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ABSTRACT: The mechanical blending of polypropylene (PP) and low density polyethylene (LDPE) is an economical and simple meth-
od for producing new polymeric materials for specific applications. However, the reduction in strain-at-break of the blend is one of
its main shortcomings. In this study, PP/LDPE foamed parts were fabricated by conventional injection molding (CIM) with azodicar-
bonamide as a chemical blowing agent (CBA) and tested for tensile properties at two test speeds. Also, the fracture surfaces of the
parts were investigated by scanning electron microscopy (SEM). In addition, to investigate the underlying mechanism of the super-
ductility, the tested samples were carefully analyzed and compared, and further characterized by differential scanning calorimetry and
SEM. The results suggest that fabricating PP/LDPE super-ductile parts using CIM with a CBA is feasible. The results also indicate
that there is a close relationship between the mechanical properties and morphological structures, which are deeply influenced by the
dosage of CBA, the PP/LDPE ratio, and the packing parameters. Furthermore, compared to conventional injection molded solid
parts, the ductility of the foamed parts can be dramatically improved by the formation of microfibrils in the PP phase, which come
into being under certain processing conditions. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44101.

KEYWORDS: foams; injection molding; properties and characterization; structure-property relations

Received 29 February 2016; accepted 19 June 2016
DOI: 10.1002/app.44101

Similar to other common toughness-enhancing methods, to
enhance the ductility or toughness of a component fabricated
by PP/LDPE blends, one can introduce microparticles or nano-
particles—such as talc, nanoclay, nanoSiO,, cellulose nanofibers,
or elastomeric core—shell particles—into the blended materi-
al.'''® In addition, it has been proven that LDPE and PP are
incompatible in the melt and the blend exists as a two-phase
mixture.'” Therefore, the poor interfacial bond strength between
both phases can explain the weak mechanical properties that are
directly linked to the blend’s morphology.® Many studies have
been published concerning the improvement of the mechanical
performance by adding compatibilizers®' such as styrene-butadi-
ene-styrene,”>  ethylene-propylene-diene rubber,”  ethylene-
propylene-ethylidene norborene copolymer (EPCAR-847),>* and

INTRODUCTION

Polypropylene (PP) and low density polyethylene (LDPE) are
both widely used thermoplastic resins owing to their advantages
such as low density, low cost, and easy processing. The mechan-
ical blending of PP and LDPE, if they result in an improved
product, may prove to be a more economical and easier method
for producing new polymeric materials for specific applica-
tions.'™ In the past decade, high volume commodity PP and
LDPE have been blended in hopes of combining the mechanical
performance of both components.*® Furthermore, with their
more similar chemical structures, the possibility of recycling
plastic waste—mainly constituted by polyolefins™'’—and avoid-
ing the complex and expensive processes of separation of the

different components has been investigated. Generally, blending
PP and PE yields properties in- between those of the original
homopolymers. However, the main shortcoming of the blends
is the drastic reduction in elongation-at-break.»> Hence, for the
successful application of PP/LDPE blends, improvement in
elongation-at-break is important.

© 2016 Wiley Periodicals, Inc.
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PE-g-poly(2-methyl-1,3-butadiene).’

Recently, a novel ductility-enhancing method was proposed by
Sun et al.”*»*® They found that improvements in part ductility
and toughness could be achieved by creating a microcellular
foam structure using microcellular injection molding in PP/

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44101


http://www.materialsviews.com/

ARTICLE

LDPE blends. A dramatic increase in the ductility of PP/LDPE
microcellular parts was investigated and compared to solid
parts. In general, foamed plastic parts offer a number of advan-
tages to molders and end-users. For example, introducing gas
or air bubbles into a polymer can reduce costs from lower resin
consumption, insulation, shock absorption, reduced part weight,
and decreased molding pressures and part shrinkage.”” However,
it is unlikely that the mechanical performance of fabricated
foamed parts can exceed that of their solid counterparts. If
foamed plastic parts can provide good physical performance, it
is beyond all doubt that polymeric foamed components will
become an increasingly more important part of polymer pro-
duction. As a result, PP/LDPE blends will be used more widely,
especially with their improved ductility.

One major issue with the aforementioned method is that a
physical blowing agent (PBA) delivery and dosing system are
required and need to be specially designed. Regarding the
nature of the foaming process, there are, in general, two catego-
ries: physical foaming and chemical foaming. In the physical
foaming process, the polymer and a PBA are first made into a
uniform mixture.”®*° When the temperature change is applied,
the solubility and miscibility of these two components with
each other are reduced. As a result, phase change and phase
separation are induced, which leads to a cell nucleation and
growth process. There are many kinds of PBAs that have been
successfully applied in this process, and the representative ones
are CO, and N,. Conversely, the chemical foaming process is
driven by a chemical reaction of a chemical blowing agent
(CBA) incorporated into a polymer.*®?" The CBA is thermally
unstable and will decompose or dissolve during the processing
stage of the process used—for example, extrusion or injection
molding—yielding one or more gases such as CO, and N, to
initiate the cell nucleation process and sustain cell growth.

