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ABSTRACT: Biodegradable poly(r-lactide) (PLLA)/polyhedral oligomeric silsesquioxanes (POSS) nano-
composites were prepared in this work via solution and coagulation method at various POSS loadings in
order to get a better dispersion of POSS in the PLLA matrix. Scanning electron microscopy observation
indicates that POSS were nicely dispersed in the PLLA matrix. The overall crystallization rates are faster in
the PLLA/POSS nanocomposites than in neat PLLA and increase with increasing the POSS loading;
however, the crystallization mechanism and crystal structure of PLLA remain unchanged despite the
presence of POSS. The storage modulus has been apparently improved in the PLLA/POSS nanocomposites
with respect to neat PLLA, while the glass transition temperatures vary slightly between neat PLLA and the
PLLA/POSS nanocomposites. It is interesting to find that the hydrolytic degradation rates have been
enhanced obviously in the PLLA/POSS nanocomposites than in neat PLLA, which may be of great use and
importance for the wider practical application of PLLA. The erosion mechanism of neat PLLA and the
PLLA/POSS nanocomposites was further discussed.

Introduction

Poly(r-lactic acid) (PLLA) is a renewable, biodegradable, and
biocompatible thermoplastic polymer, which has found practical
application in the medical, agricultural, and general-purpose
plastics fields.'~* However, its relatively poor mechanical proper-
ties, slow crystallization rate, and slow degradation rate have
limited its further practical application. In order to overcome
these disadvantages, copolymer synthesis, polymer blendm§ and
reinforced composite methods have been developed The
crystallization of PLLA has been enhanced in the presence of
nucleating agents Tsu]1 et al. studied the nonisothermal melt
crystallization of PLLA in the presence of various additives and
found that the acceleration effects of additives on the overall
crystallization of PLLA during cooling from the melt decreased
in the following order: poly(p-lactic acid) > talc > C60 >
montmorillonite > polysaccharides.'' Recently, Tsuji et al. also
found that the nucleation of PLLA is significantly enhanced in
the presence of biodegradable poly(glycollc acid) (PGA)evenata
PGA content as low as 0.1 wt %.'> Zhou et al. found that
carbonated hydroxyapatite acted as an efficient nucleating agent
of PLLA, which enhanced the nucleation rate but reduced the
spherulite growth rate at the same time.'* The aforementioned
studies mainly focus on the enhancement of crystallization of
PLLA in the presence of nucleating agent; however, much less
attention has been directed to the effect of the presence of
nucleating agents on the mechanical properties and degradation
behavior of PLLA.

Of particular interest is the recently developed nanocomposite
technology consisting of carbon nanotubes (CNT) and layered
silicate (clay) nanocomposites. The PLLA/CNT nanocomposites
studies show that the crystallization of PLLA is accelerated, the
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hydrolytic degradation of PLLA is enhanced, and the mechanical,
electrical, and thermal properties are improved after nanocompo-
sites preparation.'*”"” The PLLA /clay nanocomposites represent
an interesting class of materials due to the variety of structural
forms possible to obtain (intercalated, exfoliated, and mixed),
leading to significant improvement of the physical properties.'® !

The new three-dimensional nanofiller polyhedral oligomeric
silsesquioxanes (POSS) have emerged as a new class of nanofillers
for the preparation of higher performance nanostructured organic—
inorganic composites in comparison with other inorganic nano-
fillers.*** Until now, a number of works on POSS copolymers have
been reported in the past few years;>*~>> however, polymer blending
and nanocomposites preparation seem attractive owing to the
advantages of being inexpensive and easy industrial implementa-
tion. A majority of polymers blended with POSS have been
reported; among these studies most of them are traditional polymers
such as polyethylene (PE), polypropylene (PP), poly(methyl metha-
crylate) (PMMA), poly(methylvmylsﬂoxane) (PMVS) elastomers,
and polyimide (PT).**

