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ABSTRACT: It is a common industrial practice to blend
virgin polymer with the same polymer recycled from
scrap plastic that, in general, has not undergone relevant
degradation. In this article, the influence that incorporat-
ing recycled material has on injection processes, especially
on the rheological behavior of the material was studied.
With this aim in mind, a mixture of two materials with
the same nature or composition and similar viscosity was
used, which is the system that is most commonly seen in
industry. The mixture studied is composed of virgin PP
(polypropylene) typically found in injection processes, and
recycled copolymer PP from scrap plastic. A complete

characterization of the materials and applied existing mod-
els was carried out to predict the mechanical behavior of
the mixtures. A model to predict the behavior of the mix-
tures during processing, based on the rheological charac-
teristics of the materials used was developed. This
predictive model has been experimentally validated using
filling tests in injection molding machines, as well as by
specific simulation software. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 124: 2485-2493, 2012
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INTRODUCTION

Recycled polymers are usually blended with virgin
polymers to obtain the best trade-off between cost
and final properties.'™

Moreover, the numerical simulation of the injection
molding process is now extremely helpful to support
important decisions in product development.”

The reliability of numerical simulations of the injec-
tion molding process depends mainly on the rheologi-
cal characteristics of polymers. The rheological char-
acterization of a polymer for injection molding is
commonly carried out by a capillary rheometer.°

When studying a recycled material, it is difficult
to carry out an extensive study on characterization
due to the huge diversity of components, and its
low cost in comparison to virgin material.””®

However, the demands of modern production sys-
tems make some form of characterization necessary.
This characterization must take into account the me-
chanical, thermal, morphological, etc. properties of
the material, as well as ensuring that the recycled
material presents no problems during processing
and that the transformation of the material can be
carried out in the same way as with virgin material.”

With this in mind, our principal aim is to deter-
mine, from experimental data, whether it is possible
to correctly predict the behavior during processing
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of a recycled material, and which models can be
used. From this data it is then possible to carry out
studies on the effect of viscosity on incompatibility
of plastic waste material during the recycling
process.

To study this, one of the simplest systems found
in the recycling industry was used, which consists of
mixing two materials of the same composition and
which have similar viscosity'’

From this study, the reliability of the predictive
models concerning the mechanical behavior of the
mixtures was verified, to later predict the behavior
of the mixtures during processing.

EXPERIMENTAL MATERIALS

The first component of the system was virgin poly-
propylene manufactured by Repsol-YPF (PP
ISPLEN® PB 180 G2M), with a MFI of 20 g/10 min,
a typical value in injection process.

The second component was recycled copolymer
polypropylene in the form of rejected toy compo-
nents of large size which were transformed through
the injection process.

Characterization

The mechanical properties of the samples were eval-
uated using an ELIB 30 electro-mechanical universal
testing machine by Ibertest (S.A.E. Ibertest, Madrid,
Spain), with a load cell of 5 kN. All tests were car-
ried out following UNE-EN ISO 527 standard, at a

speed of 30 mm min .
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Impact strength was determined by using the
Charpy impact machine (S.A.E. Ibertest, Madrid,
Spain) according to ISO-179.

The values of all the mechanical parameters were
calculated as averages over five to seven samples for
each composition.

The Thermal characterization was carried out
using DSC Mettler-Toledo 821 equipment (Mettler-
Toledo, Schwerzenbach, Switzerland). Samples of
weight between 8 and 9 mg have been used. A first
heating (30-280°C at 10°C min ') was completed,
followed by a cooling process (280-30°C at 10°C
min ') to eliminate the thermal history and by a sec-
ond heating (30-280°C at 10°C min ). The T, values
have been determined from second heating process.
The tests were performed in a nitrogen environment
(flow rate 50 mL min ).

Melt flow index measurements were obtained
with an extrusion plastometer (Ats Faar S.p.A,
Vignate, Italy) equipped with a heating chamber set
at 200°C where the blended granules were intro-
duced. After a previously established melting time,
the material was forced through a capillary by
means of the application of a 5000 g weight.

