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ABSTRACT: Ny-filled hollow glass beads (HGB) were
first used as novel gas carriers to prepare microcellular
polymers by compression molding. Dicumyl peroxide was
acted as crosslink agent to control the produced microcel-
lular structure of low density polyethylene (LDPE)/HGB.
The effect of temperature, pressure and the content of
gel on the embryo-foaming, and final-foaming structure
are investigated. Scanning electronic microscopy shows
that the average cell size of microcellular LDPE ranges
from 0.1 to 10 pm, and the foam density is about 10°~10"*
cells/cm® A clear correlation is established between
preserving desirable micromorphologies of microcellular

LDPE in different processing stage and tuning processing
factors. The pertinent foaming mechanism of microcellular
materials foamed with HGB is proposed. Because of the
good mechanical strength, low density, weak water-
absorption, and excellent heat insulate ability, microcellu-
lar LDPE has great potential application in energy build-
ing materials. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
114: 4030-4035, 2009
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INTRODUCTION

Microcellular materials are a kind of advanced mate-
rials for many industrial applications, which exhibit
average cell size ranging from 1 to 10 pm in diame-
ter and foam density in the range of 10°-10" cells/
cm’. Owing to superior properties such as high ther-
mal stability, low thermal conductivity and dielectric
constant, and excellent mechanical properties, they
have been widely applied in the fields of architec-
ture, medical treatment, automobile industry, hydro-
gen storage materials, and packaging.'™

Since microcellular foams have paid more atten-
tion in recent years,*® relative microcellular foaming
theories have been developed for approaching to-
ward novel microcellular materials with the uniform
distribution of cells and the excellent mechanical
strength. The classic nucleation theory assumes that
bubble nucleation is initiated by the formation of the
critical size bubble, but it is limited because the
energy required to form the critical bubble is
ignored.”” A gaseous bubble formation model and a
vapor bubble formation model have been produced
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for the modified classic nucleation theory.'>'! Tt is
very nice that this model bridges the gap between
the bubble embryo (a critical cluster) and the critical
bubble. Moreover, macroscopic growing of gas bub-
bles had been intensively studied. Some of the ear-
liest works were carried out in the 1950s by Epstein
and Plesset'” as well as Scriven.'”> Han and Yoo'*
provided a realistic model of structural foam expan-
sion. In the late 1980s, Flumerfelt and coworkers'>1°
began development of a model that incorporated
simultaneous nucleation and bubble growth.

Numerous techniques for preparing microcellular
materials have been developed, which include chemi-
cal and physical foaming. The former has some distin-
guishing features in which it allows easy control of
pore structure. Pore structure control is important to
the thermal, mechanical property and performance of
the microcellular materials in most cases.'” However,
chemical foaming method has shortcomings owing to
additive foaming agents. These accessory foaming
ingredients are sensitive to temperature, which cause
the release of noxious gas, consequently, deteriorated
gradually in foaming materials.

Recently, physical foaming techniques have
attracted much attention because of their advantages
in environmental benign and high bubble productiv-
ities."®' No harmful additive is removed from the
final product material, which make such microcellu-
lar material used in practical application. Stable gas,
CO; or Ny, is commonly used as a blowing agent,
which undergo a series of physical transition to
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form bubbles. In this case, extrusion and injection
molding are main approaches toward preparing
microcellular materials, especially with supercritical
CO,. However, a shortcoming of such processing
method is a quite long working period because the
procedure included preparing of impact samples
and swelling gas in the as-prepared impact samples
melt or solution.

In this article, we have developed a simple and
facile compression molding method to prepare
microcellular materials, in which N,-filled hollow
glass beads (HGB) are used as gas carriers. Because
of the watery melt of low density polyethylene
(LDPE) at high temperature, Dicumyl peroxide
(DCP) are used as crosslink agent for immobilizing
bubbles. The processing undergoes preliminary
mixed (premixed) stage for dispersing HGB in LDPE
matrix and foaming stage for formation of microcel-
lular materials. By tuning the key processing param-
eters, controlled morphologies of produced microcel-
lular LDPE in the two stages are obtained.
Therefore, microcellular LDPE with the size of 0.1-
10 pum and the foam density of 10°-10"" cells/cm? is
achieved.

MATERIALS AND EXPERIMENTAL
Materials

LDPE pellets, 18D, with 1.5 g/10 min of melt index
and 0918 g/cm’ of density, were purchased from
China Petroleum and Chemical Corporation. Nj-
filled HGB with ~ 45 pm in diameter were manufac-
tured by Songlin (China). DCP produced from Ling-
feng Chemical Reagent (China).

