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Abstract

Obtaining high-density polyethylene-based microcellular foams is a topic of interest due

to the synergistic properties that can be obtained by the fact of achieving a microcellular

structure using a polymer with a high number of interesting properties. However, due

to the high crystallinity of this polymer, the production of low-density microcellular

foams, by a physical foaming process, is not a simple task. In this work, the proposed

solution to produce these materials is based on using crosslinked high-density poly-

ethylenes. By crosslinking the polymer matrix, it is possible to increase the amount of

gas available for foaming and also to improve the extensional rheological properties. In

addition, the foaming time and the foaming temperature have also been modified with

the aim of analyzing and understanding the mechanisms taking place during the foaming

process to finally obtain cellular materials with low densities and improved

cellular structures. The results indicate that cellular materials with relative densities

of 0.37 and with cell sizes of approximately 2 mm can be produced from crosslinked
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high-density polyethylene using the appropriate crosslinking degree and foaming

parameters.
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Introduction

Microcellular foams are characterized by having average cell sizes in the order of
10 mm and cell densities higher than 109 cells cm�3.1 The concept of microcellular
materials was created in the earlier 1980s in response to food and packaging com-
panies to reducematerials cost without compromisingmechanical properties.2 These
microcellular foams exhibit higher Charpy impact strength and toughness as well as
higher fatigue life and thermal stability than conventional cellular materials.1

One of the most common methods used to produce microcellular foams is a
batch process known as ‘‘solid state foaming.’’ This method was developed in the
MIT in the 1980s.3 It is a two-step method. In the first stage, the polymeric sample
is saturated with a non-reactive gas (physical blowing agent) in a pressure vessel.
Then, in a second stage, the saturated samples are removed from the pressure vessel
and foamed in a temperature-controlled glycerin bath. Finally, the foam is stabi-
lized by cooling.

The field of microcellular foams produced by the solid-state foaming technology
has been widely investigated in the last years. Nevertheless, this research has been
focused primarily on the foaming of amorphous polymers.4 The number of inves-
tigations in which the microcellular foaming of semi-crystalline polymers is ana-
lyzed is lower due to the difficulties found to manufacture microcellular materials
with this kind of polymers. The main problems are related to the influence that
crystallinity has on the solubility and diffusivity of the blowing agent into the
polymer matrix. Particularly, a severe decrease in the solubility and diffusivity
takes place due to an increase of the crystallinity.4–6 As a consequence, obtaining
microcellular foams of semi-crystalline polymers is not a simple task. More specif-
ically, the fabrication of high-density polyethylene (HDPE) microcellular materials
by solid-state foaming, with low densities is still more complicated due to the quite
high crystallinity that this polymer shows (around 60 to 70%). However, in spite of
the difficulties, obtaining HDPE microcellular foams is a topic of interest because
of the interesting properties of this polymer. HDPE foams are tough, stiff, chemical
and abrasion resistant, and present a low absorption and permeability to water and
moisture.7 Moreover, HDPE foams can withstand higher temperatures than low-
density polyethylene (LDPE) or ethylene vinyl acetate (EVA) foams, which is an
essential requirement for some applications.

Due to the challenges previously mentioned, most of the authors working on
this topic have mixed the HDPE with other polymers such as polypropylene (PP)
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or with particles with two purposes. The first one consists on improving the bubble
nucleation due to the creation of an interface between the immiscible polymers or
between the polymer and the particles and the second one consists on decreasing
the polymer crystallinity and consequently increasing the gas solubility, that is, the
gas concentration available for foaming.4,5,8–11 As far as the authors know, there
are only two works in which a pure HDPE has been successfully foamed with a
microcellular structure employing the solid-state foaming process.6,12 Doroudiani
et al.6 investigated the effect of the crystallinity and the morphology of different
semi-crystalline polymers, among them HDPE, on the microcellular processing.
They varied the crystallization and morphology of different polymers by subjecting
the samples to a compression molding process (at a temperature of 280�C), in
which the cooling rate was modified. They obtained the best cellular structures
with the samples cooled at the highest rate, in which the lowest crystallinities
were achieved. Miller et al.12 modified the processing conditions (saturation pres-
sure, foaming time and foaming temperature) with the aim of producing low-
density HDPE foams with a microcellular structure. They found a processing
window effective to produce low-density cellular materials (relative densities of
0.36) with the polymers saturated at a pressure of 3MPa and foamed at tempera-
tures higher than the melting point.

In this work, blends of HDPE with different amounts of a crosslinking agent
have been produced. It is well known that crosslinking has a direct effect on the
crystallization process; in general, an increase in the crosslinking degree is related
to a decrease in the polymer crystallinity.13–15 Moreover, as a consequence of
crosslinking, the extensional rheological properties of the polymeric matrix in the
molten state could be also modified helping to suppress cell coalescence and there-
fore, increasing the expansion ratio keeping, at the same time, very small cell
sizes.16–19

The main objective of this work is to perform a thorough study to analyze and
understand the foaming mechanisms (nucleation and coalescence) taking place in
this particular system with the aim of controlling the foaming process and obtain-
ing cellular materials with low density and improved cellular structures. For this
purpose, the foaming time and the foaming temperature have also been modified.
The effects that these parameters have on the materials density, cell size, and
apparent cell nucleation density have been extensively analyzed.