The rheological characterization was carried out as
described under the ISO 11443 standard, using a capil-
lary rheometer, (Rheoflixer Typ 556-0101, Thermo-
Haake, Germany). Test parameters were as follows:

» Test dies (diameter/length): 1/10; 1/20: 1/30
mm

¢ Test temperature: 200 and 230°C

» Test shear rate: 100-10,000 s~

* Previous compression: 20 bar during 30 s

* Previous decompression: 10 bar during 30 s

* Pressure sensor used: 1400 Bar

* Melting time: 5 min

Given the wide range of test temperatures accord-
ing to the ISO 11443 standard, previous tests were
carried out to determine the optimum parameters.

Tests for each sample were carried out in the three
dies to obtain the real shear stress. The Bagley cor-
rection'' was used. The real shear rate was also
obtained, to which the Rabinowitsch correction'?
was applied. In this way the real viscosity was
obtained.

High shear rate values (y) were established, rang-
ing between 102 and 104 (s ). The study of this
interval is important as these values most closely
match the processing conditions for the material.>'?

Process and simulation

The preparation of the mixtures was carried out
using a double screw extruder with five temperature
zones (170/190/210/220/230°C) to ensure correct
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TABLE I
PP ISPLEN® PB 180 G2M Properties
Property Unit
Density (p) gcm 0.905
Melt index flow (MFI 230;2,16) g/10 min 20
Tensile strength (R) MPa 20.5
Young’s modulus (E) MPa 495

dispersion of the components in the blend."* A coro-
tation extruder Collin ZK 25 (Collin extrusions, War-
wickshire, UK) with 25-mm diameter screw and a
length—diameter ratio of 24 was used.

To add the components to the blend, two volu-
metric dispensers were used.

For the mechanical characterization, samples were
obtained conforming to ISO-527 and ISO-179.

The mold used for the injection has been a labora-
tory mold for tensile samples of one cavity.

The injection process was performed in a
MATEU-SOLE 270/75 injection machine (MATEU-
SOLE, Barcelona, Spain) at a screw temperature of
230°C and mold temperature 30°C.

Plastic flow analysis simulations were carried out
using the commercial computer-aided engineering
software, Moldflow Plastics Insight (release 6.2),
which theoretical basis of calculation is based on
Cross-WLF rheological model.

RESULTS AND DISCUSSION
Materials characterization

In the case of virgin polypropylene PP ISPLEN® PB
180 G2M, the physical/mechanical properties neces-
sary for the study were provided by the manufac-
turer (Table I).

Similarly, the rheological parameters of the mate-
rial used as references for the Cross-WLF model
were also supplied by the manufacturer (Table II)

where D, (K), is the model constant which regis-
ters the glass transition temperature of the material
at atmospheric pressure.

D5 (K/Pa), is the model constant which symbol-
izes the variation of the glass transition temperature
of the material, according to the pressure.

A, (K), A; (—), are the WLF parameters.

n, is the model constant which symbolizes the
pseudoplastic behavior of the material

t* [Pa], is the model constant that shows the shear
stress rate, from which the pseudoplastic behavior of
the material starts.

D, [Pa s '], is the model constant which registers
the viscosity of the material, under zero-shear-rate
conditions, at the glass transition temperature of the
material and at atmospheric pressure.

In the case of recycled PP, the material came from
injection molding process in the toy industry, which
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TABLE II
Cross-WLF Parameters of PP PB 180 G2M
D, (K) Ds (K Pa™') A; (K) n(-) ™ (Pa) Dy (Pas™) Ar (-)
PP PB 180 G2M 263.15 0 51.6 0.216 57463.6 2.72E+420 49.83

means that it had undergone a thorough characteri-
zation prior to being used (Table III).

The thermal properties of the material were deter-
mined using differential scanning calorimetry (DSC),
having first carried out a study of crystallinity (Fig. 1).

To determine variations in the level of crystallinity
a first heating (30-280°C at 10°C min ') was com-
pleted, followed by a cooling process (280-30°C at
10°C min~ ") to eliminate the thermal history, and
was finished with a second heating (30-280°C at
10°C min~'). The tests were performed in a nitrogen
environment (flow rate 50 mL min %)

From the study of the fusion energy values from
the two heating cycles carried out it was deduced
that the material had a slow and controlled cooling
during transformation, as the crystallinity values
(with respect to the theoretical maximum value of
PP) were very similar in both cycles (Table IV).

