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ABSTRACT: Lightweight and strong polymeric foams show high potential application in
alleviating the global energy crisis due to their capability of reducing material and resource
requirements as well as decreasing energy consumption. However, it is inevitably difficult to
produce lightweight polymers with satisfactory mechanical properties. Herein, we report an
innovative method to produce high-performance polypropylene (PP) foams by combining a
sorbitol gelling agent with the newly developed low-pressure microcellular injection molding
(MIM) technique. Carbon dioxide (CO.) at an ultralow pressure of 5 MPa is used as a foaming
agent in the low-pressure MIM process. The addition of a 1,3:2,4-bis-O-(4-methyl benzylidene)-

D-sorbitol gelling agent (MDBS), which generates an in situ network structure, notably enhances



the crystallization, viscoelasticity and melt strength of PP, resulting in PP foams with well-defined
cellular structures. Compared with neat PP foams, the added sorbitol gelling agent leads to a four
orders of magnitude increase in the cell density of PP foams that have a cell size of approximately
8.4 um. Remarkably, the tensile toughness and tensile strength of the PP composite foam are
approximately 1000% and 150% higher than those of the neat PP foam, respectively. These results
demonstrate that lightweight and strong PP foams with high ductility can be obtained via the
scalable and novel FIM technique, which shows a promising future in many applications, such as

automotive, construction and electrical components.
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1. INTRODUCTION

Microcellular injection molding (MIM) is an advanced and efficient green foaming method
that utilizes either nitrogen or carbon dioxide as a physical blowing agent to fabricate foamed
products with complex, three-dimensional structures [1, 2]. In contrast to the conventional
structural foam injection molding process that uses chemical blowing agents as the foaming agent,
MIM yields foamed parts with much smaller cell sizes and higher cell densities, thus producing
foams with very good mechanical properties [3—5]. As a result, many researchers have conducted
MIM with different polymers, including polypropylene (PP) [5-9], polyamide 6 (PA6) [10], and
polylactide (PLA) [11,12]. Moreover, compared with traditional solid injection molding

technology, MIM yields foamed parts with less material consumption and residual stress, fewer



molding cycles, and higher dimensional stability [3]. Furthermore, the microcellular injection-
molded foams produced with MIM usually exhibit much higher toughness and better acoustic and
thermal insulation than solid injection-molded samples [12—14]. Despite these advantages, the
wide commercial application of MIM technology has not been realized. One of the representative
MIM technologies is MuCell® injection molding technology, which consists of a pressurized
system for the supercritical fluid (SCF) and a specifically configured screw for the melt polymer
[6,7]. In a typical MuCell® injection molding process, an expensive SCF pumping system is a
must to pressurize N2 or COz to 15—-40 MPa, which inevitably increases the operation and machine
costs. Therefore, the industrial application of MIM technology is very low.

Recently, we developed a novel FIM system entitled resilient and innovative cellular foam
injection molding (RIC-FIM), which demonstrates that the traditional process of pressurizing gas
such as N> or CO> to very high pressure for the regular MIM process can be removed with this
ingenious design [15,16]. In this RIC-FIM technology, a low-pressure gas is directly provided
from a regular gas cylinder and injected into the screw via a delivery hole and a pressure vessel.
Unlike the use of a gas at 15—-40 MPa in the MuCell FIM process, low gas pressures, such as 5—8
MPa of N, or COz, could be used as physical blowing agents and can produce injection-molded
parts with a fine cellular structure and favorable void fraction [17,18]. Additionally, we
demonstrated that low-pressure air could also be used as a novel foaming agent to produce
injection-molded PP foams; interestingly, the melt properties and molecular structures of PP were
simultaneously modified, acting as a reactive foaming process [19]. However, it is still a challenge
to produce polymeric foams with favorable mechanical properties and fine cellular structures.