Experimental

Materials

HDPE used in this study is a commercially available grade, Rigidex HD 5211 EA-
Y supplied by Ineos Polyolefins with a density of 0.95 g cm�3 and melt flow rate of
1.1 g min�1 (190�C, 2.16 kg). An organic peroxide, Luperox 101XLS50 supplied by
Arkema was used as crosslinking agent. A commercial grade carbon dioxide (CO2)
was used as blowing agent.
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Sample preparation

Different blends of HDPE with the crosslinking agent have been prepared by
extrusion using a co-rotating twin screw extruder Collin ZK 25T with L/D of 24.
The rotational speed was 50 r/min and the melt temperature was 135�C. Three
blends of HDPE with different amounts of crosslinking agent (1 pph, 2.4 pph
and 4 pph) were produced.

Then, the materials containing the crosslinking agent as well as the pure HDPE
were compression molded in a hot plate press. Both pressure and temperature were
maintained constant for the different blends, 21.8 bars and 190�C, respectively. The
crosslinking time selected for the different formulations was 30min; however, the
sample with the intermediate content of crosslinking agent (2.4 pph) was also
crosslinked using times of 15 and 60minutes. Sheets of 2mm and 0.5mm in thick-
ness were produced and these samples were used to manufacture the cellular mater-
ials (2mm in thickness) as well as to perform the extensional rheology
measurements (0.5mm in thickness). The nomenclature used to designate the
solid crosslinked HDPE (x-HDPE) materials is as follows: Cc–tc where Cc is the
content of crosslinking agent and tc is the crosslinking time.

Gas sorption

HDPE sheets (2mm in thickness) were cut into 15mm� 15mm squares and placed
in a pressure vessel. CO2 gas was introduced at room temperature and samples
were allowed to absorb gas. The HDPE samples were saturated at a pressure
of 5MPa.

Samples were periodically removed from the pressure vessel, weighed and
returned again to the pressure vessel. With these weight measurements, it was
possible to obtain the gas concentration, that is, the weight percentage of CO2

dissolved in the polymer as a function of the saturation time. The results show
that at room temperature (RT) and under a pressure of 5MPa, 24 hours are neces-
sary to reach the equilibrium gas concentration (gas solubility). The sorption dif-
fusivity coefficient (Ds) was also obtained from these measurements using equation
(1)

Ms

M1
¼ 1�

8

�2
exp
�Ds�

2ts
l2

� �
ð1Þ

whereMs is the sorption amount at time ts,M1 is the saturated sorption amount at
a large sorption time and l is the specimen thickness.20,21

Foaming process

The procedure employed to produce the microcellular foams was the solid-state
foaming method.3,12,22 First, the samples were saturated with CO2, as it was
described in the previous section, using a saturation pressure of 5MPa and at
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RT. During this saturation process, the polymer was always in a solid state.
Then, the samples were removed from the pressure vessel and introduced in a
temperature-controlled glycerin bath. A thermodynamic instability was created
by releasing the pressure and heating the sample causing cell nucleation and
growth. Different foaming temperatures (from 150 to 190�C) and different foam-
ing times (from 15 to 75 s) were selected to produce the cellular materials. After
foaming, the samples were removed from the glycerin bath and cooled in water at
RT.

Samples characterization

Gel content. The gel content (GC) obtained in the HDPE-based polymers after
crosslinking was determined according to the ASTM standard D 2765-11.
Specimens of the crosslinked ethylene polymers were first weighed and then
immersed in xylene which was used as extracting solvent. Samples were kept in
boiling xylene during 1.5 h, which is the minimum time necessary to completely
dissolve the uncrosslinked HDPE. After this time, the samples were removed from
xylene and dried in a vacuum oven pre-heated at 150�C. Finally, the specimens
were reweighed to determine the insoluble fraction of polymer and hence, the gel
content according to equation (2)

GC %ð Þ ¼ 100
wf

w0
ð2Þ

where wf is the weight of the specimen after extraction and drying and w0 is the
weight of the original specimen. Three samples were used to determine the average
gel content for each material.

Differential scanning calorimetry. Thermal properties of the neat HDPE and the
different x-HDPE materials were studied by means of a Mettler DSC822e dif-
ferential scanning calorimeter, under nitrogen atmosphere, previously calibrated
with indium, zinc, and n-octane. On the one hand, to obtain the crystallization
temperature (Tc), the samples were cooled from 200�C to �40�C at 20�C/min.
On the other hand, to obtain the crystallinity (V c) and the melting temperature
(Tm), the samples were heated from �40�C to 200�C at 10�C/min. Before per-
forming these two experiments (cooling and heating), the samples were heated
from �40�C to 200�C at a heating rate of 10�C/min and maintained at 200�C
during 3min in order to remove the thermal history of the materials. The
crystallinity degree was calculated by dividing the heat of fusion in the DSC
curve by the heat of fusion of a 100% crystalline material (288 J/g for a 100%
crystalline PE).23

