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Faculty of Technology and Chemical Engineering, University of Technology and Life Science (UTP),
ul. Seminaryjna 3, 85-326 Bydgoszcz, Poland

Received 18 November 2005; accepted 6 February 2006
DOI 10.1002/app.24359
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: This article discusses the transitory stage
between the minimum and the maximum of the torque,
which corresponds to an inflection point on the torque
curve (called point G). The unplastified compound of poly
(vinyl chloride) (PVC) (Polanwil S-61) was processed in
various temperatures between 150 and 2008C, by rotors
speeds in the range from 5 to 40 min�1. The progress of
gelation was estimated basing on DSC thermograms and
on the rheological measurements, which were realized by
means of specially constructed MFR apparatus. The mor-
phological changes of processed compound were cha-
racterized by scanning electron microscopy (SEM). It was

found that a general description of gelation progress
demand both, the microscopic observation as well DSC
and MFR measurements. More significant advancement of
gelation, as observed by SEM, was achieved by lower
shear rates. However, it may be stated that by reaching an
inflection point on the torque curve, the PVC compound
may not be treated as a polymer where the gelation pro-
cess was completed. � 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 103: 3688–3693, 2007
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INTRODUCTION

From numerous investigation techniques used for
the estimation of the poly(vinyl chloride) (PVC) gela-
tion,1–8 only plastographic measurements allow an
immediate observation of the dynamic of changes in
the processed material, and their estimation at each
step of gelation. Originating on the run of the torque
curves, registered by use of Brabender and/or Haake
kneader, it is possible to conclude about temporary
changes taking place in gelatinating composition of
PVC, what is often discussed in the literature.9–13

The effects related to the appearance as well of
minimum and maximum value of the torque, as of
the state of torque equilibrium, are usually taken
into account by the interpretation of torque curves.
The most important difference, however, refers to
the judgment of effects related to the minimum
value of the torque.14–16

In the first part of this article,16 we have made an
effort to estimate the real state of the processed PVC
at the minimum of torque, and we have analyzed
the influence of the temperature and variable me-
chanical charges on the first part of the torque

curves.16 In this article, a huge literature study of the
PVC gelation was presented as well. We have sug-
gested that the value of the minimum torque of pro-
cessed compound of PVC may be related to the mo-
mentary equilibrium state between sliding of break-
ing grains, and increasing degree of PVC gelation.

In results published by now12–15,17 of plastographic
investigation of PVC, which relate the gelation effect
to the run of torque curve, the transitory stage
between the minimum and the maximum of torque,
visible as an inflection point on the torque curve
(called point G), has not been taken into account yet.
The increase of the value of torque in this stage may
lead to a suggestion that also a significant transforma-
tion of the PVC morphology may occur in the pro-
cessed gelatinating polymeric material.

The aim of this work, as a continuation of our ear-
lier investigation,16 was to describe the real state of
an unplastified composition of PVC at the inflection
point G, on the torque curve. The influence of
temperature and of variable mechanical charges,
during PVC processing in the chamber of Brabender
kneader, was particularly analyzed.

EXPERIMENTAL

Material

A compound of PVC S-61 Polanwil (Mn ¼ 47,500,
Mw/Mn ¼ 2.25) produced by Anwil Wloclawek
(Poland) (100 parts) with tinorganic stabilizer MOK
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Mark 17M, produced by Acros (4 parts), and paraf-
fin wax Loxiol G22, produced by Henkel, (1 part)
was used in our experiments. The compound was
homogenized using a two-stage hot–cold mixer Kon-
tinomix 40/80, produced by Mixaco, operating at
mixing speed of 1500 min�1.

Processing

The processing was performed in the conditions simi-
lar as described before,16 e.g., the dry blend compound
with a weight of 54 g was processed in the Brabender
mixing chamber (Plasti–Corder Pl 2200-3) to the equi-
librium state of torque, at temperatures 150, 160, 170,
175, 180, 185, and 2008C, respectively. The rotation
speed of the blades was 5, 10, 20, 30, and 40 min�1,
and the applied friction was 1 : 1.5. These preliminary
measurements were performed just to determine the
position of the inflection point, called point G.

Subsequently, in second run of kneading, realized
only to the point G, the material for research was pre-
pared. The samples for the microscopic observation,
the DSC and rheological measurements were conse-
quently taken exactly at the time point of attainment
the value of the torque in inflection point.

Measurements

The thermal analysis was performed by means of
Perkin–Elmer DSC 7 with a heating rate of 108C/
min, from 60 to 2508C in nitrogen used as an inert
atmosphere. The gelation degree was estimated, ac-
cording to the formula proposed by Potente,8 based
on the melting enthalpy of the primary and secon-
dary crystallites.

