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ABSTRACT: In this article, the influence of the rheological behavior of miscible blends of a linear and a high melt strength, branched,
polypropylene (HMS PP), on the cellular structure and mechanical properties of cellular materials, with a fixed relative density, has
been investigated. The rheological properties of the PP melts were investigated in steady and oscillatory shear flow and in uniaxial
elongation in order to calculate the strain hardening coefficient. While the linear PP does not exhibit strain hardening, the blends of
the linear and the HMS PP show pronounced strain hardening, increasing with the concentration of HMS PP. Related to the cellular
structure, in general, the amount of open cells, the cell size, and the width of the cell size distribution increase with the amount of
linear PP in the blends. Also mechanical properties are conditioned by the extensional rheological behavior of PP blends. Cellular
materials with the best mechanical properties are those that have been fabricated using large amounts of HMS PP. The results dem-
onstrate the importance of the extensional rheological behavior of the base polymers for a better understanding and steering of the

cellular structure and properties of the cellular materials. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42430.
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INTRODUCTION

A polymeric cellular material consists of a two-phase structure,
in which a gaseous phase, derived from a blowing agent, has
been dispersed in a solid polymeric matrix."* This structure
allows these materials to be used in applications such as packag-
ing, sports and leisure, toys, thermal insulation, automotive,
military, aircraft, buoyancy, or cushioning’ Particularly,
polyolefin-based cellular materials keep some of the properties
of polyolefins such as toughness, flexibility, resistance to chemi-
cals and abrasion, and recyclability.*> Currently, polyethylene
(PE)-based cellular materials dominate the market of polyolefin
foams. However, owing to the favorable properties of polypro-
pylene (PP), its use has been considered in the industry, even
replacing PE foams or other rigid foams such as polystyrene or
polyurethane. PP is superior to PE in several aspects. It has a
high melting temperature, stiffness, and the capability of static
load bearing. Moreover, PP has a cost similar to PE, good tem-
perature stability, and a good chemical resistance.’

Nevertheless, foaming of common linear PP is not a simple
task, owing to its rheological properties, especially owing to its
weak melt strength.”® It is difficult to achieve high expansion
ratios (ERs) during foaming because the cell walls break and
the foam is not able to retain the gas during the expansion
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process.” A way to improve the foaming of a linear PP is to
incorporate long-chain branches (LCBs).'® The PPs with LCBs
have a pronounced strain hardening, which is closely related to
an enhancement of the melt strength.!' Different methods have
been applied to modify PP by LCB. Most of the LCB PPs are
produced by in situ polymerization and by post-reactor treat-
ment. After the reactor treatment, the LCBs can be formed by
reactive extrusion or by electron beam irradiation.'*'’> Nowa-
days, several LCB PP commercial grades are available.

Several studies have shown that foaming of LCB PPs, either
pure branched PP or blended with linear PP, leads to higher
ERs and more homogeneous cellular structures.”'*™'® Naguib
et al” analyzed the way to obtain larger volume ERs. For this
purpose, they used a branched PP and long-chain blowing
agents (pentane and butane). The fabrication route used was
extrusion foaming. They also lowered the melt temperature and
optimized the process conditions. The ER obtained from the
linear PP was much lower than that from the branched PP,
which indicates that branched PPs are more effective for the
production of low-density foams. Park and Cheung'® studied
the cell nucleation and initial growth in linear and branched
PP-based cellular materials foamed by extrusion. While the
degree of cell coalescence was severe in the linear PP foams and
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most of the cells were interconnected to each other, the branched
PP gave a better foam structure. Nam et al.'® studied the effect
of modifying PP by the addition of LCB and the resulting effects
on the rheological properties and performance of extrusion
foams. More specifically, when PPs had LCBs, the foam density
became lower. It was determined that the long-chain branching
of PP was the main factor affecting the foam density.

The effect of blending linear and LCB PPs on foam proper-
ties has been the subject of different studies.'”™'” Reichelt
et al'” described the optimization of the physical foaming by
extrusion, changing different parameters, of a LCB PP and the
corresponding blends with a PP block copolymer. They found a
correlation between the extensional rheology and the lower limit
of foam density for the blends. Blends rich in LCB PP show
better foamability owing to their higher melt strength. Spitael
and Macosko'® investigated the influence of the strain harden-
ing on foaming by extrusion of blends of linear and LCB PPs.
They did not find a direct correlation between the amount of
strain hardening and the foam cell density. The balance between
the large nucleation of the linear PP and the reduction of the
cell coalescence due to the important strain hardening of the
LCB PP can lead to a higher cell concentration in the blends of
linear and branched PPs than in the neat polymers. Stange and
Miinstedt'® studied the influence of LCBs on the foaming
behavior of PP. Different branching contents were achieved by
blending a linear PP and a LCB PP. They found an almost linear
increase of the strain hardening with the amount of LCB PP.
Moreover, in the foaming tests, they observed a significant
increase of the ER (reduction of density) by the addition of
LCB PP, although this value remained constant from a concen-
tration of the LCB PP higher than 50%. Related with the aver-
age cell size, they found that cell size decreased with the
amount of LCB PP, which can be explained by a reduction of
cell coalescence and cell collapse due to the increased melt
strength.

Because of the foaming method used in these papers (extrusion
foaming) foam density was not constant for materials contain-
ing different amounts of LCBs. These different densities make it
difficult to compare between the different foams and to analyze
the structure—property relationships. Moreover, the characteriza-
tion of the cellular structure was mainly based on the average
cell size and cell density. A more detailed characterization of the
structure was typically not reported. Finally, the size and shape
of the produced materials were not sufficient to measure
mechanical properties in compression tests.