Polymeric foams are a kind of material that has been an increasing focus of studies not only

in academia but also in industry [20—23]. Unlike their solid counterparts, microcellular foams



exhibit many merits, including good energy absorption, high impact strength, acoustic and thermal
insulation, material conservation, and adjustable mechanical properties [3,24]. Thus, polymeric
foams are attractive for many industries, including the automotive, packaging, sporting, cushioning,
building, and aerospace industries [3,25]. A wide variety of thermoplastic polymeric foams are
available, among which polystyrene (PS) and polyethylene (PE) foams are the most commonly
used. However, their low mechanical strength restricts their wide application. As a competitive
candidate, polypropylene (PP) can overcome the lower strength of PE and the lower impact
strength of PS. Additionally, PP foams exhibit higher thermal stability than PS and PE foams,
making them more attractive in the foaming industry. Despite the abovementioned advantages,
unmodified PP suffers from several disadvantages, such as its weak melt strength and narrow
processing window, resulting in serious cell coalescence and nonuniform cellular structures
together with inferior mechanical performance, inevitably limiting its use [4,26]. To address these
problems that arise from the poor melt strength of PP, various approaches, including polymer
blending [5,27], chemical crosslinking, the introduction of long-chain branching [28—30], and the
addition of various particles and fibers [31-34], have been proposed to modify PP to obtain a
suitable melt strength, desirable crystallization properties, and attractive foaming performance.
The addition of nanoparticles is an efficient and viable method to endow polymeric materials
with fine cellular structures and favorable mechanical properties [35-38]. Several studies have
revealed that the incorporation of nanoparticles can act in the foaming process as a cell nucleating
agent due to their high specific surface areas and large aspect ratios, rendering a low energy barrier
for cell nucleation [31,32]. Moreover, the incorporation of nanoparticles not only enhances the
melt strength of polymers but also improves the crystal nucleation and overall crystallization rate

of semicrystalline polymers, which are both critical in the foaming process and endow foams with



the desired cellular structures and mechanical properties [6,7]. Generally, inorganic nanofillers,
including nanoclay [32,33], carbon nanotubes [8, 39], and carbon nanofibers [40,41], as well as
organic nanofillers such as cellulose nanofibers (CNFs) [6,7,41], have been reported in the
microcellular polymer foaming process by using supercritical fluids as physical blowing agents.
Moreover, compared with other modification approaches, the addition of nanoparticles can
produce extra advantages, such as a high mechanical strength, favorable conductivity, and good
electromagnetic shielding properties [42—47], which are dependent on the nature of various
nanoparticles. Recently, reports have demonstrated that the in situ fibrillation approach of a
second-phase polymer based on polymer blending can effectively enhance the foaming ability of
semicrystalline polymers [9,48]. It was revealed that the in situ fibrils/nanofibrils could act as
flexible fibers in their network structure, notably enhancing their melt strength, especially the
strain-hardening behavior [5,49]. However, they could not enhance the crystallization of
semicrystalline polymers, such as PP and PLA, which was similar to the use of inorganic
nanofillers. The preparation of in situ fibrillation of a second-phase polymer based on polymer
blending is time-consuming and not easily scalable. Careful control of the processing temperature
and an elaborate selection of polymer blends with an appropriate difference in their melting
temperatures are always needed.

Dibenzylidene sorbitol (DBS) derivatives, which are small-molecule gelators, have shown
outstanding properties as crystal nucleators for PP [50-52]. This result is mainly because DBS can
in situ form a self-assembled ramified nanofibril at a higher temperature than the crystallization
temperature of PP, leading to the formation of a three-dimensional network structure with a large
specific area during its cooling process [53]. As a result, these self-assembled ramified nanofibrils

can drastically improve the crystallization property of PP and produce PP products with extremely



high transparency. To the best of our knowledge, there is little research on using sorbitol gelling
agents to improve the foaming ability of PP. Miyamoto et al. used a sorbitol gelling agent to
enhance the foaming property of isotactic PP in the MuCell® FIM process, and open-cell PP foams
with nanofibrillated structures were prepared [54]. Later, Wang et al. reported the preparation of
fine cells with cell sizes of approximately 2.5 um and cell densities of over 10! cells/cm® by
combining the sorbitol gelling agent and MuCell® FIM process [55]. However, the mechanical
properties of polymeric foams prepared using RIC-FIM have not yet been studied, while the
mechanical performance should be considered when applying the foams to injection-molded parts.