This crystallinity was as expected, given that the
material came from injection molded parts of large
size, where cooling times are usually long to avoid
shrinkage problems in the parts and part distortion
during ejection.

In second place, to determine the degree of degra-
dation of recycled PP, the conditions of the thermal
analysis were varied, in this case using a single ther-
mal ramp which began at 30°C and finished at
260°C at a rate of 10°C min ", but in this case in ox-
ygen atmosphere (Fig. 2).

The value of onset oxidation temperature (OOT)
indicates that we have a material that has not had
much thermal degradation during processing, since
the value obtained is similar to a standard nonstabi-
lized PP used in injection molding.'>*®

Concerning the rheological properties of the mate-
rial, it is obtained a melt flow index of 12.9 g/10 min.

Following this, it is obtained the real viscosity
curve through a capillary rheology test (Fig. 3). The
test temperature was set at 230°C, a typical value for
transformation of this type of material.

TABLE III
PP Recycled Physical/Mechanical Properties

Property Unit

Density (p) g cem”® 0.907
Melt index flow (MFI 230;2,16) g/10 min 129 + 0.1
Tensile strength (R) MPa 222 +0.3
Young’s modulus (E) MPa 532 £ 5
Elongation at break (g,) % 387 * 2
Tensile impact (E) Kkl m~2 7.78 + 0.1

Calculation of mechanical behavior

Some theoretical models have been used to predict
behavior of polymeric blends."”'® A model, based
on Takayanagi'” has been used to evaluate quite
accurately mechanical performance of blends. This
model, known as Equivalent Box Model (EBM), con-
siders that certain fractions of each material contrib-
ute to mechanical properties as in series work, while
other fractions contribute in parallel.

The contribution of these fractions to the final
value of the studied property is determined accord-
ing to the general Rule of Mixtures.

The equations deduced by the model to calculate
Young’s modulus and Tensile strength are as follows:

,02
EbZ(E1~U1p+E2-Uzp)+ £

)@

OR(min) = O1 - U1p + O2 - Ugp + A -min(cy,072) -5 (2)

where

vlp, v2p are the fractions of each component work-
ing in parallel.

vls, v2s are the fractions of each component work-
ing in series.

op = vlp +02p
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Figure 1 Heating/cooling/heating calorimetrical curve of
recycled PP.
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TABLE IV
Thermal Properties of PP Using DSC Technique

First cycle

Second cycle

Melting T (°C) Melting energy (J g7 Crystallinity (%)

Melting T (°C) Melting energy (J g™ Crystallinity (%)

166.1 80.4 47

164.2 86.4 50.8

versus = vls + v2s

A, represented the intensity of the adhesion/interaction
forces in the interface (the value 1 was used in our case
because the materials are completely compatible).

The determination of series and parallel fractions for
each one of the components in the blend, depends on
the critical values defined by percolation theory, vcrit
and T (percolation threshold and critical exponent
respectively). Therefore, prediction of mechanical prop-
erties is based on the determination of these critical val-
ues by identifying the most appropriate lattice for the
system (square, triangular, hexagonal, 3D lattices...).
Many studies have focused on the determination of
these critical values and generally, values based on
three dimensional geometries give good results, spe-
cially in heterogeneous isotropic materials.*’ Therefore,
for three-dimensional domains of spherical type of dis-
creet nature, percolation theory establishes percolation
threshold wvcrit = 0.156, while value of the universal
exponent, T is located in the range 1.7 < T < 1.9; many
systems use a T value of 1.8 with excellent results.* >

Therefore, with a 50/50 blend and using the criti-
cal exponent commonly used, we obtain a value for
Vip = V3, =02 and for Vs = 0.6

Applying egs. (1) and (2) to the system being
studied, composed of 50% each of virgin polypro-
pylene PB 180 G2M and recycled PP, values for
Young’s modulus and Tensile strength which were
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Figure 2 Degradation curve of recycled PP.
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very similar to those obtained experimentally were
obtained (Table V).

