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ABSTRACT: Controlling foamability plays the central role in preparing PLA foams with high performances. To achieve this, chain
extension was often used to improve the rheological property of PLA resins; however, despite the availability of this approach, it
often deteriorates the biodegradability of PLA and greatly increases the processing cost and complexity. Hence, we reported a special
crystallization induction method to design PLA foams with a tunable cellular structure and a high expansion ratio. A novel
crystallization-promoting agent combination (D-sorbitol, CO,, and phenylphosphonic acid zinc salt) was used to induce PLA to
enhance the chain interaction force and chain mobility and to provide crystallization templets. A series of PLAs with tunable
stereocomplex (Sc)/a crystallinity and rapid non-isothermal crystallization ability were obtained. The effect of various crystallization
properties on the foaming behavior of PLA was studied. The results demonstrated that proper crystallization conditions (a small
spherulite size, a crystallinity of 6%, and rapid crystallization ability) could virtually contribute to the optimized cellular structure
with the highest cell density of 4.36 X 10° cell/cm®. When the Sc crystallinity was above 10%, PLA had a superior foamability, which
thereby resulted in a high foaming expansion ratio of 16.2. A variety of cellular morphologies of PLA foams could be obtained by
changing the foaming temperature and the crystallization property. The proposed crystallization-induced approach provided a useful
method for controlling the cellular structure and the performances of the PLA foams.

1. INTRODUCTION of PLA through the chain extension technologyg’9 or blending

10,11 . X .
The past 2 decades had witnessed many efforts to precisely technology. According to these technologies, PLA chains

control and optimize the foaming process of PLA, especially would react with multifunctional compounds, such as triallyl

via enhancing the melt strength. According to these efforts, isocyanurate (TAIC), pentaerythritol triacrylate (PETA), or
PLA foams with special cellular structures, such as nanosize trimethylolpropane trimethacrylate (TMPTA), and effectively
cells," bimodal cells,> controllable open cells,® and oriented enhance the melt strength and the resultant foamability. Driven
cells,* could be obtained. Besides, PLA foams with functional by the significance of the chain-extension method, a question
properties, such as electrical conductivity’ oil—water separa- arises: is achieving better foamability of PLA as simple as

tion,® as well as tissue scaﬂfolding,7 could also be obtained.
These works had provided many feasible strategies to produce
biodegradable, high-performance, and versatile PLA foams.

In some cases, the foamability is the reflection of the
viscoelastic property of the PLA resin. However, one of the
unavoidable problems is that PLA had a nature of poor melt
strength in the foaming process, which resulted in a narrow
processing window and made it hard to obtain an ideal cellular
structure. In order to solve this problem, several practical
approaches continue to develop to increase the melt strength

creating a higher branching degree or cross-linking degree?
The answer to the question is that it brought problems such as
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Figure 1. DSC curves of the PLLA blends with (a) a heating rate of 10 °C/min and (b) a cooling rate of 10 °C/min under atmospheric and high-

pressure conditions.

a high cost, a two-step process, and an over-cross-linking
degree, which hampered the processability and biodegrad-
ability at the beginning.

The key factor to improve the foamability of PLA is
generating a suitable melt strength at the set foaming
temperature. According to the classical foaming theory, a
high melt strength value was associated with the extra
resistance of cell growth, whereas a low melt strength value
led to cell coalescence and rupture in the foaming process.'”
Many research works have revealed that increasing the melt
strength of PLA could significantly facilitate the control of the
cellular structure of PLA foams.'”'* It provided possible
conditions for increasing PLA’s melt strength without using a
chain extender. It is well known that PLA is a kind of
semicrystalline polymer."”> The presence of crystals could
greatly increase the mechanical properties and thermal stability
of PLA. However, crystals also affect the foaming behavior of
PLA. In detail, the crystalline zone of PLA could influence
foaming in two aspects. First, a foaming gas could not diffuse
and dissolve into the crystalline zone in the gas saturation
period. Hence, the solubility and the diffusivity of a foaming
gas were related to the crystallinity of PLA,'® in which the
crystalline zone could not be foamed due to the non-mobile
nature of chains in the crystalline lattice.” Therefore, the
presence of abundant crystalline zones is expected to be
detrimental to forming a fine cellular morphology in PLA
foams and a narrow foaming process window. Second, the
diffusion of a foaming gas only occurred in the amorphous
zone, while crystalline zones could act as obstacles for a
diffusing gas."” The foaming gas molecules had to tortuously
go around the crystallites, which relieved the escape of the
foaming gas. Third, the small crystalline zones dispersed in the
amorphous matrix could effectively restrict the thermal
movement of molecular chains by physically entangling with
chains around the crystallites. The crystals acted as physical
network points, facilitating the improvement of the melt
strength of PLA, which was favorable for the foaming
process.”® Based on the above reasons, it is believed that the
foamability of PLA could be controlled by designing a proper
crystalline structure and crystallinity. After that, PLA foams
with a high expansion ratio and a high cell density without
using the chain modification technology are expected to be
obtained.
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For the purpose of increasing the foamability by inducing
crystallization, the crystallization of PLA should be understood.
In PLA’s crystallization process, the chains folded into different
structural conformations and developed various crystals. The
common crystal forms of PLA were a crystals and a’ crystals."
The melt temperature of a and @’ crystals was 140—160 °C,
which was close to the foaming temperature. However, the
melt temperature (210 °C) of the stereocomplex (Sc) crystals
was much higher than the foaming temperature. The Sc
crystals could not be melted and remained intact due to their
unusual high melt temperature; therefore, it is feasible to utilize
Sc crystals to control the foaming behavior. However, the
formation mechanisms and the promoting strategies for
various crystal forms of PLA are different. Besides that, PLA
chains are usually considered to lack in flexibility, and their
conformation-changing ability is also weak. Therefore, PLA
chains are difficult to move into the lattice space. Especially, in
the case of non-isothermal crystallization conditions, there is
not enough time for PLA chain rearrangement into the lattice,
leading to the formation of an amorphous state. Hence, the
addition of traditional inorganic nucleation agents, such as talc,
zinc oxide, clay, and so forth, could not effectively induce high
crystallinity or various crystal forms of PLA because they
simply supplied crystallization nucleation sites.'®~>° The use of
some nucleation agents is that they easily decrease the
molecular weight of PLA and deteriorate the foamability as
well as the final mechanical properties of PLA. In order to
better control various crystalline forms in PLA, both the
interaction force between molecular chains and the chain
mobility should be improved. In addition, crystalline templets
should be supplied in a crystallization process. Meanwhile, as
one of the important factors, the contribution of the crystalline
form and the quantitative crystallization parameters to the
foaming behavior of PLA should be studied and understood.

