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ABSTRACT: In this work, we investigated the effect of four different configurations at the exit of a single-screw extruder on the induc-

tion of beta phase in PP for four different rotational speeds. The configuration of a breaker plate with 120 orifices of 1-mm diameter

and 7-mm length each, give the highest content of beta-phase (56.92%), for a screw rotational speed of 20 rpm. It was due to the

shear caused separation of the melt when it passes through the orifices of the breaker plate. The breaker plate of configuration 4

(breaker plate with the greatest number of orifices) provided the largest number of contacts between the melt and the orifice walls

resulting in chain alignment. The results show that the beta-phase can be induced in the polymer without any further additives, espe-

cially without any nucleating agents, but rather by using a special breaker plate configuration at the exit of the single-screw extruder.

The skin-core structure of the polymer was only developed with one type of extruder configuration. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Polypropylene (PP) is the choice polymer for home appliances,

packaging and automotive industry due to its mechanical prop-

erties, simplicity of processing, the ability to incorporate varied

types of fillers, and relative low cost.1 It is well known that PP

exhibits several crystalline forms, namely the monoclinic alpha-

phase, the hexagonal beta-phase, and the orthorhombic

gamma-phase.2–4 Among all crystal structures, the alpha-phase,

obtained under ordinary industrial processing conditions, is the

most stable. The presence of beta-phase improves mechanical

properties of PP, such as increasing the impact strength and the

elongation at break.1,5,6 It has been shown that the beta-phase

of polypropylene could be formed under specific conditions, for

example, by shear forces in controlled flow fields,7–9 by temper-

ature gradients,10 in the presence of specific nucleating

agents,11,12 and by using micron and nanometer scale fillers.13,14

Many studies have been centered mainly on the formation of

the beta-phase in PP in injection molding.15–20 Little attention,

however, has been given to the study of the beta-phase forma-

tion in extrusion, which is the main operation for the transfor-

mation of polymers. Duffo et al.21 have observed the presence

of the beta-phase in samples obtained by cast film extrusion.

These authors studied the effect of the roll temperature on the

structure and morphology within the films. A high concentra-

tion of beta-phase in the outer sections was observed. Dragaun

et al.8 reported the induction of beta-phase in PP by shear, dur-

ing the processing of pipelines; however, these authors did not

quantify the required shear rate or the beta-phase content.

In a previous article,22 we reported the possibility of inducing

the beta-phase in PP with a small modification at the exit of

the single screw extruder. The higher level of beta-phase with

the use of a breaker plate was attributed to the shearing effect

and to the subsequent orientation of the polymer chains in the

orifices of the breaker plate. Therefore, the purpose of this arti-

cle is to continue this study and to, mainly, investigate the effect

of different configurations of the breaker plate, on the induction

VC 2013 Wiley Periodicals, Inc.
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of the beta-phase in PP. The cost of a breaker plate is very low

and the construction is very simple. In the case of obtention of

beta phase using specific additives, nucleating agents or fillers

leads to a more expensive process by continuous consumption

of chemical compounds.

EXPERIMENTAL

Materials and Sample Preparations

The polymer used in this study was a PP homopolymer resin

(XH1760), supplied by Indelpro (Mexico). Its melt flow index is

3 g/10 min (230�C/2.16 kg), calculated according to ASTM

D1238. The material was a commercially stabilized polymer

without any further additives, especially without nucleating

agents.

A 19-mm single-screw extruder (Beutelspacher, M�exico) was

used to conduct the experiments. The temperature profile

ranged from 190�C in the feed section to 210�C at the die. Four

different configurations at the exit of the extruder were used as

shown in Figure 1. The first configuration (conf. 1) consisted of

a one orifice die of 3-mm diameter and 23-mm length (Fig. 1).

The second configuration (conf. 2) consisted of a one orifice

die and a breaker plate with 1 orifice of 2 mm diameter and

12-mm length (Fig. 2). The third configuration (conf. 3)

Figure 1. Configurations at the exit of the extruder (1) one orifice die of 3 mm in diameter and 23 m in length, (2) one orifice die and a breaker plate

with 1 orifice of 2 mm in diameter and 12 mm in length, (3) one orifice die and a breaker plate with 19 orifices of 2 mm in diameter and 7 mm in

length, (4) one orifice die and a breaker plates with 120 orifices of 1 mm in diameter and 7 mm in length.

Figure 2. WAXD patterns of the samples obtained in the extruder with

configuration 1 and with natural cooling process, (a) 20 rpm, (b) 40 rpm,

(c) 60 rpm, (d) 80 rpm.