Extensional rheological behavior. The transient extensional viscosity of the uncros-
slinked HDPE as well as that of the x-HDPEs produced with the minimum and
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the maximum amounts of peroxide (1 pph and 4 pph) was measured using a stress-
controlled rheometer (AR 2000 EX from TA Instruments) with an extensional
rheology test fixture (SER 2 from Xpansion Instruments). In this geometry, two
clamps hold the sample to two drums, which rotate in opposite direction, stretching
the sample at a certain Hencky strain rate.24

All the experiments were made at a temperature of 170�C. Rectangular solid
samples with dimensions of 20mm� 10mm� 0.5mm fabricated by compression
molding, as it was previously described, were used to perform the extensional vis-
cosity measurements.

The measurement protocol considers first a pre-stretch, in order to compensate
the thermal expansion of the sample when it is heated up from room temperature.
Then, a relaxation step when the pre-stretch has finished. In this step, the sample is
kept at the testing temperature (170�C) without applying any stress during 60 s
approximately. After this relaxation time, the experiments are performed.
Measurements were conducted at three different Hencky strain rates: 0.5, 1 and
2.5 s�1. The maximum Hencky strain applied was 2 for all the different materials.

Density. Density of the non-foamed (solid), uncrosslinked and crosslinked, poly-
meric matrices was determined. For this purpose, a gas pycnometer was employed
(AccuPyc II 1340 from Micromeritics). The pycnometer provides the volume of the
solid samples with high precision as well as the density calculations. Five different
measurements of each material were performed with the aim of obtaining and
accurate average value of the density of the solid samples.

On the other hand, the density of the cellular materials was determined by the
Archimedes water immersion method using a high-precision balance (Mettler
AT 261).

Moreover, the relative density of the cellular materials was calculated according
to equation (3)

�R ¼
�cm
�s

ð3Þ

where �cm is the cellular material density and �s is the solid matrix density.

Structural characterization. Scanning electron microscopy (SEM) was used to analyze
the cellular structure. Samples were cooled using liquid nitrogen to cut them with-
out modifying their structure. Then, they were vacuum coated with a thin layer of
gold to make them conductive. A Jeol JSM-820 SEM was used to observe the
samples morphology.

The micrographs obtained were analyzed with an image processing tool based
on the software Fiji/Image J and from these micrographs the following parameters
were obtained: the average cell size, the standard deviation of the cell size and the
apparent cell nucleation density, which is defined as the number of cells per unit
volume of the solid material assuming that coalescence phenomena do not occur
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during processing stage. In situations in which cell coalescence occurs during the
foaming process (as in this work), the apparent cell nucleation density is useful to
compare the overlapping nucleation and coalescence effects. The way in which
these parameters are obtained from the SEM micrographs is explained in the
work of Pinto et al.25

Results and discussion

Analysis of solid samples

Gel content. HDPE was chemically crosslinked first, by incorporating organic per-
oxide and then, by activating the peroxide using for this purpose a fixed tempera-
ture and different crosslinking times. The crosslinking is randomly produced in the
molten state, where the polymer is in an amorphous configuration. In this state, the
peroxide links the molecules into a three-dimensional network.15,26

Figure 1 shows the gel content which is defined as the fraction of polymer that is
insoluble under the test conditions (see Experimental section).

An increase in the gel content is observed when the amount of crosslinking agent
increases, while the crosslinking time is kept constant. Furthermore, from Figure 1,
it can be derived that the gel content of the crosslinked materials fabricated
employing the same content of peroxide is very similar, regardless of the time
used to crosslink such materials (that is, for the lowest time used, 15min, the
maximum gel content has already been achieved).

Thermal characterization. Table 1 shows the melting temperature, the crystallization
temperature and the crystallinity of the uncrosslinked HDPE and the different
x-HDPEs. It is well known that crosslinking has a direct effect on the

Figure 1. Gel content of the uncrosslinked HDPE and the different x-HDPEs.
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crystallization process. Formation of crosslink junctions when the polymer is in a
molten state modifies the reorganization and chain folding during the crystalliza-
tion process. The crosslinks act as defect centers hindering both the crystal growth
and the formation of crystals. As a result, imperfect crystallite with smaller sizes
and also less in content are formed.13–15

The results show that Tc is lower in the x-HDPEs, although no changes in Tc are
caused by changing the content of the crosslinking agent. Moreover, Tm remains
almost constant and only a slight reduction of this temperature is observed in the
material with the highest crosslinking content. However, V c decreases significantly
with the amount of crosslinking agent. The slight modifications obtained in the
thermal properties could be due to the low crosslinking degrees achieved in this
work, as the maximum gel content achieved has been just about 50%.

Diffusivity and gas concentration. Figure 2 shows the CO2 concentration as a function
of time of the neat, uncrosslinked, HDPE together with the same curves obtained
for the different x-HDPEs.

Table 1. Melting temperature (Tm), crystallization temperature (Tc) and crystallin-

ity (V c) of the neat HDPE and the different crosslinked materials.

