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ABSTRACT: Linear/branched PP blends at various ratios
were used as the matrix for thermoplastic olefin (TPO)
compounds, containing an ethylene–octene copolymer dis-
persed phase. A detailed investigation of the physical prop-
erties of these blends revealed that addition of branched PP
(BPP) resulted in improved stiffness and flexural properties.
Given that the phase morphology of the blends and the
interfacial tension between their components remained vir-
tually unaffected, these improvements are attributed to the
higher stiffness of the BPP-containing matrices. Talc-filled

TPOs containing branched PPs exhibited further improve-
ments in the stiffness and flexural properties. An investiga-
tion into the bubble growth process during foaming using a
batch foaming simulation system revealed that the presence
of BPP resulted in a slight delay in cell nucleation, whereas
the rate of bubble growth was not significantly altered.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110: 817–824, 2008
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INTRODUCTION

Thermoplastic Olefin (TPO) blends, produced by
combining polypropylene (PP) with an elastomer,
are capable of displaying a broad range of proper-
ties, from rigid to soft, depending on the PP to
elastomer ratio. Generally, the addition of an elasto-
meric component to PP aims at improving its low
temperature impact strength and ductility. This usu-
ally comes at the expense of the tensile modulus and
flexural properties. Both ethylene–propylene rubber
(EPR) and ethylene–propylene–diene terpolymers
(EPDM) have been used as the elastomeric com-
pounds in numerous studies.1–3 During the last dec-
ade polyolefin elastomers (POEs), synthesized by
metallocene or single-site catalysts, are increasingly
being used as the rubber phase in TPO blends,
because of their relatively low molecular weights
and thus improved processability compared with
EPR and EPDM.4–6 This characteristic is particularly
favorable for impact modifications of low molecular
weight PP.7

Although TPOs are usually produced with linear
PP (LPP) homopolymers or copolymers, recent
developments have highlighted interest for TPOs
based on branched PPs, or mixtures of linear and

branched PPs. The addition of long-chain branches
onto a PP backbone has been shown to increase the
melt strength of the material, therefore improving its
thermoformability8 and foamability.9 In extrusion
foaming it has been demonstrated that the branched
PPs are better able to retard cell coalescence and
increase the expansion ratio during foaming.9,10

Reductions in density, homogeneous cell size distri-
bution, and lower amounts of coalesced cells have
been reported in LPP/BPP blends,11–14 although
these improvements depend largely on the process-
ing conditions9,11,12 and the LPP/BPP ratio.13 The
exact mechanism through which the branched struc-
ture affects the quality of the final foams is still
unclear; it is uncertain whether in addition to the
well-known prevention of cell coalescence, the
branched structure affects the initial stages of bubble
growth.
We have reported recently the rheological and

physical properties of a series of linear and branched
PP blends.15 These materials exhibited pronounced
strain hardening, on addition of small amounts of
BPP. Given the potential benefits in automotive
applications involving thermoformed and foamed
products, it is of interest to investigate the properties
of TPOs containing these blends as matrices. This ar-
ticle reports the morphology and mechanical proper-
ties of TPOs and TPO/talc composites containing
various amounts of branched PP (BPP) in their ma-
trix. We further investigate the influence of BPP con-
tent on the cell growth process of TPOs during
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foaming, using a batch foaming simulation system,
which is capable of recording the initial stages of
foaming,16,17 thus differentiating between the bubble
growth and cell coalescence stages.

EXPERIMENTAL

Materials

The PPs used in this study are two PP homopoly-
mers supplied by Basell: a linear PP (LPP) resin
(Pro-fax PD702, MFR at 2308C/2.16 kg, 35 g/10 min)
and a high melt strength branched PP (BPP) resin
(Pro-fax PF611, MFR at 2308C/2.16 kg, 30 g/10 min).
The density of both PPs is 902 kg/m3. The molecular
weight and branch content of the PPs were meas-
ured using a Viscotek model 350 high temperature
GPC, equipped with a dual angle LS (78 and 908)
viscometer and RI detectors and are Mn ¼ 36.7 kg/
mol, Mw/Mn ¼ 8.4 for the LPP; Mn ¼ 77.5 kg/mol,
Mw/Mn ¼ 6.6, estimated average number of
branches per molecule ¼ 4.2 for the BPP.

