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Abstract In this study, isotactic polypropylene (iPP) samples were prepared by
self-made pressure vibration injection device, in which a periodical shear field was
imposed on the iPP melt during the filling and packing stages. The crystal structures
and orientation of samples were investigated by wide-angle X-ray diffraction and
polarizing light microscopy (PLM). The f§ form and y form were found in vibration
injection molding samples. Compared with the static samples, the orientation of iPP
chains within lamellae was observed in the transition layer (at the depth of 1.5 mm
from the surface) of the vibration injection molding samples, and the orientation
was found even in the core layer. The PLM observation indicates the f§ form exists
in the transition and core region of the vibration sample. Besides, two types of f-PP
could be observed simultaneously in the core region under high magnification. The
bright f crystallites (fy) are fan-shaped and lie perpendicularly to the flow direc-
tion. In the other hand, the ringed f crystallites (fi1yv) almost remain their spherulite
shape. Moreover, fiber crystal was observed in vibration sample, even in the core
region. Some fiber crystals in the transition region reappeared in the cooling circle
after the sample was held at 180 °C for 2 min. This could be explained in structure
memory effect and its high thermal stability.
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Introduction

As a universal plastic, iPP is a kind of semicrystalline polymer with multicrystal
structures. Different crystallization conditions and molecular characteristics can lead
to four basic crystalline forms: monoclinic a-form, trigonal S-form, orthorhombic
y-form, and mesomorphic smectic form [1-4]. Among these crystalline forms, the «
form is commonly detected in iPP, while the metastable f-crystal may be generated
under some special conditions, such as quenching the melt to a certain temperature
range [2], directional crystallization in a temperature gradient field [5], shearing or
elongation of the melt during crystallization [6-8], or addition of heterogeneous
nucleating agents into the sample [9-15]. The y-crystal may be formed in degraded,
low molecular weight iPP, in samples crystallized under high pressure, or under
pronounced molecular orientation [2, 4, 16-18]. Different crystal structures have
different effects on the properties of product. For example, the impact on strength
and toughness of -PP were found to exceed those of a-PP, which can be attributed to
the peculiar lamellar morphology of -PP [19, 20].

During polymer processing, processing conditions greatly affect the rheological
behavior of polymer melt, therefore decide directly the microstructure of product
and its performance. For injection molding, iPP sample is molded under the
imposition of flow fields (shear, elongation, and mixed) and temperature field.
Those effects together lead to skin—core structure along the depth direction in the
sample [18, 21, 22]. In the past two decades, melt vibration technology in injection
molding has attracted extensive interests [13, 23-28] and some valuable results have
been achieved. Bevis and co-workers [29, 30] and Zhang et al. [31, 32] utilized
oscillating packing injection molding (OPIM) to investigate morphology of iPP
vibration sample. It is shown that the -PP and y-PP crystal can be induced, and the
orientation of iPP samples can be changed by vibration technique. However, neither
the structures and distribution of -PP of vibration sample nor the quantitative study
of the change in the degree of orientation has not been further investigated. In this
article, we utilized self-made vibration injection device to mold iPP samples and
investigated those unsolved problems by WAXD and PLM equipped with hot stage.

Experimental section
Apparatus

The schematic representation of the pressure vibration equipment is shown in
Fig. 1. The vibration or injection ram is driven by vibration and injection system.
The injection system provides the base pressure while the vibration system leads to
pulsant pressure. Conventional injection molding could be realized without the
movement of vibration system. In the vibration injection molding, periodically
changing pressure acts on the melt in the runner and mold cavity during injection
and packing stages; this brings about compression and decompression on the melt
and shear effect at the melt-solid interface as solidification progresses in the mold.
Three parameters, including melt temperature (7;,), vibration frequency (f), and
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Fig. 1 The schematic representation of vibration injection molding

vibration pressure (P,) were changed in our experiment. Vibration pressure
represents the maximum value of the pulsation pressure.

Materials

The iPP (model F401) used in the experiment was a commercial product from Yan
Shan Petroleum Chemical (People’s Republic of China), Mw = 7.8 x 10* g
mol ™!, MFI = 1.87 g min~".

Sample preparation

At first, iPP was melt and pumped into the melt chamber. After keeping in the set
temperature for 10 min, the melt was injected into the mold cavity with or without
melt vibration. The specimen obtained by vibration injection molding is called
vibration sample, and the specimen obtained by static injection molding is called
static sample. The processing parameters of every sample are listed in Table 1 and
the bump-bell like sample is shown in Fig. 2.