Name (Cc–tc) Tm (�C) Tc (�C) V c (%)

0–0 129.7 114.2 67.7

1–30 130.0 107.9 62.9

2.4–15 128.9 106.7 60.2

2.4–30 130.1 106.0 57.1

2.4–60 130.5 106.4 58.9

4–30 127.9 107.1 55.8

Figure 2. Sorption curves of HDPE and x-HDPEs obtained at 5 MPa and room temperature.
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From Figure 2, it can be concluded that both solubility and diffusivity increase
with the amount of crosslinking agent (see also Table 2). Moreover, no significant
differences are observed between samples with the same amount of crosslinking
agent and different crosslinking times, in which the crystallinity was also similar
(Table 1) as well as the gel content (Figure 1).

Both diffusivity and solubility of CO2 in a semi-crystalline sample depend on
crystallinity. When crystallinity increases, several aspects that govern the rate of
diffusion of the gas molecules into the polymer matrix are modified. On the one
hand, an increase in the tortuosity is produced. Small molecules are assumed incap-
able of diffusing or permeating through the crystalline phase. Therefore, they must
pass through a longer path due to the presence of the crystalline phase, which
finally leads to a reduction in the diffusion rate. On the other hand, a decrease
of the chain segment mobility in the amorphous phase is also produced due to the
proximity of crystallites hindering, once again, the diffusion of the gas molecules.
Regarding gas solubility, as the gas molecules are only dissolved in the amorphous
phase, an increase in the equilibrium gas concentration (solubility) will be produced
when the volume of crystalline regions decreases, that is, when the polymer crys-
tallinity decreases.6,27,28

Table 2 also indicates that the material with the maximum crosslinking content
(4–30) only absorbs 2.25wt% of gas being, in turn, the polymer that absorbs the
highest amount of gas. This low value is indicating that CO2 has a very low solu-
bility in polyethylene at subcritical pressures and RT compared to other polymers
like polyvinyl chloride (7.5wt% at 4.8MPa and RT), polycarbonate (9wt% at
4.8MPa and RT) and acrylic butadiene styrene (12wt% at 5MPa and RT).22,29,30

Furthermore, the experimental value of the gas concentration achieved for the
neat HDPE (1.86wt% at 5MPa and RT) is in agreement with those reported in
literature.12

Due to the similar characteristics showed by the three solid crosslinked materials
fabricated with the same content of peroxide (2.4 pph) and different crosslinking
times, only the material fabricated with a crosslinking time of 30min has been
further studied and foamed.

Table 2. Comparison of sorption diffusivity (Ds) and gas solubility at equi-

librium for the neat HDPE and the different x-HDPE materials.

Name (Cc–tc) Ds (10�11 m2/s) Gas solubility (wt%)

0–0 2.71 1.86

1–30 3.06 1.99

2.4–15 3.44 2.18

2.4–30 3.50 2.18

2.4–60 3.23 2.20

4–30 3.65 2.25
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Extensional rheological behavior. During the foaming process, the bubble growth
involves extensional or elongational flow, as the cell walls are stretched. The exten-
sional viscosity is defined as the ratio between the stress and the strain rate, when a
material is elongated. Figure 3(a) shows the transient extensional viscosity of the
uncrosslinked HDPE (0–0) and the x-HDPEs 1–30 and 4–30, measured at three
different Hencky strain rates (0.5, 1 and 2.5 s�1).

When the amount of crosslinking agent increases, an increase in the viscosity of
the materials is obtained. Furthermore, while the x-HDPEs show a rapid increase
of the extensional viscosity with time and this behavior become more intense as the
amount of crosslinking agent increases, the linear HDPE does not show this behav-
ior. This phenomenon is called strain hardening.31 In general, if the polymer does
not exhibit strain hardening, it is difficult to achieve high expansion ratios during
foaming because the cell walls break, that is, cell coalescence is produced and the
foam is not able to retain the gas during the expansion process.32 This strain
hardening results from the molecular entanglements in the melt state which can
be produced by the introduction of branching or crosslinking.33,34 With the aim of
quantifying this behavior, the strain hardening coefficient (S) has been calculated
from the extensional viscosity measurements according to equation (4)

S ¼
�þE t, _"0ð Þ

�þE0 tð Þ
ð4Þ

where �þE t, _"0ð Þ is the transient extensional viscosity as a function of time and
Hencky strain rate and �þE0 tð Þ is the transient extensional viscosity in the linear
viscoelastic regime.35,36 The strain hardening coefficient has been obtained for a
time of 2 s and for a Hencky strain rate of 1 s�1. The results are shown in
Figure 3(b). An increase in S is obtained by increasing the amount of crosslinking

Figure 3. Extensional rheological behavior of the uncrosslinked HDPE (0–0) and the x-

HDPEs produced with the minimum (1 pph) and maximum (4 pph) contents of organic perox-

ide. (a) Extensional viscosity vs. time measured at different Hencky strain rates: 0.5, 1 and

2.5 s�1. (b) Strain hardening coefficient calculated for a time of 2 s and for a Hencky strain rate

of 1 s�1.
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agent. In fact, the strain hardening coefficient of the material containing the highest
amount of organic peroxide is 1.6 times higher than that of the uncrosslinked
HDPE.

