form a gyroidal
structure, with random coil molecules first transform-
ing to the gyroidal structure as quickly as possible.
Konishi et al.'® studied the crystallization process of
iPP by heating from the prequenched mesomorphic
phase. The authors mentioned that mesomorphic iPP
as quenched shows the well-known nodular struc-
ture, and during the heating process, the nodules
grew larger maintaining self-similarity, with the mes-
omorphic phase partially transforming into the crys-
talline phase inside the nodules.

Zia et al."” used a controlled rapid cooling tech-
nique to melt-crystallize iPP at different cooling rates
and subsequently annealed it at an elevated tempera-
ture. Mesomorphic domains were obtained by fast
cooling from the melt at a rate larger than about
95°C/s. These domains stabilize upon heating by
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growing in chain direction and cross-chain direction.
Formation of different types of lamellae was reported
when the samples annealed at 160°C. It is suggested
by the authors that these lamellae either develop by
coalescence of nodules or by recrystallization from
the melt. The transition from the disordered meso-
morphic structure to monoclinic structure on heating
at about 340 K occurs at a local scale within existing
crystals and cannot be linked to complete melting of
mesomorphic domains and recrystallization of the
melt. Quenched mesomorphic iPP precursor material
has been investigated by Zaho et al.'® as well as the
material annealed at different temperatures. It is
reported that the nodular morphology of the meso-
morphic remains constant for annealing temperatures
T, below 120°C, while needle-like or leaf-like crystals
form when T, approaches the melting temperature.

It is very obvious from the presented literature
above that PP is one of the most studied polymers,
its structure and properties are well documented,
but despite all these efforts, important questions
regarding crystallization are not completely
answered. To the best of our knowledge, this is the
first visualization of iPP crystallizes into rod or nod-
ular shape directly from the molten phase without
the formation of mesomorphic structure or recrystal-
lization from the glassy state and then followed by
annealing.

EXPERIMENTAL
Materials

Five virgin iPP homopolymer samples were used:
(1) grade 578P provided by Sabic Co. KSA which
has a melt flow index (MFI) of 11 g/10 min; (2)
grade HP525] produced by Moplen and has a den-
sity of 900 kg/m? and a melt flow index of 2.8 g/10
min; (3) grade M3661 made via TOTAL and has a
melt flow index of 14 g/10 min; (4) total PPH5042
PP with 6 g/10 min melt flow index and a density
of 905 kg/m? (5) FINA nucleated iPP 4042S with
melt flow rate of 3 g/10 min.

Another three samples were prepared and used as
well where Moplen HP525] is mixed with 1 wt % of
nanofil 9 in the first, mixed with 5 wt % polyether
block amide (PBA) in the second, and in the third
Moplen HP525] is mixed with 10 wt % of PBA.
Nanofil 9 used in this study is produced by Rock-
wood Additives and is used as obtained from the
producer. It consists of organically modified nano-
meter scale, layered magnesium aluminum silicate
platelets. The silicate platelets that Nanofil 9 is
derived from are 1 nm thick and 70-150 nm across.
These platelets are surface modified with an organic
chemistry to allow complete dispersion into and pro-
vide miscibility with the thermoplastic systems for
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Figure 1 DSC heat flow curves for iPP samples used in the present study, and the samples were nonisothermally crystal-

lized (10°C/min) from a temperature of 200°C.

which they were designed to improve. Nanofil 9 is
creme in color and has a density of 1800 kg/ m® and
average particle size of 8 um. PBA 3produced by
Arkema has a density of 1010 kg/m” and a melt
flow index of 7 g/10 min.

