Improving the Mechanical and Thermal Properties of Shish-kebab via
Partial Melting and Re-crystallization
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ABSTRACT: A fully oriented isotactic polypropylene (iPP) sample containing a large amount of shish-kebab
was molded by multiflow vibrate-injection molding. When annealing was performed at a temperature close to
the melting temperature of the shish-kebab, thin-kebab can be melted and release chains to the amorphous
phase. The released oriented chains can reduce the concentration of the molecule entanglements and facilitate
the molecular chains to rearrange on the thick-lamella.In situ small-angle X-ray scattering and wide-angle X-
ray diffraction were performed to elucidate the melt-recrystallization process. Results showed that annealing
at 165 °C can melt thin kebab but thicken the thick kebab, and the kebab grew in only one dimension. We fo-
cused on the complex melting—recrystallization processes and provided a theoretical basis for the high-
efficient, time-saving annealing method. (This work has already been published in European Polymer Journal

101 (2018): 1-11.)

1 INSTRUCTIONS

In most polymer processing methods, the physi-
cal properties and crystallization of polymer melts
undergoing a complex flow field are considerably
affected. Thermal annealing is one of the common
post treatments for improving semicrystalline poly-
mer properties. Annealing between the glass transi-
tion temperature (Tg) and melting temperature (Tm)
can effectively improve the microstructures and me-
chanical properties of polymers [Rastogi et al. 1997,
Yao et al. 2008]. Under annealing, an oriented struc-
ture differs significantly from an isotropic sample
regarding crystallinity; because aligned materials
readily crystallizes as the chains are already elongat-
ed. For an oriented structure (e.g., shish-kebabs), the
oriented shish can provide nucleating sites for the
lateral growth of new kebabs. As far as we know,
the partial melting and recrystallization process of
shish-kebab have not been revealed before.

Using a temperature near the melting temperature
can greatly reduce the annealing time. However, the
process of melting and recrystallization in this tem-
perature is complex, and high temperatures can
sometimes lead to a dramatic decrease in the overall
crystalline fraction. Given that melting temperatures
differ from the variation in crystalline modifications,
polymorphism is the primary reason for the complex
melting and recrystallization behavior of crystalline
polymers. Additionally, even the same phase can
exhibit a complex melting temperature. Finally, the
melting of metastable crystals often facilitates a

phase transformation that produces stable crystals.
This behavior indicates that the melting and recrys-
tallization behaviors are complex owing to morphol-
ogy reorganization, which extends the long period
and increases the thicknesses of lamellae. Two ma-
jor mechanisms can explain lamellar thickening: one
is the sliding diffusion mechanism in which the pol-
ymer chains in the lamellar crystal slide through the
crystal lattice along the chain axis, [Bai et al. 2012]
and the other is the melting—recrystallization mecha-
nism [Mandelkern et al. 2006]. Some researchers
found that the crystallinity of polyethylene initially
decreases and then increases during the annealing
process during recrystallization; they also suggested
that the annealing process is the partial melting of
the crystalline, followed by their recrystallization.

In a previous article, we used the multiflow
vibrate-injection molding (MFVIM) to form a fully
oriented isotactic polypropylene (iPP) injection-
molded sample, which has a shish-kebab content
ratio higher than 95% [Mi et al. 2016]. This fully
oriented sample enabled us to study the effect of the
melting—recrystallization mechanism on shish-
kebab. In this study, we used a high temperature
(close to Tm) for the first time when we annealed a
highly oriented injection-molded part. The impact
strength and the melting temperature dramatically
increased by approximately 158% and 10 °C, re-
spectively. In situ melting can improve our under-
standing of complex annealing processes. Thin-
kebab is melted and release chains to the amorphous



phase. Then these chains rearrange on the thick la-
mella and the lamella grew in the flow direction. In
the present study, we aim to demonstrate the com-
plex melting—recrystallization process.

2 EXPERIMENTAL SECTION

iPP (trade name T30S) was purchased from Dushan-
zi Petroleum Chemical Co., China. The fully orient-
ed sample was prepared. In situ X-ray characteriza-
tion was used. SAXS and WAXD were performed
during the same session, although not simultaneous-
ly, at the BL16B1 beam line in the Shanghai Syn-
chrotron Radiation Facility (SSRF), Shanghai, Chi-
na. The orientation of lamellar crystals in the
injection-molded parts was calculated.