Bearing these limitations in mind, one of the aims of this study
is to investigate the effect of long-chain branching on the cellu-
lar structure and mechanical properties of PP-based cellular
materials with the same density. For this purpose, different
branching contents were achieved by blending a linear and a
HMS PP. Cellular materials were fabricated by improved com-
pression molding (ICM), a technique that allows controlling the
foam density. A detailed characterization of the cellular struc-
ture has also been carried out. In addition, this investigation
aims to analyze the importance of the rheological behavior in
the foaming process and to find a relationship between the
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strain hardening, the cellular structure, and the mechanical
properties of PP-based cellular materials.

EXPERIMENTAL

Materials

Two different PPs have been used. The first PP is a branched
high melt strength PP (HMS PP) supplied by Borealis (PP
Daploy WB 135 HMS) with a tensile modulus of 2000 MPa.
The second PP is a linear PP (linear PP) supplied by Total
Petrochemicals (PPH 4070) with a tensile modulus of 1950 MPa.
The density at room temperature is 900 kg m > for both PPs.

Blends of the two PPs at different contents of linear PP (10, 25,
50, 75, and 90 wt %) have been prepared with a co-rotating
twin screw extruder Collin ZK 25T with L/D of 24. The rota-
tional speed used was 80 rpm and the melt temperature was
190°C. The sample code used with the different blends is the
following: wt % HMS PP — wt % linear PP.

Antioxidants Irgafos 168 and Irganox 1010 (from Ciba) have
also been used to reduce the thermal degradation of the
polymers.

The foaming was performed using a chemical blowing agent,
azodicarbonamide (ADC) Lanxess Porofor M-C1 with an aver-
age particle size of 3.9 = 0.6 um and a decomposition tempera-
ture of 210°C.

Foaming Process

ICM is a technique that allows controlling, regardless of the for-
mulation, the density of cellular materials. In addition, the vol-
umes produced by this technique are large enough to
subsequently perform compression tests or other macroscopic

characterizations. 2’2

Before the foaming process, the pellets containing the blowing
agent were fabricated. For this purpose, the formulations pro-
duced were mixed with 3 wt % of ADC using the same
co-rotating twin screw extruder, previously described, with a
rotational speed of 100 rpm and a melt temperature of 180°C.
Irgafos 168 in a proportion of 0.08% and Irganox 1010 in a
proportion of 0.02% by weight were added to the formulation.

Once the final formulation was fabricated, the pellets are placed
in a mold [Figure 1(a)], which is located in a hot-plate press.
An initial pressure (P,) is applied to the system while it is
heated until the foaming temperature (Tr), which is higher
than the decomposition temperature of the blowing agent [Fig-
ure 1(b)]. As the temperature increases, the blowing agent starts
decomposing and the pressure inside the mold increases up to a
value (Pr). After a certain time (fz), when the blowing agent is
fully decomposed, and Pr does not continue to increase, the
pressure of the press is released allowing the polymer to expand
until the desired ratio [Figure 1(c)]. A scheme of the mold and
of the ICM technique is shown in Figure 1.

Finally, the mold is introduced in cold water to cool down the
sample and hence stabilizing the cellular structure as fast as
possible.”?

Foaming parameters t5 Py, and Tr can be chosen depending on
the polymeric matrix type, chemical composition, blowing agent
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Figure 1. (a) Scheme of the mold used in the ICM technique. (b) Heating of the system until the foaming temperature (Tr) under a pressure P,.

(c) Release of pressure allowing the polymer to expand from an initial height (k) to a final height (hy).

concentration, and sample geometry. In this case, tp was 15
min, P, was 41.5 bars, and Tr was 200°C. These parameters
were maintained for all the cellular materials fabricated.

The control of foam density is essential in this study. It is car-
ried out by means of a self-expandable mold as can be seen in
Figure 1. Owing to this, density can be fixed at a given
value.>** All the cellular materials have been fabricated with a
density of 180 kg m > (ER 5 and relative density 0.2) independ-
ently on the chemical composition used. Foamed samples were
discs with 150 mm in diameter and 10 mm in thickness.

Samples Characterization

Differential Scanning Calorimetry. Thermal properties of the
pure PPs and the different PP blends were studied by means of
a Mettler DSC822e differential scanning calorimeter, previously
calibrated with indium, zinc, and n-octane. The weight of the
samples was ~5.5 mg.

The melt and crystallization temperature were determined
according to the following thermal protocol:

e First segment: Samples were heated from —40 to 250°C at a
heating rate of 10°C min ' under nitrogen atmosphere. In
order to remove materials thermal history, an isothermal seg-
ment (3 min) was added at the end of this heating segment.

e Second segment: Samples were cooled from 250 to —40°C at
a cooling rate of 10°C min~ ' under nitrogen atmosphere.

e Third segment: Samples were heated a second time from —40
to 250°C at a heating rate of 10°C min~" also under nitrogen
atmosphere.

The melt temperature (7T,,) was taken at the minimum of the
heat flow—temperature curve (third segment). The crystallization
temperature (7T,) was taken at the maximum of the heat flow—
temperature curve (second segment), and also the difference
between the melt temperature and the crystallization tempera-
ture (AT= T,,— T.) was calculated.

Rheological Behavior. Shear rheological measurements were
performed at a temperature of 200°C under nitrogen atmos-
phere using a parallel plates geometry of 25 mm in diameter
and a gap of 1 mm. Cylindrical samples (without blowing
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agent) with a thickness of 1.5 mm and a diameter of 22 mm
were prepared in a hot plate press at a temperature of 220°C. A
stress-controlled rheometer AR 2000 EX from TA Instruments
was used to perform the tests.