Considering the results obtained after the extensional rheological characteriza-
tion, the x-HDPE containing 4 pph of organic peroxide should be the most suitable
material for foaming applications, as it is the material presenting the highest strain
hardening coefficient.

Analysis of foamed samples

The most representative solid materials have been foamed as indicated in the
Experimental section. All the cellular materials fabricated are summarized in
Table 3.

The nomenclature employed to designate the foamed materials is as follows: Cc-
tc-TF-tF, where Cc is the crosslinking content, tc is the crosslinking time, TF is the
foaming temperature and tF is the foaming time.

Effect of the foaming time. The effect of the foaming time on the materials density
and cellular structure is analyzed in this section. Firstly, the relative density is
represented versus the foaming time for the different materials as well as for the
following temperatures: 150, 160, 170 and 190�C (Figure 4). In this section, the
temperature is also considered with the aim of determining if the behaviors
obtained when the density is represented as a function of time are also dependent
on the foaming temperature.

The results indicate that the minimum relative density (0.37) has been achieved
using the polymer containing the highest amount of peroxide (4 pph) and with the
following foaming conditions: a foaming time of 30 s and a foaming temperature
of 160�C.

With the exception of the cellular materials fabricated with the highest foaming
temperature (190�C) in which the relative density increases with time, for the rest of
materials the relative density shows a minimum for a foaming time of approxi-
mately 30 s. If the foaming time is not high enough, the materials do not foam
completely and only the surface is expanded; as a consequence, only a small

Table 3. Summary of the cellular materials produced.

Name

(Cc–tc–TF–tF)

Crosslinking

content – Cc

(pph)

Crosslinking

time – tc

(min)

Foaming

temperature – TF

(�C)

Foaming

time – tF (s)

0-0-TF-tF 0 0 150, 160, 170, 180, 190 15, 30, 45, 75

1-30-TF-tF 1 30 150, 160, 170, 180, 190 15, 30, 45, 75

2.4-30-TF-tF 2.4 30 150, 160, 170, 180, 190 15, 30, 45, 75

4-30-TF-tF 4 30 150, 160, 170, 180, 190 15, 30, 45, 75
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reduction in density is obtained. When the foaming time increases from 15 to 30 s, a
significant reduction in density is observed. This time allows producing a large
expansion of the polymeric material. Then, when the foaming time increases
again, an increase in density is produced. The gas is continuously diffusing out
of the material and therefore, if the structure is not frozen in an optimum time, the
cells begin to collapse causing foam contraction. Moreover, when the foaming time
increases, cell coalescence also occurs. These two phenomena make the density to
increase if the foaming time is too high. Nevertheless, this behavior is not followed
by the cellular materials manufactured with the highest foaming temperature
(190�C). In this particular case, the relative density always increases with the foam-
ing time. This temperature is very high and consequently the gas diffusion and the
coalescence mechanisms are favored. The minimum in density is not observed
because this minimum would appear at lower times than those studied in this
work, that is, a similar behavior than that obtained with the other temperatures
could be obtained if lower foaming times were considered.

Taking into account the previous results, the effect of the foaming time on the
cellular structure has been studied considering only a representative temperature
(160�C). Moreover, this study has been performed in the two most extreme

Figure 4. Relative densities of the different materials as a function of the foaming time for

the different foaming temperatures. (a) 150�C, (b) 160�C, (c) 170�C and (d) 190�C.
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materials: the uncrosslinked HDPE and the material produced with the x-HDPE
containing the highest amount of peroxide.

The cellular structure of the materials fabricated with the uncrosslinked HDPE
(0-0) at different foaming times is shown in Figure 5.

Only the surface of these materials is foamed. The differences obtained in density
could be related perfectly with those found in the cellular structures of the different
foamed materials. When a foaming time of 15 s is employed, almost all the material
is still solid and only a very narrow band of the surface is foamed. Therefore, the
reduction of density obtained in this material is very low. For a higher foaming
time (30 s), a significant reduction in density is obtained. SEM micrograph of this
material shows that the foamed band is wider than in the previous material.
Finally, for the highest foaming time (45 s), an increase in the density is again
produced. The width of the foamed band is similar to that of the previous material
but larger cells appear on the surface which indicates that cell coalescence and
hence, foam collapse have been produced making the overall density to increase.

In the same way, the cellular structure of the foamed materials fabricated with
the x-HDPE containing 4 pph of crosslinking agent has been analyzed. The SEM
micrographs are shown in Figure 6. In this case, most of the samples are completely
foamed and therefore, the micrographs have been taken from the center of the
sample in order to compare the cellular structure under the same conditions.
Figure 6 shows the most representative structures of each material.

Apart from the material manufactured with the lowest foaming time (15 s), the
rest of materials are completely foamed, that is, both the surface and the center are
expanded.

In order to analyze more accurately the cellular structure of the foamed mater-
ials both, the cell size and the apparent cell nucleation density have been quantified.
In the samples completely foamed, the image analysis was performed in the center
of the sample; however, the whole fractured section, including both the center and
the sides close to the foamed surface (see Figure 5), was considered in the non-
completely foamed samples. The results obtained for the two materials are shown
in Figure 7.