It should be stressed that every sample was taken
from similar place in the kneader chamber, e.g., at
the position where the thickness of the material layer
was lowest. This procedure is a consequence of a
statement that a large variation in fusion level was
observed for pieces of the lumps taken out from var-
ious positions the Brabender chamber.16 Hence, the
samples for the microscopic observation, prepared
by cryogenic fracture, were taken out as well from
the same position.

The investigations by scanning electron micros-
copy (SEM), using the LEO 14-39 VP apparatus,
(Figs. 1 and 3) were performed just on surfaces of
fracture of well-fused PVC samples.

The rheological measurements were realized by
means of specially constructed MFR apparatus,18

giving the possibility to apply very high pressure.
The experimental conditions of the MFR investiga-
tions are listed in Table I.

RESULTS

A significant nonhomogeneity of structure of the
PVC composition, processed to attain the point G on

the plastograms, may be seen on the SEM observa-
tion (Fig. 1). Similarly, as in the case of the composi-
tion processed to the minimum of the torque,16 the

Figure 1 SEM photomicrograph of PVC-S61 after process-
ing to inflection point of torque curve in the Brabender
measuring mixer: (a) 1508C, 17.38 s�1, (b) 1708C, 2.18 s�1, (c)
1708C, 17.38 s�1. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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structure of the composition, corresponding to the G
point, is nonhomogeneous, especially for the PVC
samples processed at the chamber temperature of
1708C, by the shear rate 17.38 s�1, [Fig. 1(c)]. The
occurrence of primary small particles and of their
agglomerates on the fracture may be observed in
this case.

However, the primary small particles are con-
nected one to another, forming the bridge-like con-
nections of a considerable size, with dimensions in
the range from 3 to 5 mm. The bridges between small
primary particles are visible also on the fracture of
the sample processed at the temperature of 1508C
[Fig. 1(a)]. The size of the bridges is in this case con-
siderably smaller; however, the disintegration of
grains occurs significantly more homogeneous than
for the sample processed in a higher temperature. A
similar effect of bridges formation in the first stage
of the transformation may be observed for the com-
position of unplastified PVC, processed using the
method of rolling.19

On the contrary, the PVC samples prepared in the
chamber temperature of 1708C, by shear rate of
2.18 s�1 show unpredictably a homogeneous struc-
ture [Fig. 1(b)]. The fracture surface of these samples
presents lamellar structure, characteristic for gelati-
nated PVC,10,20 which may be an evidence of a high
degree of gelation of the PVC composition. How-
ever, this conclusion was not confirmed by the mea-
surement of the MFR, showing the biggest value
particularly for this sample (Fig. 2, the curve 2). The
above described observation may indicate the
appearance of gelation instability, produced at this
stage of PVC compound processing, the effect which
occurs during measurements of MFR. The degree of
gelation of the composition kneaded in the presented
conditions of temperature and shear rate, as eval-
uated from the DSC thermograms, is not very high
and reaches value of about 27% (Fig. 2, the curve 1).

To explain the influence of shear rate on the trans-
formation of morphology of the PVC composition,
obtained from the kneader chamber at the point G,
the SEM observations of the fractures of samples
kneaded at the temperature of 1708C, in the wider
range of the shear rates, were realized and are pre-
sented in Figure 3.

For the samples processed in the chamber at the
temperature of 1708C, with the increase of the shear

rate, significantly bigger inhomogeneity of the struc-
ture of the composition, discharged from the mixing
chamber at the time corresponding to the inflection
point G, were noted by SEM observation. On the
contrary, the fracture of the samples processed at
lower shear rates, i.e., between 2.18 and 8.69 s�1

[Figs. 3(a)–3(c)] indicate the occurrence of the lamel-
lar structure. However, high values of MFR and low
degree of gelation evaluated from DSC thermograms
(27%) (Fig. 2) may be a proof of a low stability,
related probably to the insufficiently formed struc-
ture of a physical network.

The SEM observation of samples processed by
higher shear rates i.e., by 13.03 s�1 and 17.38 s�1 are
different from the ones discussed above. The struc-
ture is very heterogeneous, especially the one of the
sample processed by the shear rate of 13.03 s�1 [Fig.
3(d)]. Apart from some remaining grain elements,
the structure in the fibrous form may be observed
on the surface of its fracture. This may be compre-
hended as an evidence of a progressive connection
of primary particles. The formation of such struc-
tures may indicate a considerable influence of shear
rate on the gelation of PVC.

The occurrence of grain elements on the surface of
fractures of samples, processed by the highest shear
rate, is related to a significant shortening of the time
necessary to reach the point G. In Figures 4 and 5,
the time to reach the point G as a function of the
shear rate and of temperature of the chamber are
presented.

