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ABSTRACT

Isotactic polypropylene—polyethylene copolymer microcellular foams of various relative densities were pre-
pared using nitrogen (N,) in supercritical solid state. Also, series of copolymers with different polyethylene
weight percentages were prepared. Mechanical properties (compression and impact conditions) depen-
dence on relative density, PE content, and strain rate was studied. Results showed that yield stress gradually
decreased with lower density. The yield stress of PP copolymer foams decreased with the relative densities,
and was always smaller than that of the solid PP copolymer. Nevertheless, the sensibility to strain rate effect
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decreases at impact velocities. Analytical models were developed including the effects of both relative den-

sity and strain rate.

1. Introduction

The mechanical properties of cellular foams with densities
around 10 times less compared to the density of the solid poly-
mer have been extensively investigated [1]-[5]. It was shown
that the properties such as strength-to-weight ratio of these
foams are significantly improved, but it has been observed that
a decrease in cell size would achieve even greater improvement
in these properties. Thus was born the idea of manufacturing
foams with cell sizes of microns, i.e., microcellular foams [6]-
[8], or even nano, i.e., nanocellular foams, with densities around
80% and 90% less than the solid polymer density [9]-[10], which
have been probed to have a good strength and fracture behavior
for the intended applications.

Since 1990s, the new concept of microfoam was developed:
by reducing the cell size to 10 um or even less, microcellular
foams can reduce significantly the amount of plastics used while
improving some mechanical properties, and may offer special
properties that are not possessed by the cellular foams or the
solid polymers. Microcellular foams have average cell sizes in
the order of 10-100 um. So, they show cell densities around 10°
cells/cm® [8]. Compared to un-foamed polymers and conven-
tional foams, microcellular foams have shown superior mechan-
ical properties such as high impact strength [11]-[13]; high
toughness [14], high stiffness-to-weight ratio [15], high fatigue
life [16], and reduced material weight and cost.

Mechanical properties of microcellular foams have been
investigated previously. And, unlike conventional foams, they
exhibit consistent and improved mechanical properties in
different polymers in systems such as polycarbonate (PC),
polyethylene terephthalate (PET), poly(vinyl chloride) (PVC),

or acrylonitrile butadiene styrene (ABS) [17]. For example,
yield stress has been modeled to vary linearly with the relative
density of the foam [18], [19]. It has been assumed that the
reason of this improvement is the reduction of cell size as well
as the uniform and homogeneous cell structure of microcellular
foams. Gibson and Ashby developed models for mechanical
properties, such as Young’s modulus and strength, which show
the dependence between density and physical properties of the
cellular materials [18].

MuCell® technology is based on the direct injection of atmo-
spheric gas (N3, CO,) in its supercritical state. Injection during
the supercritical state allows for a single phase gas/polymer solu-
tion. This injection molding technology (Trexel Inc., MA, USA)
can be used with thermoplastics materials. With this technique,
the material is lighten and provides foams with unique flexibility
and cost savings as it uses less material, cycle time, processing
temperature, and clamping force. The MuCell® process allows
for plastic part design optimized for functionality. The combi-
nation of density reduction and design for functionality often
results in material and weight savings. The influence of the pro-
cessing parameters on cell structure and mechanical properties
has been investigated in a wide range of plastics (PP, PET, PA6,
PC, LDPE, and ABS), and in some of their reinforced compos-
ites with glass fiber or nanoclay particles [20].

There are many research papers on theoretical and exper-
imental studies comparing mechanical properties of conven-
tional polymers with their microcellular foams [21]-[23], at
a low loading rate or under quasi-static conditions. As these
materials are used in many applications as energy absorbers in
impacts, the knowledge of their properties at high strain rates is
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crucial. Even more, it should be very helpful having equations of
yield stress or Young’s modulus depending on both high strain
rate and relative density. But, as far as the authors’ knowledge,
there are very few works that have studied the high strain rate
mechanical properties of microcellular foams. Nevertheless, it
is obvious that, in order to optimize the design of structures
used against impacts, it is necessary to study and understand the
response of these materials under actual working and service
conditions. The strain rate sensitivity of polymers is expected
due to the viscoelasticity of the material.