The average cell size (Figure 7(a)) of the foamed materials produced with the
x-HDPE (4 pph) does not change with the foaming time; however, an increase of
this parameter is produced when the material foamed is the uncrosslinked HDPE.

Figure 5. SEM micrographs of the cellular materials fabricated with the uncrosslinked

HDPE, with a foaming temperature of 160�C and different foaming times. (a) 15 s, (b) 30 s

and (c) 45 s.
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Figure 6. SEM micrographs of the cellular materials fabricated with the x-HDPE, containing 4

pph of organic peroxide, with a foaming temperature of 160�C and with different foaming

times. (a) 15 s, (b) 30 s, (c) 45 s and (d) 75 s.

Figure 7. Effect of the foaming time on the cellular structure in both the foamed uncros-

slinked HDPE and the foamed x-HDPE containing 4 pph of crosslinking agent. (a) Cell size as a

function of the foaming time and (b) apparent cell nucleation density vs. foaming time.
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The cell size is doubled by going from 15 to 45 s. Another important fact is that the
average cell size of the foamed uncrosslinked HDPE materials is two orders of
magnitude higher than that of the cellular materials produced with the x-HDPE.
This behavior could be explained taking into account that the strain hardening is
larger in the crosslinked materials (Figure 3), which could lead to a less intense
coalescence phenomenon and hence to cells with smaller sizes. Moreover, solubility
results indicate that the amount of gas available for foaming is slightly higher in the
crosslinked materials. As a consequence, the number of homogeneous nucleation
sites could be also greater in this material leading to smaller cell sizes.37

In the two types of materials, the standard deviation of the cell size is really high,
which indicates that the cellular structures are very heterogeneous.

Figure 7(b) shows the apparent cell nucleation density versus the foaming time.
This parameter allows comparing materials with different densities, as this param-
eter takes into account the relative density of the foamed materials.25 Therefore,
with this parameter it is possible to analyze both, nucleation and coalescence mech-
anisms. In general, when the foaming times are low, nucleation is the predominant
phenomenon. Then, when the foaming time increases, cell coalescence also takes
place. In the material produced with the uncrosslinked HDPE, an increase in the
apparent cell nucleation density is obtained when the foaming time increases from
15 to 30 s. This fact indicates that new cells have appeared. Although cell coales-
cence could be also happening, in these foaming times, the nucleation phenomenon
prevails over the coalescence one. Then, when the foaming time increases from 30
to 45 s, cell coalescence is the predominant phenomenon making the apparent cell
nucleation density to decrease. In the cellular materials based on the x-HDPE, NV

remains almost constant. This behavior can be explained taking into account the
rheological results represented in Figure 3. The strain hardening exhibited by the
x-HDPE helps to stabilize the cellular structure.

Effect of the foaming temperature. In this section, the effect of the foaming tempera-
ture on the relative density and cellular structure of the different materials is
studied. To perform this analysis, a foaming time of 30 s has been selected as, in
general, with this foaming time the lowest densities are achieved (see Figure 4). In
Figure 8, the relative density of the different foamed materials is represented versus
the foaming temperature.

When the foaming temperature increases, the viscosity of the polymeric mater-
ials decreases and therefore, the initial growth of the cells is favored. This greater
cell growth could result in a reduction of the materials density. Moreover, the
classical nucleation theory (equation (5)) states that the homogeneous nucleation
rate (NHOM) also increases with temperature, which also would contribute to
reduce the foams density38

NHOM ¼ C0 f0 exp
��G0

kT

� �
ð5Þ
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where C0 is the concentration of gas molecules, f0 is the frequency factor of the gas
molecules, �G0 is the activation energy, k is the Boltzman’s constant and T is the
temperature.

However, the fact of increasing the foaming temperature has also some disad-
vantages. When the temperature increases, the chain mobility increases and there-
fore, the diffusion rate also increases.39 The blowing agent that has diffused into the
nucleated cells would tend to diffuse out of the material. If the gas escapes through
the cell walls, the amount of gas available for the cell growth would decrease. As a
result, if the cells do not freeze, they would tend to collapse causing foam contrac-
tion and therefore, increasing the materials density.40 Moreover, an increase in the
foaming temperature is also related to an increase in the cell coalescence, as the
polymer melt strength decreases when the temperature increases.41 As a conse-
quence, the overall density of the material would also increase.

Figure 8 indicates that the behavior followed by all the materials is the same.
When the temperature increases first, the relative density decreases and then, this
parameter increases. When the foaming temperatures are low enough, the polymer
is capable of resisting the extension without breaking and therefore an increase in
the foaming temperature leads to a reduction in density because the cell growth and
the cell nucleation rate are favored, as it was previously explained. However,
when the temperatures are higher, the gas escapes more easily and the polymeric
matrix is not able to resist the extension (since the melt strength decreases as the
temperature increases). As a consequence, both cell coalescence and foam collapse
prevail over cell nucleation and cell growth, giving as a result an increase in the
foams density.