Process behavior

The most important parameter when characterizing
a material during injection processes is its rheologi-
cal behavior.

In the current work, two materials with a high
compatibility index were rheologically characterized,
to later develop a model which would allow us to
evaluate the behavior of the blend during its process
of transformation.

This model would later be verified experimentally
using specific simulation software.

Rheological properties of materials

There are currently on the market various software
programs specifically developed for injection simula-
tion, and these incorporate models to evaluate the
viscosity of a material.

The rheological model most extensively used is
the Cross-WLF,** which offers a very close approxi-
mation to the behavior of the real material, relating
viscosity to other parameters such as temperature,
shear rate and pressure.

The model is as follows:

n=— ©)

1000 q——ry — ——

100 .

Viscosity (Pa.s)

L N . L) LN R S | » ) L LI R T
100 1000 10000
Shear rate (s™)

Figure 3 Viscosity curve of recycled PP.
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TABLE V
Young’s Modulus (E) and Tensile Strength (R) for 50/50
Blend, Obtained Experimentally and by EMB

Recycled  50/50 blend 50/50 blend Error
Virgin PP pp exp EMB (%)
E (MPa)
495 (+ 1.8) 532 (= 0.5 509 (= 2.3) 513.2 0.83
R (MPa)
205 (= 0.2) 222(=03) 207 (+0.1) 20.8 0.5

where ny (Pa s ') is the viscosity under zero-shear-
rate conditions, t* (Pa) is the model constant which
shows the shear stress rate, which is the starting
point for the pseudoplastic behavior of the material,
and 7 is the model constant which symbolizes the
pseudoplastic behavior of the material.

To determine the viscosity of the material under
zero-shear-rate conditions, Williams-Landel-Ferry
expression” was used.

—A1(T-T) ~
Ny = Dy - e 20D it T >T (4)
where -
A=A +Dsp

T=D, -+Ds-p

T(K) is the glass transition temperature of the mate-
rial depending on the pressure, D, (K) is the model
constant that marks the glass transition temperature
at atmospheric pressure, D; (K/Pa) is the model
constant which symbolizes the temperature variation
of the material during transformation in function of
pressure, D; (Pa s7') is the model constant which
shows viscosity of the material under zero-shear-rate
conditions, at the glass transition temperature of the
material and at atmospheric pressure, and finally A;
and A, (K) are the model constants.

Therefore, it was necessary to know seven param-
eters to model the system, three of which (D,, Ds,
and A,) belong to each type of polymer (PP, ABS,
PE, etc.), and the remaining four (n, t*, D1, A;) are
specific to each grade of material.

In the case of virgin PP, these parameters were
supplied by the manufacturer (Table II).

In the case of recycled PP, the parameters of the
Cross-WLF model were obtained from the real viscos-
ity curve. From this curve, after the corresponding cor-
rections, the four parameters particular to the model
(n, v, D1, Ay) were obtained, carrying out an adjust-
ment using Chi squared minimization criteria. This
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adjustment was carried out using the numerical analy-
sis software Origin®, thus obtaining an extremely high
correlation value between estimated and real values.
The remaining three (D,, D3 and A,), are constant
for any PP.
Thus, the parameters obtained for the recycled
material are those shown in Table VI.

Calculating the rheological behavior of blends

Rheological studies of a material require very specific
equipment which is generally only within the reach of
polymer manufacturers and research laboratories.

On occasions those carrying out the transforma-
tion need to know the rheological behavior of a
blend of polymers, but only have available to them
the specifications supplied to them by the
manufacturers.

The present study proposes a method for calculat-
ing rheological behavior of a polymer mixture based
on the rheological characteristics of each individual
component.

Basing this study on the Cross-WLF equation and on
knowledge of the physical significance of the different
parameters, a model a model was proposed in which,
applying the blending law, we calculate the different
parameters of the model for a particular mixture.