In this work, a new approach that combines a sorbitol gelling agent with a network structure
and long-chain branches is developed to prepare strong and supertough PP foams via the newly
developed green RIC-FIM technology. CO> at a pressure as low as 5 MPa is used as a physical
blowing agent. First, the effects of the sorbitol gelling agent on the thermal properties and
rheological behavior of PP are investigated. Then, the cellular structures of the injection-molded
foams with and without the sorbitol gelling agent are studied. Finally, the influence of the sorbitol
gelling agent and the operating conditions of the foaming process on the mechanical properties of

the prepared foams are systematically compared.

2. EXPERIMENTAL SECTION
2.1. Materials

A commercially available metallocene-based PP, WAYMAX, MFX3, supplied by the Japan
Polypropylene Corporation, Tokyo, Japan, was used as a base polymer. It is a branched PP
specially developed for the foaming process. The melt flow rate (MFR) was 8.0 g/10 min (230 °C,

21.6 N), and its density was 0.9 g/cm®. To enhance the foaming ability of PP, a sorbitol gelling



agent was added to PP. The sorbitol gelling agent used here was a 1,3:2,4-bis-O-(4-methyl
benzylidene)-D-sorbitol gelling agent (MDBS) provided by New Japan Chemical [8]. A master
batch of PP with 3 wt% MDBS was compounded and kindly provided by the same company.
Moreover, 99% pure CO2, purchased from the Izumi Sangyo, Tokyo, Japan, was used as a physical

foaming agent for our foam injection molding experiments.

2.2. Preparation of the Foams
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Figure 1. Schematic diagram of the developed resilient and innovative cellular foam injection molding (RIC-

FIM) machine.

A 35-ton electric injection molding machine with a 22-mm diameter screw, model J35AD-
AD30H, manufactured by Japan Steel Work, Ltd. Hiroshima, Japan, was used to produce the
injection molding experiments. Unlike a regular foam injection machine equipped with a MuCell
SCF delivery system, there is no supercritical pumping system or injector valve in the RIC-FIM
machine, which is schematically depicted in Figure 1. In this novel design, the low-pressure gas

acting as the blowing agent can be directly introduced into the molten polymer through a delivery



hole supplied from the gas cylinder, which was described in our earlier work and will not be

reiterated here [18,19].

Table 1. Main processing variables used in the foam injection molding process.

Processing Variables Values
Melt temperature (°C) 190
Injection speed (mm/s) 100
Injection pressure (MPa) 160
Dwelling time (s) 3.0-4.2
Foaming temperature (°C) 86,91, 97
Core-back rate (mm/s) 20
Core-back distance (mm)
CO, pressure (MPa) 5
Mold temperature (°C) 40
Shot size (mm) 33
Packing pressure (MPa) 30

Table 1 lists the main processing variables used in the FIM process. CO», which has a higher
solubility than N> in PP, was used as the physical blowing agent, and the gas pressure was as low
as 5 MPa. In regular foam injection molding, a high pressure of N> is always used as the physical
blowing agent [6—8]. A mold used for fabricating the injection-molded foams consisted of a
rectangular cavity (70 mm x 50 mm x 2 mm) and a fan gate. To focus the effect of the addition of
MDBS on the cellular structure and the mechanical properties of PP foams, the void fraction was
set at 50%, which was achieved by performing FIM experiments with a mold-opening (core-back)
operation. Consequently, a 50% void fraction or 2-fold expansion of PP foams was produced by
shifting a portion of the moveable part of the mold from 0 to 2 mm [4,40]. The final MDBS
concentration used here was 0.5 wt%, according to previous results. Hereafter, PP foams with 0.5
wt% MDBS and without MDBS were denoted PP-0.5 and PP-0, respectively. Additionally, to