Dynamic-mechanical experiments over an angular frequency range
of 0.1 < w < 100 rad s~ " were performed for all materials. A strain
of 5% was used, which was in the linear viscoelastic regime for all
samples. In this frequency range, the response regime, where G’
and G and are proportional to @ and @’ respectively, was not
reached. This regime was achieved by the application of time—
temperature superposition, after performing measurements at a
temperature of 250°C. Only the blends 100-0, 50-50, and 0-100
have been measured at 250°C. In addition to the oscillatory experi-
ments, the start-up and steady-state shear viscosity were measured
at different shear rates (between 0.004 and 1 s~ ).

Extensional rheology of the neat PPs and the different blends
was measured using a strain-controlled rheometer (Ares-2K
from TA Instruments) with the extensional viscosity fixture
(EVE). In this geometry, two cylinders are used to wind-up the
sample. One cylinder is rotating and the other measuring the
force. In order to wind-up the sample equally on both sides,
the rotating cylinder moves on a circular orbit around the
force-measuring cylinder while rotating around its own axis at
the same time. All the experiments were made at a temperature
of 200°C (this is the same temperature at which the foaming
process was performed). Rectangular solid samples, with dimen-
sions of 20 mm X 10 mm X 0.5 mm (L X W X T), fabricated
by compression molding, at a temperature of 200°C and a pres-
sure of 21.8 bars, were used.

The following measurement protocol was applied:

e Pre-stretch: Once the sample is attached to the drums and it
has melted a pre-stretch is performed in order to compensate
the thermal expansion of the sample when it is heated up from
room temperature. This pre-stretch was done at a Hencky
strain rate of 7.5 X 107 s,

e Relaxation post pre-stretch: When the pre-stretch is finished,
the sample is kept for 30 s at a constant temperature (200°C)
without applying any stress.
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o Test: After this relaxation the experiment takes place. The
measurements have been performed at three different Hencky
strain rates: 0.1, 0.3, and 1 s~ '. The final Hencky strain has
been 3 for all the different materials.

To evaluate the extensional viscosity measurements it is neces-
sary to know the density at the temperature at which the
experiment is being performed. For PPs this melt density is
tabulated.** The melt density at a temperature of 200°C for PP
is 750 kg m >,

Mechanical Tests. For the cellular materials, mechanical proper-
ties in compression have been measured. Stress (o)-strain (&)
(model
5.500R6025) at room temperature and at a strain rate of
10 mm min~'. The maximum static strain was 75% for all the
experiments. The compression experiments were performed
according to the standard ASTM D1621. Samples were cubes
with dimensions of 20 mm X 20 mm X 10 mm (L X W X T)
cut from the samples produced by ICM. The compression tests
have been performed on two different samples of the same cel-
lular material and always in a parallel direction to the foaming
direction (thickness direction). Three mechanical properties
were obtained from these experiments: elastic modulus (E), col-
lapse stress (o), which was measured in the intersection
between a parallel line to the stress—strain response at low
strains and a parallel line to the plateau region of the stress—
strain curve, and absorbed energy per unit volume (W) that has
been calculated as the area under the stress—strain curve up to
75% strain.

curves were obtained with an Instron Machine

Density. Density of the cellular materials was determined by
using the geometric method: dividing the weight of each
specimen by its corresponding volume (ASTM standard
D1622-08). Density was measured for 10 different samples from
the cellular material. These samples were cubes with dimensions
of 20 mm X 20 mm X 10 mm (L X W X T).

Open Cell Content. Open cell content of foamed materials was
determined according to the ASTM Standard D6226-10 using a
gas pycnometer Accupyc II 1340 from Micromeritics.

The following equation was used according to the ASTM
standard:

Vsample = Vpyc
OC(%) = 100 <M) (1)
Vsample~p

where Vimple is the geometrical volume of the sample, Vpy. is
the volume measured by the gas pycnometer, p is the sample
porosity calculated by (1—22), p... is the cellular material den-
sity, and p; is the solid matrix density.

If the open cell content of the samples is 0% (the material has
closed cells) the volume measured by the pycnometer matches
the geometrical volume because the gas is not able to penetrate
the foam. However, if the samples have a 100% of open cell
content the volume measured by the pycnometer is only the
volume of the solid phase in the cellular material, distributed
between the struts and walls, because the gas in this case is able
to penetrate the foam throughout the interconnections between
cells.
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Structural Characterization. Scanning electron microscopy
(SEM) was used to analyze the cellular structure, and also to
quantify the cell size distribution, the average cell size (®), the
anisotropy ratio (AR), the standard deviation coefficient of the
cell size distribution relative to the cell size (SDC/®), the cell
density (Ny), and the coalescence ratio (CR). For this purpose,
the micrographs obtained were analyzed with an image process-
ing tool based on the software Image J.*>

Samples were cooled using liquid nitrogen to cut them without
modifying their structure; then, they were vacuum coated with
a thin layer of gold to make them conductive. A Jeol JSM-820
scanning electron microscope was used to observe the samples
morphology. A more detailed description of the experimental
techniques can be found elsewhere.?**

The average cell size (®) for a given material is defined as indi-
cated in eq. (2).

o=y 7_2% (0+a}), @

where n is the number of counted cells, @' is the three-
dimensional cell size of the cell i, GD; and (Dj, are the chord
lengths of the cell 7 in the x and y directions, and cf is a correc-
tion factor needed to calculate the cell size in 3D from a two-
dimensional value. While the average two-dimensional cell size

DD L. .
( S ) is directly measured by the software, previously men-

tioned, a correction factor (cf) is used to calculate the three-
dimensional cell size. This correction factor was determined by
Pinto et al.*> Moreover, in this work, the expansion direction is
the y direction. The characterization has been performed only
in a plane (x—y). This is because as a consequence of the foam-
ing process employed (ICM) it holds that (® ~ ®).