Figure 3. WAXD patterns of the samples obtained in the extruder with

configuration 2 and with natural cooling process, (a) 20 rpm, (b) 40 rpm,

(c) 60 rpm, (d) 80 rpm.
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consisted of a one orifice die and a breaker plate with 19 orifi-

ces of 2-mm diameter and 7-mm length each (Fig. 3). The

fourth configuration (conf. 4) consisted of a one orifice die and

a breaker plate with 120 orifices of 1-mm diameter and 7-mm

length each (Fig. 1).

The experiments were carried out at four different screw rota-

tional speeds: 20, 40, 60, and 80 rpm. For each rotational speed

the flow rate was measured at the exit of the extruder. For this,

the extruder stayed working continuously for a period of 5 min,

deemed sufficient to attain a steady temperature profile in the

barrel, and at the exit of the extruder. After this stabilization pe-

riod, samples ranging between 10 and 50 g in weight, depending

on the screw rotational speed, were collected, at the exit of the

extruder, in aluminum plates, during 2 min intervals. The

weight of three samples, for each rotational speed, was averaged

and the mass flow rate was converted to volumetric flow rate

(Q).

The collected samples, at the exit of the extruder, were cooled

down to room temperature with a cooling rate of 23�C/min

(natural cooling process), in the temperature range of

150–95�C, where primary crystallization occurs.

Wide Angle X-Ray Diffraction (WAXD)

WAXD patterns were taken on a Philips X-pert diffractometer

with the CuKa radiation at room temperature. Radial scans of

intensity versus diffraction angle (2h) were recorded ranging

from 5� to 35�. Thin films of 20–30 lm of the extrudate were

sectioned normal to the extrusion direction, with a microtome,

for analysis.

Optical Polarized Light Microscopy

To study the obtained structure and morphology of the PP

extrudates, an Olympus optical microscope with a cross polar-

izer was used. For these tests thin films, similar to those for

WAXD experiments, were inspected.

RESULTS AND DISCUSSION

The apparent shear rate (_c, in s21) at the wall of each orifice

was calculated using the following equation23:

_c5ð43QoÞ=ðp3R3Þ

where, Qo 5 Q for one orifice die and breaker plate with one

orifice; Qo 5 Q/19 for each orifice of the breaker plate with 19

orifices and Qo 5 Q/120 for each orifice of the breaker plate

with 120 orifices; Q is the extruder volumetric flow rate in cm3/

s, and R is the radius of the orifice.

The residence time in each orifice of the one orifice die as well

as in each orifice of the breaker plate was calculated as:

tres5V=Qo

where, V is the volume of the orifice in cm3.

For the calculations, it was assumed that there is no stagnation

in the flow from the end of screw to the exit of extruder. The

obtained shear rate and residence time values for the four con-

figurations are shown in Table I.

The WAXD patterns for the samples obtained in the extruder

with configurations 1, 2, 3, and 4, for the four different screw

rotational speeds, are shown in Figures 2–5, respectively. The

ordinary WAXD patterns of the PP show the diffraction peaks

at the 2h angles of 14.1�, 16.9�, and 18.5�, corresponding to the

crystal planes (110), (040), and (130), respectively. The beta

crystalline form is known to exhibit a strong peak at a 2h angle

of 16� corresponding to the crystal plane (300).24 The relative

content of beta-phase (K) can be calculated according to the

Turner-Jones equation24:

Figure 4. WAXD patterns of the samples obtained in the extruder with

configuration 3 and with natural cooling process, (a) 20 rpm, (b) 40 rpm,

(c) 60 rpm, (d) 80 rpm.

Table I. Flow Parameters for the Single Screw Extruder Configurations

Screw rotational
speed (rpm) Q (cm3/s)

Shear rate at the orifice wall for
the each orifice of the: Residence time in each orifice of the:

Conf. 1
(s21)

Breaker
plates of the
Conf. 2 (s21)

Breaker
plates of the
Conf. 3 (s21)

Breaker
plates of the
Conf. 4 (s21)

Conf. 1
(s)

Breaker
plates of the
Conf. 2 (s)

Breaker
plates of the
Conf. 3 (s)

Breaker
plates of the
Conf. 4 (s)

20 0.10 37.74 63.66 6.70 8.35 1.63 0. 38 3.8 6.70

40 0.20 75.47 140.06 13.40 16.70 0.81 0.19 1.9 3.35

60 0.30 113.21 280.11 20.10 25.05 0.54 0.13 1.26 2.23

80 0.40 150.94 420.17 26.81 33.40 0.41 0.09 0.95 1.67
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K5Hb=½Hb1ðHa11Ha21Ha3Þ�

where Hb is the height of the strong single beta-form peak

(300), and Ha1, Ha2, and Ha3 are the heights of the three strong

equatorial alpha-form peaks (110), (040), and (130), respec-

tively. The obtained K values for the extruded samples through

configurations 1, 2, 3, and 4 and for the four rotational speeds

are presented in Table II.