Preparation of microcellular LDPE

LDPE pellets and N,-filled HGB were premixed at
the melt temperature of LDPE. The procedure as fol-
lows: LDPE pellets were melted in XS5-300 Torque
Rheometer at the rotator speed of 40 rpm for 4-5
min. Two suggestive temperatures were 130 or
150°C, respectively. Followed, the rotator speed
decreased to 25 rpm and quantitative Ny-filled HGB
were added into the melted LDPE. In this stage,
slow feeding speed plays a critical role to ensure
lower-density HGB anchoring on the surface of
LDPE melt. To immobile bubbles, proportional DCP
was added into the melt LDPE/HGB mixture. The
relative weight fraction of DCP was calculated at
0.2, 0.5, 1.0, 1.5, 2.0, and 2.5%, which aimed at
obtaining desirable embryo-foaming morphology.
Microcellular foaming procedure was preformed
immediately after premixed stage. Mixed LDPE/
HGB composites were removed quickly as 4-mm-
thick sheet mold and were hot-pressed at 160°C and

6 or 8 MPa for 8 min, and then the mold was rap-
idly depressurized by releasing pressure within 3-5
s. The resulting microcellular materials were taken
from the mold after cooling.

Characterization

All produced sheets were cut into rectangular 100
mm X 10 mm x 4 mm bars and were further frac-
tured in liquid nitrogen. Their cross-sections were
coated with gold and were studied by scanning elec-
tronic microscopy, SEM (JEOL, JSM-5610LV). The
morphologies of fracture surface, both embryo-foam-
ing morphology and final-foaming structure, were
observed by image analysis.

The gel content of the crosslink samples were cal-
culated according to literary method.” The crosslink
bars were cut into slivers and were extracted at
140°C for 24 h in the Soxhlet apparatus, and then
further dried to constant weight. Xylene was used as
extractor solvent. The gel content value ¢ was deter-
mined as the following equation: ¢ = m, /m;, where
my and m, denoted the mass of original material and
that of extracted sample, respectively.

The tensile strength and breaking elongation of
foaming materials were obtained at the tensile rate
of 250 mm/min by using RG-M-30A material testing
machine. The Charpy nonnotch impact strength of
microcellular LDPE was tested at the JB6 impact tes-
ter. The hardness of samples were measured by LX-
A Shore durometer. The density of samples was cal-
culated according to weighing method. Water
absorption of microcellular LDPE after 24 h was
measured. The thermal conductivity of produced
samples was measured in KDR-1B Instantaneous
Intelligent Thermal Conductivity Test Instrument,
and the dimension of these samples were rectangu-
lar 130 mm x 50 mm x 4 mm.

RESULTS AND DISCUSSION

Morphology controlling in premixed stage and
molding compression

Preserving embryo-foaming morphology in pre-
mixed stage and immobility of final-foaming struc-
ture in compression molding play critical roles for
desirable produced microcellular LDPE, which
depend strongly on key processing parameters, such
as the premixed temperature, the processing pres-
sure, and the content of DCP.

Controlled embro-foaming morphologies
in premixed stage

The effect of premixed temperature on the embryo-
foaming morphology is studied at constant rotor
speed, as shown in Figure 1. Different embryo-
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Figure 1 SEM images of LDPE/HGB in premixed stage
at (a) 130°C and (b) 150°C (fugp: 10%).

foaming structures are observed at 130 and 150°C,
respectively. It shows that HGBs are almost broken
at 130°C [Fig. 1(a)], whereas desirable embryo-foam-
ing morphology is carried out at 150°C [Fig. 1(b)].
Based on the viscosity of LDPE with different tem-
perature, at constant rotor speed, the viscosity of
melt LDPE decreased from 130 to 150°C (in Fig. 2).
Because the viscosity of ambient melt around HGB
have a great effect on the tension of the HGB.
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Figure 2 Angular frequency dependence of the melt vis-
cosity for the LDPE melt with different temperature.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Increasing melt viscosity, the LDPE melt press inner
HGBs so hard that they broke. At 150°C, the HGBs
in melt are intact and disperse homogeneously into
the melt LDPE matrix. Such embryo-foaming mor-
phology, i.e., intact HGB embedded homogeneously
in LDPE melt, results in the formation of gas nuclei
for microcellular materials, which is crucial for the
following procedure of compression molding.