Composites preparation

The three composites used in this study were pre-
pared as follows: the blends were prepared by melt-
compounding on a Brabender PL2100 Plasticorder
with a batch-type roller mixer, the average weight of
each batch was 40 g. The compounding was done at
a temperature of 210°C for 8 min and at a rotor speed
of 60 rpm. On completion of the blending step, the
sample was taken out from the bowl of the brabender

and naturally cooled to room temperature before it is
chopped to small pieces using a mill machine
equipped by a steel blade to reduce the size of the
particles. Strips with dimensions of 25 x 1 mm were
produced from the chopped blends using a Bra-
bender PL2100 single screw extruder, the tempera-
ture distribution throughout the extruder was 167,
185, 200, and 220°C from the hopper side to the die
side with a speed of 30 rpm for the screw, and the
chiller temperature was set at 50°C. These strips were
used in the thermal and morphological study.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments
were performed using a power-compensation-based

Virgin HP5257 , isothermally crystallized from 185°C

Virgin HP5257 , isothermally crystallized from 200°C

FINA40428, isothermally crystallized from 185°C

FINA4042S, isothermally crystallized from 200°C

HP525J/5%PBA, isothermally crystallized from 185°C
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Figure 2 DSC heat flow curves for iPP samples used in the present study, and the samples were isothermally crystal-

lized (135°C/min) from a temperature of 200 and 185°C.
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Figure 3 Images of iPP (Grade HP525]) isothermally crystallized at 140°C. The melt temperature was 185°C (magnifica-
tion = 190x). (a) The molten sample at 185°C; (b) the sample after about 1.5 min at an isothermal crystallization at 140°C;
(c) the same sample after 4 min; (d) after 10 min; (e) after 20 min; (f) after 30 min. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

differential scanning calorimeter DSC-7 (Perkin-
Elmer). The instrument was operated in conjunction
with the cryogenic cooling accessory CCA-7, ensur-
ing a constant temperature of the heat sink. The
sample and reference furnaces were purged with
nitrogen gas at a flow rate of 40 mL/min. Calibra-
tion of the sensor temperature and of the heat-flow
rate was done according to standard procedures,
using indium and tin as calibrants. Circular and flat
samples with a mass of about 5 mg were cut from
the PP resin or produced strips and placed in the
aluminum pans (Mettler-Toledo).

Samples were first heated from 25 to 200°C at a
rate of 10°C/min and kept at this temperature for 3
min to eliminate any thermal history. For isothermal

crystallization, iPP samples were rapidly cooled to
135°C and kept at this temperature to crystallize
while for nonisothermal crystallization the iPP sam-
ples were cooled at a rate of 10°C/min to the room
temperature. A second heat scan at 10°C/min was
then carried out from 25 to 200°C to obtain the final
sample enthalpy of fusion curve from which melting
temperatures of used samples and type of crystals
formed were obtained. To check if there is any effect
for the initial temperature from which the molten
polymer is cooled down, different samples were
heated at a heating rate of 10°C/min from 25 to
185°C before they were cooled down rapidly to
135°C and left to crystallize isothermally. Again, a
second heat scan at 10°C/min was then carried out

Journal of Applied Polymer Science DOI 10.1002/app



2232

MUBARAK

Figure 4 IPP (Grade HP525]) isothermally crystallized at 135°C from a melt temperature of 185°C showing the mixed
birefringence a-structure of individual spherulite (right) and nodules (left) (magnification = 780x). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

from 25 to 200°C to obtain the final sample enthalpy
of fusion curve from which the type of crystals
formed can be detected.

Polarized light microscopy

Information about the structure of melt-crystallized
samples was gained by polarizing optical micros-
copy, using a ML9430-Meiji Techno-Japan micro-
scope equipped with a (Mettler FB82-USA) hot stage
and a Sony digital camera. PP samples were cut
from the virgin PP resin or from the produced com-
posite strips and then sandwiched between two
microscope cover glasses. Samples were first melted