The polyolefin elastomer was an ethylene–octene
copolymer, Engage 8407, was supplied by The Dow
Chemical Company. This material has an MFI
(1908C/2.16 kg, g/10 min) of 30 and a density of 870
km/m3. As outlined in the following section, a series
of PP/POE samples (70/30 by weight) were pre-
pared, with the PP matrix consisting of a range of
BPP compositions (LPP/BPP 20/80, 40/60, 60/40,
and 80/20 by weight).

Blend preparation

Blend components were dry blended with 0.2% anti-
oxidant (Irganox B225 from CibaGeigy). Two com-
pounding methods were utilized. Small amounts of
samples, suitable for morphological characterization
and foaming experiments were prepared using a
DSM Xplore 5 mL twin-screw microcompounder,
equipped with a conical corotating intermeshing
twin-screw element.

Larger amounts, for use in mechanical testing,
were prepared using a Haake Polylab Rheocord tor-
que rheometer equipped with a Rheomix 610p mix-
ing chamber and roller rotors until the torque profile
reached steady state (approximately 6–7 min). The
Haake was operated at approximately 70% capacity
and 100 rpm. In both cases compounding took place
under a nitrogen blanket to limit PP degradation.
Compounding took place at 2108C for approximately
5 min.

Rheological characterization

The viscosity of the pure components and the blends
was measured at a shear rate range of (20–2000 s�1),

using a Rosand RH2000 twin bore capillary rheome-
ter (Malvern Instruments) at 2108C. The shear vis-
cosities were calculated by applying the Bagley and
Rabinowitch corrections.
The viscoelastic properties were characterized in

the shear oscillatory mode, using a controlled stress
rheometer (ViscoTech by Rheologica) equipped with
parallel plates 20 mm in diameter. The measure-
ments were performed at a gap of 0.5 mm and a
temperature of 1808C, under nitrogen blanket. Sam-
ples used in the rheometer were compression
molded discs, approximately 2 mm in thickness and
25 mm in diameter and were prepared using a
Carver hydraulic press, heated at 2008C.

Scanning electron microscopy

A JEOL JSM-840 scanning electron microscope was
used to characterize the morphology of the blends.
Compression molded samples were freeze-fractured
under liquid nitrogen and etched in toluene for 2 h.
The fracture surfaces were sputtered with gold before
viewing under the microscope. Image analysis was
performed using the Sigma-Scan Pro software.

Mechanical properties

Compression molded sheets were prepared using a
Carver hydraulic press, heated to 2008C, and type V
specimens were then stamped out of the sheets,
according to the ASTM D638 standard. An Instron
Universal Tester, model 3369, was used to determine
the tensile properties of all the materials. Five repli-
cate runs at a crosshead speed of 50 mm/min were
completed at each composition to ensure the repro-
ducibility of the results.
Flexural tests were also performed using the Ins-

tron 3369, in accordance with ISO 178, at a strain
rate of 5 mm/mm/min. The samples having dimen-
sions 80 � 10 � 4 mm3 were compression molded at
2008C with the hydraulic press. The flexural modu-
lus as well as flexural stresses and strains were
calculated from the resulting curves.
The impact strength of the blends was tested

using an Instron Izod impact testing apparatus,
equipped with a 3.95 kg hammer at room tempera-
ture and at �208C. Specimens were injection molded
with dimensions of 64 � 12.7 � 5 mm3 and notched.
Measurements were performed according to ASTM
D256. Samples tested at low temperatures were con-
ditioned in a freezer overnight. Tests were repeated
three times for each experimental condition.

Foaming visualization and analysis

Foaming visualization experiments were conducted
using a batch foaming simulation system, which has
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been described in detail previously.16,17 The temper-
ature and pressure in the simulation chamber were
regulated using a thermostat and a syringe pump,
respectively. An ADAC board was used to record
the pressure drop during experimentation, whereas
a high speed CCD camera was used to record the
foaming process.