The correlation between the time of reaching the
point G (tG), the temperature and the shear rate is
practically identical as in the case of time of reach-
ing the minimum of the torque, as it was shown
before.16 The longest time of reaching MG was
observed for the composition kneaded at the temper-
ature of 1608C, and by shear rate 4.34 s�1 (28 min).

TABLE I
The Measurement Conditions of the MFR Investigations

Temperature of barrel (8C) 170
Piston load (N) 800
Diameter of piston (mm) 9.5
Length of capillary die (mm) 6
Diameter of capillary die (mm) 2
Time of material heating (min) 10

Figure 2 The degree of gelation (1) and MFR (2) of PVC
S-61 after processing to inflection point of torque curve, at
temperature 1708C as a function of the shear rate.
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Figure 3 SEM photomicrograph of PVC-S61 after processing to inflection point of torque curve in the Brabender mea-
suring mixer by the temperature 1708C: (a) 2.18 s�1, (b) 4.34 s�1, (c) 8.69 s�1, (d) 13.03 s�1, (e) 17.38 s�1.

Figure 4 The time of reaching the inflection point of tor-
que curve as a function of the processing temperature at
various shear rates.

Figure 5 The time of reaching the inflection point of tor-
que curve as a function of the shear rate at various pro-
cessing temperatures.
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This time (tG) decreases with the rise of the tempera-
ture of the chamber; the decrease is more evident for
the temperature of the chamber of 160 and 1758C. In
the range of the temperature between 1808C and
2008C, the time necessary to attain MG is the shortest
(from 0.5 to 5 min).

The most significant tG time shortening, with an
increase of shear rate, was observed for the tempera-
ture of the chamber of 1608C and 1708C. Above
1808C, the time necessary to attain MG is only 2 min
and practically does not depend on shear rate (Fig. 5).

The conclusions of SEM observations were con-
firmed by the analysis of changes of value of torque
(MG) in the inflection point, as a function of the tem-
perature and of the shear rate (Figs. 6 and 7). For all
processing conditions used in this work, the torque MG

reaches the values between 18 and 30 N m, and in-
creases relatively slow with the rise of shear rate
(Fig. 6). The lowest value of the torque in the point G
was observed for the composition processed at the low-
est shear rate of 2.18 s�1. By this shearing rate, the value
MG is practically identical (from 18 to 20 N m) for the
temperatures of the chamber between 160 and 2008C.

The highest differences between the values of MG

for the composition processed at various tempera-
tures were obtained at the shear rate of 8. 69 and
13.03 s�1. The kneading process of the PVC composi-
tion at the temperature of the chamber between 185
and 2008C causes a more sudden growth of MG as a
function of the shear rate.

It was found that the values of torque at the point
G, for the PVC compound processed at the tempera-
ture of 1858C and at the shear rate of 13.03 s�1, as
well as at 2008C and 8.69 s�1, are practically the
same and reach the highest value (Fig. 7). Thus, if
the temperature growth is about 158C, similar value
of torque at the point G, for the composition proc-
essed at the lower shear rate, are observed.

Therefore, taking into consideration the results dis-
cussed above, it may be concluded that the increase
of the temperature of the chamber and the growth of
the range of shear rate, as used in this work, cause
only a small rise of the value of the torque at the
point G and, simultaneously, a considerable shorten-
ing of the time of reaching this point on the torque
curve.

CONCLUSIONS

Essential transformation of the morphology of PVC
grains occurs during the kneader processing of an
unplastified composition of PVC S61, in the time
when the inflection point G of the torque curve is
reached. The dynamics of this transformation de-
pends especially on the shear rate: the higher the
shear rate the shorter is the residence time of the
composition in the Brabender mixing chamber.
Rapid transformation of the morphology of grains,
observed by this type of PVC processing, are not
accompanied by the changes in the PVC crystal
structure. This effect was confirmed by the degree of
gelation, which practically remained independent
from the shear rate.

Thus, it may be concluded that the explanation of
the effect of the PVC transformation in the particular
inflection point G requires both, the microscopic ob-
servation of the fractured surface and gelation
degree determination, as it was done in our studies.
The SEM observation has indicated the occurrence of
partly gelation in a form of braked grains. On the
contrary, as well the results of DSC as MFR meas-
urements proved that the gelation induced changes
of heat of fusion, and of viscosity occurred only to a
very low extend at this stage of PVC processing.
Therefore, the inflection point may not be treated as
a stage where the gelation of PVC was completed.

Figure 6 The torque of inflection point as a function of
the shear rate at various processing temperatures.

Figure 7 The torque of inflection point as a function of
the processing temperature at various shear rates.

3692 TOMASZEWSKA, STERZYŃSKI, AND PISZCZEK
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