The representation of the viscosity curve against
shear rate is logarithmic, and with this fact as a
starting point, the parameters t* and D; can be cal-
culated as follows:

log " = ¢ log 1] +¢, log 15 )
log D1 = ¢, log D1, + ¢, log D1, (6)

where @ is the fraction in weight of each component
and (I)l + (D2 =1.

In the same way, and observing that the parame-
ters n and Alappear in the Cross-WLF equation as
exponent, the calculation can be expressed as:

n=dyny + oy ()
Al = &A1, + dAT, ®)

where © is the fraction in weight of each component
and (I)1+ (DZ =1.

The remaining three parameters of the equation
(D,, D3, and A) have constant values whenever we
are dealing with different grades of the same
material.

TABLE VI
Cross-WLF Parameters of PP Recycled
D, K) Ds (KPa™) A (K) n (=) © (Pa) Dy (Pas™) A1 ()
PP recycled 263.15 0 51.6 0.275 38004.35 2.23E+12 26.36

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VII
Cross-WLF Calculated Parameters of 50/50 PP Blend
D, (K) D3 (KPa™) A; (K) n (=) v (Pa) Dy (Pas™) Ar (-)
50/50 PP blend 263.15 0 51.6 0.246 46731.85 2.46E+16 38.09

With the aim of verifying the proposed model, these
calculations were applied to a 50/50 blend of each of
the materials proposed in the study. In this case, we
obtained from the Cross-WLF equation (Table VII) pa-
rameters whose graphic representation shows a very
good approximation to the real rheological behavior of
the blend, showing only slight variations in the initial
part of the curve (Fig. 4). Both curves, as expected,
rheological behavior that has values somewhere
between those of the individual initial materials for
the whole range of shear rates studied.

Validation of the rheological model of the blends

The rheological model has been validated experi-
mentally, through mold filling tests using injection
machines. For this, a laboratory mold with normal-
ized test samples was used. In this case, the tensile
sample is injected, which allowed better observation
of the advance of the flow of material.

These tests were carried out using the three mate-
rials characterized:

* Virgin Polypropylene Repsol-YPF PB 180 G2M

* Recycled Polypropylene sourced from injection
processes.

* Blend of 50% by weight of both materials.

To carry out the filling tests, flow rate as the pa-
rameter under study is selected, maintaining the rest
of the parameters (screw temperature and mold tem-
perature) constant.

As two similar grades of polypropylene are used,
the transformation parameters supplied by the man-

e | M wE T | i1 aaasl i s gl
1000 - & Virgin PP
gnn””” o Recycled PP
Pror Ui lsmen, - - -~ Calculated 50/50 blend
.AAAAAAAAAAAAA;';l_nu + Real 50/50 blend
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o ] Eg
z '
& R?‘x
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@ £,
> e
104 Ais; 3
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5.
i
1 10 100 1000 10000 100000

Shear rate (s”)
Figure 4 Viscosity curves of the materials studied.
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ufacturers of the virgin material (Table VIII) were
chosen in all the tests.

To determine the different flow rates, a first test
was carried out to obtain the minimum flow rate at
which the mold is completely filled and the injection
time needed to do so.

Later, filling tests were carried out, keeping the
injection time constant but progressively reducing
the flow rate until no flow of material was observed
inside the cavity.

This operating procedure was followed in the same
way for the three materials proposed. In each of the
tests, samples from a series of five injections were
obtained from which the average weight was calculated.

Running parallel to the filling tests in the injection
machine, simulations of the process using the
Moldflow® program were carried out with the aim
of comparing the experimental and theoretical flow
advance rates. With this in mind, the injection pa-
rameters used in the machine were introduced into
the simulation along with the rheological characteris-
tics of each of the materials, obtained from the
Cross-WLF model parameters.

From each of the simulations, the theoretical
advance of the flow and the theoretical weight of
injected material were obtained for each of the flow
rates proposed.

Comparing the experimental flow (top image)
with the theoretical (bottom image), it is observed
that in the case of virgin PP, these are very similar
for the whole range of flow rates (Fig. 5).