Changes in the cellular structure by varying the foaming temperature are ana-
lyzed once again in the two extreme materials: the uncrosslinked HDPE (0-0) and
the x-HDPE containing the highest amount of organic peroxide. To perform

Figure 8. Relative densities of the different materials produced using a foaming time of 30 s,

as a function of the foaming temperature.
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this analysis, the foaming time considered for both materials is once again 30 s.
Figure 9 shows the complete area of the cellular materials fabricated with the
uncrosslinked HDPE for the different foaming temperatures analyzed.

In general, the center of these foamed materials is mostly solid, whereas the
surface is foamed. Nevertheless, it can be seen that when the temperature increases
some isolated pores begin to appear in the center. Moreover, it can be appreciated
that larger cells in the surface are also obtained by increasing the foaming tem-
perature. The surface cells are the first to be formed; therefore, if the foaming
temperature is very high, cell coalescence is produced in the surface and conse-
quently, an increase in the foams density occurs.

In the same way, the cellular structure of the foamed x-HDPEs containing 4 pph
of crosslinking agent and fabricated with different foaming temperatures has been
carefully analyzed. Figure 10 shows the SEM micrographs of the different mater-
ials. In this case, most of the samples are completely foamed. The micrographs

Figure 9. SEM micrographs of the cellular materials fabricated with the uncrosslinked HDPE,

with a foaming time of 30 s and with different foaming temperatures. (a) 150�C, (b) 160�C,

(c) 170�C, (d) 180�C and (e) 190�C.
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Figure 10. SEM micrographs of the cellular materials fabricated with the x-HDPE, containing

the highest amount of organic peroxide (4 pph), with a foaming time of 30 s and different

foaming temperatures. (a) 150�C, (b) 160�C, (c) 170�C, (d) 180�C and (e) 190�C.
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have been taken from the center of the sample in order to compare the cellular
structure under the same conditions.

The center of the material produced employing the lowest foaming temperature
(150�C) is not foamed, and consequently, the global relative density of this material
is the highest one.

In order to analyze more accurately the cellular structure of the foamed mater-
ials, the average cell size and the apparent cell nucleation density have been quan-
tified. The image analysis was performed in the same regions as those employed in
the analysis of the effects produced by changing the foaming time. Both parameters
are represented as a function of temperature in Figure 11.

In general, a slight increase in the cell size is detected by changing the
foaming temperature. Furthermore, the cell size standard deviation is again
really high, independently on the foaming temperature, which gives an idea of
the heterogeneity of the cellular structures. To analyze the mechanisms taking
place during the foaming process, the behavior of the apparent cell nucleation
density is analyzed. In the cellular materials produced with the uncrosslinked
HDPE, the apparent cell nucleation density increases when the temperature goes
from 150 to 160�C. Moreover, in this range of temperature also a reduction of
the relative density was detected (Figure 8). This indicates that, in this tempera-
ture range, cell coalescence has not yet occurred, as it was previously concluded.
The increase on the temperature is favoring the nucleation rate, and conse-
quently, the apparent cell nucleation density increases. Then, when the tempera-
ture raises again the apparent cell nucleation density decreases, indicating that
cell coalescence is now one of the prevailing mechanisms. In the foamed
x-HDPE, a similar behavior is detected. However, the coalescence phenomenon
begins to occur at higher temperatures (180�C). The large strain hardening of
this materials helps to stabilize their cellular structure. Therefore, higher tem-
peratures are required to produce a degeneration of the mentioned cellular
structure.

Figure 11. Effect of the foaming temperature on the cellular structure in both the foamed

uncrosslinked HDPE and the foamed x-HDPE containing 4 pph of crosslinking agent. (a) Cell

size as a function of the foaming time. (b) Apparent cell nucleation density vs. foaming time.
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Effect of the crosslinking content. Throughout the previous sections, important differ-
ences have been found between the two extreme materials: the uncrosslinked
HDPE and the x-HDPE with the highest content of peroxide. These different
behaviors indicate that the effect of the crosslinking degree on the foam density
and cellular structure should be analyzed in detail. For this purpose, the relative
density is represented as a function of the gel content (Figure 12). Both, the foam-
ing time and the foaming temperature have been kept constant. A foaming time of
30 s and a foaming temperature of 160�C have been considered.

In general, when the crosslinking degree increases, the relative density decreases.
As it was previously shown, the strain hardening increases with the amount of
crosslinking agent (Figure 3); therefore, higher expansion ratios can be achieved
due to the ability of the foam to retain the gas during the foaming process.
Moreover, the gas solubility also increases with the crosslinking degree (Table 2).
As a result of this slight increase of the amount of gas available for foaming,
cellular materials with higher expansion ratios and therefore, with lower relative
densities can be obtained.

On the other hand, the microcellular material fabricated with a content of per-
oxide of 1 pph does not follow this trend. The gas solubility in this material is
higher than in the uncrosslinked HDPE but its relative density is also higher. When
a polymer is crosslinked, its viscosity is enhanced to a very high value, as it was
indicated in Figure 3. Therefore, the viscosity of the polymer 1–30 is higher than
that of the uncrosslinked HDPE. Moreover, the gas concentration of this material
is lower than the gas concentration of the other x-HDPEs. This increment in the
viscosity together with a not very high amount of gas available for foaming hinders
the growth of cells. As a consequence, the cellular materials fabricated with this
polymer exhibit the highest densities.