To solve this problem, a novel crystallization-promoting
agent combination, namely D-sorbitol (DS), phenylphos-
phonic acid zinc salt (PPZn), and high-pressure CO,, was
used to simultaneously improve PLA chains’ interaction force
and chain mobility and to supply crystalline templets in this
work. A series of PLAs that could rapidly crystallize even under
non-isothermal conditions were achieved. The effect of
quantitative crystallinity, crystallization rate, and crystalline
morphology of PLA on appropriately controlling the foaming
behavior was studied. The relationship between the crystal-
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Table 1. Thermal Property Parameters of the PLLA Blends under Heating Conditions

sample Tec/°C Jec/g
PLLA 126.4 19.44
PLLA/DS 112.7 22.55
PLLA/DS/PPZn 87.4 3.28
PLLA/DS/PPZn(P)

lization property and the cell formation mechanism was
discussed. The study of the tunable crystallization property is
expected to provide a green method for the production of
high-performance and biodegradable PLA foams without using
a chain-extension method. This strategy also provides
technological reference for designing similar crystalline
polymer foams.

2. RESULTS AND DISCUSSION

2.1. Non-Isothermal Crystallization of PLA Blends. In
thermal property aspects, there are two factors, i.e., melting
behavior and crystallinity, that would affect the PLA’s foaming
behavior. Hence, these two thermal parameters were majorly
studied. Figure 1 shows the differential scanning calorimetry
(DSC) curves of a non-isothermal melting scan for PLLAs
blended with DS and PPZn. From the DSC curves, PLA’s
crystallization temperature (T.), cold crystallization temper-
ature (T..), melting temperature (T,,), as well as crystallinity
(X.) were obtained, as shown in Table 1. It could be observed
that PLLA/DS had clear double melting peaks in the DSC
curves. However, PLLA/DS/PPZn only had one melting peak.
The reason for the difference is the crystallization rate of PLA.
Han et al. reported a similar phenomenon in PLA/PPZn
nucleated blends. They found that the double melting peaks
appeared with the addition of PPZn, but the thermal behavior
gradually alleviated and disappeared with the increasing
amount of PPZn.*' The formation mechanism of double
melting peaks is closely related to the cold crystallization
behavior of PLA. Some imperfect crystals formed through the
cold crystallization mechanism in the quick heating process.
Part of these imperfect crystals melted at lower temperatures.””
In crystallization aspects, the DSC results revealed that the
crystallization-promoting effect of DS was weak as shown in
Figure 1. The crystallinity of PLLA/DS was only 7.29%.
Compared with that of DS, adding a small amount of PPZn
could not suppress the cold crystallization of PLA. However, in
the case of adding DS and PPZn simultaneously, its
crystallinity increased to 33.12%, which was 19.83 times as
high as that of pure PLLA. Interestingly, the crystallinity of
PLLA/DS/PPZn decreased to 29.35% with the addition of
CO,. It was anticipated that the addition of CO, could
improve the chain mobility of PLA. However, the presence of
CO, molecules in turn changed the interaction between PPZn,
DS, and PLA chains. The CO, molecules were attracted to
PPZn and DS due to the molecular polarity resulting in the
inefficiency of crystallization-promoting agents, which led to a
decrease of crystallinity of PLA from 33.12 to 29.35%. Besides,
it was observed that the PLA’s T,, value decreased from 155.7
to 150.3 °C. This was due to the plasticizing effect of CO, and
thus a lower processing temperature could be applied.”

Figure 2 shows the DSC curves of non-isothermal melting
scan for PLLA/PDLA blended with DS and PPZn. The related
thermal properties are shown in Table 2. The addition of PPZn
and DS could evidently affect the crystallization of Sc crystals.
All the PLLA/PDLAs had an endothermic peak around 210—
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Figure 2. DSC curves of the PLLA/PDLA blends obtained with a
heating rate of 10 °C/min under atmospheric and high-pressure
conditions.

