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ABSTRACT: Self-reinforced polypropylene (PP) sheets have been prepared from melt
flow-induced crystallization through a conical slit die fed by a conventional extruder.
Their structure and properties, influenced by the die pressure ranging from 20 to 50
MPa and die outlet temperature, are studied by scanning electron microscopy observa-
tion, differential scanning calorimetry analyses, tensile strength, and light transmit-
tance measurements. At a die outlet temperature of 1627C and a pressure above 30
MPa, conspicuous increases in the melting peak, tensile strength, and light transmit-
tance (they can be used to characterize the self-reinforcement degree of sheet) are
observed. The self-reinforcement degree, however, increases only slightly with increas-
ing pressure as it exceeds 40 MPa. Raising the die outlet temperature from 162 to
1727C results in a further increase in the self-reinforcement degree (for example, a
highest tensile strength of 288 MPa) while keeping the pressure at 40 MPa, so bulk
PP materials with high properties can be produced from continuous melt extrusion
under pressures lower than 40 MPa. Furthermore, the melt temperature plays an
important role in determining the properties of self-reinforced polymeric materials. q
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INTRODUCTION an extremely narrow temperature region, and so
the melt temperature within the crystallization
area must be controlled with high precision.2 Per-Self-reinforcement of flexible-chain polymers,

such as polyethylene and polypropylene (PP), haps, just for that reason, most of the research
during extrusion can be achieved by the following work on the self-reinforcement of polyolefins by
two routes: solid-state deformation and melt de- the melt deformation has mainly concentrated on
formation.1 In the latter, the high property parts the discontinuous process carried out with a
are produced by inducing oriented crystallization capillary viscometer fitted with a convergent
in flowing polymer melt. The melt orientation is die,3–5 with which the enhanced properties were
induced from the extensional flow, and the in- achieved only for thin filaments. The bulk self-
duced extended-chain crystallization is retained reinforced polymeric materials can be produced
by exactly controlled cooling under a higher pres- continuously by melt flow-induced crystallization
sure. using conventional extrusion equipment, so this

The flow-induced crystallization takes place in method is of greater practical utility. Unfortu-
nately, only a few studies have been concerned
with it.1,6,7 McHugh et al. prepared self-reinforced
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Figure 1 Scanning electron micrographs of the self-reinforced sheets prepared at
various die pressures (MPa)/die outlet temperatures ( 7C), as follows: (a) 20/164; (b)
30/162; (c) 50/162. Orientations are as follows: (1) left is near the outer layer, and
right is near the inner core; (2) near the outer layer; (3) near the inner core. The
extrusion direction is vertical.
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calorimetry (DSC) analyses, and tensile strength
and light transmittance measurements.

EXPERIMENTAL

Process Description

The experimental apparatus consists of a 20-mm
conventional single-screw extruder with a length-
to-diameter ratio of 25/1 and a conical slit die
with a tapered entrance semiangle of 307 and
width and height at the lip of 20 1 1.5 mm. Three
separately heated zones were used for controlling
the temperature of the die. The die pressure was
measured by a pressure transducer at the die
inlet.

A commercially available PP-grade Moplen-RO
(Montedison S.P.A., Italy) was used in the pres-
ent experiments. Its melt flow index (2307C/2.16
kg) was about 8.1 g/10 min.

The normal sheets were prepared at a die outlet
temperature of 1807C with a die pressure of about
3 MPa. When preparing the self-reinforced sheets,
the die lip was cooled with air jets from a blower
in order to lower the die outlet temperature and,
hence, to increase the die pressure. Pressures of
20 and 25 MPa were obtained while setting the die
outlet temperature at 1647C. To achieve pressures
between 30 and 50 MPa, the temperature was
lowered to 1627C. After reaching steady-state ex-
trusion at a 1627C temperature and a 40 MPa
pressure, the temperature was gradually in-
creased to 1727C while keeping the pressure at 40

Figure 2 DSC curves of the sheets prepared at vari-
MPa, then the specimens were prepared to inves-ous die pressures (Pd) and die outlet temperatures
tigate the influence of the die outlet temperature(Tde) . For the self-reinforced sheets, the solid and
on their properties.dashed lines present the DSC curves of the outer layer

and inner core, respectively.