Due to its good ductility and stiffness, moisture, and chemi-
cal resistance, PP is one of the most common polymers used. It is
also easily processed, versatile, and has a low cost. Nevertheless,
PP shows very low impact strength so its use is limited in struc-
tural applications. One of the solutions to this problem has been
the addition of a second rubbery phase. Modified polypropy-
lenes with different impact modifiers have been studied:
for example, blends of propylene-ethylene-diene terpolymer
(EPDM) and polypropylene, ethylene/propylene block copoly-
mers (EPR), and styrene-ethylene/1-butene-styrene block
copolymers (SEBS). Although a variety of elastomers have been
studied, the two first mentioned are the most commercialized
due to the low cost of processing [23].

In the present work, one polypropylene and four ethy-
lene/propylene block copolymers were used to inject cylindri-
cal bars, obtaining solid and foamed specimens. By varying
the gas content, different levels of foaming and relative density
were achieved. Mechanical properties were determined through
compression tests at different strain rates (107-3 x 10> s71)
using a universal testing machine and a Hopkinson bar device.
Yield stress gradually decreased with decreasing apparent den-
sity. New equations that content the dependence with both strain
rate and relative density together have been developed. Exper-
imental results were related to relative density, and prediction
models were employed to compare the estimated values to the
experimental data.

2. Experimental procedure

2.1. Material and specimens

This work deals with five different polymers: one polypropylene
homopolymer (PP) and four ethylene/propylene block copoly-
mers with diverse percentage of polyethylene (BC1, BC5, BC7,
and BC8). Properties of these five polymers are presented in
Table 1.

2.2. Foaming procedure

In this work, injection molding was used to obtain the samples.
The machine selected for the manufacturing process was a

Table 1. Basic properties of the solid copolymers under study.

Sample Ethylene (wt%) Isotacticity (%) Mn (kg/mol)
PP 0 90 126

BC1 6.9 893 160.5
BC5 85 85.4 65.7
BC7 8.5 84.2 56.1

BC8 1.2 81 60.8
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Victory 110 (Engel GmbH) equipped with a MuCell® package
containing a special plasticizing unit with a 40-mm screw and
maximum swept volume of 251 cm? and one supercritical fluid
(SCF) series II 25-mm injection valve. Also, for the production
of the foamed parts, an MTR-3 mold temperature controlling
device was added. Finally, the whole manufacturing system
includes an SCF SII delivery system and piping, as well as
instrumentation. The physical foaming agent employed was N,.
The injection temperature profile employed was constant:
190-230°C, with increments of 10°C from hopper to nozzle,
and mold temperature was set at 40°C. The injection speed
was 130 cm?/s, and the N, flow rate was varied to obtain the
desired foaming grade. Melt plasticizing pressure was monitored
to range at 198 atm and the cooling cycle was kept constant at
30s. The injection-molded samples according to all these condi-
tions were cylindrical bars, each having a diameter of 8 mm.

2.3. Thermal, morphological, and physico-chemical
characterization

Dynamic mechanical properties were determined with a TA
Instrument DMTA Q800 operating in single cantilever mode
with three oscillation frequencies. The glass transition tempera-
ture was measured with this equipment. The crystallinity index,
A, of the two samples was measured via differential scanning
calorimetry (DSC) using a Mettler Toledo (model DSC822)
equipment. Samples were extracted from several sections of the
injected bars. Heating scans were performed from 40 to 200 °C at
10 °C/min. All runs were carried out in a stream of dried nitro-
gen. The crystallinity index (1) is calculated according to the fol-
lowing equation:

AHf

A= 1
AHPP fPP - AHPE fPE (1)

where AHyrepresents the fusion enthalpy, AH;* and AHE® rep-
resent the ideal fusion enthalpy of 100% crystalline PP and PE,
respectively, and f* and f*£ the corresponding fractions (%).
The theoretical values taken from previous works [5] were 207
and 296 J/g, respectively. was the melting enthalpy measured in
the heating or cooling experiments, and AHj is the theoretical
enthalpy of PP 100% crystalline (AH, = 207.1]/g).