Forming of microcellular structure in
compression molding

The effect of compression pressure on the morphol-
ogy of LDPE/HGB is studied at the constant com-
pression temperature of 160°C, as seen in Figure 3.
In comparison with the premixed stage, no extra
shear heat produced during the procedure of com-
pression molding. The compression temperature is
fixed at 160°C, higher than premixed temperature.
The resulting morphologies of LDPE/HGB without
crosslink are observed at the compression molding
pressure of 6 and 8 MPa. At low processing pressure
of 6 MPa, most of HGBs still keep unbroken sphere,
and no N releases from HGB. It shows gas nuclei
cannot be formed in melt LDPE [in Fig. 3(a)]. In the
other case, as shown in Figure 3(b), at 8 MPa, HGBs
are almost broken, which pushed the formation of
gas nuclei. However, desirable microcellular

Figure 3 SEM images of HDPE/HGB in compression
molding stage at pressure of (a) 6 MPa and (b) 8 MPa
(face: 10%, 160°C, without DCP, the premixed tempera-
ture of 150 °C).
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Figure 4 (a) Effect of gel content of LDPE/HGB on fpcp
and (b) SEM image of final HDPE/HGB microstructure (8
MPa, fuce: 10%, 160°C, fpcp: 2%, the premixed tempera-
ture of 150 °C).

structure was not yet achieved. It is the reason that
the melt viscosity decreases with increasing com-
pression pressure at constant temperature, and the
release of N, from the broken HGB induces more
pronounced plastic fluxion of LDPE matrix, which
results in the irrestraining growth of bubbles. There-
fore, in this case, these bubbles growth have to be
further immobilized for final-foaming structure.

Immobilized final cellular structure

Crosslink is an effective way to restrain plasticize
distortion of polymer matrix. It can be showed the
effect of gel content of crosslink LDPE/HGB on
loading DCP (fpcp) in Figure 4(a). At fpcp is < 2%,
the gel content of LDPE is almost increasing linearly
with fpcp. When much more DCP are loaded in mix-
ture, the content of gel does not increase distinctly.
It suggests that 2% DCP adding in LDPE/HGB melt
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is suitable to immobilize the final microcellular
structure of LDPE/HGB.

It can be observed the final microcellular structure
of foaming LDPE/HGB with 2% DCP in Figure 4(b),
in which most of microcellular exhibit a size of
around 0.1-10 pm in diameter and the foam density
is about 10°-10" cells/cm®. In this case, the cell
structure of microcellular LDPE is irregular, which
is different with the traditional foam materials. N-
filled HGBs are blowing in a several different direc-
tion depended on the structure defect of HGBs.
Glass fragments from broken HGBs construct a bar-
rier against the releasing of overfull N,. It is the
unique character of such microcellular LDPE.
Because of the glass barrier and the crosslink struc-
ture induced by DCP, the bubble growth are effec-
tive restrained, accordingly, the microcellular LDPE
with irregular and close cells is forming.

By controlling the embryo-foaming morphology in
premixed stage and the final-foaming structure in
compression molding, microcellular LDPE are
obtained by using N,-filled HGB as novel gas car-
riers in compression molding.

Foamed mechanism of microcellular LDPE
by compression molding method

Different from traditional foaming with supercritical
carbon dioxide as a blowing agent, in this case,
unique foaming mechanism can be proposed, which
include three steps, the formation of homogeneous
gas nuclei, the growth of bubbles, and the immobili-
zation of bubbles.

Unbroken Ny-filled HGBs are dispersed homoge-
neously in LDPE melt, which produce desirable
embryo-foaming microstructure. Such structures
incubate the formation of homogeneous gas nuclei.
With the increasing compression pressure, HGBs are
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Figure 5 Tensile strength and breaking elongation of
microcellular LDPE with the content of HGBs. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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TABLE I
The Charpy Nonnotch Impact Strength of Microcellular LDPE

The weight fraction
of HGB (%) 10

15 20 25 30

Impact Unfractured

strength (MPa)

Unfractured

Unfractured 74.1 60.8

broken successively. N, released from HGB is acted
as homogeneous gas nuclei. Increasing N, cause
higher gas concentrated and LDPE melt tend to
supersaturation. As the compression pressure is
released and the mold are cooling down, the solubil-
ity of N, in melt decreased rapidly, which induce
the growth of bubble nucleation center and resulted
in consequently phase separation. At the same time,
DCP is initiated at the processing temperature, and
LDPE chains are induced to crosslink. Within the
split second, the growth of bubbles retard and the
immobilization of bubbles are carried out by broken
HGB and crosslink polymer matrix. Therefore, it is
important for the formation of microcellular struc-
ture that the homogeneous gas nuclei grow evenly
up to the bubble nucleation centers and end timely
in small close microcellular.