Similarly, in the case of recycled material, a good cor-
relation between the experimental flows and theoretical
flows was observed, with the exception of a small dif-
ference at low flow rates (Fig. 6), due to the fact that
these speeds control of the injection is quite difficult,
and the quantity injected into the mold is small.

Finally, from the study of flow advance of a 50/50
blend PPs, it could be deduced that the model pro-
posed offers a close approximation to real rheologi-
cal behavior of the blend, as experimental and theo-
retical flows that were very similar were seen
clearly, even at low injection flow rate (Fig. 7).

To make a quantitative comparison between the
experimental and simulated flows, the average shot

TABLE VIII
Injection Parameters Used in the Filling Tests

Tearrer (°C)  Tnozzie (°C)  Twmateriar °C)  Tvorp (°C)

160-220 230 230 30
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Figure 5 Advances in experimental (top image) and simulated flow (bottom image) of virgin PP PB 180 G2M Repsol at
different flow rates.

weight of the injected material under the different follow more closely the trend seen in the recycled

conditions proposed was obtained (Fig. 8). material, while the trend for virgin material is a little
If the evolution of the weights obtained from the different.
injection machine experiments is studied, it was pos- On the other hand, if the difference in weights

sible to see how in the case of the blends, the values between experimental tests and simulations it is
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Figure 6 Advances in experimental (top image) and simulated (bottom image) flow of recycled PP at different flow rates.

Journal of Applied Polymer Science DOI 10.1002/app



2492

m‘{'{ i,

Flow rate 21,2 cc/seg
- a==.-
Flow rate 31,8 ccfseg

== —

Flow rate 42 4 cc/seg

NAVARRO ET AL.

- i —
o - g

Flow rate 53,0 cc/seg

4—‘-—0

== !

Flow rate 63,6 cc/seg

+—__-
R

Flow rate 68,9 cc/seg

Figure 7 Experimental (top image) and simulated filling (bottom image) of 50/50 blend PPs at different flow rate.

analyzed, it can be seen that the area of greater error
corresponds with the average flow rates, reaching in
all three cases absolute errors of less than 1 g.

Analyzing the relative error, it can be generally
seen that for the three materials, it is higher at lower
injection flow rate, due to the fact that these speeds
control of the injection is quite difficult, and the
quantity injected into the mold is small. Therefore in
practical terms, the error produced in this area is not
considered significant. As the speed was increased,
the error stabilized, giving values that oscillate
between 0.5 and 9%. Once again, the lowest values
for relative error came from recycled material.

12 T ¥ T Y T T T T T g T
Blend.simul

---- Virgin PP.simul

------ Recycled PP.simul 2

10 4 © Blend.exp %
o VirginPP.exp o .
4 Recycled.exp

shot weight (g)

T T T T T T T T T T T

20 30 40 50 60 70 80

injection speed (cm’ls)

Figure 8 Weights of injected samples obtained from sim-
ulations/experimental at different injection flow rates.
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To summarize, relatively small errors were
obtained (around 10%), and the values for these
were independent of the origin of the rheological pa-
rameters used in the simulation, which were:

* supplied by the manufacturer

* obtained from the rheological characterization
of the material

* calculated from the rheological characteristics of
the individual components of the blend.

CONCLUSIONS

The value of onset oxidation temperature (OOT) of
the recycled polypropylene used in the blends, indi-
cates that we have a material that has not had much
thermal degradation during processing. The high
crystallinity values obtained show that the material
had a slow and controlled cooling during
transformation.

The equivalent box model (EBM) with the parame-
ters developed by Kolarik is appropriate for the me-
chanical characteristics of the system. The compari-
son between simulation and experimental results
allowed validation of the model both for the
Young’s modulus and Tensile strength, in which
very similar values were obtained in both cases.

The model proposed to calculate rheological
behavior was shown to be correct as it gave rheolog-
ical curves that fall between those of the two initial
materials.
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The rheological model proposed was shown to
work accurately for the three materials studied, and
a good correlation between experimental and simu-
lation flows was observed.

Relatively small errors were obtained (below
10%) between weights of injected material obtained
experimentally and via simulation, and these
values were shown to not be very sensitive to the
origin of the rheological parameters used in the
simulations.
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