X-ray diffraction (XRD) of the samples was measured with
an X'Pert PRO diffractometer from Panalytical using a Cu K«
(A = 1.5406 A) radiation source operated at a voltage of 45 kV
and electric current of 300 mA. The 20 scanning range was
10-80°.

A Mettler Toledo balance, with £0.001 mg, equipped with
a density determination kit by means of the buoyancy tech-
nique, was used to measure the density of the injected solid
and foamed polymers. Three specimens were measured for each
kind of foam, and also each specimen was measured at least five
times for determining an average value.

2.4 Compression tests

In order to measure the influence of strain rate on the mechan-
ical properties of microcellular polypropylenes, compression
tests have been performed in the range of strain rates: from
quasi-static (1072 s71) to impact (3 x 10% s71) velocities.
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The device selected for the quasi-static tests was an elec-
tromechanical MTS universal testing machine. This machine
is equipped with a load frame of 100 kN, so a smaller one
was added in this work, a 5 kN load frame, in order to have
a better resolution in the force data recording. Three differ-
ent engineering strain rates (1072, 1072, and 107! s™!) were
selected to study the effect of strain rate in quasi-static compres-
sion tests. The samples used were cylinders 12 mm in height
and 8 mm in diameter machined from the previous injection-
molded bars. In order to minimize interfacial friction, all spec-
imens were lubricated. Between three and five specimens were
tested for each material and velocity, for evaluation of the test
reproducibility.

The displacement and strain fields of each specimen tested
were analyzed using a LIMESS video-extensometer. The yield
stress was obtained from the loading history.

Impact tests were performed with a common Split Hopkin-
son pressure bar (SHPB). This device is extensively described
in a previous paper [25]. Polymer materials show a small
impedance (Z = pc) compared to that of the device bars,
approximately 40 times higher than that of the microcellu-
lar foams used. Nevertheless, the tests results show that the
impedance mismatch was acceptable.

The sample dimensions in SHPB tests need to meet some
conditions. The stress equilibrium must be achieved during
the whole test and the specimen should be long enough to
assure the friction effect can be neglected and behave as the
massive material. So, the length to diameter ratio must be
chosen.

According to previous works, the equilibrium is achieved
after approximately four wave reverberations in the specimen, so
an initial period that has to be as short as possible is needed, and
this period is dependent on the wave velocity within the spec-
imen. The final solution was reducing, not much according to
the other friction condition, the thickness of the specimen com-
pared to the high as that of quasi-static test samples. As for the
behavior of the massive material, due to the size of the bubbles
and the microstructure of the microcellular foams, small speci-
mens can be enough representatives. Finally, a thickness of 3 mm
was used. Moreover, some specimens of 3 mm height were tested
under quasi-static conditions to verify there was no effect of the
specimen size. Stress-strain curves for the various relative den-
sity foams are plotted in Figure 1.
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Figure 1. Stress-strain curves of the BC1 copolymer microcellular foams at high
strain rate compression loading.
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Table 2. Thermal and morphological parameters from DMTA, DSC, and XDR
measurements.

DMTA DSC (crystalline index, %) XDR
Tg PP (°C) Tg PE (°C) A PP APE X(%)
PP 12 — 473 — 547
BC1 10.6 —458 41.6 0.19 59
BC5 10.4 —493 44.6 0.23 63
BC7 10.5 —494 453 0.21 61
BC8 nz — 485 46.2 0.42 60

3. Results and discussion

3.1. Density, thermal, and morphological characterization

Table 2 presents the data obtained from the DSC, DMTA, and
XRD measurements. The block copolymers present two values
of these properties: first corresponding to propylene and second
to polyethylene.

The foaming grade is usually explained in terms of relative
density of the foams, i.e., the ratio of the foam density to the
solid polymer density. Table 3 shows the mean values of the test
performed for the solid PP and copolymers, compared to their
microcellular foams.