It should be noted that biodegradable polymer nanocompo-
sites comprising POSS by physical blending have not attracted
much more consideration yet.>* >’ In our recent work,*® a
biodegradable PLLA/POSS nanocomposite was prepared by
the solution casting method; however, POSS tended to agglome-
rate during slow solvent evaporation, leading to a relatively
serious aggregation of POSS in the polymer matrix. Du et al.
have recently developed a versatile solution and coagulation
method that involves pouring a nanofillers/polymer suspension
into an excess of nonsolvent and found that a good dispersion of
single-wall carbon nanotubes could be achieved in the polymer
nanocomposites.*’

In this work, biodegradable PLLA/POSS nanocomposites
were prepared via solution and coagulation method at various
POSS loadings ranging from 1 to 10 wt % in order to get a better
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dispersion of POSS in the PLLA matrix. Moreover, the influence
of POSS on the crystallization, mechanical properties, and
hydrolytic degradation of PLLA was investigated in detail with
various techniques.

Experimental Section

PLLA (M,, = 1.58 x 10°) was kindly provided by Biomer Co.,
Germany. Octaisobutyl POSS was purchased from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. From now on, POSS was
used in place of octaisobutyl POSS for brevity throughout the
work. The PLLA/POSS nanocomposites were prepared through
a solution and coagulation method with the addition of 1, 5, and
10 wt % POSS contents. For the fabrication of the nanocompo-
sites, the following process was employed. First, appropriate
amounts of PLLA and POSS were dissolved separately in chloro-
form. Second, the PLLA solution and the POSS solution were
mixed together and stirred with sonication for 1 h. Third, the
solution was precipitated into an excess of methanol, and then the
filtering process was followed. Finally, the products were dried at
70 °C under vacuum for 3 days to remove the solvent completely. For
brevity, the nanocomposites containing 1, 5, and 10 wt % of POSS
are abbreviated as POSS-1, POSS-5, and POSS-10 from now on.

The morphology of the PLLA/POSS nanocomposites was
observed using a Hitachi S-4700 scanning electron microscope
(SEM). All specimens were coated with gold before examination.

Isothermal melt crystallization of neat PLLA and the PLLA/
POSS nanocomposites was studied using a TA Instruments
differential scanning calorimetry (DSC) Q100 with a Universal
Analysis 2000. The samples were heated to 190 at 20 °C/min, held
for 3 min to erase any thermal history, cooled to the desired
crystallization temperature (7,) at 40 °C/min, and held for a
period of time until the isothermal crystallization was complete.
The exothermal traces were recorded for the later data analysis.

An optical microscope (POM) (Olympus BX51) equipped with
a temperature controller (Linkam THMS 600) was used to
investigate the spherulitic morphology of neat PLLA and the
PLLA/POSS nanocomposites.

Wide-angle X-ray diffraction (WAXD) experiments were per-
formed on a Rigaku D/Max 2500 VB2t/PC X-ray diffractometer
at room temperature in the range of 5°—40° with a scanning rate
of 4°/min. The Cu Ka radiation (4 = 0.154 18 nm) source was
operated at 40 kV and 200 mA. The samples were first pressed
into films with a thickness of around 0.6 mm on a hot stage at
190 °C and then transferred into a vacuum oven at 125 °C for 3 days.

For the dynamic mechanical analysis and hydrolytic degrada-
tion studies, the samples were molded into thick films on a hot
press under a pressure of 10 MPa at 190 °C and further quenched
into ice water. The obtained films were amorphous on the basis of
the WAXD experiment. The thickness of the films was around
1 mm. Dynamic mechanical analysis (DMA) was performed on
the samples of 42 mm x 8 mm x | mm in size using a dynamic
mechanical analyzer from Rheometric Scientific Inc. under ten-
sion film mode in a temperature range of —10 to 150 °C at a
frequency of 1 Hz and 3 °C/min.

