
Applications of Rheological Torque–Time Curves
to the Study of Thermooxidative Degradation
of Polypropylene Powder

Xiao Wang, Xiaoyun Chen, Wencan Yu, Yaodong Ji, Xiaobo Hu, Jiarui Xu

Key Laboratory for Polymeric Composite and Functional Materials of the Ministry of Education,
Materials Science Institute, School of Chemistry and Chemical Engineering, Sun Yat-Sen University,
Guangzhou 510275, People’s Republic of China

Received 24 August 2006; accepted 24 August 2006
DOI 10.1002/app.26015
Published online 23 April 2007 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The torque–time curves of polypropylene
(PP) powder treated under various thermooxidative degra-
dation conditions were obtained through processing in the
mixing chamber of a rheometer. Meanwhile, the Fourier
transform infrared (FTIR) spectra of the corresponding
samples were determined, and the quantitative analysis of
the carbonyl indices of the FTIR spectra of the samples of
the PP powder was carried out to provide evidence for
the rheological characterization. PP granules, to which an
antideteriorant was added before they were commercially
supplied so good antidegradation could be achieved, was
investigated for the sake of contrast. The analysis of the
experimental results showed that the height of the torque–
time curve of the PP powder and the corresponding value
of the equilibrium torque could be used to characterize or
evaluate the variations of the thermooxidative degradation
of the PP powder. Under the same processing conditions,
the heights of the torque–time curves of the PP powder
and the corresponding values of the equilibrium torque
decreased with the enhancement of the thermooxidative
degradation treatment before mixing; on the contrary, the
heights and areas of the characteristic bands of the car-
bonyl groups in the FTIR spectra of the PP powder and
the corresponding values of the carbonyl index increased.
The quantitative analysis of the FTIR spectra provided
evidence for the conclusion that the heights of the torque–
time curves of the PP powder and the corresponding
values of the equilibrium torque could be used to charac-

terize or evaluate the thermooxidative degradation of the
PP powder. If the treatment under thermooxidative degra-
dation conditions weakened or the degradation of the PP
powder just began (i.e., in the viscosity range for process-
ability), the evaluation method using the heights of the
torque–time curves of the PP powder or the corresponding
values of the equilibrium torque could provide more sen-
sitivity than the method using the values of the carbonyl
index. Consequently, the method using the heights of the
torque–time curves to evaluate the thermooxidative degra-
dation of the PP powder had its advantages. The applica-
tion of the torque–time curves could be used to evaluate
not only the variation of the thermooxidative degradation
of the PP powder treated under aging conditions before
mixing but also the variation of the degradation, including
the mechanochemical degradation, of the PP powder dur-
ing the period of mixing. The dependence of the variation
of the degradation of the polymer on the processing time
during mixing could be evaluated by the study of the
variation of the torque–time curves. It can be concluded
that the application of torque–time curves to the evalua-
tion of degradation of PP powder has the advantages of
being convenient, real-time, in situ, online, and produc-
tion-oriented. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
105: 1316–1330, 2007
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INTRODUCTION

It is well known that polypropylene (PP) resin just
produced directly out from polymerization reactors is
in the form of a powder without any additives,
including any antideteriorants. However, PP powder
is rather easy to degrade because there are many terti-
ary C��H bonds in the main chain of the polymer.1–6

Therefore, PP powder may age in several months in
an ordinary environment and experience significant
reductions in its mechanical properties.7 This means
that it is rather difficult to store PP powder for a long
period. For this reason, the commercial grades of PP
resins are usually supplied as granules, which are
manufactured with extrusion processing to add some
antideteriorants as soon as the PP resins come out
from the polymerization reactors.

The use of PP powder has some advantages in the
research and industrial exploration of PP composites.
For instances, using PP powder can lead to better dis-
persion of fibers or powdered fillers in the resin base
than using PP granules in the extrusion technique for
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the preparation of short-glass-fiber- or powdered-fil-
ler-reinforced PP composites to obtain better mechan-
ical properties.

Because the supply of PP powder is limited, ordi-
nary plastic molding techniques, such as the extru-
sion technique and the injection-molding technique,
use PP granules as raw materials in most cases, but
some other plastic molding techniques need PP pow-
der to manufacture PP composites. Long-glass-fiber-
reinforced PP composites are ordinarily prepared by
a press-molding technique. It is very difficult to use
PP granules with this technique to achieve the neces-
sary dispersion in the composite system. PP powder
is also needed for manufacturing rotational-molding
PP products.8,9

This discussion shows that the study of the behav-
ior of the degradation of PP powder in natural envi-
ronments and in processing has great practical impor-
tance because this is the foundation of the research of
methods for the antidegradation of PP powder. The
study of the characteristics of the degree of degrada-
tion of PP powder is one of the important aspects of
the study of the behavior of degradation of PP pow-
der. To find a simple, easy, and processing-suitable
method for the evaluation of the degree of degrada-
tion of PP powder is the essential requirement of this
study.

The study of the degradation of PP is still a prob-
lem to be discussed, despite a lot of research.1–8,10–17

In this study, some new contributions are described.
At the beginning, PP powder was used as the main
kind of polymer studied, whereas PP granules were
used as reference samples for the research. In previ-
ous studies of PP as a raw material, PP granules were
often used, and some antideteriorants were added
during the granulation process by extrusion before
they were supplied as commercial products. Studies
of the aging properties of the mechanical behavior of
test samples prepared with injection-molding or other
plastic-molding techniques have been reported in
many publications. Comparatively, one of the charac-
teristics of our work is the use of PP powder, to which
no addition of antideteriorants or other additives was
made. This is advantageous for avoiding the influence
of antideteriorants for the investigation of the ther-
mooxidative degradation of virgin PP.

Furthermore, rheological torque–time curves,
which were obtained with a Haake Rheocord Polylab
(Gebr. HAAKE GmbH, Karlsruhe, Germany) 300p
(RC300p) rheometer, were used for the study of the
behavior of the thermooxidative degradation of PP
powder for characterization and evaluation. Mean-
while, the quantitative analysis of the carbonyl index
of the Fourier transform infrared (FTIR) spectra of PP
powder under different thermooxidative degradation
conditions gave further evidence for the rheological
characterization. One of the purposes of the torque–

time curves of the Hakke rheometer is to characterize
the variations of the torque of the materials mixed in
the chamber with respect to the processing time.18,19

If the mixing conditions, including the processing
temperature, rotor speed, and loading amount, are
kept stable, the torque is proportional to the apparent
viscosity of the melting polymer.20,21 For this reason,
the torque–time curve of the polymer is characteristic
of its apparent-viscosity/time curve during the mix-
ing period. According to the well-known rheology
theory for a molten polymer, although the flow of the
melting materials in the chamber is non-Newtonian,
stable processing conditions may keep the shear rate
of the flow constant so there exists a good increas-
ingly progressive dependence of the apparent viscos-
ity on the zero shear viscosity of the polymer. Under
these conditions, the apparent viscosity can be used
for the characterization or evaluation of the inherent
viscosity of the polymer. In other words, the equilib-
rium torque can be used to evaluate the molecular
weight of the polymer or to study the variation of the
degradation, grafting, or crosslinking of the polymer.
Although there have been some reports about this
application, a quantitative analysis has not been per-
formed.20–26 In our work, this principle was used to
study the variation of the degradation of PP powder,
along with a discussion of the quantitative analysis of
the carbonyl index of the FTIR spectra.