The AR is defined as the ratio of the chord length in the expan-
sion direction (®}) to that in a perpendicular direction (@)%
Taking into account this definition an isotropic cell has an AR
of 1.

The SDC relative to the cell size has been calculated according
to eq. (3).213°

(3)

SDC/® is related to the width of the cell size distribution and
consequently gives information about the homogeneity of the
cellular structure. A low value of SDC/® indicates a narrow,
and therefore a homogeneous cell size distribution, where all
cells have a size close to the average value.

The cell density (Ny) is the number of cells per unit volume of
the solid. The following expression [eq. (4)] has been used to
calculate the cell density.

6 Ps
Ny = — —-1). 4
' e’ (pcm ) @

In the case of no coalescence Ny measures the cell nucleation
. 2
density.”®
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Table I. DSC Results of the Polypropylene Blends

Sample

(HMS PP-linear PP) Tm (°C) T. (°C) AT (°C)
100-0 161.5 127.3 34.2
90-10 162.2 126.7 35.5
75-25 162.7 126.8 35.9
50-50 163.7 126.5 37.2
25-75 165.2 126.0 39.2
10-90 165.9 1251 40.8
0-100 164.3 121.4 42.9

Finally, the CR has been calculated as the ratio between the
potential nucleation density and the measured cell density (Ny).
_ Nucleants/cm’

= N, )

CR (5)
Chemical blowing agents such as ADC are self-nucleating par-
ticles for the cells, which means that when the blowing agent
content increases, a greater number of nucleating sites are avail-
able.>** The potential nucleation density can be calculated
according to eq. (6).

Nucleants  Wpp,

cm? ppVe’ (©
where Wp is the weight fraction of the ADC particles used to
produce the cellular materials, pc is the density of the poly-
meric composite (PP +ADC), pp is the density of particles, the
ADC particles, and Vp is the volume of an individual particle.
In this case it has been assumed that ADC particles are 3.9 pm
side cubes. The ADC density is 1600 kg m .

RESULTS AND DISCUSSION

Thermal Characterization

Table I shows the melting point (T,,), the crystallization temper-
ature (T,), and the difference between the melt temperature and
the crystallization temperature (AT) for the different materials,
obtained from the differential scanning calorimetry (DSC)
curves. This difference is very important to analyze the stabiliza-
tion of the cellular structure. The smaller the difference is, the
quicker the stabilization of the cellular structure occurs, i.e., the
cellular structure has less time to degenerate during the cooling
process.

The difference between both temperatures increases significantly
(nearly 9°C) if the content of linear PP increases. Therefore,
from the point of view of the DSC results, it is more favorable
to work with the HMS PP than with the linear PP in order to
stabilize as fast as possible the cellular structure.

Rheological Behavior
The modulus of the complex shear viscosity (17*) of the linear
PP, the HMS PP, and the blend 50-50 is shown in Figure 2.

The dynamic shear viscosity of the HMS PP is somewhat lower
than that of the linear PP. Blend 50-50 has a value of the vis-
cosity between the values of the linear PP and the HMS PP. The
difference between the viscosity of the linear and the HMS PP
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becomes more pronounced at higher frequencies. The HMS PP
is the material, which exhibits the most pronounced shear thin-
ning behavior owing to the presence of LCBs and the significant
contribution of the high molecular weight parts. In this material
the transition to the Newtonian plateau region occurs at lower
frequencies.”™** In addition, it can be observed that the Newto-
nian plateau has been reached for the three materials at low
frequencies.

To analyze the miscibility of both PPs the logarithmic additivity
rule for low-molecular-weight-based blends is used.”® This rule
is expressed as follows:

log(n" (@) = Prwms Pplog('?*(w)HMs PP)

. (7)
+(1-¢11us PP)lOg(” (@ )tinear PP)7

where @ps pp 1S the HMS PP content in volume percent and
() ms pp and 7 (@) npar pp are the complex viscosities of
the pure HMS PP and the pure linear PP, respectively.

Table II shows the experimentally obtained modulus of the
complex shear viscosity at a frequency of 1 rad s~ and the the-
oretical one obtained with the log additivity rule at the same
frequency. It also shows the deviation of the theoretical results
from the experimental results.

The maximum deviation of the theoretical value from the
experimental one is only 4%, indicating that the polymeric
blends obey the log additivity rule and consequently this result
suggests a clear miscibility of both PPs.

The loss angle is a very sensitive indicator of the presence of
LCBs in a polymer. Figure 3 shows the loss angle (J) as a func-
tion of frequency for the materials 100-0, 50-50, and 0-100.