Compared to the equipment costs of PBAs, almost all CBAs are
solid, and no special storage or handling equipment is required.
This motivated us to explore other methods of improving the
ductility of PP/LDPE blends using CBAs. However, the use of
CBAs does not allow for good control over the foaming process
or the porosity and cellular structure of the parts.’* As a result,
a careful investigation of the processing conditions and foaming
structure needed to be carried out. In our previous work, a
novel method for improving toughness and enhancing ductility
using a CBA was proposed.”® This method produced lightweight
injection molded parts with improved elongation as compared
to their solid counterparts. Meanwhile, no special storage, deliv-
ery, or handling equipment was needed. In this study, a method
was introduced and the results were carefully compared. A bet-
ter understanding of the ductility-enhancing mechanism was
gained from the results and from comparisons with convention-
al injection molded parts.

EXPERIMENTAL

Materials

The PP (T30S) used in this study was a commercial product
made in China. Its melt flow index was about 3.2 g/10 min
(190 °C, 21.6 N). LDPE (951-000) was purchased from China.
It had a melt flow index of 2.17 g/10 min (230 °C, 21.6 N). The
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Figure 1. The heating flow curve of AC used at a heating rate of 10 °C/
min.

CBA used was azodicarbonamide (AC) and its type was Dn8.
The thermal decomposition behavior of this CBA was character-
ized and is shown in Figure 1 using a differential scanning calo-
rimetry (DSC) test with a scan rate of 10 °C/min. As shown in
Figure 1, its decomposition temperature was in the range of 193
to 218 °C, with a peak maximum at about 215°C and a peak
width of about 10 °C. The gases released during decomposition
were N, (65%), CO (25%), CO, (5%), and NH;3 (5%). Residual
solid decomposition products included urazol, biurea, cyame-
lide, and cyanuric acid. In this study, the CBA content in the
material formulation varied between 0.5 and 2.0 wt %.

Sample Preparation

Sample preparation was realized in a two-step process. First, AC
and PP were mixed into the molten LDPE material during the
extrusion process. The weight ratio of AC:LDPE and PP:LDPE
varied across a range of 1:5-50 and 1:1-5, respectively, depend-
ing on the process used. The extruded material was cooled
down at a moderate rate and then pelletized. The temperature
of the extruder was set as low as 165 °C to avoid the decompo-
sition of AC when the AC/LDPE was extruded. Regarding the
PP/LPDE blend, the temperature was fixed at 170 °C in this
study. The AC/LDPE and PP/LDPE were then mixed at a weight
ratio of 1:19-39. As a result, the AC content in the PP/LDPE/
AC composite was 0.5-2%. Using solid injection molding for
comparison, there were six AC sample formulations by weight:
0, 0.5, 0.6, 0.8, 1.0, and 2.0%, respectively. In addition, nine
kinds of compositions of PP/LDPE were selected for investiga-
tion in the study; namely, PLO1, PL13, PL12, PL11, PL21, PL31,
PL41, PL51, and PL10, where P and L denote PP and LDPE,
respectively, and the subsequent numbers denote the weight
ratio of PP/LDPE; that is, 01 means the ratio is 0:1, 11 means
the ratio is 1:1, and so forth.

The next step was to use the different PP/LDPE composites in a
conventional injection molding (CIM) machine. It is well
known that injection molded product defects such as warpage,
shrinkage, and sink marks are caused by many factors during
the production process. These defects influence the quality and
dimensional accuracy of the products. Therefore, it is of critical
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importance to effectively control these factors during the mold-
ing procedure. The processing parameters during CIM mainly
include the melt temperature, mold temperature, injection pres-
sure, injection time (rate), packing time, packing pressure, and
cooling time. The packing pressure and/or time are often
viewed as some of the most important factors.>

It should be noted that it is not easy to fabricate foamed parts with
a CIM machine, especially micro-foamed parts. As the composite
contains AC, once the composite is melted and blended in the
CIM barrel under high temperature and pressure, a single-phase
polymer—gas solution will form. As soon as this solution is injected
into the mold cavity, it will create foamed injection molded parts
due to cell nucleation, which is induced by the sudden pressure
drop and sharp decrease of gas solubility in the polymer via a
mechanism similar to microcellular injection molding. An appro-
priate range of temperatures and times needs to be set because the
AC will decompose very rapidly once the temperature increases,
and decomposition will slow or even stop when the temperature
decreases. As a result, if the melt temperature is too high or the res-
idence time is too long, the polymer—gas will seep through the
nozzle of the CIM machine and drool directly into the mold sprue
once the mold opens because of the pressure increase as the AC
decomposes in the injection barrel of the machine. Conversely, if
the temperature and/or time are not enough, the AC will not
decompose completely. The foaming effect will be poor and the
manufactured sample will be yellow due to the remaining AC.