3.2. Mechanical results

The mechanical behavior of the microcellular foams studied is
shown in the true stress-true strain curves in Figures 1 and 2
As polymers undergo large deformation, true stress (o =
considering the variation of section) and true strain, ¢

In(1 + Al/ly), are more appropriate to show the mechanical
behavior of the samples tested. For the sake of clarity, in Figures 1
and 2, only results from one test, for one copolymer (BC1) and
one strain rate (2 x 10° and 1072 s™1, respectively), are plotted.

>
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Figure 2. Stress-strain compression loading curves of the BC1 copolymer microcel-
lular foams at 1072 s
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Figure 3. Yield stress vs. strain rate for all the microcellular foams for each relative density and material tested: PP homopolymer and copolymers BC1, BC5, BC7, and BC8.
Experimental values are plotted as points and the lines are representing the fitted model.
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Table 3. Densities and foaming grade of samples studied.
Material PP BC1 BC5 BC7 BC8
Foaming grade (%) 0 20 0 10 20 0 10 20 0 10 20 0 10 13 20
Density (g/cm?) 0.881 0.751 0.885 0.763 0.682 0.883 0.786 0.716 0.885 0.773 0.721 0.891 0.798 0.768 0.691
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Figure 4. Yield stress vs. relative density at different strain rates (both high and low strain rates) for the PP homopolymer and for each copolymer (BC1, BC5, BC7, and BC8).
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Figure 5. Fitting surfaces of yield stress considered as function of relative density and strain rate (Eq. (7)) for the PP homopolymer and the four copolymers studied. Exper-

imental values are plotted as crosses.



UMCM_A_1475584

225

230

235

240

245

250

255

260

265

TFJATS_ComSerif-800.cls(800C) May 22, 2018 22:29

The mechanical behavior of these foams at quasi-static
compression can be divided in three main parts: first, a linear
elastic behavior ended in a soft peak of stress. This maximum is
considered as the start of the plastic zone, i.e., the reach of
yield stress. A second part with a negative slope and nonlinear
regression is considered as softening (3), and third, a long stage
of small stress increment, or even constant stress stage, which
consists of foam densification.

In order to obtain the stress-strain curves for impact rates
of strain, the Hopkinson bar is instrumented with strain gauges
bonded to the incident and transmitted bars. These gauges pro-
vide strain pulses as output. The strain rate, stress, and strain
are calculated, once the equilibrium is reached, from the strain
pulses by the following equations:

f() = —26”‘2 ® @)
t

e(t) = /é(r)dt (3)
0

o (1) = Ajo(” E, (4)

where £,(t) and &,(t) are the reflected and transmitted strain
pulses registered in the strain gauges, respectively, over time ¢,
and 7 is a time variable used for integration. E, cp, and A are
the Young’s modulus, sound wave velocity, and cross-sectional
area and of the device steel bars, respectively. For the specimen,
lp and Ay are the length and cross-sectional area, respectively.

The trend observed in stress-strain graphs in Figure 1 and
2 is typical of foams and other porous materials, where a zone
of constant stress, or small increase, is observed after the linear
region and the reach of yield stress. This zone corresponds to
plastic deformation of cell walls and compaction of porosity by
the compressing material. At the end of the plateau region, the
foam densification completes and the stress increases [22]. The
stress-strain graphs for quasi-static and high strain rate com-
pression for all five types of foams show a similar trend. No frac-
ture point is seen in the specimens tested even after 90% strain.

In order to assess the effect of relative density and strain rate
on the compression behavior of the microcellular foams stud-
ied, a parameter must be chosen. In this work, the yield stress (as
defined previously) has been identified as the more representa-
tive of the mechanical behavior as it means the onset of plastic
and plateau zones of the materials.

Figure 3 shows curves of yield stress versus strain rate. Five
graphs are displayed, so each material is compared with its dif-
ferent relative density foams. An increase in strength with the
strain rate can be appreciated not only for the solid polymer
but also for the foams. Nevertheless, this increment is smaller as
the density decreases: denser foams seem to be more influenced
than the lowest density foams.