Figure 12. Relative density as a function of the gel content for the cellular materials fabri-

cated with a foaming time of 30 s and a foaming temperature of 160�C.
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SEM micrographs of the four cellular materials studied in this section are shown
in Figure 13.

Figure 13(a) and (b) shows the complete area of the cellular materials produced
with the polymers containing the lowest amounts of crosslinking agent (0 pph and
1 pph). In these micrographs, it is possible to see a non-homogenous foaming. The
surface of both materials is completely foamed; however, while the center of the
material containing the lowest amount of peroxide is completely solid, a small
number of pores appear on the material containing 1 pph of organic peroxide.
Nevertheless, with the x-HDPEs containing higher contents of peroxide (2.4 pph
and 4 pph), a complete expansion is obtained. The amount of gas available is now
large enough to allow a complete expansion of the whole material. As both the
center and the surface are completely foamed, greater reductions in density are
obtained in these materials. In this case, to illustrate the cellular structure in more
detail, the micrographs show a central region of the foamed materials (Figure 13(c)
and (d)).

To have further details of how the cellular structure is affected by increasing the
amount of crosslinking content, the average cell size and the apparent cell nucle-
ation density have been quantified. The results obtained are represented as a func-
tion of the gel content in Figure 14.

Figure 13. SEM micrographs of the cellular materials fabricated employing different x-HDPE,

(a) 0-0-160-30, (b) 1-30-160-30, (c) 2.4-30-160-30 and (d) 4-30-160-30.
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In general, when the gel content increases, a reduction in the cell size and an
increase in the apparent cell nucleation density is observed. In this case, the cellular
materials are produced using the same foaming parameters and therefore, the
changes obtained in the cellular structure can be explained taking into account,
on the one hand, the rheological properties of the polymeric matrices and, on the
other hand, the amount of gas available for foaming. When the gel content
increases the strain hardening also increases. Consequently, the cell walls are
more resistant to the extension and the cell coalescence decreases. As a result,
cellular structures with lower cell sizes and higher apparent cell nucleation densities
are obtained. On the other hand, the gas solubility increases slightly as the gel
content increases. Therefore, an increase in the number of nucleation sites is also
produced. Consequently, both the surface and the center expand and the apparent
cell nucleation density increases. Furthermore, an increase in the number of nucle-
ation sites also leads to a reduction in the cell size.

As expected, the best results are obtained with the polymer with the highest
crosslinking degree because of its greater ability to absorb CO2 and its improved
rheological properties.

Conclusions

In this work, the effects that the foaming time, the foaming temperature and the
crosslinking content have on the density and microcellular structure of x-HDPE
based foamed materials have been analyzed, with the aim of understanding the
mechanisms taking place during the foaming process. First, the solid materials were
studied. When the amount of crosslinking agent increases, the strain hardening
coefficient increases as well as the gel content. Moreover, a reduction in the crys-
tallinity is also observed with the consequent increase of the gas solubility (and
hence, of the amount of gas available for foaming). Then, the effect of the foaming
time is examined. A minimum in density has been obtained by changing the foam-
ing time. Moreover, it is found that the structure of the foams produced with the
x-HDPE containing the highest amount of peroxide is very stable. No changes are

Figure 14. Effect of the crosslinking content on the cellular structure. (a) Cell size as a func-

tion of the gel content. (b) Apparent cell nucleation density vs. gel content.
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detected neither in the cell size nor in the apparent cell nucleation density, due to
the high strain hardening that this material shows. The effect of the foaming tem-
perature has also been carefully analyzed. As with the foaming time, a minimum in
the relative density was obtained by changing the foaming temperature. In this
case, the apparent cell nucleation density shows a maximum independently on the
material used to produce the cellular materials. Moreover, the maximum in the
apparent cell nucleation density of the material with the highest crosslinking degree
is produced at higher temperatures than that of the uncrosslinked HDPE, due to its
favorable rheological properties. Finally, the effect of the crosslinking content has
been analyzed. While the relative density and the cell size decrease with the gel
content, an increase in the apparent cell nucleation density is obtained. This behav-
ior has been explained considering, on the one hand, the improvements achieved in
the extensional rheological behavior by increasing the gel content and, on the other
hand, the increase in the amount of gas available for foaming.

To conclude, the results indicate that cellular materials with relative densities as
low as 0.37 and with cell sizes of approximately 2 mm can be produced using a
saturation pressure of 5MPa, a foaming time of 30 s, a foaming temperature of
160�C and a crosslinked HDPE with a gel content of 50%. There is a clear rela-
tionship between the extensional rheological behaviors of the solid polymeric
matrices and the cellular structure of the foams. By crosslinking the polymeric
matrix, it is possible to obtain foamed materials with an improved cellular structure
compared to that obtained with the uncrosslinked polymer.
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