The results in Table II clearly show that, for samples obtained at

the end of the extruder, the one orifice die of 3-mm diameter

and 23-mm length plus a breaker plate with 120 orifices of 1

mm diameter and 7-mm length (configuration 4) yielded higher

PP beta-phase content than that with the die alone (configura-

tion 1). The increase in the beta-phase content was sharpest at

the rotational speed of 20 rpm, 40.12%, followed by smaller

increases: 19.11, 20.62, and 21.68% for the other rotational

speeds of 40, 60, and 80 rpm, respectively. These results demon-

strate that the use of a breaker plate increases the beta phase

contents of the extrudates, as was reported in a previous

work.22 However, the results show that with configuration 4 the

beta phase content was the highest, although in this configura-

tion 4 the shear rate values are not the highest. This means that

there is another effect that influences the formation of beta

phase in the samples passing through the breaker plate.

According to Newton,25 the shear rate is the velocity by which

the parts of the fluid are being separated. This process of fluid

separation produces an alignment of the macromolecules in a

form of fibrillar bundles along the flow direction during its

Figure 5. WAXD patterns of the samples obtained in the extruder with

configuration 4 and with natural cooling process (a) 20 rpm, (b) 40 rpm,

(c) 60 rpm, (d) 80 rpm.

Table II. Beta-Phase Content (K)

Screw rotational
speed

Conf. 1
(%)

Conf. 2
(%)

Conf. 3
(%)

Conf. 4
(%)

20 16.8 38.09 53.42 56.92

40 21.74 25.97 28.57 40.85

60 19.69 25.82 36.47 40.31

80 20.51 25.6 40 42.19

Figure 6. Micrographs obtained by polarized light optical microscopy of the samples obtained in the extruder with configuration 2 and with natural

cooling process: (a) 20 rpm, (b) 40 rpm, (c) 60 rpm, (d) 80 rpm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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passage through the breaker plate. The preoriented molecules

crystallize easily and act as row-nuclei which generate super-

molecular structure. This supermolecular structure is generally

rich in the beta-modification of iPP. Therefore, the higher

beta-phase content obtained in the samples extruded by con-

figuration 4, which has a breaker plate with a larger number

of orifices (120), is due to the process of separation of the

fluid and thus the alignment of macromolecules takes place in

a greater volume of sample. The breaker plate with the greatest

number of orifices provides the largest number of contacts

between the melt and the orifice walls resulting in chain align-

ment that favored the formation of beta spherulites in these

zones.8

Conversely, some authors26,27 reported that the supermolecu-

lar structure generated in the melt under shear has a peculiar

cylindrical symmetry. This supermolecular cylindrical struc-

ture in microtomed sections from the extrudate in the

machine direction shows a skin-core structure. This skin-core

structure reveals that the sheared region consists of alpha-

cylindrites oriented in the machine direction and the sur-

rounding region is generally rich in partially oriented beta

type spherulites.

Only in samples, obtained using a one orifice die of 3-mm di-

ameter and 23-mm length, as well as, a breaker plate with 1 ori-

fice of 2-mm diameter and 12-mm length (configuration 2 in

Fig. 1), and for the four rotational speeds, a skin-core structure

can be observed, as shown in the micrographs of Figure 6. In

the samples obtained by the other configurations (1, 3, and 4)

no skin-core structure was observed. This can be seen in Figure

7 which shows, as an example, the micrograph for a naturally

cooled sample, obtained by configuration 4 and a rotational

speed of 20 rpm.

In configuration 2, the mixture passes through two holes, one

of the breaker plate and the other of the die. This produces a

great alignment of the chains in the melt, compared with con-

figuration 1. As the diameter of the breaker plate orifice is

smaller than that of the die it gives rise to higher shear rate

(Table I), which leads to the formation of the skin-core struc-

ture, and hence the induction of beta-phase content. However,

even though in configurations 3 and 4 the melt is sheared and

aligned during its passage through the breaker plate, it is again

brought together just before the orifice of the die, which pro-

duces the loss of the skin-core structure.

CONCLUSIONS

The beta-phase induction in polypropylene in a single-screw ex-

truder was achieved without any special additive or nucleating

agents and by using a breaker plate at the exit of the extruder.

Four different breaker plates were studied. Configuration 4 with

a one orifice die and a breaker with the greatest number of ori-

fices (120), gives the highest beta-phase contents at all screw

rotational speeds used. This behavior was correlated to the pro-

cess of separation and alignment of the melt when it passes

through the orifices of the breaker plate. These results show the

possibility of inducing the beta-phase in PP employing a

breaker plate at the exit of the single screw extruder which

reduces the cost at the industrial level due to elimination of any

type of nucleating agent or mineral filler to enhance the content

of this phase.
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