Table 1 Processing

parameters of samples Processing parameters Sample a Sample b Sample ¢
Injection pressure (MPa) 40 40 40
Packing pressure (MPa) 40 40 40
Melt temperature (°) 230 230 190
Mold temperature (°) 40 40 40
Vibration pressure (MPa) 0 75 35
Vibration frequency (Hz) 0 0.5 1.5
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Fig. 2 The shape and dimension of the bump-bell like sample
Characterization

The one-dimensional wide-angle X-ray diffraction (1D-WAXD) measurements
using a Siemens D500 diffractometer were conducted. The wavelength of the
monochrome X-ray from CuKa radiation was 0.154 nm and reflection mode was
used. The scanning 26 range was from 10° to 25° with a scanning rate of 5°/min.
The specimens were ground and polished at the depth of 1.5 mm below the surface
which was parallel to the TD-MD plane, as shown in Fig. 3. The scan direction was
the flow direction.

The two-dimensional WAXD (2D-WAXD) experiments were carried out at room
temperature upon the U7B beam line in the National Synchrotron Radiation
Laboratory (NSRL), University of Science and Technology of China, Hefei. The
wavelength used was 0.1548 nm and the sample-to-detector distance was 220 mm.
The 2D-WAXD patterns were recorded in every 180 s by a Mar CCD 165 X-ray
detector system. The samples were placed with the orientation (flow direction)
perpendicular to the beams, as shown in Fig. 3. All the 2D-WAXD patterns given in
this study have been extracted the background thus allowed a qualitative
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Fig. 3 Schematic drawing of sample preparation for each analysis
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comparison between different samples. The Fit-2D software package was used to
analyze the 2D-WAXD patterns.

Polarizing light observations were performed using a Leica DMIP PLM equipped
with a Linkam THMS 600 hot stage under crossed polarizer. 10 pum thick slice was
cut by microtome at the depth of 1.5 mm from the surface which was parallel to
MD-TD plane, as shown in Fig. 3, and then inserted between two microscope cover
glasses. Heating and cooling processes were also employed. Slice was heated from
25 to 180 °C at a heating rate of 5 °C/min, kept at 180 °C for 2 min, and then
cooled to 25 °C at a cooling rate of 10 °C/min. Pictures were taken at intervals.

Results and discussion
1D-WAXD analysis

The 1D-WAXD measurements could be employed to identify crystal form of iPP.
Typical diffraction peaks of the monoclinic a-crystal are at 20 of 14.1° (110),
16.8° (040), 18.6° (130), 21.2° (111), and 21.9° (131), and those of the f-crystal are
at 16° (300) and 21.2° (301). Furthermore, the diffraction peak of y-crystal is at
260 = 20.1° for crystal plane (117) [2].

Figure 4 is the ID-WAXD patterns of iPP injection samples prepared under the
various processing parameters. For the static sample a, only the peaks representative
of a-PP can be observed. But for the vibration sample b, which was obtained at
f=0.5Hz, P, =75 MPa, and T, = 230 °C, the peak of the (300) -PP reflection
is obvious at 26 of 16°. This indicates that large amount of S-PP exists in the
vibration sample b. Figure 4c shows the 1D-WAXD diagrams of the vibration
sample ¢ which was obtained at f = 1.5 Hz, P, = 35 MPa, and T,,, = 190 °C. The
B-PP can also be observed. However, when compared with Fig. 4c, the intensity of
p-PP of Fig. 4b decreases obviously. Furthermore, striking difference shows up in
the Fig. 4c, besides a-PP and f(-PP, y-PP can be observed at 20 of 20.1°. Another
difference in Fig. 4c is that the intensity of the peak at 20 of 16.8° (040) is
prominently stronger than that of any other diffraction patterns in Fig. 4. It can be
concluded that the b axis of «-PP has a pronounced orientation.

2D-WAXD analysis

Figure 5 shows 2D-WAXD patterns of static samples and vibration samples, which
can evaluate orientation within crystals planes, related to the orientation of iPP
chains. The flow direction is horizontal. For the static sample, the patterns of the
core layer and the transition layer (at the depth of 1.5 mm from the surface) are
presented full Debye rings or near-isotropic rings, as shown in Fig. 5c, e, while that
of the skin layer exhibit arcing, as shown in Fig. 5a. The rings on the patterns of the
core layer and the transition layer of static sample are identified from the inner to the
outer ring, (110) o, (040) o, (130) &, (111) o + (041) o, (—131) &, (060) e, and (220) o
Those full Debye rings or near-isotropic rings reveal the absence of a pronounced
orientation. Moreover, those patterns indicate -form crystal does not exist in those
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Fig. 4 1D-WAXD pattern 1200
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layers. The rings on the pattern of the skin layer of static are identified from the
inner to the outer ring, (110) «, (300) f5, (040) o, (130) o, (111) & + (041) o, (—131)
o, (060) o, and (220) «. Almost all the Debye rings exhibit arcing, which indicate
orientation in the skin layer of static sample.