monitor the foaming behavior, two pressure sensors and two temperature sensors were equipped



in the mold cavity, which could perform online monitoring of the pressure and temperature of the
polymer in the mold cavity by a data device, Mold Marshaling system EPD-001, Futaba, Chiba-
ken, Japan [13,14]. The foaming temperature was defined as the polymer temperature in the cavity

at the time that the mold opening operation was initiated [4,54].

2.3. Testing and Characterization
2.3.1. Dynamic rheological measurement

The rheological test was carried out on a stress-controlled ARES dynamic rheometer (TA
Instruments, USA) using a parallel plate geometry with a diameter of 25 mm. Before measurement,
disk-shaped PP samples with a thickness of approximately 1.0 mm and a diameter of 25 mm were
compression molded at 190 °C for 5 min in a hot press. Oscillatory frequency measurements were
performed at 190 °C at frequencies ranging from 0.01 to 100 rad/s at a strain of 1%, which was

within the linear viscoelasticity regime.

2.3.2. Differential scanning calorimetry measurement

The effect of MDBS on the nonisothermal crystallization behavior of PP was studied using
differential scanning calorimetry on a DSC 7020 instrument provided by Hitachi High-Tech
Science Corporation, Tokyo, Japan. The tests were conducted with an approximately 5—-7 mg
specimen under a nitrogen purge. In the nonisothermal crystallization measurements, the
specimens were first heated from 30 to 230 °C at a heating rate of 10 °C/min and held for 5 min
to eliminate the thermal histories. Subsequently, the specimens were cooled to 30 °C at a

designated cooling rate in the range from 2 to 20 °C/min. Finally, the specimens were reheated to



X,(%)=AH,/AH)o x100% , where AH_, oy, and AH. are the melting

m-’pp
enthalpy, the mass fraction of PP, and the theoretical heat of fusion of 100% crystalline PP,
respectively. A value of 207 J/g was used for the standard heat of fusion of the a.-phase of PP [34].

At least three specimens were measured, and the average values were reported.

2.3.3. Foam characterization

To examine the cellular structure of the prepared foams, a Mighty-8 scanning electron
microscope (SEM), manufactured by Technex Lab Co., Ltd., Japan, was used. To prepare the SEM
specimen, a small piece was cut from the central area of the injection-molded bars. Then, the piece
was cryogenically fractured after immersion in liquid nitrogen for approximately 30 min.
Afterward, the smoothly fractured surfaces were sputter-coated with a thin layer of gold using a
VPS-020 Quick Coater (ULVAC KIKO, Ltd., Japan) for SEM observation. After coating, the
prepared specimens were observed by Ting-SEM at an accelerating voltage of 17 kV.

SEM micrographs were analyzed using Imagel software, provided by the National Institutes
of Health, USA, to quantitatively characterize the cellular structures. The average cell size (d) of

the foams was calculated using the following equation:

where 7;1s the number of cells with a diameter of d;, assuming that the cell shape is spherical, and

more than two hundred cells were calculated along with the standard deviation. Then, the cell
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density (Ny) was obtained as the number of cells per cubic centimeter using the following equation

[11]:

N, = (%)1.5 )

where 7 is the number of cells in the selected SEM micrograph, and 4 is the image area.

2.3.4. Mechanical property testing

Following ISO standard 37-4, tensile measurements were performed at room temperature on
an Autograph universal testing instrument (model AGS-1 kN, Shimadzu, Japan) with a gauge
length of 12 mm and a crosshead speed of 10 mm/min. The testing samples were cut from the
center of the injection-molded bars. Before measurement, all the foams were placed in an
atmospheric environment for more than one month to diffuse gas. At least five bars for each
specimen under the same conditions were used for the testing, and the average values are shown

with standard deviations.