The hydrolytic degradation of neat PLLA and its nano-
composites was carried out in sodium hydroxide (NaOH) solu-
tion (pH = 13) at 37 °C. The degradation of neat PLLA and its
nanocomposites was determined by the variation of weight loss
with degradation time. The weight loss coefficient W, (%)
was evaluated by the following relationship: W, (%) = 100 x
(Wo — W _ariea)] Wo, Wwhere W is the initial weight and W,_qgeq 18
the weight of sample subjected to hydrolytic degradation for
time 7 and drying in vacuum. Three specimens were used to obtain
the average W, values. Moreover, the hydrolytic degradation
rate R was determined by the following relationship, i.e., R =
dWoss.o/dt, where W, is the weight loss and ¢ is the exposed
time in NaOH solution. The molecular weight of the residual
PLLA after degradation was measured by gel permeation chro-
matography (GPC) (Waters).
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Figure 1. SEM images showing an overall morphology of fracture
surface for a POSS-5 nanocomposite.

Results and Discussion

Morphology and Dispersion of POSS in the PLLA Matrix.
It is well-known that the dispersion of POSS in the polymer
matrix plays a dominant role of influencing the physical proper-
ties of biodegradable polymers. The fracture surface morpho-
logy of the PLLA/POSS nanocomposites samples was studied
with SEM first. Figure 1 shows the SEM image of a POSS-5
sample as an example. It can be seen from Figure 1 that several
white particles are randomly dispersed within the PLLA matrix
as separate crystals. A fine dispersion of POSS is achieved in the
PLLA matrix since the submicrometer aggregates with dimen-
sions ranging from around 100 to 200 nm are found. Similar
results are also found for the POSS-1 and POSS-10 samples. For
brevity, the SEM images are not shown here. However, the
dimension of the aggregates is about 200—400 nm when the
PLLA/POSS nanocomposite was prepared via the solution
casting method.*® The formation of submicrometer aggregates
of POSS particles indicates that there are somewhat compati-
bility between POSS and the PLLA matrix, which may be due to
the modification of the isobutyl group of POSS. However, it is
reported that in the PP/octaisobutyl POSS and low-density
polyethylene (LLDPE)/octamethyl POSS nanocomposites the
aggregation of POSS is serious, leading to microaggregates.®>*!
It should also be noted that the PLLA/POSS nanocomposites
were prepared via the solution and coagulation method in this
work while the LLDPE/octamethyl POSS and PP/octaisobutyl
POSS nanocomposites were prepared via the melt compounding
technique. The solution and coagulation method actually pro-
vides a better dispersion of POSS in the polymer matrix than the
melt compounding method, which should be of great importance
in studying the structure and properties relationship of bio-
degradable polymer/POSS nanocomposites.

Effect of POSS on the Isothermal Melt Crystallization of
PLLA. Itis of great interest to investigate the addition of POSS
on the crystallization of PLLA in the PLLA/POSS nanocom-
posites. As introduced in the Experimental Section, the overall
isothermal crystallization kinetics of neat PLLA and its nano-
composites was studied with DSC in a temperature range from
126 to 134 °C. The effect of the POSS loading on the isothermal
melt crystallization of PLLA was studied first. Figure 2a shows
the plots of relative crystallinity against crystallization time at
128 °C. It can be seen from Figure 2a that all these curves have
the similar sigmoid shape. Furthermore, the corresponding
crystallization time for the PLLA/POSS nanocomposites be-
comes shorter with increasing the POSS loading. For example,
it took neat PLLA almost 60 min to complete crystallization at
128 °C; however, for the POSS-1, POSS-5, and POSS-10 nano-
composites, the time required to finish crystallization became
only around 40, 31, and 21 min, respectively. It is clear that the
addition of POSS enhances the isothermal melt crystallization
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Figure 2. (a) Variation of relative crystallinity with crystallization time
for neat PLLA and its nanocomposites at 128 °C and (b) the related
Avrami plots.

of PLLA compared with neat PLLA; moreover, the crystal-
lization rate is increased with increasing the POSS content.