In our study, we found that it was almost impossible to obtain
the right balance of temperature and time in every injection
molding operation using a CIM machine. In a CIM operation,
the blended material is placed into the hopper of the CIM
machine. It goes from the posterior end of the barrel to the jet
nozzle as the process progresses, and 4-5 operation circles are
often needed. The AC unavoidably decomposes during this
interval of time. In this study, a method of “feeding and then
injecting” was adopted to resolve this issue. That is, the material
was fed separately for each cycle. The subsequent material goes
into the hopper and is then converted into the polymer—gas
melt with the rotation of the screw once the previous material
has been injected into the mold. Although this procedure seems
to be more complex, it has proven to be effective.

Based on the above “feeding and then injection” method, after
many tests, the optimal processing parameters were obtained as
follows: injection machine melt temperature of 200 °C, mold tem-
perature of 50 °C, injection pressure of 50 MPa, injection time of
1 s, and cooling time of 20 s. Regarding the packing time and
pressure, which will be discussed in detail in Influence of Packing
Pressure and Time section, their optimized results were 1 s and 10
MPa, respectively. For the solid specimens, the packing pressure
was fixed at 50 MPa and the packing time was 3 s. A standard ten-
sile test bar mold was used to mold the parts, and its temperature
was controlled by circulating oil from a thermal controller. The
volume of the cavity was about 9.582 X 10> mm® and a detailed
description of the molded sample is shown in Figure 2.

Sample Tests
The molded tensile bars were tested on a screw-driven universal
testing instrument (MTS, Sintech 10/GL) per ASTM D638-03 at
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Figure 2. A detailed description of the molded sample. Units are in

10.9
20.0

millimeters.

room conditions. Two crosshead speeds, 10 mm/min and
500 mm/min, were used to study the stress and strain behavior.
At each test speed, at least five tensile bars were tested for each
material and the mean and range of the modulus of elasticity
(Young’s modulus), ultimate tensile strength, and strain-at-
break for each sample were calculated. In this study, the nomi-
nal tensile strength was obtained by dividing the maximum load
by the original cross-sectional area.

The morphologies of the selected molded specimens were exam-
ined using a scanning electron microscope (SEM JEOL JSM-
5000) with an accelerating voltage of 20 kV. The scanning elec-
tron microscopy (SEM) specimens were taken from the cross-
section at the middle of the molded tensile bar that was frac-
tured in liquid nitrogen. The surfaces of the fractured specimens
were sputter coated with gold prior to observation.

A Perkin—Elmer DSC-8000 apparatus was used to analyze the
thermal properties of the selected samples with a series of com-
plex procedures. The DSC tests can be classified into two
groups. The first group is related to the PP/LDPE composites
with different amounts of PP. The samples were heated to
240 °C and kept at this temperature for 3 min to eliminate any
residual crystals and prior thermomechanical history. Then they
were cooled to 60 °C and kept for 3 min. Finally, the samples
were reheated to 240 °C. For brevity, all of the heating/cooling
rates were fixed at 10 °C/min. Sample weights were strictly lim-
ited in the range of 4.9-5.1 mg to avoid the possible influence
of sample size. Samples were then crimped in aluminum pans
loaded at 25 °C under a nitrogen atmosphere.

Generally, the slices were cut from the middle of the selected
molded samples in these tests. However, the samples in the sec-
ond group were specially selected. The upper part of the rup-
tured fibers formed by the tensile test and the topmost part of
the threadlets (small thread- or hair-like protrusions) formed at
the surface of the tensile tested samples were analyzed. The
samples in this group underwent two heating/cooling cycles;
they were heated to 165 °C first and then held for 3 min. Next
they were cooled to 60 °C and held for 3 min. At the end of the
first heating/cooling cycle, the samples were reheated to 220 °C,
held for 3 min, and then cooled to room temperature. The DSC
results for the two groups will be presented in the section
below.

RESULTS AND DISCUSSION

Comparison among Injection Molded Samples
Influence of AC Content. Following References 18 and 19, the
weight ratio of PP/LDPE was initially fixed at 3:1. The foamed
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Figure 3. Pictures of the molded sample with different amounts of AC
before and after the tensile test. The first one (') is the untested sample;
the others (b'~g') are tested samples. From top to bottom, the AC con-
tent by weight was 0.6%, 0%, 0.5%, 0.6%, 0.8%, 1.0%, and 2.0%. The
length of the ruler is 60 cm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

samples were prepared by CIM with the five typical amounts of
AC by weight; that is, 0.5, 0.6, 0.8, 1.0, and 2.0%, respectively.
For comparison, solid samples were prepared with the same
thermal-mechanical history of the foamed parts but without AC
and with different packing conditions. Recall that for the solid
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specimens, the packing pressure was fixed at 50 MPa and the
packing time was 3 s. The weight of each sample was measured
using a high precision scale with a maximum weight capacity of
500 g and a precision of 0.001 g. In this study, the average
weights of the five groups of foamed samples were 7.710, 7.692,
7.656, 7.601, and 7.412 g, respectively, resulting in a weight
reduction of 6-10% compared to the solid parts weighing
8219 g.