3. RESULTS AND DISCUSSION
3.1. Oscillatory shear flow properties

The rheological behavior plays an important role in the polymer foaming process. To explore
the influence of MDBS on the melt strength of PP, rheological parameters, including the storage
modulus (G'), loss modulus (G"), loss tangent (tan 9), and complex viscosity (n*), were
investigated at 190 °C. As shown in Figure 2a, the changes in G’ as a function of frequency ()
for neat PP and PP-0.5 are presented. Both the G' of PP and PP-0.5 increased as the frequency

increased. The G” of PP and PP-0.5 exhibited the same trend, as shown in Figure 2b. Especially at
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frequencies lower than 1 rad/sec, both the G’ and G” of PP-0.5 were far larger than those of neat
PP. It can also be noticed that the effect of MDBS was more sensitive on G’ than on G”. Moreover,
the frequency dependences of both the G’ and G” of PP-0.5 became weaker. Thus, large-scale
polymer relaxations in the composites were restrained as a result of the added sorbitol gelling agent.
This result could be attributed to the in situ formation of the self-assembled ramified nanofibrils
of MDBS, which would restrain the long-range motion of the PP chains and improve the
viscoelastic properties of PP [4,56]. Figure 2¢ shows the frequency dependence of the loss tangent
(tan 6 = G"/G") of PP and the PP-0.5 composite at 190 °C. The tan 6 of neat PP monotonically
increased with a decreasing frequency, while the P-0.5 exhibited some difference: the tan & of PP-
0.5 composite decreased with an increasing frequency in the high-frequency region. This result
indicated that the elastic response of the PP melt became more significant in the high-frequency
region [57,58]. Additionally, the change in tan 6 against frequency became nearly flat at low
frequencies. This phenomenon could be understood as a result of enhanced molecular
entanglement, attributed to the added MDBS [6,57]. The high shear stress in neat PP by an
increasing frequency led to breaking the molecular entanglements of PP, while PP-0.5 with the
addition of a small amount of MDBS could effectively resist the influence of high shear stress,
exhibiting solid-like behavior, which greatly reinforced the melt.

The complex viscosity, n*, is also a critical parameter influencing the foaming behavior. A
high viscosity produces high strain-induced stress that increases the driving forces of cell
nucleation and suppresses cell coalescence and collapse. Figure 2d shows the n* values of PP and
PP-0.5. The addition of 0.5 wt% MDBS to PP increased n*, especially at low frequencies. This
result indicated that MDBS could reinforce the PP melt. This phenomenon could be attributed to

the formation of the self-assembled ramified nanofibrils of MDBS, which increased the molecular
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entanglements of PP. These changes in the rheology of PP possibly benefited the subsequent

foaming process [4,6].
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Figure 2. Change in the (a) storage modulus, G* (b) loss modulus, G ” (c) loss tangent, fan 6; and (d) complex
viscosity, 7%, as a function of frequency for the neat PP and PP-0.5 composite.
3.2. Thermal properties

It is also well known that the crystallization behavior shows a significant influence on the
foaming behavior of semicrystalline polymers [7,59—-61]. To clarify the foaming behavior, it is
necessary to study the crystal nucleating ability of MDBS on the cooling process of PP. As shown
in the Supporting Information (Figure S1), PP-0.5 samples had many more smaller crystals than