The well-known Avrami equation is often used to analyze
the isothermal crystallization kinetics;*** it assumes that
the relative degree of crystallinity develops with crystalliza-
tion time ¢ as

1 =X, =exp(—kt") (1)

where X, is the relative degree of crystallinity at time 7, nis the
Avrami exponent depending on the nature of nucleation and
growth geometry of the crystals, and & is the crystallization
rate constant involving both nucleation and growth rate
parameters.‘m’45 In the case of the DSC experiment, X, at
crystallization time ¢ is defined as the ratio of the area under
the exothermic curve between the onset crystallization time
and the crystallization time ¢ to the whole area under the
exothermic curve from the onset crystallization time to the
end crystallization time. Figure 2b shows the Avrami plots of
neat PLLA and its nanocomposites crystallized at 128 °C as
an example, from which the Avrami parameters n and k can
be obtained from the slopes and the intercepts, respectively.

The obtained Avrami parameters of neat PLLA and its
nanocomposites are summarized in Table 1, from which it
can be seen that the average values of n are around 2.3 for
neat PLLA and 2.2 for its nanocomposites at the investigated
T.s. The almost unchanged n suggests that the incorporation
of POSS may not change the crystallization mechanism of
PLLA in the PLLA/POSS nanocomposites.*> Moreover, the
values of k are also listed in Table 1.

However, it should be noted that it is difficult to compare
the overall crystallization rate directly from the values of k
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Figure 3. Temperature dependences of (a) 7,5 and (b) 1/¢y 5 for neat
PLLA and its nanocomposites at various 7s.

Table 1. Summary of Isothermal Crystallization Kinetics of
Neat PLLA and the PLLA/POSS Nanocomposites at
Different Crystallization Temperatures

samples T. (°C) n k (min™")
neat PLLA 126 22 191 x 103
128 2.3 5.50x107*

130 23 3.47x 1074

132 2.3 2.69%x107*

134 24 5.75%x107°

POSS-1 126 2.2 3.63x 1073
128 22 1.18x 1073

130 2.2 494 x107*

132 2.1 8.13x107*

134 2.4 1.07x 107*

POSS-5 126 2.0 8.47x 1073
128 2.1 437%x1073

130 2.1 236x 1073

132 23 7.69x 1074

134 25 251 x10°*

POSS-10 126 22 1.02x 1072
128 2.1 8.12x 1073

130 22 3.25%x 1073

132 2.2 234%x1073

134 2.2 1.62x 1073

because the unit of k is min~ " and #n is not constant. Thus, the
half-time of crystallization ¢, s, the time required to achieve
50% of the final crystallinity of the samples, is introduced for
the discussion of crystallization kinetics. The value of 7, 5 is
calculated by the following equation:

o= (52)" @

Parts a and b of Figure 3 illustrate the variations of 7y s and
1/ty.5 with T, for neat PLLA and its three nanocomposites,
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Figure 4. POM images of neat PLLA and its nanocomposites with
different POSS loadings (with the same tool bar): (a) neat PLLA,
(b) POSS-1, (c) POSS-5, and (d) POSS-10.

respectively, from which the effects of 7. and the POSS
loading on the variation of overall crystallization rate can be
obtained clearly. As shown in Figure 3, the values of #( s
increase while the values of 1/ 5 decrease with increasing
T. for both neat PLLA and its nanocomposites. Such varia-
tions indicate that the overall isothermal crystallization rate
decreases with increasing 7. due to the low supercooling in
the chosen crystallization temperature range. In addition,
the values of 7y 5 for the nanocomposites are smaller than
those of neat PLLA at a given T, indicating again that the
crystallization process of PLLA is accelerated after nano-
composite preparation, which may be due to the hetero-
geneous nucleation agent effect of POSS. It can also be seen
from Figure 3b that the values of 1/¢, 5 increase with increas-
ing the POSS loading in the PLLA/POSS nanocomposites,
suggesting that the POSS loading has a significant effect of
accelerating the crystallization of PLLA. The DSC results
reported herein are consistent with the spherulitic morpho-
logy and growth studies in the following section.