Finally, the rheological evaluation method of this
study, which was used for the characterization of the
thermooxidative degradation of PP powder, has the
advantages of being simple and easy to operate, con-
venient, real-time, in situ, online, and production-ori-
ented and is especially suitable for testing a large
number of samples and for industrial applications.

There have been many methods developed for
the measurement, characterization, or evaluation
of the degradation of PP, such as gel permeation
chromatography (GPC),27–30 size exclusion chroma-
tography (SEC),31–36 capillary rheometry,30,37,38

Ubbelohde dilution viscosimetry,39,40 FTIR spectros-
copy,22,27–29,31–36,39–41 FTIR emission spectroscopy,42

chemiluminescence (CL) measurements,27,39,43,44 dif-
ferential scanning calorimetry (DSC),40,45,46 thermog-
ravimetric analysis (TGA),22,41,43 and mechanical
property determination.31,32,34 Every individual me-
thod has its own characteristics and is used for
different research purposes.

GPC and SEC are the methods used to measure
the number-average molecular weight and weight-
average molecular weight of the polymer directly.
Ubbelohde dilution viscosimetry is used to measure
the viscometric average molecular weight of the poly-
mer directly. All of them are basic, essential, and very
important methods for measuring the changes in the
molecular weight of PP with degradation. This is their
advantage. Unfortunately, PP is a kind of polymer
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difficult to dissolve. It is very difficult to find a
suitable solvent to dissolve a PP resin at room tem-
perature. To measure the molecular weight of PP by
these methods, a high operating temperature above
1308C is needed, and a special solvent rather disad-
vantageous to human health must be used that leads
to hard operating conditions and a relatively high
cost. These measurement methods are probably
unsuitable for situations that require a fast and con-
venient operation, a simple and easy-to-operate treat-
ment, and a great number of test samples.

Capillary rheometry is a rheological method by
which the melt viscosity of the polymer is measured
to calculate the molecular weight based on the princi-
ple that there is a good quantitative functional rela-
tionship between the melt viscosity and the molecular
weight of the polymer. This method can measure the
apparent melt viscosity of the polymer over a wide
range of shear rates to calculate the zero shear viscos-
ity and furthermore to determine the viscometric av-
erage molecular weight. It is a good method for com-
mercial-grade PP granules to which an antioxidant
has been added. However, it is rather disadvanta-
geous for PP powder without the addition of any
antioxidant. In fact, during the measurement of the
capillary rheometry, the test sample must be pre-
heated for a rather long time to achieve an isothermal
equilibrium. It should not be ignored that the ther-
mooxidative degradation of PP powder may take
place during this rather long preheating time. This
may significantly reduce the precision of the measure-
ment. In addition, it needs a number of test samples
to obtain a series of data to calculate a single value of
the zero shear viscosity and of the molecular weight.
Therefore, this measurement method is probably
unsuitable for situations that need a fast and conven-
ient operation, a simple and easy-to-operate treat-
ment, and a great number of test samples, too. For
this reason, there are few reports in the literature on
using capillary rheometry to measure the molecular
weight. For example, although capillary rheometry is
reported in ref. 30, it was used to study the processing
performance of the polymer, whereas the method
used for measuring the molecular weight was still
GPC.30

FTIR, CL measurements, and TGA determine the
pyrolysis products to characterize and evaluate the
degradation of PP. The advantage of these methods is
that the variation of the side groups and the end
groups of the main chain of the polymer can be stud-
ied through the measurement of the pyrolysis prod-
ucts of degraded PP. FTIR can provide the increases
in both the carbonyl groups and hydroxyl groups in
the aged polymer. CL measurements can determine
the product of the radicals during oxidation. TGA can
measure the tiny variation of gravity of the sample
caused by the reactions with oxygen. In particular,

FTIR emission spectroscopy, a new measuring
method developed in recent years, is characteristic of
real time by strongly heating the test sample, such as
PP powder, which is generated under this condition
to produce an infrared emission itself, not to reflect or
to absorb from the outer infrared radiation as ordi-
nary FTIR spectroscopy does, to avoid the prepara-
tion step of test films.42 All these methods have been
widely used, especially for studies of the whole deg-
radation process of PP. In addition, FTIR spectros-
copy can also give a half-quantitative measurement.
Moreover, the disadvantage of these methods is that
they are poorly sensitive at the beginning of the oxi-
dation degradation. This is because a considerable
number of the pyrolysis chemical groups must be
produced to obtain sufficient precision of the individ-
ual method, but a tiny number of the pyrolysis chemi-
cal groups produced in the beginning might cause a
considerable reduction of the molecular weight of the
polymer. For instance, in the determination of FTIR,
the carbonyl groups, the increase of which is charac-
teristic of the appearance of the oxidative degradation
of the main chains of PP, decrease at the moment of
rupture of the main chains, but one rupture of a main
chain merely produces one carbonyl group so the
increase in the percentage of the carbonyl groups is
less than 1% for the degree of polymerization of a or-
dinary polymer, which is far more than 100, whereas
at this moment, the number-average molecular
weight of the polymeric chain discussed may be
reduced to 50% because one chain of the polymer has
become two chains. Correspondently, the viscosity of
the polymer may significantly decrease. It can be
deduced from this that the processing performances
and mechanical properties of PP powder without any
antioxidant might significantly be reduced in the ini-
tial stage of oxidative degradation with a tiny corre-
sponding increase in the carbonyl groups.

Both CL measurement and TGA are similar to
FTIR. In fact, CL measurement determines the oxida-
tive degradation by detecting the radicals produced
during the oxidation, but one radical may generate a
number of rupture reactions, so oxidative degrada-
tion reactions are chain reactions. The measurement
of the variation of the amount of oxygen by TGA,
which is used to characterize the oxidative degrada-
tion, is just an indirect detection of the radicals
produced during the oxidation. It can be seen from
this that all these methods have their disadvantages
for the study of the initial stage of degradation of
PP. Additionally, no advantages of being convenient,
in situ, online, and production-oriented can be ob-
tained with these methods.

DSC has been widely used to study the variation of
the crystallization of PP during pyrolysis.40 It is also
used for the measurement of the oxidation induction
time to characterize and evaluate the efficiency of
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antioxidants added.45 Even a typical testing method
is described in the ASTM D 3895 standard.46 How-
ever, this method is significantly different from the
weathering process because oxygen flow is used and
the treatment temperature is close to the melting
point for the purpose of shortening the testing time.

Mechanical properties can be used to evaluate the
degradation of PP films, too. For example, the ulti-
mate tensile elongation can be used to characterize
the embrittlement of PP films caused by oxidation,
but this method is indirect.