Journal of Applied Polymer Science DOI 10.1002/app

at a heating rate of 10°C/min, pressed into thin film,
and then kept for 3 min at different temperatures
(175, 180, 185, 190, and 200°C). On termination of
the 3 min period of time, the molten samples were
cooled rapidly to the required crystallization temper-
ature at a rate of 40°C/min, and the temperature
was maintained during the period of time required
to complete the crystallization process. A Sony digi-
tal camera fixed on top of the microscope tube and
connected to the PC by a TV card and a video re-
corder software were used to record the crystalliza-
tion process and then take and store the images.
Several samples were tested twice or three times to
ascertain the reproducibility of the results.
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Figure 5 Images of iPP (Grade HP525]) isothermally crystallized from the melt at a crystallization temperature of (a)
130; (b) 135; (c) 140; (d) 145°C (magnification = 190x). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 6 IPP HP525] isothermally crystallized at 135°C. The melt temperature was 175°C (magnification = 190x). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 IPP HP525] isothermally crystallized at 135°C. The melt temperature was 180°C (magnification = 190x). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

RESULTS AND DISCUSSION
Melting temperature and crystals type

Figure 1 displays the DSC heat flow curves for the
samples used in this study. It is clearly seen that the
melting temperatures ranged from 162.8 to 166.8°C.
Although there are little changes between the
obtained melting temperatures for the samples used,
the curves reveal only one type of crystals, which is
the monoclinic o-structure, with no evidence of any
presence of the hexagonal B-structure, which has a
melting temperature of T,, = 146°C" or triclinic y-
structure.

The effect of the molten iPP temperature from
which the cooling step started to crystallize the sam-
ples isothermally is presented graphically in Figure 2.
The DSC heat scans prove that only the monoclinic o-
structure is present within the obtained structure
regardless the temperature of the iPP from which the
cooling stage is started. The figure shows that there is
a little variation in the melting temperature of the
crystallized samples. It seems that the presence of the
nodular structure with its close packing of the crys-
tals results in an increase in the melting temperature,
this phenomenon was observed actually using the
PLM, where during the melting step for samples con-
taining nodular structure, it is observed that the
spherulites melted before the nodules.

Journal of Applied Polymer Science DOI 10.1002/app

Melt crystallization into nodular structure

Figure 3 shows a set of images of iPP grade HP525]
isothermally crystallized from the molten state. Ini-
tially, the sample’s temperature was raised up to
185°C passing through the melting temperature (T,
= 166.1) and kept at this temperature for a period of
3 min. Then, the temperature was decreased down
to 140°C at a cooling rate of 40°C/min and then
kept at this temperature until crystallization is com-
pleted. Figure 3(a) shows the molten sample at
185°C, it is clearly seen that only a molten phase
without any appearance of any crystal is presented.
Once the temperature was reduced to 140°C, thin
and long nodules or rods appeared after about 1.5
min as shown in Figure 3(b). As the crystallization
continued, the nodules grew in the circumferential
direction and became thicker while their length
remained unchanged as clearly seen in Figure 3(c—f);
the nodules circumferential growth continued until
they impinge with each other or with other
spherulites.

In addition to the nodules, Figure 3 shows some
individual spherulites growing within the sample at
the same time. The coexisting of individual spheru-
lites and nodules are the result of two different crys-
tallization events during cooling from the melt. The
formation of qualitatively different crystal morpholo-
gies by the variation of the rate of melt-crystallization
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Figure 8 IPP HP525] isothermally crystallized at 135°C. The melt temperature was 185°C (magnification = 190x). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was also observed in a 100-nm thick film of PVDF.
Melt-crystallization in air produced lamellar crystals
and spherulites.”® In contrast, replacing of the
cooling medium with ice-water or liquid nitrogen
produced nodules of size of about 20-30 nm. The
coexistence of both nodules and lamellae was
detected on quenching in water kept at room
temperature, an increase of the size of nodules as
well as the thickness of lamellae was observed, if the
temperature of the cooling medium, that is, water,
was increased.”! Zaho et al.'® found that during the
annealing process for quenched mesomorphic iPP,
only the crystalline ordering increases during the
transition, but not the size of the nodules. Also
reported is that after the transition the geometry of
the nodules changes considerably, whereas there is
little additional increase of crystalline ordering.