Tensile tests were performed on the injection molded solid and
foamed specimens of PP/LDPE blends. Properties such as the
strength, modulus, and strain-at break were measured. The
properties reported here are the actual readings measured for
the solid and foamed specimens without taking into account
the weight reduction of the foamed specimens. Figure 3 shows
an illustrative comparison of the ductility of the molded sam-
ples. For the solid parts—those with an AC content of 0%—
yielding and then necking were observed to occur. However, the
necking only lasted a short distance, and then the part ruptured.
For the foamed parts where the AC content was 0.6%, the neck-
ing spread throughout the gauge length and measured several
hundred percent strain. This deformation behavior is similar to
typical semi-crystalline polymers capable of undergoing chain
orientation.” An interesting phenomenon can also be observed
from Figure 3 in that a lot of threadlets (small thread- or hair-
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Figure 4. The (a) tensile strength, (b) strain-at-break, and (c) Young’s modulus of the molded sample with different amounts of AC (tensile rate of

10 mm/min). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. SEM images of the molded sample. The AC content by weight was (a) 0%, (b) 0.5%, (c) 0.6%, (d) 0.8%, (e) 1.0%, and (f) 2.0%, respectively.

like protrusions) formed on the surface of the samples with
0.5-0.8% AC content. The more ductility the sample had, the
rougher the surface was, and the more threadlets that were
found.

Figure 4 shows the results of tensile strength, strain-at-break,
and moduli of the samples at a test speed of 10 mm/min with
different amounts of AC. It can be seen from the figure that the
foamed samples had a better strain-at-break than the solid ones,
although their tensile strengths and Young’s moduli were lower
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than the solid parts. With an increase in AC content, the tensile
strengths and Young’s moduli of the foamed samples obviously
decreased. This result was not unexpected and could be attrib-
uted to the weight decrease. However, the strain-at-break of the
foamed samples showed a strange trend with an increase in AC
content. The best result of the strain-at-break occurred when
the AC content was about 0.6% and showed approximately
700% strain-at-break. Once the AC content fell below or
exceeded 0.6% AC content, the strain-at-break decreased and
the experimental error increased. It is possible that the large
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Figure 6. Tensile stress versus strain of the molded sample with different
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amounts of AC (tensile rate of 500 mm/min). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

experimental error in the tensile test could be attributed to the
foams not being uniformly distributed enough to show stable
stress—strain behavior in the foamed sample.

The SEM is the most popular way to identify micro-structural
changes of micro-foamed parts. SEM images provide informa-
tion on the microstructure, including the cell morphology in
foamed specimens and the fracture characteristics of the speci-
mens. Figure 5 shows representative SEM images of the frac-
tured surfaces of the foamed and solid molded PP/LDPE blends
with different amounts of AC before tensile testing. It can be
seen that the foamed structure with an AC content of 0.6% in
Figure 5(c) was the most uniform, with an average cell size of
about 50 um. With an increase in AC content, the number of
cells decreased while the size of the cells increased. Compared
to the result of the strain-at-break shown in Figure 4 and the
foamed structure shown in Figure 5, it appears that there is a
close relationship between the strain-at-break and the foamed
structure: the more uniformly distributed the foamed structure
is, the higher the ductility.

In addition, to examine the tensile properties at a higher strain
rate, a tensile speed as high as 500 mm/min, which is the upper
limit of the testing equipment, was also used to determine the
stress—strain behavior of the different molded samples. As can be
seen from Figure 6, six representative stress—strain plots were
selected for comparison among samples with different amounts
of AC. For the solid and foamed parts, no matter what the AC
content was, yielding was first observed at approximately 10%
strain. Necking took place next. It should be noted that high
speed tensile tests have a different effect on samples as compared
to low speed tests. In a high speed test, the necking does not have
enough time to spread and cold drawing is difficult, so cracks
propagate rapidly. Hence, the high-speed tensile test was also
used to obtain the impact strength.’® Similar to the tensile-
impact test, it was reported to be a good way to measure the
toughness of a part, although the speed of the tensile test used in
this study was still lower than that of the standard tensile-impact
test specified in ASTM-D1822. As a result, it can be concluded
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that the longer the necking lasts, the better the toughness and
ductility are. Thus, from Figure 6, it can be seen that the foamed
parts had better toughness and ductility than the solid ones, and
that the parts with 0.6% AC performed the best.