217 °C, which was a typical melting peak of Sc crystals. It is
worth noting that the addition of DS significantly changed the
crystallization of Sc crystals in PLLA/PDLAs, thus increasing
their crystallinity from 4.58 to 10.20%. However, in the case of
PLLA/PDLA/DS/PPZn, the crystallinity of Sc crystals only
slightly increased to 10.64%, which indicated that the
simultaneous addition of DS and PPZn could promote the
crystallization of & crystals rather than that of Sc crystals. This
also indicated a stronger selective nucleation ability of PPZn. It
should be noted that the theoretical maximum crystallinity of
Sc crystals was 20% with the addition of 10 wt % PDLA
because an equivalent mixture of enantiomeric PLLA and
PDLA could form Sc crystals. Hence, we divided the Sc
crystals by 20% to calculate each sample’s absolute crystallinity
(abs-crystallinity). The Sc abs-crystallinity of PLLA/PDLA/DS
and PLLA/PDLA/DS/PPZn was about 50%. Pan et al. studied
the effect of PPZn on the crystallization of PLLA/PDLA
(50:50, w/w). They found that the Sc abs-crystallinity was
36.4%, which was obviously lower than that of PLLA/PDLA/
DS.° Therefore, the combined use of DS and PPZn had a
strong effect on promoting Sc crystallization than the single
use. As far as the crystallization-promoting effect of DS and
PPZn was concerned, high-pressure CO, was induced into
PLLA/PDLAs to increase the chain mobility of PLA. The
crystallinity and abs-crystallinity of Sc were further increased to
12.44 and 62.20%, respectively. This implied that high-pressure
CO, could promote the Sc crystallization even under non-
isothermal conditions.

Moreover, the effect of the addition of DS and PPZn on the
crystallization of & crystals in PLLA/PDLA was similar to that
of PLLA. During the non-isothermal cooling process, the Sc
crystals first formed from the molten PLA at a high
temperature. The existing Sc crystals changed the crystal-
lization of & crystals in the following cooling process. As shown
in Table 2, the a crystallinities of PLLA/PDLAs were lower
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Table 2. Thermal Property Parameters of the PLLA/PDLA Blends under Heating Conditions

sample T.. Jec/g Tm/°C Jm/g Xc/% Tsc/°C Jsc/g Xsc/%
PLLA/PDLA 120.0 17.0S 150.6 19.86 3.00 2174 6.50 4.58
PLLA/PDLA/DS 108.8 19.06 156.9 24.34 5.64 216.9 14.49 10.20
PLLA/PDLA/DS/PPZn 95.3 18.75 150.2 24.35 5.98 21583 15.11 10.64
PLLA/PDLA/DS/PPZn(P) 145.5 19.08 20.38 210.7 17.67 12.44
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Figure 3. DSC curves of (a) PLLA, (b) PLLA/PDLA, (c) PLLA/DS, (d) PLLA/PDLA/DS, (e) PLLA/DS/PPZn, and (f) PLLA/PDLA/DS/

PPZn blends at various isothermal crystallization temperatures.

than those of PLLAs. For instance, PLLA/PDLA/DS/PPZn’s
crystallinity decreased from 33.12 to 5.98%. It exhibited a
sharp cold crystallization peak in the DSC curve, while there
was no obvious cold crystallization peak in the DSC curve of
PLLA/DS/PPZn. Generally, it has commonly been assumed

that the existing Sc crystals could act as a crystallization
nucleation agent to promote the heterogeneous nucleation of &
crystals. The existing Sc crystals also affected the cold
crystallization of PLA. Apparently, with the increase of the
Sc crystallinity, the cold crystallization peak of PLA became
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Figure 4. Crystal morphology of the PLA blends with isothermal crystallization at 120 °C for 30 min.

sharper and shifted to a lower temperature in the heating
scanning. Li et al. also reported a similar phenomenon and its
mechanism.”* The existing Sc crystals acted as a crystallization
nucleation agent to promote the formation of cold
crystallization. Thus, cold crystallization could occur at
relatively low temperatures in the heating. Thus, the «
crystallinity increased from 1.67 to 3.00%, and T decreased
from 126.4 to 120 °C in the case of PLLA/PDLA. On the
other hand, a competitive relationship existed between Sc
crystallization and a crystallization. The higher the Sc
crystallization, the more PLLA chains rearrange into the Sc
crystal lattice. Thus, less PLLA chains can rearrange into the o
crystal lattice, which results in a decrement of the «
crystallinity. In order to further increase the Sc crystallinity,
high-pressure CO, was used to assist the chain-rearranging
ability, as shown in Figure 2. The Sc crystallinity of PLA
increased from 10.64 to 12.44%, which was 2.72 times as high
as that of PLLA/PDLA. However, more interestingly, the a
crystallinity of PLA dramatically increased to 20.38%, which
was 6.79 times as high as that of PLLA/PDLA. It
demonstrated that the low a crystallinities of PLLA/PDLA/
DS/PPZn were due to the poor mobility of PLA chains.
Therefore, with the assistance of CO,, PLA with both the high
Sc crystallinity and high @ crystallinity could be obtained in
PLLA/PDLA. More importantly, PLA with various crystal-
linities and T,,, were obtained, which could be used as modified
materials for foaming purpose.

2.2. Isothermal Crystallization of PLA Blends. In order
to study the effects of DS and PPZn on the crystallization rate
of PLA, isothermal crystallization experiments at four different
temperatures (115, 120, 125, and 130 °C) were carried out.
Figure 3 shows the DSC curves of isothermal crystallization for
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various PLA blends. We could observe the crystallization peak
and its crystallization half-time from the curves. Due to the low
crystallinity (<3%) and poor crystallization ability of PLLA,
there was no obvious crystallization peak in the DSC curves at
each isothermal temperature. However, the isothermal
crystallization peaks appeared when adding 3 wt % DS into
PLLA and PLLA/PDLA. The shortest half-times of the two
samples occurred at an isothermal temperature of 120 °C,
which were 8.4 and 11.7 min, respectively. In general, a high
temperature condition (130 °C) favors the crystal growth,
whereas a low temperature condition (115 °C) favors the
crystal nucleation. An isothermal temperature of 120 °C is
between the two temperatures, which is an ideal condition for
rapid crystallization.” Hence, it was anticipated that the
addition of DS could accelerate PLA’s crystallization. The
promoting effect of PLLA was stronger than that of PLLA/
PDLA, which was consistent with the non-isothermal
crystallization studies.