It is well known that polymers exhibit a viscoelastic behav-
ior. In these materials, the plastic deformation is identified as
a thermally activated process due to the movement of chains of
molecules. Based on this fact, the strain rate dependency of yield
stress has been successfully described by the Ree-Eyring model

Trim Info: 8.25inx 11in
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[26]. This previous model was not able to describe the depen-
dence at very high strain rates, and a new model was proposed
by Fotheringham and Cherry [27]. It introduced the idea that
yielding needs the cooperative motion of multiple chain seg-
ments and an internal stress as a new structural parameter. In
previous works [25], [28], the authors have studied the strain
rate dependence of some polymers and made a brief review of
the different models found in the literature; the dependence of
yield stress on strain rate and temperature for this kind of poly-
mers is well described by the following expression [29]:

1/n
2kT )
= O0j (0) —mT + — sin h_1 ;AH (5)
\4 o €Xp (—k—T)

L2 N
o, = 0; (0) — mT + A sin |:8* (T)] (6)
where o, is the yield stress, o;(T) is the constant value of stress
for each material, T'is the absolute temperature, k is Boltzmann’s
constant, £*(T') is the reference strain rate, AH and V are the
activation energy and activation volume, respectively, and # is a
material parameter used to characterize the cooperative move-
ment of chain segments.

Figure 4 shows yield stress, 0, as a function of foam density
in all the strain rate range tested, for each kind of polymer: PP,
BC1, BC5, BC7, and BCS8. Cellular solid properties depend on
both the topology and material. The properties of the solid of
which the foam is made and the topology and shape of the cells
edges and faces and so, the relative density, (ﬁ), of the foam,
where p is the density of the foam and p* that of the solid of
which it is made.

According to Gibson and Ashby [18], [19], [30], the yield
stress in foams with regular cell microstructure will follow an
equation like

O.;(_solial

o\ p
_ o.3<¢—*> +0.4(1—9) <_> "
P P
(6)

where oy, f,am is the yield stress of the foam, ay*_s Jiiq 18 the collapse
stress of the solid material, ¢ is the relative volume of the faces
to the edges in the closed-cell foams, py is the fluid pressure in
closed-cell foam cells, and pg,, is the atmospheric pressure. This
equation is based on a micromechanical model that considers
the deformation mechanisms of the microcell structure under
loading [6]. It is based on regular structures with the same pro-
portion of walls and edges for all the cells, and also similar size.
The first term in the equation is due to the bending dominant
behavior of the walls in the cells and the linear term refers to the
plastic stretch dominated failure in the struts. Ma et al. [31] ver-
ified that microcellular foams with an irregular distribution of
cell sizes would not follow the Ashby and Gibson law, as the cell
size distribution will have an effect on the yield stress. Finally,
they propose the following equation:

2 3/2
O foan =cl<x¢%) +c2<x¢%) G (m%) o

o-yfsal id
(7)

where A is the distribution coefficient that takes into account
the cell size distribution, and C;, C,, Cs, and Cy are parameters
obtained by the best fitting of the experimental values.

Po - patm

Oy_foam

*
O'y_sol id
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Table 4. Values of the parameters required by the models.
Parameter PP BC1 BC5 BC7 BC8
A 10.44 —-10.9 —10.47 7.5 —2.975
A, —5.482 85 8.55 -39 2.887
Ay —3.94 33 2.92 —2.6 0.7872
N 5.41 7.35 8.00 9.90 8.69
Ve (n m3) 0.2790 0.1350 0.1925 0.1305 0.1126
(rl.*(T) (MPa) 36.43 25.00 24.95 18.10 21.06
£5(T) (s 0.07 315 15 114.5 100.2

Based on both Ma et al. and Gibson and Ashby models, a
simply new equation was proposed considering only the powers
of % affecting the yield stress according to Gibson and Ashby,
which are equal to 1 and 3/2, and the inner fluid but letting
the coefficients of the model to fit freely the experimental

values:
3/2
()2 e

where A; and A, are parameters associated not only with the
geometrical morphology but also the failure mode in the cells;
moreover, these parameters are related to closed-cell foams but
with cells of nonregular shape and size. Microcellular foams
made by injection molding with supercritical gas usually show
a nonregular distribution of the size of cells and a solid skin. In
this new equation, A; and A, are the parameters that take into
account this effect, and Aj; is the parameter that refers to the
pressure of the fluid inside the cells. The linear term stands for
the buckling of the cell edges and the power term describes the
proportion of wall collapse.