Performance of microcellular LDPE

Mechanical properties

At the constant content of 2% DCP adding in LDPE/
HGB, the tensile property and impact strength of
microcellular LDPE are shown in Figure 5 and
Table I. With the increasing of loading HGB, the ten-
sile strength and breaking elongation increase. The
tensile strength of microcellular LDPE exceeds that of
pure LDPE (9 MPa), which attribute to the rigid HGB
fillers and the crosslink structure of microcellular
LDPE. Because of the same reason, the breaking elon-
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Figure 6 Density and hardness of microcellular LDPE
with the content of HGBs. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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gation of microcellular LDPE is lower than that of
pure LDPE (600%). Therefore, the microcellular LDPE
exhibits an excellent tensile property when the con-
tent of HGB ranges from 10 to 30%.

In Table I, the Charpy nonnotch impact strength
can be observed. It shows that the microcellular
LDPE cannot be fractured when the weight fraction
of HGB are 10, 15, and 20%. Increasing the weight
fraction of HGB to above 25%, the impact strength
of microcellular LDPE is still beyond 60 MPa. It is
demonstrate that microcellular LDPE possess excel-
lent impact resistance.

Density, hardness, and water absorption

The density and hardness of microcellular LDPE
with the content of HGB are recorded in Figure 6.
Increasing the content of HGB, the density and the
hardness of the microcellular LDPE are linear
decreasing. As the content of HGB is 30%, the den-
sity of microcellular LDPE reaches 0.75 g/cm’ and
the hardness of microcellular LDPE keep about 93—
95 as fugp ranges from 10 to 30%.

Figure 7 presents the water absorption of micro-
cellular LDPE with the content of HGBs. As the con-
tent of HGB range from 10 to 30%, the water absorp-
tion of microcellular LDPE is as low as 0.07. As
mentioned earlier, Figure 4(b) is shown, close cells
existed in LDPE matrix and broken HGBs are like a
hydrophobic barrier to interfere the water absorption
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Figure 7 Water absorption of HGB of microcellular LDPE
with the content of HGBs.
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TABLE II
The Thermal Conductivity of LDPE/HGB Composites

Thermal conductivity

Number LDPE/HGB/DCP (W/m K)
1 100/0/0 0.335
2 100/10/0 0.142
3 100/25/0 0.131
4 100/25/0.2 0.102
5 100/25/1.0 0.076
6 100/25/2.0 0.030

of cells. It is the reason that microcellular LDPE
exhibit low water absorption.

Thermal conductivity

Microcellular structures of polymers contribute to
enhancing heat distortion of polymer matrix, which
is aiming at the application for heat-insulation build-
ing materials. The thermal conductivities of micro-
cellular LDPE are shown in Table II. It shows that
the thermal conductivity of LDPE/HGB composites
without DCP decreased with the increasing fugs,
which attribute to the own heat insulation of Nj-
filled HGBs. With loading DCP, crosslink LDPE
shows low thermal conductivity than that without
DCP. At fpcp = 2.0%, the thermal conductivity of
microcellular LDPE is low to 0.03 W/m K, which
reaches the design standard for energy efficiency of
residential buildings.

Because of the good mechanical strength, low den-
sity, weak water-absorption, and excellent heat insu-
late ability, microcellular LDPE will be a robust can-
didate as one of the best promising energy building
materials.

CONCLUSION

By using N,-filled HGB as gas carriers, microcellular
LDPE is obtained by compression molding method.
The average cell size ranges from 0.1 to 10 um in
diameter, and foam density is about 10°-10"" cells/
cm’. The controlled micromorphologies of compo-

sites are carried out by tuning key processing pa-
rameters. Based on embryo-foaming morphology
and final-foaming structure, the pertinent foaming
mechanism is proposed, which include the forma-
tion of homogeneous gas nuclei, the growth and the
immobile of bubble. Desirable microcellular struc-
ture of LDPE/HGB exhibit the good mechanical
strength, low density and water absorption, and
excellent heat insulate ability. Microcellular LDPE
can be used as a robust candidate of the promising
energy material in building applications.
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