Based on this, the second component of PPZn was added to
PLA/DS in order to further improve the crystallization rates.
In the case of a crystallization temperature of 120 °C, the
crystallization half-time of PLLA/DS/PPZn and PLLA/
PDLA/DS/PPZn further decreased to 6.3 and 5.4 min,
respectively. This change suggested that adding DS and
PPZn simultaneously obviously facilitated the isothermal
crystallization of PLA, thus increasing the crystallization rate.
It was worth noting that the crystallization peak occurred only
at 120 °C for PLLA/PDLA/DS/PPZn. The possible reason
was that addition of DS and PPZn could improve only Sc
crystallization (refer to Table 2). Thus, the number of PLA
chains rearranged into the  crystal lattice decreased resulting
in a low a crystallinity and an insignificant crystallization peak.
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Figure 5. SEM images of non-isothermal crystals of the PLA blends etched by the solution of sodium hydroxide.

In conclusion, the added DS/PPZn served as not only an
efficient crystallinity-promoting agent but also an excellent
crystallization accelerator.

2.3. Crystallization Morphologies of PLA Blends. The
crystalline structures of various PLA blends were observed by
polarized optical microscopy (POM) at an isothermal
temperature of 120 °C with a time interval of S min. As
shown in Figure 4, the spherulite formation time of the six
samples was 30, 30, S, 15, 10, and 5 min, respectively. This
spherulite growth trend was similar to the DSC results shown
in Figure 3. Moreover, it is clear that pure PLLA crystallized in
a typical homogeneous nucleation way. Its spherulite number
was limited, and the spherulite size was around 100 pm.
Besides, a typical characteristic birefringence pattern appeared
in the POM photograph. Interestingly, there was no obvious
isothermal crystallization peak at 120 °C as shown in Figure
3a. This contradiction was due to that DSC and POM
characterized the PLA’s crystallization behavior in different
ways. In the case of low crystallinity of PLLA (1.67%), the
crystallization peak in the isothermal DSC curve was too small
to observe; but the small amount of spherulites could be
observed using a polarized optical microscope. The introduc-
tion of DS to PLA increased the number of spherulites, while
there was no change in the size of spherulites. As far as non-
isothermal crystallization is concerned, it is believed that DS
could affect the crystallinity rather than the nucleation mode.
Upon further addition of PPZn to PLLA/DS, abundant small
spherulites were generated, which can be observed in the POM
photograph. The spherulite size sharply decreased to 12 pm,
which means that PPZn could improve the crystallization
nucleation of PLA. A similar phenomenon was observed in
PLLA/PDLAs. However, the spherulite morphology of PLLA/
PDLA was different from that of PLLAs. It was a typical central
vertical slice of the banded spherulites.”® While with the
addition of DS, PLLA/PDLA shows a much higher
crystallization nucleation density. The massive small spher-
ulites filled up all the observation area. In addition, the
spherulite size greatly decreased. This trend was very different
from the crystals of PLLAs but was consistent with the
previous DSC results. The unique spherulite morphology also
implied that the addition of DS could efliciently improve the
crystallinity of PLLA/PDLA (increased from 4.58 to 10.20%).
Upon adding PPZn, more crystal zones formed. The greater
number of nuclei and a small spherulite size suggested that the
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nucleation of PLA crystals was easier with the simultaneous
addition of DS and PPZn. Thus, PLA with a crystalline
morphology of abundant and small spherulites could be
obtained.

Figure S shows the microstructure features of the crystal
morphology of PLLAs and PLLA/PDLAs. From the scanning
electron microscopy (SEM) images, a few large and spherical
skeletons could be found on the surface of PLLAs, while
irregular flabellate skeletons with a radiating shape were found
on the surface of PLLA/PDLAs. The two different crystalline
structures belonged to a and Sc crystals according to the wide-
angle X-ray diffraction (WAXD) results shown in Figure 6.

a crystal (He)

Sc(110)— S¢(220) ' Stereocomplex crystal (Sc)
~~ PLLA/PDLA/DS/PPZn
Sc(300/030)
p / PLLA/PDLA/DS
z -
2 He(110/200) Ho(203)
g /
= PLLA/DS/PPZn

Ho(010) He(015)
C|
N / PLLA/DS

10 20 30 40

28 (%)

Figure 6. WAXD curves of non-isothermal crystals of the PLA blends.

PLLA/DS/PPZn exhibited a structure with numerous
polygonal spherulites. This structure was due to the efficient
heterogeneous nucleation effect of PPZn and sufficient
isothermal crystallization time; thus, a large number of
spherulites were in contact with each other during the crystal
growth period, resulting in polygonal-shaped spherulites. The
spherulite morphology proved the different crystallization
nucleation ability resulting from adding DS and DS/PPZn.
Figure 6 shows the WAXD intensity curves of different PLA
blends. The crystal diffraction peaks of all PLLA blends were
located at 14.9° (010), 16.7° (110/200), 19.1° (203), and
22.3° (015). These peaks were all characterized to be & crystals
of PLA,” indicating that the crystal form of PLA was not
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Figure 7.