The foaming experiments were performed on
blends prepared in the microcompounder. Disks
having dimensions 7 mm in diameter and 200 lm in
thickness were prepared by compression molding
using a Carver hydraulic press, heated at 2008C. The
disks were then placed into the simulation chamber,
which chamber was set to 1808C, under a pressure
of 2000 psi, using nitrogen as the blowing agent. The
maximum pressure drop rate for all experiments
was 33 MPa/s. A program based on Labview was
used to open the solenoid valve and record the pres-

sure decay, while simultaneously, the CCD camera
recorded the bubble behavior. For each condition,
three separate experiments were run, and the images
were analyzed using the Sigma Scan Pro 5.0 image
analysis software. Averages of these runs are
reported.

RESULTS

Blend morphology

We first begin by an examination of the morphologi-
cal characteristics of the blends, as it is well known
that morphology influences the mechanical proper-
ties and possibly the foaming behavior. These blends
are immiscible and in accordance with previous
findings4–7 they have a droplet matrix morphology,
as depicted by the representative SEM image shown
in Figure 1(a). The blends prepared in the micro-
compounder have very similar average particle size
of around 0.5 lm, irrespective of the PP matrix com-
position [Fig. 1(b)]. It should be noted that the
blends compounded in the batch mixer were coarser,
with an average particle size of 1.5 lm, highlighting
the importance of the mixing environment when
compounding these materials.
Examination of the shear viscosities of the materi-

als shown in Figure 2 revealed that, although the
BPP has substantially higher molecular weight than
LPP (77.5 kg/mol and 36.7 kg/mol, respectively),
the shear viscosities of both materials at high shear
rates are very comparable. This is because of the
higher degree of shear thinning of the BPP material.
Consequently, the viscosity ratio between the PP
matrix and the dispersed phase is the same for all
LPP/BPP ratios, resulting in similar particle break-
up characteristics. The addition of BPP affects the
elasticity of the matrix as well, as reported earlier,15

but this apparently did not affect particle breakup,

Figure 1 (a) Representative SEM image of TPOs prepared
in the microcompounder (magnification �2500); (b) Aver-
age particle diameter for TPOs prepared in the micro-
compounder, as a function of BPP content.

Figure 2 Shear viscosity as a function of shear rate for
the PP blends and the POE at 2108C.

EFFECT OF BRANCHED PP IN TPOS 819

Journal of Applied Polymer Science DOI 10.1002/app



at least at the shear rates relevant to compounding
in this work.

Given the importance of interfacial tension on the
morphology and the properties of immiscible poly-
mer blends, it is also of interest to investigate
whether addition of BPP alters the interfacial tension
between the PP matrix and the elastomer dispersed
phase. It should be noted that our previous work on
linear/branched PP blends15 has revealed that LPP
and BPP are miscible in the melt state; therefore the
molten PP matrix should behave as a single phase
system. The interfacial tension was estimated by fit-
ting the Palierne emulsion model18,19 to the visco-
elastic data obtained through oscillatory shear
measurements, for the simplified case where the pol-
ydispersity of the dispersed droplets is less than 2.9

A representative illustration of the Palierne model fit
for a TPO containing 30 wt % POE as the dispersed
phase, with the matrix containing 100% LPP is
shown in Figure 3. Based on the Palierne model esti-
mates the interfacial tension values do not vary sig-
nificantly; the TPOs containing 100% LPP in their
matrix have an interfacial tension of 0.103 mN/m,
whereas those containing 100% branched PP arrive
at a value of 0.072 mN/m. All other compositions
fell in-between. It should be noted that these values
are very low, in agreement with previous findings
on similar PP/POE systems,7 suggesting excellent
compatibility between the two phases.