Test Procedures

The cleaved or torn surfaces of the self-reinforcedsile strength under an 80 MPa extrusion pressure
through flow-induced crystallization during ex- sheets parallel to their extrusion direction were

coated with a gold layer in an Eiko IB3 ion coatertrusion.6

In a previous article by the author,7 prelimi- and then observed in a Hitachi S-550 SEM micro-
scope.nary investigation on the self-reinforced PP

sheets prepared from melt flow-induced crystalli- The DSC measurements were conducted with
slices (about 50 mm thick) cut from the specimenszation during continuous extrusion was carried

out. The present article aims to study in detail on a DuPont DSC Model 1090 unit. For the self-
reinforced sheets, the slices were cut parallel tothe influences of the die pressure and die outlet

temperature on the structure and properties of their extrusion direction from the outer layer and
inner core, respectively. The heating rate wasthe self-reinforced PP sheets prepared from the

method above by the scanning electron micros- 107C per min.
The dumbbell samples were punched from thecopy (SEM) observation, differential scanning
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Figure 3 DSC melting peak temperature (Tp) of the sheets as a function of die
pressure at four die outlet temperatures (Tde) . For the self-reinforced sheets, the solid
and hollow symbols present the Tp of the outer layer and inner core, respectively.

sheets to measure the tensile strength along their thin outer layer but almost absent over a large
inner region [Fig. 1(a)] . The morphologyextrusion direction. A Monsanto tensiometer

(Model 10) was employed. The measurements throughout the thickness of the sheets prepared
at a die outlet temperature of 1627C and pressureswere carried out at 237C and a crosshead speed

of 50 mm/min. of 30 and 50 MPa, respectively, is fibrous [Fig.
1(b) and (c)] . In particular, the fibrillation is veryThe light transmittance of 1.5-mm thick sheets

was measured by a spectrophotometer (Model conspicuous for the latter [Fig. 1(c)] .
It seems evident from Figure 1 that the mi-721) manufactured by Shanghai No. 3 Analyses

Instrument Plant. The wavelength of light chosen crofibrils extend straight along the extrusion di-
rection and some amorphous regions are embed-was 580 nm.
ded between them in the self-reinforced speci-
mens.

RESULTS

Differential Scanning CalorimetryMorphology

The normal PP specimen has a typical spherulite Shown in Figure 2 are the DSC curves of the slices
cut from the sheets prepared at various die pres-structure consisting of randomly arranged lamel-

lae.7 Figure 1 shows the electron micrographs of sures and four die outlet temperatures. The corre-
spondent melting peak temperatures are given inthe self-reinforced PP sheets prepared under die

pressures of 20, 30, and 50 MPa, respectively. For Figure 3.
The DSC melting peak of the normal specimenthe self-reinforced sheet prepared at a die outlet

temperature of 1647C and a pressure of 20 MPa, shows a value of 161.67C. Compared with the nor-
mal sheet, the self-reinforced sheet prepared at afibrous crystalline morphology is formed at the

8e20 4869
/ 8E20$$4869 01-15-98 08:25:02 polpas W: Poly Physics



SELF-REINFORCEMENT OF POLYPROPYLENE 2115

Figure 4 Dependence of the tensile strength of the sheets on the die pressure for
different die outlet temperatures (Tde) .

1647C die outlet temperature and a 20 MPa pres- outlet temperatures. It is seen that the tensile
strength of the self-reinforced sheets has some in-sure has a small elevation of melting peak. When

the die outlet temperature is set at 1627C and crease under die pressures of 20 and 25 MPa and a
conspicuous increase under pressures higher thanpressure exceeds 30 MPa, the melting peak tem-

peratures of sheets (especially their outer layers) 30 MPa at die outlet temperatures used in the
experiments presented here. At a die outlet tem-exhibit greater increases. Under a 40 MPa pres-

sure, the melting peak of the sheet is 170.4 and perature of 1627C, a highest tensile strength of
211 MPa and an average strength of 178.3 MPa169.17C for its outer layer and inner core, respec-

tively. The sheet prepared under a pressure of 50 are obtained under a 40 MPa pressure. That high-
est tensile strength is increased by 4.9 times com-MPa has a close melting peak with that under 40