SEM images of the foamed PLA blends at different foaming temperatures.

Table 3. Cellular Structure Parameters of the Foamed PLA Blends

foaming temperature (°C) samples crystallinity (%)

120 PLLA 1.67
PLLA/PDLA 6.08
PLLA/DS 0
PLLA/PDLA/DS 10.20
PLLA/DS/PPZn 0
PLLA/PDLA/DS/PPZn 10.64

110 PLLA 1.67
PLLA/PDLA 7.58
PLLA/DS 7.29
PLLA/PDLA/DS 10.20
PLLA/DS/PPZn 0
PLLA/PDLA/DS/PPZn 10.64

100 PLLA 1.67
PLLA/PDLA 7.58
PLLA/DS 7.29
PLLA/PDLA/DS 15.80
PLLA/DS/PPZn 0
PLLA/PDLA/DS/PPZn 10.64

density (g/cm?)

expansion ratio  cell density (cell/cm?) cell size (um)

0.189 6.6 4.17 x 10° 104 + 63-31
0.118 10.6 921 x 10° 241 + 11-38
0.128 9.8 431 x 10° 275 + 220-93
0.083 15.0 3.11 x 10° 411 + 201-99
0.158 7.9 5.53 x 10° 255 + 116—102
0.077 16.2 3.61 x 10° 545 + 107—203
0.231 54 2.07 X 10° 132 + 41—42
0.169 7.4 439 x 10° 211 + 30-28
0.198 6.3 2.63 x 10° 129 + 34-25
0.134 9.3 7.17 X 10° 254 + 57—62
0.231 5.4 497 X 10° 178 + 98—75
0.147 8.5 8.26 x 10° 223 + 140—113
0.595 2.1 2.73 X 10° 127 + 184-=75
0.245 5.1 3.70 x 10° 139 + 43—66
0.391 32 6.76 X 10° 135 + 61—64
0.321 3.9 6.84 X 10° 123 + 101-71
0.338 3.7 5.35 X 10° 147 + 115—101
0.291 43 823 x 10° 159 + 72—117

changed by the strategy of adding DS and PPZn. For the
PLLA/PDLA blends, besides the diffraction peaks of a crystals,
extra characteristic diffractions peaks occurred at 12.0, 20.8,
and 24.0°, which correspond to the (110), (300/030), and
(220) crystalline planes of Sc crystals, respectively.”® This
indicated the coexistence of « crystals and Sc crystals.
However, the characteristic diffractions of Sc crystallites were
stronger in PLLA/PDLAs; while those of a crystallites were
relatively weaker compared with that of PLLAs. It suggests the
competitive relationship between the @ crystallization and the
Sc crystallization. The generation of Sc crystals could restrict
the formation of & crystals, which was in agreement with the
DSC results.

2.4. Foaming Behavior of PLA Blends. Figure 7 and
Table 3 display the cellular morphologies of the PLA blends at
three different foaming temperatures and the corresponding
cellular parameters. The cellular structures of PLA foams could
be changed via different crystallization-induced methods.

The foaming temperature is a factor that controls the cellular
structure of the PLA foam. As shown in Figure 7, all the PLA
foams exhibited a separated-sphere cellular morphology with a
non-uniform cell size at a low foaming temperature (100 °C).
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The main reason was that the high melt viscosity of PLA
arising from the low temperature brought extra resistance to
cell growth; thus, the cells in the PLA matrix were difficult to
grow to a large size and finally remained in a spherical
morphology. In the case of the medium foaming temperature
condition (110 °C), the resistance to cell growth reduced with
the decrease of melt viscosity. Based on that, cells in the PLA
matrix could further grow to contact and impact each other,
which led to a polyhedral cellular morphology. The cellular
parameters as shown in Table 3 implied that both the cell size
and expansion ratio increased with the increment of foaming
temperature. The greatest change in the cellular structure
occurred in PLLA/PDLA/DS. Its expansion ratio and cell size
increased from 3.9 and 123 to 9.3 and 254 um, respectively. A
further increase of the foaming temperature to 120 °C brought
a very low melt viscosity and weak cell growth resistance. At
this foaming temperature, most of the PLA foams exhibited a
typical polyhedral cellular morphology. However, PLLA/DS
and PLLA/DS/PPZn foams exhibited an open-cell structure
with many cells ruptured, which resulted from the crystal-
lization property. The addition of DS increased only the
crystallinity of PLA but did not improve the spherulite
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Figure 9. (a) Relationships between crystallinities and cell density of the PLA blends at different foaming temperatures. (b) Relationships between
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morphology (refer to Figure 4). Table 3 also shows that the
foaming temperature had a more significant effect on the
cellular structure of PLLA/PDLA/DS/PPZn. Its expansion
ratio and cell size increased from 4.3 and 159 to 16.2 and 545
um, respectively. Hence, it was anticipated that the change in
the foaming temperature would control the melt viscosity of
PLA in the foaming process. The higher the foaming
temperature, the lower the melt viscosity was, thus the larger
the cell size was.