Additionally, Hsu et al.® found that annealing of
glassy iPP films obtained by an ultraquenching tech-
nique above the o-relaxation temperature results in
an increase in nodule size. The size distribution of
nodules on the surface of PP films crystallized from
the glass and subsequently annealed was studied by
Ogawa et al.'' The author reported that the origin of
the nodule was the crystallite produced by the
growth of many nuclei, which were generated on
crystallization from the glass and survived on
annealing; the surviving nuclei grow until they col-
lide with the neighbors.

It is noticed that during the growth of an individ-
ual spherulite, a mixed (negative/positive) birefrin-
gence is obtained. It was very difficult to observe
the exact birefringence when a nodular structure is
monitored; the spherulites were growing attached to

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 IPP HP525] isothermally crystallized at 135°C. The melt temperature was 190°C (magnification = 190x). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

each other in the same rodlike, which makes it very nodules. The obtained nodular structure is almost
difficult to distinguish the birefringence, but there  close to the mixed birefringence o-spherulite as
were no appearance of B or y structures within the  shown in Figure 4.

Figure 10 IPP HP525] isothermally crystallized at 135°C. The melt temperature was 200°C (magnification = 190x). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 Growth rates of individual monoclinic a-spher-

ulites and nodules isothermally crystallized at 145°C from

an iPP HP525] melt at a temperature of 185°C. Both the

spherulites and nodules were growing together within the

same melt. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 12 Growth rates of individual monoclinic a-spher-

ulites and nodules isothermally crystallized in different
samples at 135°C from an iPP HP525] melt. Melt tempera-
ture was 200 for the spherulites while the melt tempera-
ture was 185°C for the nodules. [Color figure can be
viewed in the online issue,
wileyonlinelibrary.com.]

which is available at

Figure 13 Images of iPP (Total M3661) isothermally crystallized at 135°C. The melt temperature was 185°C (magnifica-
tion = 190x). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 14 Images of iPP (HP525 mixed with 10 wt % PBA) isothermally crystallized at 135°C. The melt temperature was

185°C (magnification =
wileyonlinelibrary.com.]

190%).

Effect of isothermal crystallization temperature

A set of images for iPP samples isothermally crystal-
lized from the melt at different temperatures are
presented in Figure 5, with images taken after 8 min
of the crystallization step. All samples were heated
up to a temperature of 185°C before they cooled rap-
idly to the required crystallization temperature. A
theoretical interpretation for the size reduction of the
nodules diameter with increasing the crystallization
temperature was given by Wunderlich®* who states
that the thermodynamic barrier of growth is linear
with AT™!, where AT is the difference between the
melting and crystallization temperatures. So, increas-
ing the crystallization temperature will reduce AT,
reducing AT will increase AT~ and hence increase
the thermodynamic barrier.

Effect of melt’s temperature

The set of figures from Fig. 6-10 show the melt
crystallization of iPP grade HP525] samples isother-
mally crystallized at 135°C as a function of molten
phase’s temperature. The images reveal that the in-
tensity of the crystallized nodules decreases as the
temperature of the molten phase increases. The
intensity of the nodules for samples heated up to a
temperature of 175°C (10° above the melting

Journal of Applied Polymer Science DOI 10.1002/app

[Color figure can be viewed in the online issue, which is available at

temperature of the monoclinic a-crystals) is much
higher than the intensity of the same samples
heated up to a temperature of 190°C before they
cooled rapidly to 135°C to isothermally crystallize.
Nodular structure disappeared completely for sam-
ples crystallized from melting temperature of 200°C
as clearly show in Figure 10.