The linear PP demonstrates a monotonic decrease in loss angle
with frequencies. The angle approaches the value of 90° at low
frequencies indicating that sample is predominantly viscous.
The HMS PP, however, shows an inflection in the curve with a
tendency toward a plateau at high frequencies, although in this
range of frequencies the plateau is not observed. Wood-Adams
et al.>* reported that there was a plateau in the loss angle whose
magnitude and breadth depend on the degree of LCB. Finally, it

¥/(100 - 0) = 9200 Pa.s
W 4oes - (50 - 50) = 9400 Pa.s
o (0 - 100) = 9900 Pa.s
=
7]
o
Q
Q2
>
L 1e+3 -
£
o —o— 100 -0
> —0— 50 -50
Q —o— 0-100

L Ll L il il
0.01 0.1 1 10 100

Angular Frequency (rad/s)

Figure 2. Dynamic shear viscosity versus angular frequency of materials:
100-0, 50-50, and 0-100.
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Table II. Experimental and Theoretical Values Obtained by the Log
Additivity Rule of the Complex Shear Viscosity (17*) at a Frequency of
1 rad s~ ' and at a Temperature of 200°C

Sample

(HMS PP- Experimental Theoretical Deviation
linear PP) n* (Pas) n* (Pas) (%)
100-0 3065 3065 0

90-10 3198 3237 1

75-25 3420 3514 3

50-50 4088 4029 1

25-75 4792 4619 4

10-90 5050 5013 1

0-100 5295 5295 0

can be concluded that the loss angle of the HMS PP at low fre-
quencies is somewhat lower than that of the linear PP, indicat-
ing that the HMS PP exhibits a more elastic response
characteristic of solid materials.>

The start-up shear viscosity (17) has been measured in all the PP
blends at different shear rates until the steady state was reached.
Figure 4 shows the steady-state shear viscosity as a function of
shear rate.

For a shear rate (7) of 0.01 s_!, or lower, all the materials have
reached a Newtonian plateau. Moreover, the shear viscosity
increases with the amount of linear PP in the same way as the
dynamic shear viscosity did (see Figure 2). Figure 4 also con-
tains the values of the zero shear viscosity (1,). Comparing the
values of dynamic shear viscosity at low frequencies (at the
Newtonian plateau) with the values of zero shear viscosity it
can be concluded that these values are very similar and conse-
quently these PP materials satisfy the viscoelastic limiting
behavior.

w—0

lim 1 () = lim 1 (7) (8)

Finally, extensional viscosity measurements have been per-
formed on these PP blends. Extensional viscosity is defined as

90

80 -

70 -

60 -

50 4

Loss Angle (Degrees)

0.01 0.1 1 10

Angular frequency (rad/s)

Figure 3. Loss angle versus angular frequency of materials: 100-0, 50-50,
and 0-100.
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©
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Figure 4. Shear viscosity as a function of shear rate of the pure PPs and
the different blends.

the ratio between the stress and the strain rate, when a material
is elongated. In some polymers, a phenomenon called strain
hardening takes place, which is related to a rapid increase in
extensional viscosity at high strains.>®

The strain hardening phenomenon is associated to LCB poly-
mers.'”'* For polymers with the same melt flow index, an
increase in the number of the long-chain branches induces
strain hardening in the elongational viscosity of the melt.
Because of the increase of the strain hardening behavior a
strong enhancement of the melt strength appears.

Figure 5(a,b) shows the transient extensional viscosity of the
seven PP blends under investigation, measured at three different
Hencky strain rates. As it is indicated on the figure, the results
of each blend have been multiplied by a certain value in order
to compare all the materials in the same graph.

The HMS PP exhibits a pronounced strain hardening, whereas
the linear PP does not display strain hardening. As the content
of HMS PP increases, the slope of the curves, in the region of
strain hardening, also increases.

To quantify this strain hardening behavior, the strain hardening
coefficient (S), for a particular value of time and Hencky strain
rate, has been determined according to eq. (9):

— ’/IE (t7 éO)
Mio(t)

where 17 (t,4) is the transient extensional viscosity as a func-
tion of time and Hencky strain rate and 5}, (t) is the transient
extensional viscosity in the linear viscoelastic regime, which can
be determined in two different but equivalent ways: as three
times the transient shear viscosity growth curve at very low
shear rates or by extrapolating the superimposed portion of the
curves for different elongation rates.*””® In the present work,
the first option has been chosen to determine S.

; 9)

Figure 6 shows the strain hardening coefficient for all materials.
This value has been calculated for a Hencky strain rate of 1 s~
and a time of 3 s, because during the foaming process the
Hencky stain rates applied are around 1 s~' and the Hencky
strains are approximately between 3 and 4.'%%°
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Essentially this coefficient increases if the amount of HMS PP
increases, although this behavior is not so clear when large
amounts of HMS PP are used. The linear PP has a value of S
equal to 1, indicating again that this material does not present
strain hardening as is also shown in Figure 5.

The shear and extensional rheological properties of the PP
blends depend both on the amount of the HMS PP in the
blend. However, it is clear that the extensional properties are far
more sensitive to the effect of LCB. Hence, differences in the
structural and mechanical properties of the resulting PP cellular
materials are related to the change in the extensional properties,
as the shear viscosity is only slightly decreased by the addition
of the HMS PP.

Cellular Materials Density and ER

The results for the density and also for the expansion ratio
(ER) of the PP cellular materials produced by the ICM route
are shown in Table III. The ER is defined as the ratio between
the solid density (p,) and the cellular material density (p.,)-
P
b
The materials with contents of HMS PP higher than 25 wt %
reach the expected relative density. For the other two materials
the density is slightly higher and consequently the ER is slightly
lower. Under the processing conditions used, these materials are
not able to achieve an ER of 5. The linear polymer is not capa-
ble of supporting the induced stretching during foaming. As a
result, the cell walls are broken and the gas can escape through
the open cells (see next section).

ER = (10)

Open Cell Content

The open cell content has been measured to quantify the inter-
connection between the cells of the different cellular materials.
High open cell content leads to poor mechanical properties, low
thermal insulation, good acoustic absorption, and low dimen-
sional stability.”®™*' In thermoplastic polymers, the open cell
content is related to the expansion degree. In low-density cellu-
lar materials, the polymeric matrix is subjected to high elonga-
tional forces during the foaming. Cellular walls consequently
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become thinner and they can easily break. For cellular materials
with very similar density the extensional rheological behavior
is closely related to the open cell content as it is shown in Fig-
ure 7.