For convenient comparison, the following integral expression of
the stress—strain curve was used to describe the toughness
quantitatively,

€)

E= J tde (1)
0

where 7 is the apparent tensile stress, € is the corresponding
tensile strain, and g, is the strain-at-break. As a result, the inte-
gral value is symbolized as E with units of KJ/m’. The result
was used here simply as a direct comparison among all foamed
samples. In general, the higher the integral result is, the tougher
the tested sample is. According to eq. (1), the result of the six
stress—strain curves are listed in Table I. As shown in Table I,
the highest value calculated was 689.60 KJ/m®, corresponding to
the toughest sample with an AC content of 0.6%.

A conclusion can be drawn from the above experimental results
and discussion. For the PP/LDPE 3:1 blends, the micro-foaming
technology presented in this study can help to dramatically
improve the strain-at-break when AC is used as the blowing
agent and its content is kept around 0.6%.

Influence of the Ratio of PP and LDPE. It is well known that
the mechanical behavior of PP/LDPE blends is dependent on
the composition of PP and LDPE. For example, the tensile
strength of the LDPE was enhanced by the addition of PP, but
the elongation-at-break was drastically reduced.*” According to
the previous discussion, however, it is obvious that the foaming
technology dramatically improved the elongation-at-break of
the PP/LDPE 3:1 molded parts. So, the obvious question is:
How does this affect the mechanical behavior of the foamed
parts with different compositions? To keep the experimental
scope manageable, the optimized AC content was fixed at 0.6%,
and the results of nine different compositions of PP/LDPE
foamed and solid molded parts are shown in Figures 7-11.

Figure 7 shows a direct comparison of the ductility of the repre-
sentative molded samples. The tensile strength, strain-at-break,
and Young’s modulus with a crosshead speed of 10 mm/min are
plotted against the composition as shown in Figure 8. The ten-
sile strength and Young’s modulus increased with an increase in
PP content for the solid and foamed parts. This was as expected
since similar observations were made by Teh® and Sun.”®

Table I. Integral Results of the Stress—Strain Curves Shown in Figure 6

AC content (%) E (KJ/m3)
0 274.32
0.5 546.91
0.6 689.60
0.8 551.81
1.0 418.40
2.0 362.74
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Figure 9. Tensile stress versus strain of the molded sample with different
amounts of PP (tensile rate of 500 mm/min). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. The (a) tensile strength, (b) strain-at-break, and (c) Young’s modulus of the molded sample with different amounts of PP (tensile rate of
10 mm/min). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. SEM images of the molded samples with different PP/LDPE ratios: (a) PLO1, (b) PL13, (c) PL 12, (d) PL11, (e) PL21, (f) PL31, (g) PL4l,

(h) PL51, and (i) PL10.

However, the strain-at-break was different at different composi-
tions and between the solid and foamed parts. For the solid
parts, the strain-at-break of the poly-blends was lower than that
of the homopolymers. This was in agreement with refs. 4 and 5,
and was probably because of the two-phase character of the
blends due to the incompatibility of LDPE and PP. However,
for the foamed parts, it was just the opposite; a drastic increase
in strain-at-break was observed for the foamed samples, espe-
cially when the PP content was between 50 and 85%.

The high-speed (500 mm/min) tensile test was also used to
determine the toughness and ductility of the samples with dif-
ferent ratios of PP and LDPE. The stress—strain curves of the
high-speed tensile tests are shown in Figure 9. It can be con-
cluded that the results shown in Figure 9 are in good agreement
with the results in Figure 8 where the test speed was as low as
10 mm/min. For the solid samples fabricated by the homopoly-
mers of LDPE and PP, yielding was observed to occur at
approximately 15 and 10% strain, respectively. Compared to the
solid samples, the foamed specimens had a relatively low tensile
strength and strain-at-break. However, for the solid samples
with the poly-blends of PP and LDPE, a reduction in strain-at-
break was observed to occur. Furthermore, for the foamed sam-
ples, the strain-at-break of the homopolymers was lower than
that of poly-blends. In addition, a similar procedure of
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calculating the integral was carried out based on eq. (1), with
the results listed in Table II. From Table II, it can be concluded
that the foamed samples had the greatest toughness when the
ratio of PP and LDPE was 3:1.

Figure 10 shows the representative SEM images of the fractured
surfaces of the foamed molded PP/LDPE composites at different
PP/LDPE ratios before the tensile test. As can be seen in Figure
10, the immiscibility of the PP and LDPE materials could be
gradually observed with an increase in the amount of PP. In
Figure 10 (b), the ratio of PP and LDPE was 1:3 and the phase
dispersion was difficult to determine. With an increase in the
PP content, the immiscibility became more clearly observable,
as shown in Figures 10(c-h), where the particles appeared and
the phase boundaries gradually became clear.