There is no doubt that all these methods have been
widely used in scientific study and practical produc-
tion. Each has its own advantages and disadvantages.
The application of torque–time curves for the charac-
terization and evaluation of the degradation of PP is
used only in addition and for improvement, not as a
replacement for these conventional methods. This
method is based on the principle of rheology, using
the equilibrium torque to characterize the melt viscos-
ity of the polymer and furthermore to evaluate the
magnitude of the molecular weight. As mentioned
previously, the use of the viscosity can provide rela-
tively high sensitivity for the determination in the ini-
tial stage of the degradation of the polymer. There-
fore, this method is especially suitable for PP powder
without the addition of any antioxidant, resulting in
easy degradation. Additionally, real-time and online
measurement is carried out during the mixing pro-
cess. Furthermore, the RC300p rheometer can simu-
late the main plastic-molding processes, such as press
molding, extrusion, and injection, through the study
of the rheological parameters, so this method has the
advantage of being production-oriented. Also, it has
the advantages of a fast and convenient operation, a
simple and easy-to-operate treatment, and suitability
for a great number of test samples.

Some qualitative rheological analysis has been
reported to describe the variation of the degradation
of polymers and their blends.22 Our study provided a
quantitative and detailed analysis of the application
of torque–time curves to the characterization and
evaluation of the degradation of PP by bringing FTIR
analysis into evidence.

The study presented in this article is characterized
by the use of PP powder as a raw material to which
no additives, especially antideteriorants, were added
and by the application of the torque–time curve to
evaluate the variation of the thermooxidative degra-
dation of PP powder. The natural environmental de-
gradation of PP powder at room temperature was
simulated with experimental treatments under the
conditions of thermooxidative degradation at various
temperatures and for various times according to the
time–temperature equivalent principle. Samples of
PP powder under different treatment conditions of
thermooxidative degradation were processed in the

mixing chamber of a RC300p rheometer to obtain the
torque–time curves. Additionally, tests of FTIR spec-
tra of the corresponding samples of PP powder were
carried out, and the values of their carbonyl indices
were calculated. The dependence of the heights of
the torque–time curves on the values of the carbonyl
index was examined to develop a quantitative
method for the characterization or evaluation of the
degradation of PP powder. PP granules, to which an
antideteriorant was added before it was commercially
supplied so good antidegradation would be achieved,
was investigated for the sake of contrast.

EXPERIMENTAL

Materials

The PP powder (F401), which was isotactic PP taken
directly from the reactor during production, was sup-
plied by the Sinopec Guangzhou Petrochemical Com-
plex (Guangzhou, China). The PP granules employed
in this study, which were also isotactic PP, were a
commercial grade (CLS700) from the Guangzhou
Yinzhu Chemical Engineering Plant (Guangzhou,
China).

Thermooxidative degradation of PP
powder and PP granules

The thermooxidative degradation of PP powder and
PP granules was performed in a DHG-9146A ther-
mooxidative aging oven (Jinghong Experimental
Apparatus Co. Ltd., Shanghai, China) at a definite
treatment temperature and for a definite treatment
time; these values are mentioned in the following dis-
cussion.

Determination of the torque–time curve

An RC300p system (equipped with a Rheomix 600p
mixer for mixing or blending, Gebr. HAAKE GmbH,
Karlsruhe, Germany) was used for the mix of materi-
als and the measurement of their rheological proper-
ties and especially for the determination of the tor-
que–time curves. All the processing conditions were
kept constant, with a feed amount of 45 g, a process-
ing temperature of 1908C, a rotor speed of 60 rpm,
and a processing time of 20 min.

Characteristics of the infrared spectroscopy

FTIR spectra were recorded on a Nexus 670 FTIR
analyzer (GMI, Inc., Ramsey, MN) with a resolution
of 2 cm�1. PP powder or PP granules treated under
various conditions of thermooxidative degradation
were thermopressed to prepare sample films for the
determination of FTIR spectra. The sample films were
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made with an XLB-D press (Hongtu Machinery Co.
Ltd., Huzhou, Zhejiang, China) at a pressing tempera-
ture of 1908C, for a pressing time 2 min, and at a pres-
sure of 10 MPa. The thickness of the films was con-
trolled to be about 80 mm.

The values of the carbonyl index of the correspond-
ing samples were calculated according to the charac-
teristic bands of the FTIR spectra.2,22,38,39

To study the thermooxidative degradation of the
PP powder, the main characteristic bands of FTIR
were the carbonyl group (C¼¼O) stretching band in
the range of 1659–1815 cm�1 and the hydroxyl group
(O��H) stretching band in the range of 3248–3662
cm�1.2,22,38–40,47–49 This study used only the carbonyl
group (C¼¼O) stretching band as the characteristic
band. In the calculation of the values of the carbonyl
index in our study, a reference band of the FTIR spec-
trum of a sample film located at 2722 cm�1 was used.
Four samples of the films for each degradation condi-
tion of the PP powder were examined for the records of
the FTIR spectra. Then, the mean of the four values of
the carbonyl index of the individual sample film was
calculated to indicate the carbonyl index of the PP pow-
der for each thermooxidative degradation condition.

RESULTS AND DISCUSSION

Torque–time curves of PP powder treated under
the conditions of thermooxidative degradation

The first goal of our research was to develop a rheo-
logical method to characterize or evaluate the varia-
tion of the degradation of PP powder through the
study of the torque–time curves of PP powder treated
under various conditions of thermooxidative degra-
dation and through the quantitative investigation of
the relationship between the variations of the torque–
time curves and the corresponding equilibrium tor-
ques and those of aging degradation.

According to Goodrich and Porter,20,21 if all the ex-
perimental conditions, including the processing tem-
perature, the rotor speed, and the polymer, are kept
constant, the torque of the mixer is proportional to the
apparent melt viscosity of the melt fluid in the mixing
chamber because under this condition the shear rate
may be kept constant, so it can be used to indicate the
flowability of the fluid. Under this condition, the vari-
ation of the apparent melt viscosity of the melt fluid
indicates the variation of the molecular weight of the
polymer. The greater the apparent viscosity is of the
fluid, the greater the molecular weight is of the poly-
mer.20–26 This means that the apparent viscosity of the
fluid in the mixing chamber can be used to evaluate
the variations of the thermooxidative degradation of
the PP powder in our study for aging degradation. If
the apparent viscosity decreases, the degree of degra-
dation of the PP powder should increase.

The premise of the aforementioned conclusion is
that all the processing conditions, especially the shear
rate of the fluid, must be kept quite stable for the non-
Newtonian flow of the melt polymer. Even if the sam-
ples are the same kind of polymer, the differences of
production companies or production standards may
cause differences in the rheological behavior of the
polymer fluids because the samples may have differ-
ent molecular weights and different molecular weight
distributions.

In this study, PP powder supplied by the same pro-
duction company using the same production stand-
ards and same batches were treated under various
thermooxidative degradations to obtain a number of
samples with different molecular weights, which were
used for the study of the rheological characteristics.

It is evident that there are many tertiary C��H
bonds on the main chain of PP, which easily cause
degradation through the action of thermooxidation.
PP powder has a low ability for antidegradation with
no addition of antioxidants, so it is easy to age in a
natural environment.