Mechanical properties

As expected, the addition of 30 wt % of POE in the
PP matrix decreased substantially the tensile
(Young’s) modulus of the material [Fig. 4(a)]. At the
same time, the elongation at break increased, as
the PP matrix displayed elongations below 30%,

whereas all the TPOs had elongations at break above
100% [Fig. 4(b)].
What is more noteworthy is that the trends

reported for linear/branched PP blends in our ear-
lier work15; whereby small additions of BPP gener-
ated a stiffer material, persist in the TPOs, as shown
in Figure 4(a). This is also reflected from the flexural
properties in Figure 5, which demonstrate that all
materials containing BPP have a higher flexural
modulus. Given that there are no notable differences
in the morphology and the interfacial tension of the
blends, this behavior is attributed to the matrix
properties. As demonstrated by McCallum et al.15

the BPP used in this work is stiffer and more brittle
compared with the LPP. Its heat of fusion is also
slightly higher, translating into a higher crystallinity,
contrary to what would be expected for a branched
material, possibly because of its higher molecular
weight. The same trend persists in the TPOs, as
shown in Table I. This finding reveals the benefits of
using BPP, which enables the use of a higher

Figure 3 Representative fit of the Palierne model for 70/
30 wt % LPP/POE blends.

Figure 4 (a) Young’s moduli and (b) elongation at break
as a function of BPP content; ^, PP blends; n, TPOs. Lines
are drawn to guide the eye.
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molecular weight material, thus offering improved
mechanical properties, without sacrificing its proc-
essability (see also Fig. 2).

As shown in Figure 4(b) the beneficial effect of
BPP addition on the stiffness comes at the expense
of the elongation at break. Nevertheless, out of all
the blends prepared in this study, none failed during
notched Izod impact tests conducted at ambient tem-
perature, whereas at �208C, the TPO sample con-
taining 100% branched PP as the matrix failed with
an impact energy of 0.011 J/m2. This implies that
the toughness does change on addition of BPP, but
overall the reduction in impact energy does not
result in sample failures during Izod impact testing.

Effect of talc

The tensile properties and flexural properties of
blends prepared with varying levels of branched PP,
as well as talc, are represented in Figures 6 and 7,
respectively. The addition of talc clearly increases
the Young’s and flexural moduli of the material by
as much as twofold, at a 20% talc loading. The sub-
stantial gains in all flexural properties when talc is
added in the TPOs, are shown in Figure 7. The ten-
sile properties of the composites were not affected
significantly by the amount of branched PP used,

whereas the flexural properties generally benefited
from the presence of BPP, up to a 60% BPP content,
where a notable decrease in flexural strain occurred
(Fig. 8). The notched izod impact tests performed
show failures at �208C of the composites containing
5 wt % talc with 0 or 20 wt % BPP, with impact
energies of 0.0108 and 0.0132 J/m2, respectively.
None of the samples failed at room temperature.

Foaming visualization and analysis

Representative images captured during batch foam-
ing of TPOs containing 30 wt % POE can be seen in
Figure 9. Image analysis was used to determine the
cell densities with respect to the unfoamed volume
(Nunfoamed), according to eqs. (1–3):16

NunfoamedðtÞ ¼
NðtÞ
Ac

� �3=2

�VERðtÞ (1)

Figure 5 Flexural modulus as a function of BPP content;
^, PP blends; n TPOs. Lines are drawn to guide the eye.

TABLE I
Heats of Fusion of TPOs Containing Varying

Levels of BPP

BPP matrix content (wt. %) Heat of fusion (J/g)

0% 64.01
20% 71.07
40% 69.60
60% 72.06
80% 70.82

100% 71.51

Figure 6 (a) Young’s moduli and (b) elongation at break
as a function of BPP content; , 0 wt % talc; , 5 wt %
talc, , 10 wt % talc; , 20 wt % talc.
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The volume expansion ratio (VER) is:

VERðtÞ ¼ 1 þ 4

3
p RavgðtÞ
� �3 � NðtÞ

� �
(2)

where N(t) is the number of bubbles observed, Ac is
the analysis area, and Ravg is the average radius of
the observed bubbles.