In order to study the effect of Sc crystals on the foamability
of PLA, dynamic shear rheological experiments were carried
out. Figure 8a shows the relationship of the storage modulus
(G’) of the PLLA blends and the PLLA/PDLA blends versus
the angle frequency. The change of melt elasticity could be
directly characterized by the increase of the G’ value. It could
be observed that the G’ values of the PLLA/PDLA blends were
much higher than those of PLLA blends. This was due to the
chain physical entanglements caused by the Sc crystals in the
matrix. Figure 8b shows the relationship of loss angle (tan &) of
the PLLA blends and the PLLA/PDLA blends as a function of
angular frequency. The lag angle, 9, is the angle that the stress
lagged behind the strain while the melt was under an
alternating stress field. The term tan O refers to the ratio of
viscous to elastic contributions. The smaller the tan §, the
faster the melt elastic response was and the greater the melt
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elasticity was. In the case of PLLA/PDLA blends, the tan &
values were related to the chain entanglement structure. The
tan & values of PLLA blends were higher, which is a typical
terminal behavior of liquid-like melts. The tan § values of the
PLLA/PDLA blends were obviously smaller than those of
PLLA blends at the same frequency, which implied that the
elastic contribution was increased by the existence of Sc
crystals. The Sc crystals acted as physical network points;
therefore, the melt strength of PLA was improved, which was
favorable for the foaming purpose.

The crystallinity of PLA at a constant foaming temperature
is the second factor that affects the cellular structure of the
PLA foam. As shown in the previous DSC results, different
PLAs had different T, values and crystallinities. Therefore,
PLAs may be in the melt state, crystalline state, or melt/
crystalline transition state at a certain foaming temperature.
Figure 9 shows the relationships between the crystallinities and
the cellular structure parameters of various PLA blends at
different foaming temperatures. The mentioned crystallinity
value is the sum value of a crystallinity and Sc crystallinity. The
crystallinity value equals half of the crystallinity of the crystal
form when the foaming temperature is close to the melting
peak temperature. As shown in Figure 9a, PLA with proper
crystallinity (~6%) had the highest cell density of 10 cell/cm?,
whereas the cell density was only 10° cell/cm® for either high
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Figure 10. Schematic of the mechanism for controlling the cellular structures of the PLA blends.

or low crystallinity. This could be attributed to the
heterogeneous nucleation capability of the crystalline zones.
When crystallinity was low, the heterogeneous nucleation
effect was weak, resulting in a low cell density. When
crystallinity was 10% or above, the volume fraction of foamable
amorphous PLA reduced and the cell growth resistance
increased, also resulting in a low cell density. Figure 9b
shows the relationship of the expansion ratio, the foaming
temperature, and the crystallinity. With the increase of the
foaming temperature from 100 to 120 °C, the expansion ratio
of PLA foams was obviously increased due to the decrease of
the melt viscosity. The cells were easier to grow bigger because
the cell growth resistance was reduced. It also demonstrated
that achieving proper crystallinity could be adopted as an
effective method to form a fine cell structure and a high
expansion ratio foam. This is because a proper crystallinity
reduced the escape of foaming gases.””” Interestingly, in the
case of PLLA/PDLA/DS/PPZn, it had the highest crystallinity
of 32.82%; however, its foam also had the highest expansion
ratio of 16.2. The reason was that its high crystallinity was
mainly due to the Sc crystals. In the previous study, we
revealed that the presence of Sc crystals could facilitate the
improvement of PLA’s foamability.”' Therefore, controlling
the crystallinity could change the foaming structure parame-
ters.

The addition of various crystallization-promoting agents is
the third factor that controls the cellular structure of the PLA
foam. The DSC results indicated that the addition of PDLA,
DS, and PPZn could change the PLA’s crystal form and
crystallinity. The crystallinity of PLA blends varied from 0 to
17% in the foaming process. For the purpose of improving the
expansion ratio, the synergistic effect of DS with PPZn was
generally stronger than the effect of using DS solely. However,
for the purpose of enhancing the cell density, adding DS alone
was effective than adding DS and PPZn simultaneously.

Therefore, adding various crystallization-promoting agents
led to different crystals, T,, values, and crystallinities of PLA.
This, in turn, had a dramatic effect on foamability, which led to
different cellular morphologies of PLA. Thus, a variety of PLA
foams with various cellular morphologies could be obtained
through the crystallization-induced strategy. The PLLA/
PDLA/DS/PPZn shows high crystallinity (16.22%) and
expansion ratio value (16.2), which surpass those of most of
the PLA foams without chemical modification published
previously as shown in Figure 9c.