According to the time–temperature equivalent prin-
ciple, the aging of PP powder in a natural environ-
ment can be simulated through experimental tests in
an aging oven with an increase in the treatment tem-
perature to shorten the observation time greatly.50,51

Figure 1 shows the graph of the rheological torque–
time curves of PP powder under various thermooxi-
dative degradation conditions. Figure 1(a) provides a
full-scale image of the curves to show their feeding
peaks. However, to distinguish the curves clearly in
the range of the equilibrium torque, the scale range of
the torque axis of Figure 1(b) had to be limited to 10
N m, whereas the feeding peaks of the curves were
out of sight. This means that the images of the parts
of the curves in the range of the equilibrium torque
were enlarged in Figure 1(b) compared with those in
Figure 1(a).

As shown in Figure 1, all the curves had similar
shapes. For example, there was a feeding peak in the
individual curve, and all the curves sloped gently af-
ter the feeding peak to end with a small decrease.

The difference of the curves was that the heights of
the curves, which were the values of the equilibrium
torques of the curves, apparently after their feeding
peaks varied, depending on the different conditions
of thermooxidative degradation.

The variations of the heights of the curves, depend-
ing on the treatments of the PP powder under differ-
ent conditions of thermooxidative degradation, are
shown in Figure 1. Curve 1 is the torque–time curve
of the PP powder without any aging treatment, used
as a blank testing curve; it is the highest of all the
curves. The other curves are for the PP powder
treated under various conditions of thermooxidative
degradation. All are below curve 1. The conditions of
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thermooxidative degradation of curve 2 were 1208C
and 2.5 h. These were the weakest conditions of ther-
mooxidative degradation. Curve 3 had somewhat
stronger conditions, that is, 1208C and 3 h, than curve
2 because although the treatment temperature was the
same, the treatment time increased a little. The condi-

tions of thermooxidative degradation of curve 4 were
1208C and 3 h. Despite the decrease in the treatment
time compared with that of curve 3, the treatment
temperature rose by 108C. According to an Arrhenius
formula, the reaction rate can usually rise 2–4 times
when the reaction temperature increases by 108C, so
the conditions of thermooxidative degradation of
curve 4 were stronger than those of curve 3.52 Curve 5
had the strongest conditions of thermooxidative de-
gradation of all the curves because its treatment
conditions were 1308C and 3 h, that is, the highest treat-
ment temperature and the longest treatment time.

Figure 1 shows that the treatments of the PP pow-
der under the conditions of thermooxidative degrada-
tion might cause the entire torque–time curves to
decrease. The height of curve 2 was significantly
lower than that of curve 1, the blank testing curve,
during the whole processing time. Although the con-
ditions of thermooxidative degradation were not too
strong, the degree of degradation of the treated PP
powder increased significantly because no antideter-
iorants were added to the polymer before treating.

Table I lists the corresponding torques of the tor-
que–time curves of the PP powder under different
thermooxidative degradation conditions at processing
times of 5 and 10 min, which could be used as the
equilibrium torques of the torque–time curves of the
PP powder because in this range of processing times
the curves became quite even. As shown in Table I,
the torque of the torque–time curve of the PP powder
without any degradation treatment, which was used
as a blank testing curve (curve 1), was 4.7 N m at
5 min and 3.3 N m at 10 min. They were higher than
those of curve 2, whose treatment conditions of ther-
mooxidative degradation were 1208C and 2.5 h. In
fact, the torque of curve 2 at 5 min of processing was
3.0 N m, which was significantly lower than that of
curve 1 (the difference was 1.7 N m), whereas the tor-
que of curve 2 at 10 min was 2.1 N m, which was sig-
nificantly lower than that of curve 1 (the difference
was 0.9 N m), too.

As mentioned previously, the same processing con-
ditions were used in the mixing process, so the torque
of the fluid in the mixing chamber was related only to
the viscosity of the polymer. This suggested that the
viscosity of the melt fluid should be related only to
the molecular weight of the polymer. In other words,
the greater the molecular weight was, the greater the

Figure 1 Graph of the rheological torque–time curves of
PP powders under various thermooxidative degradation
conditions: (1) no aging, (2) 1208C for 2.5 h, (3) 1208C for 3 h,
(4) 1308C for 2 h, and (5) 1308C for 3 h.

TABLE I
Variations of the Equilibrium Torques of the Torque–Time Curves of PP Powders Under

Different Thermooxidative Degradation Conditions

Curve 1 2 3 4 5

Conditions of thermooxidative
degradation No aging 1208C for 2.5 h 1208C for 3 h 1308C for 2 h 1308C for 3 h

Equilibrium torque (N m) 5 min 4.7 3.0 2.1 0.6 0.1
10 min 3.3 2.1 1.5 0.4 0.1
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viscosity was. Therefore, it could be deduced that the
rise of the molecular weight and the rise of the viscos-
ity could increase the equilibrium torques and the
heights of the torque–time curves. The decrease in the
height of curve 2, shown in Figure 1, and the decrease
in the equilibrium torque, shown in Table I, com-
pared with those of curve 1 meant that significant
degradation of the PP powder took place with the
decrease in the molecular weight after the treatment
under the degradation conditions of 1208C and 2.5 h.

Moreover, curve 2 kept a definite value of the equi-
librium torque despite a significant decrease in its
height. This means that the melt fluid of the treated
polymer still demonstrated a definite viscosity, so it
kept a relatively large molecular weight. In other
words, the PP powder treated under the conditions of
thermooxidative degradation was still a polymeric
material. This fact supported the generally acknowl-
edged theory of the thermooxidative degradation of
PP.1–6,10,53 According to the theory, during the process
of thermooxidative degradation, the main chains of
PP are interrupted into relatively small polymer
chains, which still have definite molecular weights, so
the degraded product is still a polymer, regardless of
the decrease in the molecular weight. This differs
from the mechanism of decomposition of poly(vinyl
chloride), which decomposes into monomers directly,
escaping in a gas state immediately.

The conditions of the thermooxidative degradation
of curve 3 were 1208C and 3 h. They were stronger
than those of curve 2. Consequently, the degree of
degradation of the treated polymer of curve 3
increased and led to a further decrease in the height
of the torque–time curve. As can be seen in Figure 1,
the height of curve 3 was lower than that of curve 2.
Table I provides the same explanation. The torque of
curve 3 (1208C and 3 h) at 5 min was 2.1 N m, which
was lower than that of curve 2 (the difference was 0.9
N m). In comparison with curve 1 (no aging treat-
ment), the torque of curve 3 (1208C and 3 h) at 5 min
was much lower (the difference was 2.6 N m). Simi-
larly, the torque of curve 3 at 5 min was 1.5 N m,
which was lower than that of curve 2 (the difference
was 0.6 N m) and much lower than that of curve 1
(the difference was 1.8 N m).

Raising the treatment temperature can effectively
enforce thermooxidative degradation. The treatment
temperature of curve 4 was raised from 120 to 1308C,
and then more significant degradation was achieved
than that found with curve 3, even though its treat-
ment time (2 h) was shorter than that of curve 3 or
curve 2. Figure 1 shows that that the height of curve 4
was not only much lower than that of curve 1 but also
significantly lower than that of curve 2 or curve 3. As
shown in Table I, the height of curve 4 was very low
because the torque of curve 4 at 5 min of processing
was 0.6 N m and at 10 min was 0.4 N m.