3 RESULTS AND DISCUSSION

Fully oriented iPP samples were tested via in situ
SAXS and WAXD to elucidate the melting—
recrystallization process. The temperature protocol
used during the experiments is shown in Figure 1
(@). The shish-kebab was heated to 165 °C with a
heating rate of 10 °C/min and held at this tempera-
ture for 40 min. The sample was then heated to 200
°C at the same heating rate. Figures 1 (b), (c), (d),
and (e) focuses on the initial stages of annealing
(green area in Figure 1 [a]). Figure 1 (b) shows that
when temperature increased from 100 °C to 165 °C,
the intensity profiles of the fan-shaped integrated 2D
SAXS patterns in the meridional direction shifted
from right to left, and the scattering intensity contin-
ues to rise at increasing annealing time. Figure 1 (c)
shows that the integrated 2D SAXS patterns are in
an equatorial direction. The scattering intensity also
increased along with temperature increase. This scat-
tering intensity was elicited by the shish or microfi-
brils and a *-axis-oriented “daughter” lamellae as
mentioned before. Therefore, the growth or im-
provement of the shish structure cannot be
contributed to increased intensity. Figure 1 (d) pre-
sents the azimuthal scan of the (040) lattice plane.
At increasing temperature, the height of the peak de-
clined and then increased. Figure 9 (e) shows the
one-dimensional (1D)-WAXD curves and absence
of significant changes.
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Figure 1. (a) Temperature and time protocol for the in suit
WAXS/SAXS experiments, the intensity profiles of fan-shaped
integrated 2D SAXS patterns in (b) meridional and (c)
equatorial directions, (d) Azimuthal scan of (040) lattice plane,
(e) plots of integrated WAXD intensity as a function of 20. [Mi
etal. 2018]

The degree of orientation, long period, crystallini-
ty (Xc), and lamella thickness were calculated from
Figure 9 and shown in Figure 1. The molecular ori-
entation was enhanced by annealing, as shown in
Figure 2. This phenomenon was also observed in the
melt-spun iPP monofilaments that recrystallized dur-
ing annealing. The local reorientation of the amor-
phous strands between adjacent lamellae enhanced
the degree of orientation [Li et al. 2012]. In our case,
not only crystallization contributed to the orientation
but also melting. When the thin lamella melted, the
average thickness increased, because the degree of
orientation of a thin lamella was lower than that of a
thick lamella in most cases. When the temperature
reached 165 °C, the degree of orientation declined,
which also indicated that some oriented lamellae
melted. In Figure 2 (b), the period continued to in-
crease when the temperature increased from 132 °C
to 165 °C. By contrast, after 500 s, L remained sta-
ble at 19.5 nm. The increased L value was attributed
to the falling crystallinity, as shown in Figure 2 (c).
The lamellar thickness had an upward trend, which
was contributed by decreasing thin lamella and in-
creasing thick lamella (Figure 2 [d]).
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Figure 2. Various results as a function of annealing duration (s)
(@) Orientation degree, (b) Long period, (c) crystallinity, (d)
lamellar thickness. [Mi et al. 2018]

To clarify the relative speed of melting and re-
crystallization, as well as the melting and growth ki-
netics. The evolution of space filling overtime for
the experiments is calculated using Equation (1).
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Figure 3. The value of (t) is represented by an inverted tri-
angle, and these values are fitted by blue lines (Log 10 scale af-
ter break). [Mi et al. 2018]
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where x(t) is the crystallinity index, and x0 and
xoo are the initial and final crystallinity, respectively.
Then, the value of @(t)is represented by an inverted
triangle as shown in Figure 3. The line, which fitted
real dates well, indicating that crystal volume of in-
creased or decreased in a straight line. It is notewor-
thy that when the temperature is stabilized at 165C
(after 500s), @(t) will rise rapidly in the following
500s (500s-1000s). After that, ¢(t) will rise slowly
from 1000s to 3000s. For the crystallization process,
the straight line means that the kebab only grows in
one direction exhibiting as one-dimensional growth.

4 CONCLUSIONS

Using in situ WAXD/SAXS, we investigated the
melting—recrystallization process and found that the
shish-kebab structure can be refined at a temperature
as high as 165 °C. For a two mm-thick sample, the
melting—recrystallization process mainly occurred in
the first 500 s. The unstable lamella can be removed,
and the thickness of the thick lamella can be
increased. During annealing, the total crystallinity
initially decreased and then increased, and lamella
grew in only one direction.
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