To erase any previous morphological or heat his-
tory of iPP, the samples should be heated up to a
temperature above 190°C and maintained at this
temperature for a short period of time; otherwise,
the morg)hological history will remain within the
samples.”?** In the present work, it is found that
heating iPP samples up to a temperature exceeding
the melting temperature by about 25-30°C will not
remove the morphological history of the samples.
Within this melting temperatures range, crystalliza-
tion of such samples will produce nodules with dif-
ferent intensities; these nodules grow only in the cir-
cumferential direction wuntil they impinge with
another growing nodule [Fig. 8(ef)] or neighbor
crystals. As the temperature of iPP sample ap-
proaches 190°C, only a little number of nodules crys-
tallizes (Fig. 9) while the number of individual crys-
tals will increase. Figure 9 shows melt crystallization
of iPP sample heated up to a temperature 200°C
before isothermal crystallization carried out at
135°C; it is clearly seen that only individual
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Figure 15 Images of iPP (HP525 mixed with 5 wt % PBA) isothermally crystallized at 135°C. The melt temperature was

185°C (magnification = 190x).

wileyonlinelibrary.com.]

monoclinic a-spherulites are crystallized, and nod-
ules disappear completely throughout the sample.

Growth rate of nodules

In an attempt to compare growth rates of individual
monoclinic a-spherulites and nodules both crystal-
lized from the melt and within the same sample,
individual spherulite and nodule diameters were
measured as a function of time and presented in
Figure 11. The slope of the straight line of the diam-
eter against the time gives the growth rate (G),
G =% The isothermal growth rate of the individual
iPP spherulite at 145°C is constant and equals to
0.545 pm/min, and constant isothermal growth rates
for iPP is reported in the literature.”®*® Also, the
circumferential growth of the nodule is found to be

[Color figure can be viewed

in the online issue, which is available at

constant, where G = 0.516 pm/min. It is clearly seen
that there is not much difference between the two
growth rates slopes, but individual spherulite grows
a little faster than the nodule. It seems that the
attachment of the spherulites within the same
nodule reduces the growth rate compared to the
growth rate of individual spherulites.

A comparison between growth rates for individual
spherulite growing in a sample heated up to 200°C
with a nodule growing in a sample heated up to
185°C is presented in Figure 12. Both samples were
isothermally crystallized from the melt at 135°C. The
results showed that growth rates of nodules are
greater than those for individual spherulite grown at
similar condition, with the growth rate for the indi-
vidual spherulite found to be 2.81 pm/min, while
the growth rate for the nodule was 3.52 um/min.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 16 Images of iPP (HP525 mixed with 1 wt % nanofil 9) isothermally crystallized at 135°C. The melt temperature
was 185°C (magnification = 190x). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Similar observation was reported by Yan et al.”’
where the crystallization behavior of partially melting
iPP has been carefully examined. The authors
reported that the unmelted material can accelerate the
primary nucleation rate, and the ordered structure of
polymer melt can speed up the linear growth rate of
spherulite, and so the crystallization of partially melt-
ing iPP proceeds very quickly. It is also indicated that
the crystallization mechanism of iPP ordered melt af-
ter partial melting is different from that of unper-
turbed equilibrium melt. In the present work, iPP
samples were completely melted before the crystalli-
zation step carried out, and both individual spheru-
lites and nodules were observed upon crystallization.
Another observation should be noted is the repro-
ducibility of the nodular structure, which appears
within the crystallized iPP as long as the sample’s

Journal of Applied Polymer Science DOI 10.1002/app

temperature does not exceed 190-195°C. Once iPP
sample’s temperature exceeds this value, nodules
will never form again.

Nodular structure of different iPP resins

To check the existence of the same phenomenon
with other iPP samples, another seven grades were
investigated. These grades are Sabic 578P, Total
M3661, Total PPH5042, FINA 4042S, Moplen HP525]
mixed with 1 wt % of nanofil 9, Moplen HP525]
mixed with 5 wt % PBA, and Moplen HP525] mixed
with 10 wt % PBA. The series of Figures 13-19 dis-
plays the set of images for iPP samples melt crystal-
lized isothermally at 135°C, all these samples were
initially heated up to 185°C passing their melting
temperature and kept for 3 min at this temperature.
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Figure 17 Images of iPP (Total PPH5042) isothermally crystallized at 135°C. The melt temperature was 185°C (magnifica-
tion = 190x). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The same phenomenon can be observed clearly  to 135°C. The nodules have different shapes as
for all iPP grades used in the study where nodular  clearly seen: straight shapes as shown in Figures 3,
structure is formed as the samples cooled from 180 6(a,b), 7(c,d), 14(a), 17, and 18(c), circular as shown