Curve 5 is the torque–time curve of the sample of
PP powder treated under the strongest conditions of
thermooxidative degradation (1208C and 3 h) of all
the samples of PP powder investigated. Therefore, the
degree of degradation of the sample of PP powder of
curve 5 was the greatest, whereas the height of the
torque–time curve was the lowest. Figure 1 shows
that the height of curve 5 was very low and nearly at
the abscissa. Additionally, Table I shows that the val-
ues of the torque of curve 5 both at 5 min and at 10
min were 0.1 N m, being close to zero.

In a word, Figure 1 and Table I show that under the
same processing conditions, including the same feed
amount, same rotor speed, same processing tempera-
ture and same kinds of the materials processed, the
height of the torque–time curve and the value of the
equilibrium torque at the same processing time grad-
ually decreased according to the enforcement of the
conditions of thermooxidative degradation of PP
powder treated before mixing.

This discussion means that under definite condi-
tions or, more exactly, under the same processing
conditions, including the same feed amount, same
rotor speed, same processing temperature, and same
kinds of materials processed, the height of the tor-
que–time curve and the equilibrium torque at the
same processing time could be used to evaluate
the degree of degradation of the polymer mixing in
the chamber of the rheometer. The stronger the ther-
mooxidative degradation conditions were for the
treatment of the PP powder, the smaller the height of
the torque–time curve and the corresponding value of
the equilibrium torque were.

It must be pointed out that the premise of the eval-
uation method, that is, the use of the same processing
conditions, is essential.

The fact that all the curves in Figure 1 have definite
heights means that although most of the samples of
PP powder were degraded, each sample of the treated
PP powder still had a definite value of the viscosity,
so all of them were still polymers.

The height of the individual curves in Figure 1
gradually decreased during the whole mixing pro-
cess, whereas the torques were different at different
points of the processing time. This can be explained
as follows: degradation, including not only the ther-
mooxidative degradation mentioned previously but
also the mechanochemical degradation caused by the
mechanical action of the rotors during mixing, of PP
powder to which no antideteriorants were added still
took place during the mixing in the chamber at the
melting point.

It can be concluded from the discussions that the
torque–time curves of polymers could be used to
evaluate the degree of thermooxidative degradation.
This method has the advantages of a fast and conven-
ient operation and a simple and easy-to-operate treat-
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ment and is especially suitable for industrial produc-
tion research because the determinations are carried
out in a rheometer and also in real time and on line.
The real-time degradation of PP powder with the pas-
sage of time during the mixing process can be
observed by the variation of the torque–time curves.
It is difficult to do this with other methods.

Characteristics of FTIR spectra of PP
powder treated under the conditions
of thermooxidative degradation

To obtain further evidence for the conclusions, the
characteristics of the FTIR spectra of samples of PP
powder treated under various conditions of thermo-
oxidative degradation were determined, and a quanti-
tative analysis of the values of the carbonyl index of
the corresponding FTIR spectra was carried out.

Figure 2 shows that the variations of the character-
istic bands of the carbonyl groups in the FTIR spectra
of PP powder under different thermooxidative degra-
dation conditions (from 750 to 1900 cm�1).

Spectrum 1 in Figure 2 is the FTIR spectrum of
virgin PP powder without any aging treatment for
the purpose of a blank test. Spectrum 5 is the FTIR
spectrum of PP powder treated under the strongest
conditions of thermooxidative degradation of all the
samples (1308C and 3 h). Figure 2 shows that there
is a strong absorption band ranging from 1659 to
1815 cm�1 in spectrum 5, which is the carbonyl group
(C¼¼O) stretching band. Comparatively, there is a
tiny absorption that is rather difficult to find in the
same range of spectrum 1. This means that great
degradation of the PP powder treated under the

strong conditions of thermooxidative degradation
took place for spectrum 5, whereas little degradation
of the virgin PP powder without any aging treatment
took place for spectrum 1. As shown in both Figures 1
and 2, the sample with little absorption of the car-
bonyl group (C¼¼O) stretching band produced a high
torque–time curve, whereas the sample with strong
absorption of the carbonyl group stretching band
gave a low torque–time curve. Therefore, the experi-
mental results of the FTIR spectra supported the con-
clusion of rheological behavior.

Spectrum 2 is the one of the PP powder treated
under the weakest condition of thermooxidative deg-
radation of all the samples (1208C and 2.5 h). Figure 2
shows that a little absorption of the carbonyl group
stretching band took place. Meanwhile, the treatment
conditions of the thermooxidative degradation of PP
powder for spectrum 3 were rather stronger than
those for spectrum 2, so a significant absorption band
could be observed. For spectrum 4, the treatment
conditions (1308C and 2 h) were stronger than those
of spectra 2 and 3, so the absorption area of the corre-
sponding stretching band was greater than those of
the two spectra, but it was weaker than that of spec-
trum 5, so the absorption area was not greater than
the area of that one.

In summary, it can be concluded that with the
gradual enforcement of the treatment conditions of
thermooxidative degradation, the degree of absorp-
tion of the carbonyl group stretching band gradually
increased and the height of the corresponding tor-
que–time curve gradually decreased.

Furthermore, a quantitative analysis of the carbonyl
index of the FTIR spectra of the samples of PP
powder was carried out to confirm these conclusions.
The variations of the values of the carbonyl index
of the FTIR spectra of PP powder under different
thermooxidative degradation conditions are shown in
Table II.

The carbonyl index for the sample of virgin PP
powder, which was not treated under any conditions
for degradation, was 0.20, that is, the smallest. The
carbonyl index for the sample of PP powder under
the conditions of thermooxidative degradation with a
processing temperature of 1208C and a processing
time of 2.5 h was 0.22, showing a very small increase.
This meant that little degradation had taken place.
Degradation at 1208C for 3 h gave a carbonyl index
for the treated PP powder of 0.27, which showed that
a little degradation had taken place but still not
much. The sample of PP powder treated at 1308C for
2 h degraded rather seriously because its carbonyl
index went up to 0.47. The greatest value of the car-
bonyl index of all those shown in Table II was that of
the PP powder treated at 1308C for 3 h. Table II shows
that its carbonyl index jumped to 1.98, indicating very
serious degradation.

Figure 2 Variations of the characteristic bands of the
carbonyl groups in the FTIR spectra of PP powders under
different thermooxidative degradation conditions: (1) no
aging, (2) 1208C for 2.5 h, (3) 1208C for 3 h, (4) 1308C for
2 h, and (5) 1308C for 3 h.
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The quantitative analysis of the carbonyl index con-
firmed the rheological conclusions. In fact, the
enforcement of the conditions of thermooxidative
degradation caused the rise in the degree of degrada-
tion of the PP powder, providing for the evidence for
the increase in the corresponding value of the car-
bonyl index. This could explain why both the height
of the torque–time curve shown in Figure 1 and the
values of the equilibrium torque shown in Table I
gradually decreased with the enforcement of the
treatment conditions.

Further discussions about the equilibrium torque
and carbonyl index

If a careful observation of both Tables I and II is
made, we can found that although the increase in the
carbonyl index corresponded well to the decrease in
the equilibrium torque with the enforcement of the
treatment conditions of thermooxidative degradation,
their relative rates were not the same. For instance,
the difference between the value of the equilibrium
torque of curve 1 and that of curve 2 was rather large,
reaching 1.7 N m, as shown in Table I; on the con-
trary, the difference between the carbonyl index of
spectrum 1 and that of spectrum 2 was very small
because it was only 0.02, as shown in Table II.