When the strain hardening coefficient is low, the open cell con-
tent of the cellular material is high. For the cellular materials
fabricated with a high content of HMS PP, in which S is
approximately constant, the open cell content is also constant.
Moreover, it can be deduced from Figure 7 that when the poly-
mer has a value of S lower than 4, cells are completely open for
the foam densities produced. As the ER and the shear rheologi-
cal properties are very similar, for all blends under investigation,
it can be concluded that changes in the extensional rheological
behavior lead to changes in the open cell content.

The high open cell content of the pure HMS PP (about 50%)
can be explained by the high content of blowing agent used to
manufacture the cellular materials (3 wt %). Subsequent studies
(not published) have demonstrated that the minimum amount

. 6
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Figure 6. Strain hardening coefficient of the different blends of the HMS
PP and the linear PP.
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Table III. Cellular Materials Density and Expansion Ratio
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Sample (HMS PP-linear PP) Density (kg m™3) SD? (kg m™3) Expansion ratio SD?

100-0 178 6 511 017
90-10 182 4 5.00 0.10
75-25 181 5 5.03 0.14
50-50 180 3 5.06 0.08
2579 183 12 497 0.34
10-90 194 15 4.69 0.40
0-100 207 17 4.42 0.40

@Standard deviation.

of ADC required to achieve an ER of 5 with the HMS PP is
almost half of that used in this study. If the amount of blowing
agent is too high the open cell content can increase owing to an
overpressure inside the mold during the polymer expansion
process.

Cellular Structure

Figure 8 shows SEM micrographs of the different cellular mate-
rials fabricated by ICM. It is clear that the rheological properties
of the blends influence the cellular structure, which in turn
determines the mechanical response of PP foams.

Several conclusions can be drawn from the observation of these
micrographs. First of all, SEM micrographs demonstrate, quali-
tatively, that the open cell content increases with the amount of
linear PP, as was concluded from the quantitative pycnometry
measurements (previous section). Ruptures of cell walls can be
observed in the cellular materials 10-90 and 0-100. Secondly, it
can be concluded that the average cell size also increases with
the amount of linear PP.

Regarding the cell anisotropy, the blend 25-75 leads to a very
anisotropic structure. When the amount of linear PP is reduced
cells are more isotropic, although cells are never completely iso-
tropic. The anisotropic nature of the cellular materials is mainly
related to the ICM foaming process used to manufacture the
cellular materials. The growth of the cellular material is
restricted by the mold and the expansion can only occur in one
direction, promoting this anisotropic growth.

—&— Strain Hardening Coefficient

—&— Open Cell Content L 100

- 80

- 60

Open Cell Content (%)

- - 40

Strain Hardening Coefficient
-y

o L] L] L] L] L]

0 20 40 60 80 100
HMS PP Content (wt.%)

Figure 7. Correlation between the strain hardening coefficient and the
open cell content.
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In order to analyze the homogeneity of the cellular structure
the cell size distribution of the cellular materials has been eval-
uated. Figure 9 shows the corresponding histograms.

All cellular materials present a wide cell size distribution. This
width increases with the amount of linear PP. When the
amount of HMS PP prevails the cell size distribution is nar-
rower indicating that the cellular structure is more homogene-
ous. When the amount of linear PP increases the cells start to
break as the polymer cannot withstand the deformation to
which it is subjected and consequently larger cells begin to
appear, although there are still cells that have not been broken.
In fact all the histograms present a maximum for a cell size of
~250 pum; however, while the cell size of the cellular materials
with a high content of HMS PP is always lower than 600 um,
in the cellular materials with a high content of linear PP there
are cells with sizes up to 900 pum.

With the aim of quantifying the qualitative results previously
mentioned, several characteristics of the cellular structure were
measured. Figure 10 shows the results for the average cell size
and AR.

The average cell size (@) and the AR remain almost constant for
the cellular materials generated with blends with a content of the
HMS PP higher than 75 wt %. In these materials also the strain
hardening coefficient is almost constant. For values of the HMS
PP content lower than 75 wt % and increment in the average cell
size is produced when the amount of linear PP increases and
therefore the strain hardening coefficient decreases. Moreover, for
all these materials the open cell content is 100%, which leads to
the following conclusion. PP-based open cell cellular materials
with differences in the average cell size of 80 um can be obtained
by changing the proportion of linear PP and HMS PP, provided
that the linear PP content is higher than 25 wt %.

Relative to the AR, the cellular material 25-75 has an AR higher
than 3. This high value is a consequence of a partial rupture of
the cells as well as the restricted foaming in one direction.
When the amount of linear PP is higher than 75 wt % the poly-
mer is so weak than most of the cell walls are completely bro-
ken and consequently cells lose their anisotropy.

In order to better evaluate the cell anisotropy, the average chord

o
! . —2) and the aver-

length in the expansion direction (@, = X1, ~

age chord length in a perpendicular direction to the expansion
one (d, = 21’7:1%) have been calculated. Figure 11 shows the
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Figure 8. SEM micrographs of the cellular materials. (a) 100-0, (b) 90-10, (c) 75-25, (d) 50-50, (e) 25-75, (f) 10-90, and (g) 0-100.

average chord length in both directions as a function of the
HMS PP content.