MPa. When the die pressure is maintained equal pared to the 35.5 MPa strength of the normal
sheet. The tensile strength increases only slightlyto 40 MPa, an even higher melting peak, which

is 175.17C for the outer layer and 172.27C for the with further increasing pressure. While fixing the
die pressure at 40 MPa, increasing the die outletinner core, is obtained after raising the die outlet

temperature from 162 to 1727C, that is, a 13.5 and temperature from 162 to 1727C results in a fur-
ther increase in the tensile strength, which is a10.67C elevation, respectively, compared to the

normal specimen. maximum of 288 MPa, being 8.1 times of that for
the normal sheet, and an average of 207 MPa.As can be clearly seen from Figure 2, the self-

reinforced sheets prepared at die pressures of 40 It is thus that the highest tensile strength of
the self-reinforced PP sheets prepared in thisand 50 MPa exhibit an obvious narrower peak

shape than the normal sheet. In addition, two dis- study is not only much higher than that of the
glass-reinforced PP or some engineering plastics,tinct melting peaks are observed in the sheet pre-

pared under a 50 MPa pressure. The melting peak but also higher than that of some liquid crystal-
line polymers.for that sheet shown in Figure 3 is its higher one.

Tensile Strength Light Transmittance

Figure 5 is the photograph of the normal and self-Figure 4 presents the tensile strength of the
sheets as a function of the die pressure at four die reinforced sheets with a thickness of 1.5 mm. Evi-
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light transmittance measurements (shown in
Figs. 2–4 and 6) reveal quantitatively the influ-
ence of the die pressure on the structure and prop-
erties of the self-reinforced sheets. There are pro-
nounced increases in the melting peak tempera-
ture, tensile strength, and light transmittance for
the sheets prepared at a die outlet temperature
of 1627C and beyond a pressure of 30 MPa. The
latter two parameters, however, increase only
slightly with increasing pressure with it in excess
of 40 MPa.

Two things account for the preceding occur-
rence. First, the crystallite melting point of the
polymer is raised with the aid of the increased
pressure. A 1627C die outlet temperature used in
this study is close to the equilibrium crystalline
melting point of PP. Higher die pressures increase
the viscosity of the PP melt in the convergent
channel (especially near its walls) of the die and,
hence, retards melt flow, which leads to the reduc-
tion of molecular mobility and deformation rate
of the melt. Concomitantly, the formation of ori-
ented extended-chains of molecules is hindered toFigure 5 Comparison of the transparency for the

sheets 1.5 mm thick prepared at various die pressures some extent. In fact, it has been found in this
(MPa): (a) 3; (b) 20; (c) 40. experimental process that the extrusion line

speed of the sheet was slightly lower at a 50 MPa
die pressure than at a lower one (for example,dently, the latter is more transparent than the 40 MPa) with the die outlet temperature kept atformer. 1627C. Secondly, the disruptive influence of theThe dependence of the average light transmit- shear flow could destroy some of the moleculartance of 1.5-mm thick sheets on the die pressure orientation obtained by the extensional flow at afor four die outlet temperatures is illustrated in higher pressure and lower melt temperature,Figure 6. It can be seen that the tendency in the which has been noted by Ghosh et al.8light transmittance with respect to the pressure From the foregoing, it is demonstrated that theis similar to that observed for the tensile strength. dependence of the melting peak temperature, ten-The average light transmittance for the normal sile strength, and light transmittance on the diesheet is measured to be 29.6%, whereas for the pressure is similar for the self-reinforced sheets.self-reinforced sheets, it increases from 52.8% (a In other words, the self-reinforced sheets with78.4% increase compared to the normal sheet) at higher clarity have a higher temperature resis-a 1627C die outlet temperature to 57.5% (a 94.3% tant crystalline structure and tensile strength atincrease) at 1727C while maintaining the die pres- the same time. This is because of the fact that thesure at 40 MPa. factor affecting those three parameters (they can
be used to characterize the self-reinforcement de-
gree of the sheet) is the same, which is the orien-DISCUSSION tational degree of molecular chains in polymers.
The ideal die pressure is about 40 MPa for the die