To carry out a detailed analysis, the concept of the
decreasing rate of the equilibrium torque and the con-
cept of the increasing rate of the carbonyl index are
now introduced.

Let M1 be the equilibrium torque of curve 1 (at 5 or
10 min), which is the torque–time curve of the PP
powder without any aging treatment and is used as a
blank testing curve, and let Mi be the equilibrium tor-
que of curve i (at 5 or 10 min), which is the one of the
PP powders treated under definite conditions of ther-
mooxidative degradation:

md ¼
M1 �Mi

M1
(1)

where md is the decreasing percentage of the equilib-
rium torque, indicating the decreasing rate of the
equilibrium torque of curve i against that of curve 1.

Similarly, let C1 denote the carbonyl index of spec-
trum 1, which is the graph of the spectrum of the PP
powder without any thermooxidative degradation
treatment and is used as a blank testing spectrum
graph, and let Ci denote the carbonyl index of spec-
trum i, which is the one of the PP powder treated
under definite conditions of thermooxidative degra-
dations:

cr ¼
Ci � C1

C1
(2)

where cr is the increasing percentage of the carbonyl
index, indicating the increasing relative rate of the car-
bonyl index of spectrum i against that of spectrum 1.

The decreasing percentages of the equilibrium tor-
ques of the torque–time curves of PP powder under
different thermooxidative degradation conditions
obtained from the calculation with eq. (1) are shown
in Table III.

The increasing percentages of the carbonyl index in
the FTIR spectra of PP powder under different ther-
mooxidative degradation conditions obtained from
the calculation with eq. (2) are shown in Table IV.

It appears from a study of Table III that the value of
the decreasing percentage of the equilibrium torque
at 5 min of processing was basically the same as that
at 10 min for all the curves listed. For example, curve
2 gave a decreasing percentage of the equilibrium tor-
que of 36% at 5 and 10 min of processing. Only curve
4 gave a tiny variation with 87% at 5 min and 88%
at 10 min. Apparently, all the curves have the same
variation tendency. This means that as long as the

TABLE III
Variations of md of the Torque–Time Curves of PP Powders Under Different Thermooxidative Degradation Conditions

Curve 1 2 3 4 5

Conditions of
thermooxidative
degradation No aging 1208C for 2.5 h 1208C for 3 h 1308C for 2 h 1308C for 3 h

md (%) 5 min 0 36 55 87 97
10 min 0 36 55 88 97

TABLE II
Variations of the Carbonyl Indices of the FTIR Spectra of PP Powders Under Different

Thermooxidative Degradation Conditions

Spectrum 1 2 3 4 5

Conditions of thermooxidative degradation No aging 1208C for 2.5 h 1208C for 3 h 1308C for 2 h 1308C for 3 h
Carbonyl index 0.20 0.22 0.27 0.47 1.98
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processing conditions are kept stable, the equilibrium
torque of the individual curve could be used to char-
acterize the variation of the viscosity of the fluids or
to evaluate the molecular weight and the degree of
degradation of the polymers.

Table III further reveals that although the condi-
tions of thermooxidative degradation of curve 2 were
rather weak (1208C and 2.5 h), the decreasing percen-
tages of the equilibrium torque at 5 and 10 min of
processing were rather significant, reaching 36%. In
fact, both decreasing values of the equilibrium torque
were 1.7 N m, as shown in Figure 1 and Table I. Com-
paratively, the corresponding increasing percentage
of the carbonyl index was rather small, merely 10%,
as shown in Table IV.

Similarly, even though the conditions of thermooxi-
dative degradation of curve 3 were still relatively
weak (1208C and 3 h), the decreasing percentages of
the equilibrium torque at 5 and 10 min of processing
were so great that they reached up to 55%, as shown
in Table III. Figure 1 and Table I show that both
decreasing values of the equilibrium torque were 2.6
N m. However, although the corresponding increas-
ing percentage of the carbonyl index was relatively
large (35%), as shown later in Figure 4, it was still
rather small in comparison with the situation of the
equilibrium torque.

Therefore, when the treatment conditions of ther-
mooxidative degradation were relatively weak or
when the action of thermooxidation of the treated PP
powder just began with little degradation, the evalua-
tion of the degree of degradation of the polymer with
the heights of the torque–time curves or the corre-
sponding values of the equilibrium torques was more
sensitive than that using the corresponding values of
the carbonyl index. As a result, the method of evalu-
ating the degradation of PP powder with the torque–
time curves has the advantage of high sensitivity at a
low degree of degradation.

This situation can be explained by the mechanism
of the degradation of PP.1–6,10,53 When PP powder is
degraded, the main chains of PP do not decompose
into monomers directly; they are interrupted into rel-
atively small main chains of PP, usually forming car-
bonyl groups on the terminals. It can be seen from a
simple calculation that one interruption of a main
chain of PP could produce one carbonyl group at
most. This number is much smaller than that of the
chain element of the whole main chain, so the increas-

ing percentages of the carbonyl index are small at the
beginning of the degradation, giving a small carbonyl
group band characteristic of the FTIR spectrum.

On the other hand, the rupture of a main chain of
the polymer might cause a great variation of its mo-
lecular weight. In fact, the average molecular weight
of the main chain after rupture might decrease to
50%. In other words, if the number of carbonyl
groups merely increases by less than 1% of the num-
ber of chain elements of the whole main chain, the av-
erage molecular weight of the main chain ruptured
might fall down by half. This is a big change. It can
be concluded that a tiny variation of the carbonyl
index might cause a great variation of the molecular
weight at the beginning of the degradation.

Consequently, it is rather difficult to use the car-
bonyl index to characterize the beginning of ther-
mooxidative degradation because of its poor sensitiv-
ity. Moreover, the method of using the torque–time
curve has its advantages at this time. If the processing
conditions are kept stable, the variation of the height
of the torque–time curve (or the value of the equilib-
rium torque) depends merely on the variation of the
viscosity and, furthermore, the molecular weight of
the polymer. When the treatment conditions of the
thermooxidative degradation are rather weak, or the
degradation just begins, despite a tiny variation of
the carbonyl index, the molecular weight of the poly-
mer may decrease significantly and cause a decrease
in the viscosity of the fluid, producing a significant
decrease in the height of the torque–time curve and in
the equilibrium torque.

When the treatment conditions of the degradation
of PP powder are rather strong, or the degradation
continues to reach a definite degree, the sensitivity of
the method using the carbonyl index may be im-
proved to give a significant variation. At this time,
this method can be used to evaluate the degree of
degradation. This can be seen in Table IV. The rela-
tively strong treatment conditions of the degradation
of PP powder could give rather large values of the
increasing percentage of the carbonyl index. For
instance, the increasing percentage of the carbonyl
index of spectrum 4 (1308C and 2 h) reached 135%,
whereas that of spectrum 5 (1308C and 3 h) jumped
up to 890%. Meanwhile, the corresponding torque–
time curves decreased so much that both curve 4 and
curve 5 got close to the abscissa because the molecu-
lar weights of the treated PP powder decreased

TABLE IV
Variations of cr in the FTIR Spectra of PP Powders Under Different Thermooxidative Degradation Conditions

Spectrum 1 2 3 4 5

Conditions of thermooxidative degradation No aging 1208C for 2.5 h 1208C for 3 h 1308C for 2 h 1308C for 3 h
cr (%) 0 10 35 135 890
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greatly and led to the values of the melt viscosity of
the fluids becoming very small.