the PP-0 samples due to the presence of MDBS acting as a crystal nucleating agent. The reduced
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crystal size of PP due to the presence of nanoparticles has also been reported by others [5]. To
further study the effect of MDBS on the crystal nucleating ability, the nonisothermal cooling
thermograms of the neat PP and PP-0.5 composite at a cooling rate in the range from —2 to
—20 °C/min were investigated. The nonisothermal crystallization cooling process was studied here
since the crystallization behavior of the polymer occurred nonisothermally in the foam injection
molding process [62—64]. Figure 3 displays the cooling curves of PP-0 and PP-0.5 at different
cooling rates. Generally, the presence of MDBS effectively contributed to the shift in the
crystallization peak temperature (T¢) of PP to a higher temperature than that of neat PP [55]. Table
2 lists the crystallization parameters of the neat PP and PP-0.5 composite obtained from the thermal
analysis. As presented in Table 2, the T, of the neat PP sample at —2, —5, —10, and —20 °C/min
was 128.4, 124.2, 121.2, and 118.3 °C, respectively, while the corresponding T. of the PP-0.5
composite at =2, =5, —10, and —20 °C/min was 132.1, 129.1, 126.9, and 124.1 °C, respectively.
Moreover, the melting peak temperature (Tp) of PP-0.5 was higher than that of neat PP at any
cooling rate. These increases in the Tc and T, of the PP-0.5 sample were ascribed to the fact that
MDBS played a role as the crystal nucleating agent and promoted its crystallization [41,55]. As a
result, the increase in crystallization temperature and the melting temperature meant that the
molecular chain mobility was enhanced [65,66]. These results would be beneficial for the

following foaming process.
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Figure 3. DSC thermograms of the nonisothermal crystallization of PP and the PP-0.5 composite at designated

cooling rates of (a) 2, (b) 5, (¢) 10, and (d) 20 °C/min.

The corresponding crystallinity (X¢) values of the PP-0 and PP-0.5 specimens were then
calculated, and the results are summarized in Table 2. Compared with neat PP, the degree of
crystallization of PP with MDBS was slightly decreased. This result indicated that the addition of
MDBS, together with the coexistence of the long-chain branch structure, hindered the mobility of
the molecular chain, resulting in a relatively low crystallinity [55,60]. It was assumed that the
MDBS in PP-0.5 led to an increase in the density of nuclei in the crystal nucleating stage. In
contrast, MDBS suppressed or disrupted the chain packing in the growing crystallites, which led
to impeded crystal growth. Additionally, the long-chain branch structure could also act as

heterogeneous crystal nucleation sites; thus, the increased number of crystals would further hinder
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crystal growth. Hence, to a certain extent, the movement of PP chains was suppressed due to the

presence of MDBS nanofibrils, leading to a decrease in the degree of crystallinity [9].

Table 2 Nonisothermal crystallization parameters of neat PP and its MD composite.

Sample ) T, (°C) Tm (°C)  AHn (J/g) Xe (%)
(°C/min)
PP 2 128.4 156.9 94.05 45.43
5 124.2 155.6 90.74 43.84
10 121.2 155.1 88.49 42.75
20 118.3 154.6 87.21 42.13
PP-0.5 2 132.1 157.7 91.05 43.99
5 129.1 157.0 87.25 42.15
10 126.9 156.5 84.70 40.92
20 124.1 156.1 82.87 40.03

3.3. Effect of nucleating agents on cellular structures

In general, foams prepared via the foam injection molding technique consist of a cellular core
layer and two solid skin layers [13,14, 54]. Herein, we mainly studied the difference in the cellular
structures found in the core layer of the foamed specimens. Figure 4 shows the cellular structures
of a core layer fabricated using low-pressure CO; as a foaming agent at various foaming
temperatures. Following previous works, the cellular structures were analyzed in the center region
taken from the view perpendicular to the core-back direction [19,55]. As shown in Figure 4, a
nonuniform cellular structure with large cells was found in the neat PP foams, which was attributed
to the relatively weak melt elasticity and low crystallization rate of neat PP [4,55]. Additionally, it
should be noted that the neat PP used here was a type of long-chain branched PP. The poor foaming
ability of this long-chain branched PP was also ascribed to the relatively low content of the physical