Figure 18 Images of iPP (Grade 578P) isothermally crystallized at 135°C. The melt temperature was 185°C (magnification
= 190x). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 19 Images of iPP (FINA 4042S) isothermally crystallized at 135°C. The melt temperature was 185°C (magnification
= 190x). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in Figures 6(c,d), 7(a,b), 13(c), and 16, entangled as
shown in Figures 8, 13, 14(c,d), and 19, and
branched as shown in Figures 13 and 17(c). Another
observation should be mentioned about the arrange-
ment of these nodules within the samples, and they
grow in parallel directions as shown in Figures 3,
6(ab), 7(c,d), 14(a), 15(a,b), and 18(c), crossed as
shown in Figures 7(a,b), 13(a,c), and 14(d), and in a
random way as shown in Figures 13(e,f), 14(b), 17(c),
and 19.

Composite samples, prepared by mixing iPP
(HP525] grade) with a nanofiller or BPA in a bra-
bender and then extruded, showed similar behavior.
Figures 14-16 prove that the nodular structure can
be obtained not only for virgin iPP resins but also
for processed iPP.

Crystallization of iPP into nodular structure could
also be obtained for samples crystallized nonisother-
mally from the melt at different cooling rates. It is
noticed that nodules were obtained for all samples
nonisothermally crystallized within a cooling rate
ranged from 0.5 to 20°C/min. An increase in the in-
tensity of the nodules was observed as the cooling
rate increases, increasing the cooling rate from 0.5 to
20°C/min decreases the size of nodules; the instanta-
neous crystallization of a large number of nodular
domains restricts their lateral growth and suggests
the formation of a large number of nuclei within the
sample. It is also observed that the instantaneous
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crystallization results in a random orientation of
nodular domains, with respect to each other.

Two sets of isothermal (125, 130, 135, 140, and
145°C) and nonisothermal (0.5, 1, 2, 5, 10, and 20°C/
min) crystallization experiments were carried out. A
comparison between the crystallization and growth
rates of both the spherulites and the nodules are
under preparation and will be presented in details
in another work.

CONCLUSIONS

It is concluded that for iPP, a nodular structure can
be obtained not only by recrystallization from the
glassy state or annealing of mesomorphic structure
but also by crystallization directly from the melt.

If iPP is heated up to a temperature above its
melting temperature and below 190-195°C and then
cooled down to a temperature below its melting
temperature it will crystallize in a nodular form. The
quantity of the formed nodules depends on the tem-
perature of the molten phase; it is found that
increasing the molten phase temperature results in a
reduction in the intensity of the final nodules
formed within the sample.

Nodular structure can be obtained as long as the
sample’s temperature does not exceed 195°C. Once
the temperature exceeds this value, nodules will
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never form if the sample crystallizes from the melt.
Nodular structure can be obtained at a wide range
of melt crystallization temperatures.

The shape of the formed nodules can be straight,
circular, branched, or entangled, and they can grow
parallel to each other or they can be crossed or in a
random way.

For spherulites and nodules grown in the same iPP
sample, it is found that the linear growth rate of the
spherulite and the circumferential growth rates of the
nodules are very close to each other, with individual
spherulite growing a little faster than the nodule.

In comparison with growth rates of individual
spherulite growing in a sample heated up to 200°C
and isothermally crystallized from the melt at 135°C,
nodules grow faster when they crystallize in a sam-
ple heated up to 185°C and then melt crystallize at
the same crystallization temperature.

The author gratefully acknowledges the Deanship of
Academic Research at University of Jordan for the financial
support of this study.
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