From the perspective of polymer processing, the
fact that the equilibrium torques of both curve 4 and
curve 5 got close to zero means that at this time the
processing properties of the polymers had become
poor. In a mixing process, a very low equilibrium tor-
que of the polymer might cause poor mixing effi-
ciency because a definite viscosity is needed. Simi-
larly, the extrusion process and injection process need
a definite viscosity for normal processing. Therefore,
the processing properties of the degraded polymers
indicated by both curve 4 and curve 5 were poor for
these conventional plastic processing methods.

It can be seen from this discussion that within the
range of viscosities of processability, using the equi-
librium torque of the torque–time curve to evaluate
the thermooxidative degradation of PP powder is
more sensitive than using the carbonyl index of FTIR.
As soon as the carbonyl groups propagate to such a
high level that they can be significantly detected by
FTIR spectroscopy, the processing properties of the
degraded polymer become rather poor for ordinary
plastic processing methods. Tables III and IV show
the functional relationship between md for the torque–
time curves of varieties of PP powder under different
thermooxidative degradation conditions and cr in the
FTIR spectra of the corresponding ones. Also, the two
tables show the functional relationship between the
viscosity of varieties of PP powder under different
thermooxidative degradation conditions and cr, too.
In the view of the kinetics of the formation of the car-
bonyl groups, the range of viscosities of the polymer
needed for mixing, extrusion, or injection is limited in
the initial stage. Consequently, in this stage, the
increase in the rate of the carbonyl groups is rather
small, so instead of the carbonyl index, the applica-
tion of torque–time curves may have relatively high
sensitivity. This is exactly the advantage of the
method using the torque–time curve to study the
thermooxidative degradation of PP powder.

Torque–time curves of PP granules treated under
the conditions of thermooxidative degradation

To obtain further evidence of the aforementioned con-
clusions, a study of the torque–time curves of the
samples of PP granules, which were produced by a
different production company than the PP powder
and to which was added Antideteriorant 1010 during
granulation, under a series of treatment conditions
was carried out, as shown in Figure 3.

Figure 3 shows that the graph of the torque–time
curves of PP granules treated under various condi-
tions of thermooxidative degradation is similar to that
of the PP powder shown in Figure 1. In fact, there is a
feeding peak in the individual curve, and all the

curves slope gently after the feeding peak to the end
with a small decrease.

However, there are many differences between the
curves of Figure 3 and those of Figure 1.

First, the feeding peaks of the torque–time curves
of PP granules treated under a series of conditions of
thermooxidative degradation were higher than those
of PP powder. All the values of the feeding peaks of
the curves of PP granules were about 75 N m,
whereas the ones of the PP powder were about 55 N
m. This can be explained as follows: the pressure
needed to push the grains of PP granules into the
processing chamber was quite large because the
diameters of the grains of the PP granules were much
larger than those of the PP powder, so the transfer of

Figure 3 Graph of the rheological torque–time curves of
PP granules under various thermooxidative degradation
conditions: (1) no aging, (2) 1308C for 2 h, and (3) 1308C
for 3 h.
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heat was rather difficult and the melting time needed
was relatively long.

Second, the equilibrium torques of both blank test-
ing curves, that is, the one of the sample of PP pow-
der and the one of the sample of PP granules without
any aging treatment, differed greatly from each other.
As shown in Tables I and V, at 5 min of processing,
the value of the equilibrium torque of the PP powder
was 4.7 N m, whereas that of the PP granules was 3.2
N m, and at 10 min of processing, that of the PP pow-
der was 3.3 N m, whereas that of the PP granules was
2.6 N m. In other words, the heights of the torque–
time curves of the PP granules were lower than those
of the PP granules. This cannot be explained by the
fact that the PP granules were degraded before mix-
ing. This was caused because the PP powder and PP
granules were produced by different production com-
panies, so their average molecular weights, their mo-
lecular weight distributions, and their viscosities
were greatly different, leading to the significant dif-
ferences in the heights of the curves.

Consequently, the cause of the variations of the
heights of the two blank testing torque–time curves
differed from the causes of the decreases in the
heights of the curves of the PP powder treated under
various conditions of thermooxidative degradation;
that is, there may be many causes of the variations of
the heights of the curves and of the decreases in the
viscosities of the polymers used. One is the thermoox-
idative degradation, and another is the differences in
the products made by different production compa-
nies. Therefore, the premise of the evaluation method
of the thermooxidative degradation using the torque–
time curves is that the samples of the polymer must
be manufactured by the same production company
under the same production standards for comparison.

Third, the most significant difference between Fig-
ures 1 and 3 is the difference in the effects of the treat-
ment conditions of thermooxidative degradation on
the variations of the heights of the torque–time curves
between the PP powder and PP granules. The treat-
ment conditions of thermooxidative degradation
caused significant decreases in the heights of the tor-
que–time curves of the PP powder, as shown in Fig-
ure 1. On the contrary, invariance of the heights of
the curves of the PP granules was obtained under the
same treatment conditions, as shown in Figure 3.

Because the antideteriorant had been added to the PP
granules, it was concluded that the addition of the
antideteriorant could effectively eliminate the degra-
dation of the PP resin. This explained why the com-
mercial-grade PP granules had good antidegradation
and why the PP powder obtained directly from the
reactors without the addition of antideteriorants was
easy to degrade. From the discussion, it follows that
the variation of the heights of the torque–time curves
can be used to effectively evaluate or characterize the
degree of thermooxidative degradation of PP resin.

Finally, further quantitative analysis could support
these conclusions. As shown in Table V, at 5 min of
processing, the values of the equilibrium torque of
the PP granules before and after treatment under the
conditions of degradation were almost equal to each
other with a tiny difference. This difference was
caused by a random unstable flow that might have
taken place in the chamber during mixing. Mean-
while, at 10 min of processing, the values of the equi-
librium torque of the PP granules before and after
treatment under the conditions of degradation were
entirely equal to each other. These observations mean
that no thermooxidative degradation of PP granules
took place under the conditions of 1308C and 3 h,
which were the strongest conditions used. Therefore,
it can be concluded that all the treatment conditions
of thermooxidative degradation used in this study
could not cause any degradation of PP granules.

It must be pointed out that the so-called treatment
under the conditions of thermooxidative degradation
mentioned previously was the one that was carried
out before mixing. However, the degradation of the
PP resin still took place during mixing. This was
caused by two mechanisms of degradation. One was
still the mechanism of thermooxidative degradation,
but at this time, the treatment conditions were rather
different from those of the previous mixing because
the processing temperature was as high as 1908C and
the processing time was merely 20 min. Although the
processing temperature was higher than that of
the treatment temperatures mentioned previously,
the processing time was greatly shorter, so the effect
of the degradation of the PP resin was not serious
compared with the treatment before mixing.