In the case of the batch foaming experiments, the
observations are made only for the initial growth
stage, and therefore the VER is approximately equal
to 1. Hence, the expression for Nunfoamed can be
reduced to:

NunfoamedðtÞ ¼
NðtÞ
Ac

� �3=2

(3)

Cell density versus time curves for TPOs contain-
ing LPP/BPP matrices are shown in Figure 10. The

two observations that must be noted are that in the
presence of BPP cell nucleation is generally delayed,
but once it does occur, the rate of cell growth is
similar for all compositions. Similar results were
obtained during foaming of the talc-filled TPOs.
Foaming of immiscible blends, such as the TPOs

used in this work, involve complex phenomena. In
addition to the cell nucleation, growth and stabiliza-
tion/cell coalescence mechanisms, foaming of blends
is also influenced by the individual components’
rheological20 and thermal properties,21 the blend
morphology,20–23 as well as the diffusivity/solubility
of the gases in the respective blend compo-
nents.17,20,24 Interfacial tension between the immisci-
ble blend phases may also play a role. The TPOs
used in this work have very similar morphologies
and interfacial tension, as well as the same type of
dispersed phase; therefore, the only factors that
should affect cell growth are the rheological proper-
ties of the matrix and the gas solubility in the melts.

Figure 7 (a) Flexural moduli and (b) flexural strains as a
function of BPP content; , 0 wt % talc; , 5 wt % talc;
, 10 wt % talc; , 20 wt % talc.

Figure 8 (a) Flexural moduli and (b) flexural strains for
the POE blends containing 10 wt % talc as a function of
BPP content.
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Both the rheology and gas solubility are known to
be influenced by the presence of a branched compo-
nent. Li et al.25 demonstrated that the solubilities of
CO2 and N2 physical blowing agents are lower in
BPP, because of its entangled molecular chain struc-
ture. This results in LPP generally nucleating more
cells than BPP when the same pressure is used13

and can explain the trends shown in Figure 10.
Once nuclei form, the rate of cell growth is not

substantially different between the various blend
compositions. As shown previously,15 the PP blends
used as matrices for the TPOs under consideration
in this work showed significantly increased strain
hardening, as well as higher low-frequency melt
elasticity, at the addition of BPP amounts as low as
20 wt %. However, the strain hardening of the
blends containing BPP obviously did not influence
significantly the rate of individual cell growth, as
shown in Figure 10. This is in agreement with the
findings by Otsuki and Kanai,26 who indicated that
the most relevant rheological parameter for the
growth rate process is the high-frequency elastic
modulus data. Indeed, the high frequency elastic
moduli for our PP blends are very similar.15 There-
fore, the cell growth stage is not influenced by the
strain hardening of the matrix, and the only impor-
tant factor governing the process is the rate of nuclei
growth, which depends on the solubility of the
blowing agent in the melt.

Based on the results of this work, and given that
we have been able to separate and monitor only the
cell growth mechanism, we can state that the previ-
ously reported improvements in foam quality in the
presence of BPP10 are only because of the prevention
of cell coalescence during the final stages of foaming
in agreement with the model predictions of Taki
et al.27 and are not attributed in any way to enhance-
ments in the bubble growth rate.

Figure 9 Representative images captured during the batch foaming experiments of TPOs containing 100 wt % LPP using
nitrogen as a blowing agent; Psat ¼ 2000 psi, 1808C, dP/dt ¼ 33 MPa/s.

Figure 10 Cell density as a function of time for TPOs
containing various amounts of BPP in their matrix.
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CONCLUSIONS

Addition of branched PP in TPOs did not alter sig-
nificantly the morphology or the interfacial tension
between the blend components. All materials con-
taining branched PP were generally more rigid and
had enhanced flexural properties. However, these
qualities came at the expense of the elongation at
break. All blends showed excellent low temperature
toughness. The addition of talc to TPO blends causes
further gains in the stiffness and flexural properties
of the blends.

Investigation of the initial bubble growth stage
during batch foaming experiments revealed that the
rate of cell growth was not affected by the presence
of the branched polyolefin. However, the nucleation
rate was slower in the presence of the branched
component, apparently due to the lower solubility of
the gas in the presence of branching in the melt.
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