In general, the average chord length in the expansion direction
(») is higher than in the perpendicular direction (x). For cellular
materials that have been fabricated with a HMS PP content
higher than 75 wt % both ®, and ®, are constant. For cellular
materials that have been fabricated with a HMS PP content
between 25 and 75 wt %, it can be observed that while @,
remains almost constant @y increases with the amount of linear
PP. That means that in these materials some of the cellular
walls, which are perpendicular to the expansion direction, are
breaking and consequently cells are growing considerably in the
expansion or thickness direction, making the anisotropy to
increase. Finally, when the cellular materials have been fabri-
cated with a HMS PP content lower than 25 wt %, it can be
concluded that cell coalescence is produced in both directions
making the cells to growth in the expansion direction and also
in the perpendicular one. As a result cell loss their anisotropy,
as has been already shown in Figure 10.

Another way to analyze the cell size distribution is to use the
standard deviation coefficient of the cell size distribution rela-
tive to the average cell size (SDC/®). Owing to the large
amount of samples included in this study, the use of SDC/® is
a good and an easy way to compare the results obtained with
the different blends (Figure 12).

The highest values of SDC/® are obtained for the cellular
materials in which the amount of linear PP is predominant, as
is also shown in Figure 9. This high value means that the cellu-
lar structure is very heterogeneous presenting small and large
cells with a cell size far away from the average cell size. The
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relationship between SDC/® and the open cell content is
shown in Figure 13.

When the amount of linear PP increases the strain hardening
decreases and consequently the materials have a higher
open cell content as is shown in Figure 7. Figure 13 shows that
SDC/® increases if the open cell content increases. As the cells
are breaking, new cells appear with a larger cell size resulting in
a more heterogeneous cellular structure and consequently
increasing SDC/®. Furthermore, for cellular materials with
100% open cell, SDC/® continues increasing as the percentage
of linear PP increases.

Another parameter, related to the cellular structure, is the cell
density (Ny). Results as a function of blend composition are
shown in Figure 14.

It can be observed that the number of cells per cubic centimeter
increases with the amount of HMS PP. This result is consistent
with the average cell size results. When the amount of HMS PP
is lower than 75 wt % the cell density increases with the
amount of HMS PP. For these materials the average cell size
decreased with the amount of HMS PP (Figure 10) indicating,
as expected, that for cellular materials with the same density the
cellular density increases when the average cell size decreases.
Moreover, for cellular materials with a HMS PP content higher
than 75 wt % the cellular density remains almost constant in
the same way than the average cell size.

Finally, to conclude this study of the cellular structure, the
CR has been calculated for all materials.”> CR has been
defined in eq. (5) as the ratio between the potential nuclea-
tion density of ADC-PP mixtures and the measured cell den-
sity. CR is considered as a quantitative measurement of the
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Figure 9. Cell size distribution of cellular materials. (a) 100-0, (b) 90-10, (c) 75-25, (d) 50-50, (e) 25-75, (f) 10-90, and (g) 0-100.

degeneration of the cellular structure during the foaming pro-
cess. If CR is equal to 1, it means that the potential nuclea-
tion density and the cell density are the same, ie., no

degeneration of the cellular structure by coalescence or coars-
ening occurs. Results of CR as a function of the HMS PP
content are shown in Figure 15.
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Figure 10. Effect of HMS PP content and strain hardening coefficient in
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The CR remains constant for the cellular materials, which have
been fabricated with an amount of HMS PP higher than 75 wt %.
For these materials the CR is equal to 1000 which means that only
1 of every 1000 potential cells survives during the foaming process.
On the other hand, when the amount of HMS PP is lower than 75
wt % the CR increases if the linear PP content also increases. For
the cellular material fabricated only with the linear PP the CR is as
high as 5000 indicating that in this material only 1 out of every
5000 cells survive during the foaming process. With this parameter
(CR) it is easy to understand and to demonstrate how the coales-
cence increases if the linear PP content increases.

Mechanical Response

As with all polymer blends, the final blend properties depend on
the properties of the individual components and the blend ratio.
Moreover, the mechanical properties of the polymeric cellular
materials also depend on the mechanical properties of the solid
matrix. The tensile moduli of the different solid blend materials
are the same as the tensile moduli of the HMS PP (2 GPa) and
linear PP (1.95 GPa) are very similar and also the two polymers
are completely miscible. As a consequence, the differences in the
mechanical properties of the obtained polymeric cellular materi-
als are mainly related to the differences in the cellular structure,
open cell content, cell size, and cell AR, among others, as the
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Figure 11. Average chord length in the x and y directions (¥, and ®,) as
a function of the HMS PP content.
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density is almost the same for all cellular materials and the poly-
meric matrixes have very similar properties.”’

Foamed samples were analyzed by performing the compression
test aforementioned (in the Experimental section). Experimental
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Figure 14. Variation of cell density with the HMS PP content.
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Figure 15. Coalescence ratio as a function of the HMS PP content.

results for elastic modulus (E) and collapse stress (6¢) are sum-
marized in Figure 16 together with the open cell content, to
analyze the influence of this parameter on the mechanical
behavior.

Comparing the results obtained for the different blends it can
be observed that when the amount of HMS PP increases, the
stiffness of the foamed blends improves, as the increase in the
elastic modulus indicates. The elastic modulus of the cellular
materials fabricated with the pure HMS PP is 10 times higher
than the elastic modulus of the cellular materials fabricated
with the linear PP (even if the density of these last materials is
slightly higher). The same behavior is obtained for the collapse
stress. There is a significant increase of the collapse stress due to
the increase of the HMS PP content. In this case the collapse
stress is 2.5 times higher in the cellular materials fabricated with
the HMS PP than in those fabricated with the linear PP. The
improvement in both mechanical properties is due to a combi-
nation of different factors: the reduction of the open cell con-
tent, the reduction of the average cell size, and the consequent
increase in cell density and the reduction of the standard devia-
tion coefficient of the cell size distribution relative to the cell
size, which involves an increase of the homogeneity of the cellu-
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Figure 17. Energy absorption diagrams for samples with different HMS
PP content.

lar structure. These aspects in turn are related to the extensional
behavior of the blends.