The other was the mechanism of mechanochemical
degradation. This was caused by the mechanical

TABLE V
Variations of the Equilibrium Torques of the Torque–Time Curves of PP Granules

Under Different Thermooxidative Degradation Conditions

Curve 1 2 3

Conditions of thermooxidative
degradation No aging 1308C for 2 h 1308C for 3 h

Equilibrium torque (N m) 5 min 3.2 3.1 3.0
10 min 2.6 2.6 2.6
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action of the rotors during mixing. Figure 3 shows
that although invariance of the heights of the torque–
time curves of PP granules before and after treatment
under the conditions of thermooxidative degradation
was found, the equilibrium torque still gradually
decreased little by little with the variation of the proc-
essing time after the feeding peak for each of the
curves. This can be explained by the action of the
mechanism of mechanochemical degradation. Table
V gave more evidence. At 5 min of processing, the
equilibrium torque of PP granules without any degra-
dation treatment was 3.2 N m, whereas at 10 min, it
was 2.6 N m. The difference was 0.6 N m. This was so
large a difference that it could not be neglected to
show significant mechanochemical degradation dur-
ing mixing. It was the same for the samples of PP
granules treated under thermooxidative degradation
conditions before mixing with a little variation of the
differences, as shown in Table V.

Therefore, it can be concluded that there was a sig-
nificant action of mechanochemical degradation even
for PP granules during mixing, which can be charac-
terized by the torque–time curve of the melt fluid,
which is real-time, online, and production-oriented.
This is exactly the advantage of the method using tor-
que–time curves to study the variation of the degra-
dation of PP.

Characteristics of FTIR spectra of PP granules
treated under the conditions of thermooxidative
degradation

Figure 4 shows the graph of the characteristic bands
of the carbonyl groups in the FTIR spectra of PP gran-

ules under different thermooxidative degradation
conditions (from 750 to 1900 cm�1). Spectrum 1 is the
FTIR spectrum of the virgin PP granules, that is, PP
granules without any aging treatment for the purpose
of a blank test. Spectrum 2 is the FTIR spectrum of PP
granules treated under the strong conditions of ther-
mooxidative degradation (1308C and 2 h), and spec-
trum 3 is the spectrum under the strongest conditions
of all the samples (1308C and 3 h). The individual
treatment conditions of thermooxidative degradation
for spectra 2 and 3 for PP granules in Figure 4 were
entirely the same as those for spectra 4 and 5 for PP
powder in Figure 2. These two treatment conditions
were relatively strong and the strongest conditions of
all the treatment conditions shown in Figure 2 for PP
powder. Because these two treatment conditions
could not cause any degradation of PP granules, the
other relatively weak treatment conditions for spectra
2 and 3 shown in Figure 2 for PP powder (1208C and
2.5 h and 1208C and 3 h, respectively) were certainly
not going to cause any thermooxidative degradation
of PP granules.

Figure 4 shows that all three spectra presented no
changes in the carbonyl group (C¼¼O) stretching band
in the range of 1659–1815 cm�1, so no thermooxida-
tive degradation of PP granules took place under the
treatment conditions of thermooxidative degradation
used in this work, including the strongest (1208C and
3 h).

A further quantitative analysis of the carbonyl
index provided more evidence supporting this con-
clusion. The variations of the values of the carbonyl
index of the FTIR spectra of PP granules under differ-
ent conditions of thermooxidative degradation are
shown in Table VI. The carbonyl index of the spec-
trum of PP granules without the degradation treat-
ment was 0.17, smaller than that of the PP powder
without the treatment under the conditions of degra-
dation, as shown in Table II (0.20). This can be
explained as follows: the addition of the antideterior-
ant could effectively reduce the degradation of PP
granules during the period of storage. In addition, the
carbonyl index of the spectra of the samples of PP
granules before and after the treatment under the
conditions of degradation was quite stable, showing
quantitatively that there was basically no thermooxi-

Figure 4 Graph of the characteristic bands of the car-
bonyl groups in the FTIR spectra of PP granules under dif-
ferent thermooxidative degradation conditions: (1) no
aging, (2) 1308C for 2 h, and (3) 1308C for 3 h.

TABLE VI
Variations of the Carbonyl Indices of the FTIR Spectra

of PP Granules Under Different Thermooxidative
Degradation Conditions

Spectrum 1 2 3

Conditions of
thermooxidative
degradation No aging 1308C for 2 h 1308C for 3 h

Carbonyl index 0.17 0.17 0.16
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dative degradation of the PP granules, to which the
antideteriorant was added in the granulation process,
under the treatment conditions used in this study.

The fact of no degradation of PP granules under
the conditions of thermooxidative degradation might
cause the invariance of the heights of the correspond-
ing torque–time curves. This was exactly the observa-
tion found in both Figure 3 and Table V. On the other
hand, the PP powder was different from the PP gran-
ules, as shown in the previous discussion: the heights
of the torque–time curves decreased with the enforce-
ment of the corresponding treatment conditions of
thermooxidative degradation used in this work.

From the discussion, it follows that under the same
mixing conditions, if no degradation of PP resin took
place, then invariance of the heights of the torque–
time curves was given; on the contrary, if the degra-
dation of PP resin took place, then a reduction of the
heights of the corresponding curves was achieved.

CONCLUSIONS

It can be concluded that under the same processing
conditions, the heights of the torque–time curves of
PP powder and the corresponding values of the equi-
librium torque decrease with the enhancement of the
conditions of thermooxidative degradation before
mixing; on the contrary, the heights and areas of the
characteristic bands of the carbonyl groups in the
FTIR spectra of PP powder and the corresponding
values of the carbonyl index increase. The quantita-
tive analysis of FTIR spectra provides evidence for
the conclusion that the heights of the torque–time
curves of PP powder and the corresponding values
of the equilibrium torque can be used to characterize
or evaluate the thermooxidative degradation of PP
powder.

If the thermooxidative degradation conditions are
weakened or the degradation of the PP powder has
just begun, the evaluation using the heights of the tor-
que–time curves of the PP powder or the correspond-
ing values of the equilibrium torque can provide
more sensitivity than that using the carbonyl index.

For conventional plastic processing methods, such
as mixing, extrusion, and injection molding, in the
range of viscosities for processability, the evaluation
method using the heights of the torque–time curves
of PP powder or the corresponding values of the
equilibrium torque can give more sensitivity than that
using the carbonyl index. Consequently, the method
using the heights of the torque–time curves to evalu-
ate the thermooxidative degradation of PP powder
has its advantages.

The application of torque–time curves can be used
to evaluate not only the variation of the thermooxida-
tive degradation of PP powder treated under aging
conditions before mixing but also the variation of the

degradation, including the mechanochemical degra-
dation, of PP powder during the period of mixing.
The dependence of the variations of degradation of
the polymer on the processing time during mixing
can be evaluated by the study of the variation of the
torque–time curves.

It can be concluded that the application of torque–
time curves to the evaluation of the degradation of PP
powder has the advantages of a fast and convenient
operation and a simple and easy-to-operate treatment
and of being real-time, in situ, online, and production-
oriented.
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