The different compatibilities at different compositions of PP
and LDPE can be further characterized and verified by DSC
testing of the first group (the foamed group) introduced
before, the results of which are shown in Figure 11. As shown
in Figure 11, although two distinct crystallization and melting
peaks can be seen in the curves of all of the composites—thus
indicating that the two phases of PP and LDPE are strongly
immiscible—both the crystallized peak [Figure 11(a)] and the
remelted peak [Figure 11(b)] of PP were shifted to the peaks
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Figure 10. Continued.

of LDPE when the amount of PP was relative low. This sug-
gests that the LDPE and PP were relatively miscible when the
PP content was lower than 50%. It is agreement with the
trend of the low strain-at-break appeared when the PP content
is lower than 50%.

It can be concluded from this section that the ratio of PP and
LDPE have a great effect on the compatibility of the composition,
which greatly influences the foam structure and mechanical per-
formance. In addition, the parts fabricated by blending PP and
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LDPE had high toughness and ductility when the PP content was
in the range of 50 to 85% with an AC content of 0.6%.

Influence of Packing Pressure and Time. As discussed previ-
ously, more attention needs to be paid to the selection of proc-
essing parameters for foamed injection molding, as compared
to CIM, because the decomposition of AC requires a proper
range of temperature and time. Hence, the processing parame-
ters must match the AC decomposition. It is very difficult to
vary the temperature and time across a large processing window
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Figure 11. DSC curves (a) cooling after heating and (b) second heating of the molded samples with different PP/LDPE ratios. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

as it involves most of the processing conditions including melt
temperature, mold temperature, injection time or rate, and
cooling time. However, compared with CIM, the packing stage
of foamed injection molding can be varied across a reasonably
wide range. On one end of the range, it can be omitted due to
the expansion effect of the growth of air bubbles. On the other
end of the range, it can be taken to a level as high as CIM
where foaming is suppressed. It is clear that different packing
pressures and times can produce different foamed structures
inside of the part which will lead to different microstructures
and hence different mechanical properties. As a result, the pack-
ing pressure and time need to be careful investigated to obtain
a set of optimized processing parameters. In this study, the
packing pressure and time in foamed injection molding were
selected as 0, 10, and 30 MPa, and 0, 1, and 3 s, respectively.
The 0 MPa/0 s, 0 MPa/l s, 0 MPa/3 s, 10 MPa/0 s, and 30
MPa/0 s had almost the same effect because they all correspond
to a condition where there was no substantial packing phase.
Hence, there were five final different settings involved in this
study: 0 MPa/0 s, 10 MPa/l s, 10 MPa/3 s, 30 MPa/1 s, and 30
MPa/3 s. The average weights of the five conditions of foamed
samples were 7.424, 7.692, 7.8576, 7.961, and 8.083 g, respec-
tively. Compared to the solid parts, which weighed 8.219 g, the
part with 30 MPa/3 s had almost no weight reduction. It can be
concluded that, at this condition, the part was almost
unfoamed. The part with 0 MPa/0 s had a weight reduction of
10%, and it was the lightest one.

Table II. Integral Results of the Stress—Strain Curves Shown in Figure 9

Figure 12 shows an illustrative comparison of the ductility of
the molded samples with different packing pressures and/or
times, and Figure 13 shows a direct comparison of the test
results of the tensile strength, elongation-at-break, and Young’s
modulus. Figure 14 shows the stress—strain curve for high-speed
tensile testing. Also, a similar procedure of integral was carried
out based on eq. (1), and the results are listed in Table 15. Fig-
ure 15 shows the foaming structure of PL31 (PP:LDPE = 3:1)
parts at 0 MPa/0 s, 10 MPa/1 s, 10 MPa/3 s, 30 MPa/l s, and
30 MPa/3 s before the tensile test. The above results indicate
that the packing pressure and time greatly influenced the micro-
structure and mechanical performance of the samples, and that
the sample with a packing pressure of 10 MPa and a packing
time of 1 s obtained the best cellular structure and mechanical
performance.

From the above discussions, it can be concluded that PP/LDPE
super-ductile microcellular parts made with CIM with a CBA
are feasible. Although the processing parameters, ratio of com-
position, and dosage of the blowing agent must be carefully
investigated and strictly selected, the super-ductility of the
foamed parts can be obtained once these conditions are opti-
mized. In our study, an average value of 710% strain-at-break
was found for the PL31 foamed sample with 0.6% AC content
when the packing pressure was set at 10 MPa and the packing
time was 1 s. These test results obviously exceeded those of the
solid samples.

Table III. Integral Results of the Stress—Strain Curves Shown in Figure 14

PP content (%) E (KJ/m?®, Solid) E (KJ/m®3, Foamed) Packing conditions E (KJ/m3)
100 400.36 341.79 0O MPa, O's 298.79
75 330.62 689.60 10 MPa, 1 s 689.60
50 261.66 559.80 10 MPa, 3 s 44554
25 374.33 252.10 30 MPa, 1s 362.84
0 855.97 463.06 30 MPa, 3 s 280.65
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Figure 14. Tensile stress versus strain of the molded sample with different

packing conditions (tensile rate of 500 mm/min). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. The (a) tensile strength, (b) strain-at-break, and (c) Young’s modulus of the molded sample with different packing conditions (tensile rate at
10 mm/min). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 15. SEM images of the molded samples with different packing pressures and/or times: (a) 0 MPa and 0 s, (b) 10 MPa and 1 s, (¢) 10 MPa and

35, (c) 30 MPa and 1 s, and (e) 30 MPa and 3 s.