Influence of the Die Pressure on the Structure and outlet temperatures used in the present study.
Properties of Self-Reinforced Sheets Thus, the bulk PP materials with high properties

can be produced from flow-induced crystallizationFrom Figure 1, it is evident that the macroscopic
structure throughout the thickness of the self-re- during continuous melt extrusion at an extrusion

pressure of 40 MPa or lower, which is much lowerinforced PP sheets prepared under die pressures
above 30 MPa exhibits a fibrous morphology. The than that reported in the references.1,6 This can

be briefly explained in terms of the thermodynam-results of DSC analyses and tensile strength and
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Figure 6 Influence of the die pressure on the average light transmittance (LT) of
the sheets 1.5 mm thick at different die outlet temperatures (Tde) .

ics in conjunction with the flow field of a polymer a video capture system. It has been demonstrated
melt flowing through a wedge-shaped convergent that along the flow direction, 1

h
increases slowly

channel as follows. at first and abruptly within a narrow region as
The change in Gibbs free energy in a system approaching the exit of the convergent channel,

undergoing change in state is defined by reaching a maximum at the exit. At the exit, it is
several orders of magnitude greater than that at
the entrance, depending on the cross-sectionalDG Å DH 0 TDS (1)
area reduction ratio in the convergent channel.

where DG is the change in Gibbs free energy, DH From eq. (2), a higher 1
h
can cause the free energy

is the enthalpy change, T is the absolute tempera- change upon crystallization (that is, the thermo-
ture, and DS is the entropy change. dynamic driving force for crystallization) of flow-

Referring to the analyses made by Collier et ing polymer melt to increase. In addition, a
al.,9 DG can be expressed as follow higher 1

h
can cause the molecular chains of the

polymer to be extended and to develop parallel
DG } 1

h
(2) alignment more easily and, hence, reduce dramat-

ically the major resistance to crystallization. In-
creasing the driving force for crystallization andwhere 1

h
is the extensional strain rate of the poly-

mer melt along the flow direction. decreasing the resistance can lead the flowing
polymer melt to crystallize at a high rate. In theWith the method of the direct visual observa-

tion in conjunction with the theoretical analysis, die used for preparing the self-reinforced speci-
mens, the convergent channel is followed by thethe author revealed the distribution regularity of
straight channel with a constant cross-sectionalthe velocity and 1

h
of a polymer melt flowing

area. Obviously, the level of molecular orientationthrough a wedge-shaped convergent channel.10

is very low in the shear flow region of the straightThe experimental apparatus was composed of a
channel. So, the extended-chains would be mostconventional extruder, a specially designed coni-

cal slit die fitted with optical glass windows, and apt to crystallize within a narrow area just pre-
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ceding the entrance to the straight channel. The maintaining a temperature gradient between the
inlet and outlet of the die.foregoing analyses clearly indicate that achieving

the crystallization of molecular chains subjected
to the highest orientation within that narrow area

CONCLUSIONSby carefully controlling the die temperature may
favor to extrude the bulk polymeric materials

The self-reinforced PP sheets, 1.5 mm thick, werewith high performance from melt under a continu-
prepared by melt flow-induced crystallization us-ous condition with a lower pressure (for example,
ing a conventional extruder and a conical slit die.40 MPa or lower).
Their structure and properties influenced by the
die pressure and die outlet temperature are inves-
tigated in detail by the SEM observation, DSCInfluence of the Die Outlet Temperature on the
analyses, and tensile strength and light transmit-Structure and Properties of Self-Reinforced Sheets
tance measurements. The die pressure varies

Under steady-state extrusion conditions at a die from 20 to 50 MPa, whereas the die outlet temper-
outlet temperature of 1627C and a die pressure of atures used are 162, 164, and 1727C, respectively.
40 MPa, the former was gradually raised to 1727C It has been demonstrated that the bulk PP mate-
with the latter maintained at 40 MPa. The self- rials with high properties can be produced from
reinforced sheet prepared at 1727C temperature continuous melt extrusion under extrusion pres-
exhibits a higher value in the melting peak tem- sures lower than 40 MPa. Moreover, control of the
perature (Figs. 2 and 3), tensile strength (Fig. melt temperature is very important for generat-
4), and light transmittance (Fig. 6) and, hence, a ing the properties of self-reinforced polymeric ma-
more highly oriented extended-chain crystalline terials.
structure than at 1627C. This can be contributed
to two facts that occur as the die outlet tempera- Partial support from the Natural Science Foundation

of SCUT is gratefully acknowledged.ture appropriately increases. The one is that the
molecular mobility and deformation rate of the
polymer melt subjected to a higher pressure in
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