2.5. Mechanisms. Figure 10 shows the schematic of the
mechanism of crystallization-induced foaming technology of
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PLA. Mixing PLLA with PDLA could induce the unmolten Sc
crystals in the foaming process. However, adding DS and PPZn
could further control the crystallinity and fraction of Sc crystals
and a crystals. The predominant mechanisms of improving
PLA crystallization through adding DS and PPZn were
different. The melting point of DS was around 93 °C. At
190 °C, DS and PLA were both in molten states. Hence, DS
easily disperses at the molecular level in the PLA matrix. On
cooling, the hydrogen bonding interaction between the
hydroxyl groups of DS and the carbonyl groups of PLA chains
could be effectively developed. This hydrogen bonding twisted
and folded the PLA chain segments to promote the orderly
stacking of PLA chains, which favored the crystallization
nucleation.”” The detailed mechanism is shown in Supporting
Information, Figure S3. Moreover, in PPZn’s chemical
structure, the metal ions, Zn**, could form an inner polar
layer shielded by two non-polar layers of aromatic rings. These
non-polar surfaces interacted through weak van der Waals
contacts, which were easily exfoliated. In crystallization, the
PLA crystals would epitaxially grow on the surface of exfoliated
PPZn. The growth of one crystal on the other was controlled
by matching the two lattice planes in contact. PPZn possessed
an orthorhombic cell with lattice parameters a = 0.566 nm, b =
1.445 nm, and ¢ = 0.480 nm. In PLA « crystals, the chains were
packed in an orthorhombic unit cell with dimensions a = 1.034
nm, b = 0.597 nm, and ¢ = 2.88 nm. The length of the ¢ axis of
a crystals was twice that of the b axis of PPZn, with a tiny
mismatching value of 0.3%. This excellent matching suggested
that PLA crystals could grow on the PPZn surface via a templet
mechanism.” The detailed mechanism is shown in Supporting
Information, Figure S4. By means of the above adding
strategies, PLA with a highly controllable crystalline morphol-
ogy, high crystallinity, as well as rapid crystallization could be
obtained even in a non-isothermal cooling process (refer to
Figures 1 and 2 and Tables 1 and 2). The induced
crystallization affected the foaming behavior in two aspects.
First, the dissolution and transport of CO, molecules in the
PLA matrix only occurred in the amorphous phase, while the
crystalline phase acted as a barrier for diffusing CO, molecules.
Thus, the crystallinity also provided a resistance to cell growth,
disrupting the aggressive foaming trends and ensuring a fine
cell structure.” Second, the cell nucleation was controlled by
the crystallization of PLA. The activation energy barrier of cell
nucleation on the spherulite surfaces was low, which means
that more cells could form around the spherulites via a
heterogeneous nucleation mechanism.*® Hence, cells in the
PLA matrix could nucleate and grow more efficiently in the
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foaming process. This led to a foam with a high cell density.
The presence of Sc crystals could improve PLA’s foamability,
which in turn increase the expansion ratio of the PLA foam.
Consequently, inducing desirable crystallization property of
PLA could facilitate the foaming process to change the cell
nucleation and growth paths. Thus, a PLA foam with a high
expansion ratio and a uniform cellular morphology can be
easily prepared.

3. CONCLUSIONS

As described above, a novel crystallization-promoting agent
(DS/PPZn/CO,) was developed to improve PLA’s crystal-
lization and to control its foaming behavior. In the process, DS
and PPZn could serve as efficient crystallization modifiers for
changing the crystallinity and T, of PLA. The results showed
that adding DS and PPZn simultaneously could increase the o
crystallinity of PLA from 1.67 to 33.12%, which was 19.38
times that of PLLA. As for Sc crystals, adding DS could
increase the Sc crystallinity of PLA from 4.58 to 10.20%, but
adding DS and PPZn simultaneously could only increase the
Sc crystallinity of PLA to 10.64%. It also demonstrated that
PPZn had a stronger selective nucleation ability for a/Sc
crystal forms. Moreover, with the assistance of a high-pressure
CO, fluid, the Sc crystallinity of PLA could further increase to
12.44%. In brief, PLA with a high a crystallinity was prepared
by adding DS and PPZn, and PLA with a high Sc crystallinity
could be prepared by adding DS. Subsequently, a variety of
cellular morphologies were developed by changing crystal-
lization behaviors. The foaming experiments revealed that PLA
with a fine spherulite morphology, a crystallinity of 6%, and
rapid crystallization ability had the highest cell density of 4.36
X 10° cell/cm?. Besides, when the foaming temperature was
higher than the T, of a crystals, and the Sc crystallinity was
above 10%, PLA had a superior melting strength and its
foaming expansion ratio could reach 16.2. A variety of cellular
morphologies of PLA foams could be obtained by changing the
foaming temperature and the crystallization property. In a
word, controlling the Sc/a crystallinity and Ty, of & crystals is
an efficient approach for optimizing the foamability of PLA.

4. EXPERIMENTAL SECTION

4.1. Materials. PLLA (2002D) with a 96 mol % L-isomeric
content and a molecular weight of 15,000 g/mol was
purchased from NatureWorks, USA. PDLA (13000 C) with
a 99 mol % p-isomeric content and a molecular weight of
13,000 g/mol was obtained from Dai Gang, China. DS
(analytical reagent) was supplied by Aladdin, China. PPZn was
synthesized according to a previously reported procedure.”'

4.2. Preparation of PLA Blends and Their Foams.
4.2.1. Synthesis of PPZn. First, phenylphosphonic acid was
dissolved in water to form a solution with a concentration of
0.025 g/mL. One equivalent of ZnCl, was also dissolved in
water and then added to the stirred phenylphosphonic acid
solution, followed by the addition of 0.1 mol/L aqueous HCI
to reach a pH of 5—6. After that, the solution was filtered and
stirred in water at 50 °C for 36 h to improve the crystallinity.
The resultant product was filtered, washed with water, and
dried at 40 °C for 24 h. Finally, the resultant PPZn was
obtained through dehydration at 150 °C for 8 h.

4.2.2. Preparation of PLA Blends. The ingredients were
dried at 60 °C for 4 h to remove excess surface moisture. After
that, the resins, PLLA and PDLA, were mixed with DS and
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PPZn using a torque rheometer (XSS60, Kechuang, China)
with a rotor speed of 60 rpm at 190 °C for 8 min. As a control
sample, pure PLLA or PLLA/PDLA was mixed under the same
conditions. The resultant blends were cut into small pellets and
were pressed by compression-molding into a sheet form (2
mm X 10 mm X 10 mm) at 190 °C for 10 min. Then, the PLA
blend sheets were cooled down to 20 °C at a cooling rate of 10
°C/min using a compressor (LP-S-50, Labtech, Thailand).
After that, the samples were taken out for the subsequent
characterizations and foaming process (the photographs of
PLA blends are shown in Supporting Information, Figure S1).
All ingredients used in the formula are presented in Table 4.