Forming Mechanism of Fibers during the Tensile Test

For polymer blends with different compositions, the compatibili-
ty and miscibility are often viewed as two important influencing
factors for their mechanical performance. Hence, the reduction of
strain-at-break for the PP/LDPE blend solid parts is easily under-
standable and can be attributed to the two-phase character of the
blends due to the incompatibility of LDPE and PP. However, the
dramatically increased strain-at-break for the foamed samples

M&‘d“liﬁs WWW.MATERIALSVIEWS.COM
1

44101 (12 of 16)

remains a mystery. References 18 and 19 gave an explanation of
the forming mechanism of super-ductility. Although this explana-
tion can be viewed as reasonable, there are still some questions
about the forming mechanism. For example, the explanation is
deduced directly from SEM observation, and it seems to be more
suitable to microcellular parts made from homopolymers. It still
remains uncertain as to how the two-phase stage develops and
how the cells evolve in the tensile test for the super- ductile
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Figure 16. SEM pictures of the tensile-tested PL31 foamed sample: (a) 100% elongation, the scale bar is 100 pm; (b) 100% elongation, the scale bar is 5
pnm; (c) 500% elongation, the scale bar is 100 pm; and (d) 500% elongation, the scale bar is 5 pm.

sample. As a result, it is necessary to clarify the mechanism of 16 shows SEM images of the micro-morphological structure of
super-ductility more completely. the PL31 foamed part at different elongations. A 100 and 500%

elongation were carried out and are shown in Figure 16(a,c),
To understand the formation mechanism, the necking region of  respectively. Figure 16 (b,d) are their magnified pictures. From
the sample tested at different elongations was also investigated  Figure 16, fibrillation along the tensile load direction can be
by SEM, and the results are shown in Figures 16 and 17. Figure  observed. The foamed voids deformed simultaneously and

Figure 17. SEM pictures of the tensile-tested PL10 foamed sample: (a) 100% elongation, the scale bar is 500 pm, and (b) 100% elongation, the scale bar
is 100 pm.
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Figure 18. The stress—strain plot of the selected PP/LDPE foamed and PP solid samples. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

functioned similarly to a solid band being split into segments.
As a result, a bundle of fibrils gradually formed and divided
during the tensile test. It should be noted that a similar phe-
nomenon of deformed voids dividing into fibrils was also
observed in the neat PP foamed sample; that is, the PL10 sam-
ple shown in Figure 17. Although the strain-at-break of the
foamed PL10 part was lower than the solid one, necking
occurred easily and 100% elongation could be seen. From Fig-
ure 17, the morphological differences between the PL31 and
PL10 samples were difficult to see apart from the fewer number
of bubbles in the PL10 foamed sample. The mechanism of the
foamed bubbles deforming, and thus helping to divide the part
into fibrils, could also be a feasible explanation for the
homopolymer.

Hence, more work is still needed to understand the super-
ductility mechanism of the foamed PP/LDPE blends. However,
the stress—strain curve can give us a hint. As shown in Figure
18, for the homopolymer of the PP solid sample, yielding was
observed to occur at approximately 20% strain. Necking and
cold drawing continued up to several hundred percent strain,
followed by ultimate rupture. This deformation behavior is
typical of semi-crystalline polymers capable of undergoing
chain orientation. Compared with the neat PP solid sample,
the PL31 blended foamed sample had a very similar stress—
strain behavior. However, after careful comparison, the stress—
strain plot of the foamed PL31 parts and the solid PP parts
were different during the tensile experiments. In the magnified
zones shown in Figure 18(b), at 200-400% strain, the instabili-
ty of the cold drawing stage of the foamed part was easily
observable. The curve of the foamed sample showed an obvi-
ous, characteristic wavy curve as compared to the smooth vari-
ation of the solid PP parts. It can be assumed from Figure 18
that the instability of the stress—strain plot can be attributed
to the non-uniformity of the foam structure and the PP
microstructure forming micro-fibrils with a more stable struc-
ture. Furthermore, during the tensile tests, owing to the
incompatibility of LDPE and PP, the LDPE can be separated
from the PP and can break first when the elongation exceeds
its limit.
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To verify this assumption, the upper part of the ruptured fibers
formed by the tensile test and the topmost part of the threadlets
found at the surface of the tested PL31 sample, which are
shown in Figure 19(a) and of the third group (the cold drawn
foamed group) were specially taken and characterized by DSC.
It must be noted that the length of the fibers and threadlets tak-
en were only about 0.2 mm, and some separated micro-
filaments could be observed when they were placed under a
magnifier. The DSC results are shown in Figure 19(b), and the
results were unexpected. The selected micro-filament was first
heated to 170°C, held for 1 min, and then cooled to 60 °C.
After that, it was reheated to 220 °C and recooled to 60 °C. The
DSC curve, as shown in Figure 19(b), compared with the DSC

curves in Figure 11, indicated that the melting and

— T T T T T T
8 100 120 140 160 180 200 220

Temperature (°C)
(b)