The value of absorbed energy per unit volume (W) has also been
calculated from the stress—strain curves. Taking into account that
cellular materials are typically used as energy absorbers, it is
desirable to comprehend how the amount of HMS PP can affect
the energy absorption capability. The method used to analyze
this characteristic is based on the so-called energy absorption dia-
grams.”>*” An energy absorption diagram is obtaining by repre-
senting the absorbed energy, W, as a function of the stress. The
absorbed energy has been calculated using eq. (11).

(1)

Figure 17 shows the absorbed energy per unit volume versus
the stress for most of the cellular materials produced.

The best cellular material for a given stress is the one that
absorbs the most energy up to this stress.”” For stresses lower
than 2.5 MPa, the cellular materials that contain an amount of
HMS PP lower than 50 wt % absorb more energy than materials
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Figure 16. (a) Relationship between the elastic modulus and the open cell content for the different blends. (b) Relationship between the collapse stress

and the open cell content for the different blends.
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that contain an amount of HMS PP higher than 50 wt %. For
stresses higher than 2.5 MPa this behavior is completely opposite,
the cellular materials that contain the highest amounts of HMS
PP are the best energy absorbers. These behaviors are explained
graphically in Figure 18 where the stress—strain curves for the
materials 100-0 and 0-100 and the correspondent absorbed
energy for a stress of 1 and 7.5 MPa are represented.

In the first figure [Figure 18(a)] the absorbed energy (area under
the curve) has been calculated for a stress of 1 MPa. As the stiff-
ness of the linear PP is lower than the stiffness of the HMS PP, the
energy absorbed by the linear PP is higher than the energy
absorbed by the HMS PP. However, for high stress values, the
absorbed energy is higher in the HMS PP than in the linear PP as
Figure 18(b) shows, indicating that depending on the required
properties it is better to use one or the other cellular polymer.

CONCLUSIONS

PP-based cellular materials with very similar density have been
fabricated using the ICM route. For this purpose, blends of a
HMS PP and a linear PP have been used. The relationships
between the extensional rheological properties of the polymeric
matrix, the cellular structure, and the mechanical properties of
the cellular materials have been analyzed.

The oscillatory shear viscosities satisfy the logarithmic additivity
rule, which indicates that the two PPs used are miscible. The shear
and extensional rheological properties of the PP blends depend on
the amount of the HMS PP in the blend. However, while the exten-
sional properties are highly sensitive to the effect of long-chain
branching, the shear viscosity is only slightly decreased by the addi-
tion of the HMS PP. Consequently, the differences in the structural
and mechanical properties of the resulting PP cellular materials
have been related to the changes in the extensional properties.

For cellular materials fabricated with an amount of HMS PP
lower than 75 wt % the following results have been obtained.
The strain hardening coefficient increases with the amount of
HMS PP and consequently the open cell content decreases
because the cell walls are able to resist the extension to which
they are submitted during the foaming process, without breaking.
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The cellular structure is also conditioned by the strain hardening
coefficient. When the amount of HMS PP increases the cell size
decreases and the cell density increases. For high linear PP con-
tents, the cells are completely open and hence the average cell
size is larger in these materials. As the cellular materials have the
same density if the cell size increases, the cell density decreases.
Related to the AR, it was shown that the AR increased with the
amount of linear PP. Furthermore, the cell coalescence, in these
materials, occurs in a plane perpendicular to the expansion direc-
tion and consequently cells are growing considerably in the
expansion or thickness direction, making the anisotropy to
increase. When the linear PP content is very high the cell anisot-
ropy disappears because the coalescence in these materials is pro-
duced in all directions. Moreover, the
coefficient of the cell size distribution relative to the cell size is

standard deviation

higher in the materials containing large amounts of linear PP,
indicating that the cellular structure of these materials is more
heterogeneous. Finally, the CR has been calculated to analyze the
degeneration of the cellular structure during the foaming process.
This ratio increases if the linear PP content increases, indicating
that the amount of cells that survive during the foaming process
is higher in the materials containing large amounts of HMS PP.

Relative to the mechanical properties, as the solid materials
have the same properties and the density of cellular materials is
the same, the mechanical properties are mainly conditioned by
the cellular structure. The elastic modulus and the collapse
stress increase with the amount of HMS PP because a homoge-
neous cellular structure with small cell sizes and also with a
considerable content of closed cells leads to good mechanical
properties. Moreover, both parameters remain constant for the
cellular materials with cells completely open, i.e., for cellular
materials fabricated with large amounts of linear PP, indicating
that, in this case, the open cell content is the structural parame-
ter which has a larger effect on the mechanical properties. Fur-
thermore, these materials are good energy absorbers provided
the stress to which they are subject is less than 2.5 MPa.

On the other hand, cellular materials fabricated with an amount
of HMS PP higher than 75 wt % have a completely different
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behavior. For these materials the strain hardening coefficient is
almost constant and consequently the open cell content, the cell
size, the cell anisotropy, the cell density, the CR, the elastic
modulus, and collapse stress are also constant and do not
change with the amount of HMS PP.

From this study, two main conclusions can be obtained. First, results
show that the knowledge of the extensional behavior of the poly-
meric matrix is fundamental to analyze and understand the cellular
structure and the mechanical response of cellular materials. Second,
for the relative density analyzed (0.2) the same properties can be
obtained with a pure HMS PP and with blends of this PP with a lin-
ear PP provided the HMS PP content is higher than 75 wt %.
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