blowing agent since the gas pressure was as low as 5 MPa in the RIC-FIM process. More efforts
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should be applied to produce foams with a uniform and fine cellular structure in the RIC-FIM
process. Moreover, the influence of the foaming temperature on the cellular structure of neat PP
foams was not significant, which was consistent with previous findings [4,55]. In contrast, tuning
the foaming temperature could improve the cell structure of the PP-0.5 composite foams. With
MDBS in the PP-0.5 composite, a significant change in the cellular structure was observed by
tuning the foaming temperatures from 97 to 86 °C, which was closely related to the increase in the
melt strength when the foaming temperature decreased. Figure 4c’ shows that the finest cell size
of the PP-0.5 foams was obtained at the lowest foaming temperature of 86 °C. Generally, the
enhancement in the melt strength led to the prevention of cell wall opening and a decrease in cell
collapse. In addition, the addition of MDBS improved the cell nucleation ability of PP and resulted

in an increase in cell density and a reduction in cell size [4,55].

Figure 4. SEM micrographs of the neat PP foams (a—c) and PP-0.5 composite foams (a'—c') fabricated at
foaming temperatures of (a, a’) 97, (b, b") 91, and (c, ¢') 86 °C. All SEM images were taken from views

perpendicular to the core-back direction.
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Figure 5 summarizes the cell density and the average cell diameter of neat PP and PP-0.5
composite foams. As shown in Figure 5a, the cell density of both PP and PP-0.5 composite foams
increased with a decreasing foaming temperature. This change became more obvious in the
presence of MDBS in PP. Specifically, the cell density of the PP-0.5 composite foams was
significantly enhanced from 6.3x107 to 1.3x10° cells/cm? by reducing the foaming temperature
from 97 to 86 °C, achieving a nearly 20-fold increase. However, with the temperature reduction,
there was only a 5-fold increase in the cell density of the neat PP foams. This difference was
ascribed mainly to the increase in melt strength and viscosity as well as the enhancement in cell
nucleation due to the presence of MDBS [4,55]. The improvement of the cell structure with the
decrease in foaming temperature was also related to the alteration of the crystal morphology and

crystallinity [6,41].
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Figure 5. Change in the (a) cell density and (b) average cell diameter of the PP and PP-0.5 composite foams as

a function of foaming temperature.

Figure 5b shows the changes in the cell diameters of both the PP and PP-0.5 foams against

the foaming temperature. The smallest cell diameter of the PP-0.5 foams was approximately 8.4
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um in the presence of MDBS, which was achieved at 86 °C. In contrast, the average cell diameter
of the neat PP foams was approximately 103.8 um, which was much larger than that of the PP-0.5
foams. The decrease in foaming temperature would not only promote crystallization but also
increase the melt strength of PP, which led to an increase in cell nucleation, a suppression of cell
growth, and the eventual production of foams with much smaller cell sizes [5,48]. Thus, the
optimum cellular structure of the PP-0.5 foams was achieved with the combination of an MDBS
addition and the optimization of the foaming temperature, producing the finest cell structure with
a cell density on the order of 10° cells/cm® and a cell diameter of less than 10.0 um. These results
demonstrated that PP foams with a well-defined cellular structure could be achieved by the

addition of MDBS in the RIC-FIM process.

3.4. Mechanical performance of the injection-molded PP foams

To evaluate the effect of the fine cellular structure on the mechanical performance of both the
neat PP and PP-0.5 foams, foams were prepared at various foaming temperatures and tensile tests.
Figure 6 shows the stress-strain curves and tensile toughness of both the neat PP and PP-0.5 foams.
As shown in Figure 6a, the neat PP foams exhibited plastic deformation before breakage and
typical ductile fracture. The PP-0.5 composite foams exhibited a similar stress-strain relationship,
which was breaking behavior with evident yielding and necking.