Figure 19. DSC analysis of the specified tensile-tested PL31 samples: (a)
detailed location of the selected fibrils and (b) DSC test results. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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crystallization peaks of LDPE were difficult to find. Hence, the
stretched component was mainly PP at the end of the tensile
test. In addition, compared to the melting and crystallization
curve and peak of neat PP, which can be found in previous
work,” the higher temperature of the peaks also indicated that
the formed microstructure was more stable.

It was concluded that the super-ductility of the PL31 samples
could be attributed to the formation of PP micro-fibrils. The
forming mechanism of the fibrils and micro-fibrils is illustrated
in Figure 20 where, after the injection molded samples manu-
factured by PL31 [Figure 20(a)] were stretched, the sample
gradually deformed [Figure 20(b)]. The microstructure of the
sample is also shown in Figure 20(b). The phase separation
between the PP and LDPE particles arose easily because of their
incompatibility. With the increase in tensile strain, the stretched
PP and LDPE particles continued to deform [Figure 20(c)]. The
cells were connected with neighboring cells along the tensile
direction, and then formed into hollow bars during stretching.
As a result, the sample was separated into many fibrils due to
the tensile loading. LDPE broke first with the help of the sepa-
ration of the formed fibrils as the stretching gradually increased.
Finally, PP continued to stretch and gradually turned into
micro-fibrils, as shown in Figure 20(d).

Several in situ fibrillation methods have been used to improve
the mechanical performance of polymer blends. For example,
Leung et al.*® studied the in situ fibril formation of polyethylene
naphthalate (PEN) in PEN/PE and PEN/PP blends by extrusion.
They found an increase in the tensile modulus of up to 100%
and the tensile strength of up to one order of magnitude owing
to the fibril morphology that developed during extrusion. Jiang
et al.*? found that slit die extrusion and hot stretching success-
fully made the dispersed polyethylene terephthalate (PET) phase
in PET/HDPE blends deform in situ into well-defined micro-
fibrils. PET micro-fibrils have a much higher axial strength and
modulus than that of the HDPE matrix, which promotes the
axial strength of the PET/HDPE blends. In these works, the
fibrils formed mainly during polymer processing, which also
had an orientation effect. As a result, the parts exhibited gener-
ally anisotropic tensile properties. However, the micro-fibrils
observed in this study were not found after processing, but
were actually formed during tensile testing. Hence, the manu-
factured part can be viewed as isotropic. Furthermore, although
the “feeding and then injection” method mentioned before
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Figure 20. Model interpretation of the fiber-formation mechanism.

seems to add complexity to the operation, it can actually be
solved by a simple feeding system installed on the upper end of
the hopper of a CIM machine. Considering the other advan-
tages of the chemical blowing method, such as easy storage and
flexibly, it is believed that the improvement in strain-at-break
based on the chemical blowing method suggested and proposed
in this study—which depends on the dosage of the blowing
agent, material composition, and processing conditions—is
highly beneficial for academic research and industrial applica-
tion. The forming mechanism of micro-fibrils is also worth fur-
ther investigation for other kinds of similar polymer blends and
will be the focus of our future work.

CONCLUSIONS

In this study, the feasibility and effectiveness of the fabrication of
super-ductile PP/LDPE blended parts by CIM with a CBA was
investigated. It was found that PP/LDPE blends have the poten-
tial to create super-ductile parts using the chemical foaming
method. In particular, super-ductile foamed parts can be
obtained once the packing parameter, ratio of the blends, and
dosage of the blowing agent are all optimized. Compared with
solid PP/LDPE blends, the injection molding foamed parts fabri-
cated using a PP/LDPE 3:1 blend ratio with 0.6% AC exhibited
greatly improved ductility when the packing pressure was set at
10 MPa and the packing time was 1 s, and also achieved a signifi-
cant weight reduction of about 6.5%. It was also found that there
was a close relationship between the mechanical properties and
morphological structures which were greatly influenced by the
packing pressure and time, ratio of the composition, and dosage
of the blowing agent. The mechanism explaining the significant
improvement in ductility of PP/LDPE blended foamed parts by
CIM has been investigated and it is proposed that the fundamen-
tal cause was the formation of micro-fibrils in the PP phase.
Accordingly, an effective way of improving toughness in the poly-
mer blends is suggested and proposed. In addition, further inves-
tigation of the feasibility of this method and mechanism for
other polymer blends was underway.
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