For the vibration sample prepared under the processing parameters of
f=0.5Hz, P, =75 MPa, and T, = 230 °C, the diffraction pattern of the skin
layer is the same as that of the static sample, as shown in Fig. 5b. But the diffraction
patterns of the core layer and the transition layer are greatly different from those of
the static sample, as shown in Fig. 5d, f. It is noted that some Debye rings of those
layers exhibit arcing and indicate orientation. Moreover, in the diffraction pattern of
the transition layer, the existence of the ring of (300) f indicates f-form crystal
exists in the layer.

Using the Hermans orientation function, the orientation level of various planes
could be quantitatively evaluated according to

~ 3{cos? ) — 1
el m

1(¢) sin ¢ cos® pd¢p

O —

(cos? p) = (2)

O — ol

1(¢) sin $dg

where ¢ is the angel between the normal of a given (hkl) crystal plane and shear
flow direction, and [ is the intensity. Its limiting values of orientation parameter f,
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Fig. 5 2D-WAXD pattern of

a the skin layer of static sample,
b the skin layer of vibration
sample, ¢ the transition layer
of static sample, d the transition
layer of vibration sample, e the
core layer of static sample,

and f the core layer of vibration
sample. The vibration sample
was prepared under the
processing parameters of
f=0.5Hz, P, =75 MPa,

and T,, = 230 °C

B(300) (b)

(e) ()

taking ¢ = 0° as the shear flow direction, are —0.5 for a perfectly perpendicular
orientation and 1.0 for a perfectly parallel orientation. An un-oriented sample gives
f=0.

The (040) reflection in this study is chosen to quantitatively evaluate the
orientation level of static and vibration sample, and intensities of the reflection is
plotted against the azimuth angle from 0° to 360°, in which 0° represents the
equatorial (ND) direction, as shown in Fig. 6. The orientation parameters estimated
from azimuthal 2D-WAXD pattern of (040) reflection are listed in Table 2. For the
core layer and the transition layer of static sample, the orientation parameters tend
to zero (0.058), which clearly implies that random orientation is presented in those
layers. However, for the vibration samples, the orientation parameters of the core
layer and the transition layer are 0.222 and 0.457, which indicates some extents of
orientation in those layers. For the skin layers, either the static sample (0.946) or the
vibration sample (0.905) has high orientation parameters. It indicates pronounced
orientation which is due to the complex combination of high shear stresses imposed
on iPP melt and fast cooling rate near the mold surface.

For the static sample, the combination of lower shear stress and cooling rate
causes that random orientation is presented in the core layer and the transition layer.
But for the vibration sample, a periodical pressure is imposed on the iPP melt during
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Fig. 6 The azimuthal profiles of (040) reflection of a the core layer and transition layer of static sample,

b the core layer of vibration sample, ¢ the transition layer of vibration sample, d the skin layer of static
sample, and e the skin layer of vibration sample. The flow direction is vertical

Table 2 Orientation parameters estimated from azimuthal 2D-WAXD pattern of (040) reflection of
layers

Orientation parameters (f)

The skin layer The transition layer The core layer
Static sample 0.947 0.058 0.058
Vibration sample 0.905 0.457 0.222

the cooling solidification, so there is always a shear stress exists at the solid-melt
interface. With the progress of the solidification, the interface orients layer by layer.
Therefore, some extents of orientation can be achieved in the transition and core
layers. Because the cross-section of the gate decreases gradually, the shear strength
also decreases. So, the orientation of inner layer is lower than that of out layer.

PLM observation

As is well-known, the morphology of injection molding sample is composed of
regions called skin, transition, and core region. The skin region is often considered
to be thin and essentially characterized by a relatively high amorphous content due
to rapid cooling. The lower cooling rate in the core region can allow complete
relaxation of the molecule chains and growth of spherulites (monoclinic «-form for
iPP [26]) which is almost the same as those grown from the quiescent cases. The
transition zone, which is formed under relatively high melt temperature and shear
flow, is composed of oriented row structure crystallites (mixed o- and fS-form for

@ Springer



Polym. Bull. (2012) 68:239-251 247

skin transition
1l 1

UOIJOIIP MO[,]

—
0
S
——-

(c)

Fig. 7 Optical pictures of vibration injection specimen prepared under the processing parameters of
f=0.5Hz, P, =75 MPa, and T,,, = 230 °C: a original morphology taken at T = 25 °C, b heating to
T =147 °C,¢e¢ T = 164 °C, d cooling to T = 139 °C after holding at 180 °C for 2 min, and e cooling to
T=25°C

iPP [26]). In order to identify the crystal structure of vibration injection specimen,
PLM observation was performed.