The corresponding tensile toughness obtained with the area under the stress-strain curves,
which is an important index of tensile ductility, is illustrated in Figure 6b. The ductility of the PP-
0.5 composite foams increased to much higher levels (by 298.1%, 447.8% and 1004.9%) than the
neat PP foam by adjusting the foaming temperature from 97 to 86 °C. After the introduction of

MDBS, the PP composite foams tended to become more flexible and deformable. The excellent
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ductility of PP-0.5 composite foams mainly resulted from the significantly improved cellular
structure and the small crystals due to the nucleating effect of MDBS [4,55]. This structure led to
a sharp increase in the tensile toughness of the PP foams. In particular, the foams prepared at a
foaming temperature of 86 °C, which had a high cell density and a small cell diameter, led to the
cell walls of the PP-0.5 foam becoming thinner and the adjacent cells becoming much closer. As
a result, it was helpful to increase the ductility of the foams because the cell walls were more easily

deformed, which was consistent with previous results [5,11,55].
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Figure 6. Mechanical properties of the (A) PP foam and PP-0.5 composite foams prepared at foaming
temperatures of (B) 97, (C) 91, and (D) 86 °C. (a) Typical specific stress-strain curves. (b) Corresponding

tensile toughness obtained with the area under the stress-strain curves.

Figure 7 shows the tensile strength and Young's modulus of both foams. As shown in Figure
7a, compared with the neat PP foams, the composite foams showed a notable increase in tensile
strength: the tensile strength of the PP-0.5 foams prepared at foaming temperatures of 97, 91 and
86 °C were increased by 138.2%, 147.2%, and 155.9% of those of the neat PP foams, respectively.
The Young's modulus of PP-0.5 foams showed a similar trend where the modulus increased as the
foaming temperature decreased. This result demonstrated that incorporating the sorbitol gelling
agent MDBS was very effective in enhancing both the strength and rigidity of the PP foams, which

could be ascribed to improving the transfer of applied stress [67,68]. The PP-0.5 foam prepared at
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the lowest foaming temperature of 86 °C showed the optimum tensile strength and rigidity. The
fine and uniform cellular structure of the PP-0.5 composite foams could effectively reduce the
stress concentration during the tensile measurements. Namely, crack generation and propagation
were avoided, which resulted in the improved mechanical properties of the foams. These results
clearly showed that MDBS could decrease the cell size and produce PP foams with desirable
toughness, ductility and strength [5,69,70]. These results were very much similar to previous
studies of polymer nanocomposites, where the added nanoparticles could improve the tensile
properties of foams [71,72]. In summary, this work provides a promising strategy for producing

lightweight microcellular injection-molded PP foams with excellent mechanical properties.
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Figure 7. Details of the mechanical properties of the (A) PP foam and PP/MD composite foams prepared at

foaming temperatures of (B) 97, (C) 91, and (D) 86 °C: (a) Tensile strength and (b) Young's modulus.

4. CONCLUSIONS

In this study, we prepared high-performance PP foams in the presence of a sorbitol gelling
agent, MDBS, using the newly developed low-pressure FIM with low-pressure CO; as the foaming
agent. The following conclusions were drawn.

(1) The rheological analysis revealed that the addition of the sorbitol gelling agent MDBS

21



could significantly improve the viscoelasticity and melt strength of PP. The DSC results showed
that MDBS with only 0.5 wt% content could promote the crystallization behavior of PP.

(2) Owing to the enhanced viscoelastic properties and crystallization behavior, the addition
of MDBS led to a four orders of magnitude increase in the cell density of PP foams together with
a notable reduction in the cell size to approximately 8.4 pum.

(3) Remarkably, the tensile toughness and tensile strength of the PP composite foam were
enhanced by 1004.9% and 155.9%, respectively. Hence, lightweight and strong PP foams with
high ductility were obtained by the scalable novel RIC-FIM technique, opening up its potential

application in many areas, such as automotive, construction and electrical components.
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