Combining Eqs. (4) and (7), the yield stress of the polymer
foams can be expressed only in terms of its relative density and
the strain rate as independent variables

3/2
Oy_foam = |:A1 <%) +A2(%) +A3:|

- 1/n
2kT sinh-l[, £ } } )
Vo & (T)

where ¢;*(T') and €*(T') are constants, which show the proper-
ties of the solid material at the test temperature. Experimental
data were fitted to Eq. (7) using all the yield data at once. Table 4
shows the model parameters obtained for the materials under
study, and the surface fitting is shown in Figure 5. Regres-
sion parameters are above 0.97 in all cases studied. The model
parameters were obtained for all materials under study: PP, BCI,
BC5, BC7, and BC8. They are in the same order of magnitude
than those found in bibliography for other polypropylenes and
block propylene/ethylene copolymers [25, 28]. The parameter
n is related to the number of segments involved in the plastic
deformation. Previous works suggested that higher crystalline
percentage implies more cooperative segmental motion [6],
and this agrees with the smaller value of # for the copolymers.
The activation volume, Vg, is in the order of 107® m?; the
same order as the previous work [28] for activation volumes
were calculated using the Richeton and Eyring model. The

Oy_foam (8)

*
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Trim Info: 8.25inx 11in

preexponential strain rate is roughly in the same order of mag-
nitude as the Debye frequency (10'*-10'” Hz). The activation
energy, AH,g, is in the same range as those obtained for the
activation energy [28]. The values are also in the same order
of those obtained by Vu-Khanh and El Majdoubi [32] for
polypropylenes with different crystalline percentages. The val-
ues of the parameter ¢;*(T') are consistent with the relationship
predicted by Rault [33] for semi-crystalline polymers at room
temperature.

4, Conclusions

In this work, the dependence of yield stress of microcellular
foam polymers on relative density and strain rate has been stud-
ied. It is important to point out that the dependence of both vari-
ables has been modeled together.

Different polymers were selected to manufacture microcel-
lular foams. All the polymers were based on polypropylene,
and the difference in the solid samples was the percentage of
polyethylene.

Then, between two and four foams of different grades were
manufactured by microcellular injection molding. After testing
five different copolymers under uniaxial compression loading,
with relative densities between 0.8 and 1, in the range 107°-3 x
10* s7!, the experimental results provides the following
conclusions:

Polypropylene homopolymer and the four ethylene/propylene
block copolymers were studied and their microcellular foams show a
significant increase of compression yield stress with strain rates and
relative density. The dependence on relative density has been mod-
eled as polynomial and the effect of strain rate goes with the inverse
hyperbolic sine. This model captures the huge increase accentuated
at very high rates of strain, such as those characteristic of Hopkin-
son Bar experiments. Nevertheless, the compression yield stresses of
the ethylene/propylene block copolymers are always lower than the
polypropylene homopolymer values.

Another conclusion based on the experimental results of this
work is related with strain rate sensitivity. It could be expected that
the foam vyield stress increases with the relative density, but based
on the results of this work, it can be concluded that the strain rate
sensitivity (increase in the yield stress) is less pronounced in foamed
polymers compared to the solid ones.

Finally, a constitutive equation has been proposed for the
microcellular foams. This equation has taken into account both
the strain rate effect and the relative density effect in a mechanical
property of polymers such as yield stress. The new model proposed
fits the experimental data regression parameters above 0.97 in all
cases studied.
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