Skin—core morphology of vibration injection specimen prepared under the
processing parameters of f = 0.5 Hz, P, = 75 MPa, and T;;, = 230 °C is shown in
Fig. 7a, taken at 25 °C. Slice was cut from the sample at the same depth of 1.5 mm
from the surface as that of 1D-WAXD measurement. In the transition region, row
structure composed of closely packed fiber crystals orients along the flow direction.
Tiny and bright crystallites are densely dispersed in the region near the core, which
were proven to be f-PP in the melting process. In the core region, some big and
bright crystallites which are also -PP could be observed. In Fig. 7b, at 147 °C near
the melting peak temperature of -PP, f§ crystallites in the transition and core region
melted while the a-crystals still existed. No change took place until the temperature
rose to 158 °C at which a-crystal begun to melt, and then o«-crystal became
completely invisible at 164 °C, as shown in Fig. 7c. Then, the specimen was
isothermally treated at 180 °C for 2 min. Decreasing the temperature down to
139 °C, some fiber crystals reappeared in the transition region before the bulk
crystallization as shown in Fig. 7d. This phenomena could be explained by the
structure memory effect [33]: fiber crystal is composed of highly oriented molecule
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Fig. 8 Optical pictures of core region of vibration injection specimen prepared under the processing
parameters of f = 0.5 Hz, P, = 75 MPa, and T, = 230 °C, taken at higher magnification. The arrow
indicates the flow direction

chains induced by shear stress; due to their high thermal stability, the oriented
chains could partly preserve their stretching state even after being heated above the
melting point of a-iPP, and induce self-nucleation through the formation of row
nucleus; these row nucleus begin to crystallize at a higher temperature than the
homogeneous or heterogeneous ones. Row nucleus induced an epitaxial growth of
crystallites leading to formations of cylindritic structure, as shown in Fig. 7e.
Epitaxial crystallization can only grow perpendicular to the row nucleus due to the
large aspect ratio until impingement with spherulites.

Padden and Keith [1] divided the spherulite of iPP into five types, two of which
are f-form. Under PLM, one type of f-form (B [34]) is of negative radial
birefringence feature and always looks brighter than the other crystallines. The other
type of f-form (fyy [34]) is characteristic of its unique negative rings in all types of
iPP spherulites. In addition, they crystallize at different temperature: Sy below
128 °C and fv between 128 and 132 °C. Figure 8 shows the core region of
vibration injection specimen prepared under the processing parameters of
f=15Hz, P, = 35 MPa, and T, = 230 °C. Two types of f crystallines can be
observed simultaneously. The bright f-form crystallites are fan-shaped and lie
perpendicularly to the flow direction. Meanwhile, the ringed f§ crystallites almost
remain its spherulite shape. The coexistence of the two types of f§ crystalline has not
been observed in the injection molding process as far as we know. Note that, lots of
fiber crystallites orient along flow direction, and fan-shaped f crystallites seem to
grow from the fiber crystallines, as marked in the Fig. 8. Varga [34] stated that row
nucleus can induce cylindrites of a-form at a high temperature above the upper limit
crystallization temperature of pf-form. At the temperature range of f-form
crystallization, however, punctiform f-nuclei may also be formed on a row nucleus
of o-form or on the growing cylindritic front through f-o0 growth transition. Only if

@ Springer



Polym. Bull. (2012) 68:239-251 249

shear load acts on the melt, can the f-o growth transition take place [35]. Then
dispersed f-nucleus on the growing cylindritic front grow only in one direction due
to the restricting of surrounding o-cylindrites. The existence of f-modification
crystallines indicates that vibration injection is able to impose additional shear
effect on the specimens even in the core region and influence the crystal structures
and morphology.

Conclusion

This study dealt with the effects of vibration field on the crystal structures and
orientation of iPP sample. In the process of vibration injection, the imposition of
pulsant pressure on the melt can bring about additional shear effect during the
injection and packing stages. The major conclusions are summarized as follow:

1. The p-form and y-form of iPP exist in vibration injection molding sample.
Moreover, the orientation of iPP chains within lamellae is observed in the
transition layer and the core layer of vibration sample.

2. Skin—core multilayer morphology is observed in the specimen prepared under
the processing parameters of f = 0.5 Hz, P, = 75 MPa, and T;,, = 230 °C. In
the heating process, fi-form crystal is proven to exist in transition and core
region.

3. Two types of f-form crystalline can be observed simultaneously in core region.
The bright f§ crystallites () are fan-shaped and lie perpendicularly to the flow
direction and the ringed f crystallites (fry) almost remain their spherulite
shape.

4. There is row structure crystalline composed of densely accumulated fiber
crystal in the core region. This implies vibration injection can bring about shear
effect even in the core. Besides [y crystallites seem to grow from the fiber
crystallines.

5. Fiber crystal in the transition region is of high thermal stability, and can
reappear in the cooling circle after being heated to 180 °C which is higher than
the melting point of o-PP.
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