Table 4. Weight Ratio of Each Component of the PLA
Blends (Unit: wt %)

serial no. PLLA PDLA DS PPZn
PLLA 100 0 0 0
PLLA/PDLA 90 10 0 0
PLLA/DS 97 0 3 0
PLLA/DS/PPZn 94 0 3 3
PLLA/PDLA/DS 87.3 9.7 3 0
PLLA/PDLA/DS/PPZn 84.6 9.4 3 3

4.2.3. Preparation of PLA Foams. The PLA foams were
prepared by the solid-state foaming technology using super-
critical CO, as a blowing agent (the details of the foaming
apparatus are shown in Supporting Information, Figure S2).
First, the PLA blends were placed in a customized autoclave.
Then, the samples in the autoclave were heated to the foaming
temperature at a rate of 10 °C/min using a programmed
temperature controller. The foaming temperature for each
sample was set to 100, 110, and 120 °C, respectively. The
foaming pressure and saturation time were set to 20 MPa and §
h, respectively. The injection of the supercritical CO, fluid was
achieved by using a syringe pump. A pressure transducer was
used to measure the pressure and a needle valve to release
pressure. When CO, completely diffused and dissolved into
PLA, a sudden pressure drop by the release of CO, from 20 to
0.1 MPa provided the driving force for cell growth. After that,
the foamed samples were cooled down to 30 °C at a cooling
rate of 20 °C/min in the autoclave, and were taken out from
the autoclave for the subsequent characterizations.

4.3. Analysis. 4.3.1. Non-Isothermal Crystallization
Analysis. The non-isothermal crystallization behaviors of the
PLA blends were characterized using a high-pressure differ-
ential scanning calorimetry (HP-DSC) system (HP204,
Netzsch, Germany) purged with nitrogen. All the PLA blends
were tested under two different pressure conditions (atmos-
pheric pressure and S MPa CO, pressure). The PLLA blends
were heated to 200 °C at a rate of 10 °C/min to study the
effects of DS and PPZn on the non-isothermal crystallization of
a crystals, while the PLLA/PDLA blends were heated to 250
°C at a rate of 10 °C/min to study the non-isothermal
crystallization of Sc/a crystals induced by the addition of
PPZn and DS.

The a and Sc crystallinity of PLA, y. and y, were calculated
using eqs 1 and 2, respectively

AH, — AH,,

= om0 100%

X
(1)
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*3 where AH,, and AH,_ are the melting enthalpy and the cold
crystallization enthalpy, respectively. wyis the weight fraction of
the crystallization-promoting agent in the blends. The a and Sc
melting enthalpies of 100% crystalline PLA are 93.6 and 142 J/
g, respectively.**

4.3.2. Isothermal Crystallization Analysis. The isothermal
crystallization behaviors of the PLA blends were also studied
by HP-DSC. All the samples were first eliminated thermal
histories. Then, the samples were cooled down at a rate of 40
°C/min to the isothermal temperatures of 115, 120, 125, and
130 °C. The effects of DS and PPZn on the isothermal
crystallization of PLA samples were studied.

4.3.3. Crystalline Form Analysis. The crystalline form of
PLA blends was measured by WAXD (SmartLab, Rigaku,
Japan). The X-ray source was Cu Ka radiation (4 = 1.542 A).
The diffractometer was operated at 30 kV and 15 mA, from §
to 40° at a scan rate of 2°/min.

4.3.4. Crystalline Morphology Observation. The morphol-
ogy of the crystalline zone was observed using a scanning
electron microscope (Nova-Nano450, FEI, USA). In order to
investigate the spherulite’s surface morphology, PLA blends
were heat compressed into a film form with 300 gm thickness
on a heating stage at 200 °C and then cooled to room
temperature at a cooling rate of 10 °C/min. After that, the film
samples were etched at 25 °C in a solution of 0.025 mol/L
NaOH in water—methanol (1:2, v/v) for 7 h. Then, the etched
samples were dried in a vacuum oven at 50 °C. Before SEM
observation, the samples were coated with gold using a sputter
coater (K550X, Quorum Technologies, Britain).

The spherulite morphologies of PLA blends were observed
using a polarized optical microscope (BX-51, Olympus, Japan)
equipped with a CCD camera. The samples were heated from
room temperature to 200 °C at 20 °C/min, held there for 5
min, then cooled to 120 °C at a cooling rate of 20 °C/min and
held for 20 min. The magnification ratio was 500.

4.3.5. Foaming Property Characterizations. The densities
of unfoamed and foamed samples, p and p; were measured
using a density balance (BSA623S, Sartorius, Germany). The
expansion ratio of the PLA foam is equal to p divided by p;

The cellular structures of PLA foams were observed using a
scanning electron microscope at an acceleration voltage of 3
kV. The magnification ratio was 400. The mean cell density,
N, can be calculated according to eq 3

3/2
N-=|— X expansion ratio
¢ (A) P 3)

*> where N and A are the number of cells observed in the SEM
image and the area of the SEM image, respectively. The mean
cell size value, R, can be calculated using eq 4

N,
2,‘:01 ri3

N

1/3
R =
(4)

9 where r, is the cell size of each cell measured by Image-Pro
Plus software.

4.3.6. Rheological Analysis. Rheological parameters of PLA
blends were recorded using a strain-controlled rheometer
(MARS Rheometer, Thermo Fisher, USA). The testing
temperature and fixture were 190 °C and parallel plates with
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a diameter of 20 mm and a gap of 1.0 mm, respectively. The
testing frequency range was set to 0.1—100 rad/s. The
maximum strain was fixed at 5% to confirm the linear
viscoelastic region. The storage modulus and loss factor values
were recorded at different frequencies.
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