Spherulitic morphology of neat PLLA and its nanocom-
posite was studied with POM. Figure 4 shows the spherulitic
morphology of neat PLLA and its nanocomposites isother-
mally crystallized at 125 °C. It can be seen from Figure 4a
that the well-developed spherulites grow to a size of about
50 um in diameter, and the boundaries can be seen clearly for
neat PLLA. Parts b, ¢, and d of Figure 4 illustrate the POM
images of the nanocomposites with the POSS loading from
1 to 10 wt %. It is obvious that the size of PLLA spherulites
becomes smaller, and the spherulites boundaries are obs-
curer with increasing the POSS content. The nucleation
density of PLLA spherulites increases in the presence of
POSS in the PLLA/POSS nanocomposites because of their
nucleation agent effect. In conclusion, the presence of POSS
and their contents in the PLLA matrix have a significant
influence on the spherulitic morphology and the overall
crystallization process of PLLA.

WAXD experiments were performed to investigate the
effect of the addition of POSS on the crystal structure of
PLLA in the PLLA/POSS nanocomposites. Three crystal
modifications, including o, 5, and y forms, have been
reported for PLLA.***7 Crystallization from the melt usual-
ly leads to o form, which is the most common polymorph.
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Figure 5. WAXD patterns of neat PLLA and its nanocomposites.

Recently, a new crystal modification o’ has also been
found.** " The formation of the metastable o’ -form crystals
of PLLA is kinetically preferential, while that of the thermally
stable o-form crystals is thermodynamically favored. It has
been found that the disorder o and order o phases are
formed at low (7.<100 °C) and high (7.>120 °C) temp-
eratures, respectively. In the previous section, the isothermal
crystallization kinetics of neat PLLA and its nanocomposites
was studied in the temperature range of 126—134 °C; thus, it
is believed that they all crystallized in a form in this work. As
POSS appears to act as an effective nucleating agent for
PLLA, it would be of great interest to analyze whether it has
any effect in enhancing nucleation of either o or o form.
Such work needs further investigation.

In this work, the samples for the WAXD measurements
were crystallized at 125 °C; therefore, neat PLLA and its
nanocomposites crystallize in a form. In Figure 5, the pre-
sence of a number of strong diffraction peaks shows that
POSS are highly crystalline. For neat PLLA, two sharp
characteristic diffraction peaks are shown at 16.25° and
18.57°, corresponding to (200)/(110) and (203) planes, res-
pectively.’! Moreover, the nanocomposites also exhibit
nearly the same diffraction peaks at the same locations,
indicating that incorporating with POSS does not modify
the crystal structure of PLLA. In addition, the characteristic
diffraction peaks of POSS at around 7.89° and 8.77° appear
in the POSS-10 nanocomposite, suggesting that POSS exist
as the separate crystals or POSS particles are able to crystal-
lize when they are dispersed in the PLLA matrix. The
appearance of the diffraction peaks of POSS in the POSS-
10 nanocomposites may be related to the fact that the
agglomeration and crystallization of POSS particles are
easier at higher concentration. However, no clear POSS
characteristic peaks are found for the POSS-1 and POSS-5
nanocomposites probably due to the low POSS contents. In
brief, the crystal structure of PLLA remains unchanged
despite the addition of POSS in the PLLA/POSS nanocom-
posites.

Dynamic Mechanical Analysis. In the aforementioned
sections, it is found that the crystallization of PLLA is
enhanced after nanocomposites preparation. In this section,
the effect of POSS on the dynamic mechanical properties of
PLLA was studied. Parts a and b of Figure 6 show the
temperature dependence of storage modulus (£') and tan J,
the ratio of loss modulus to storage modulus, of neat PLLA
and the PLLA/POSS nanocomposites, respectively. From
Figure 6a, a considerable increase of the storage modulus is
found after the incorporation of POSS at low temperature in
the glass state (0—60 °C), indicating that the addition of
POSS particles induces a reinforcement effect. For example,
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Figure 6. Temperature dependence of (a) storage modulus and (b) tan &
for neat PLLA and its nanocomposites.

the value of £ is around 1875 MPa for neat PLLA at 20 °C,
which increases to around 2527, 2544, and 2640 MPa,
respectively, with increasing the POSS loading from 1 to
10 wt %. It should be noted that the increase in E' is signi-
ficant with the POSS loadings from 0 to 1 wt %; however, the
difference is slight with further increasing POSS loading
from 1 to 10 wt % in the PLLA matrix, indicating that such
effect is more pronounced at lower POSS content. The
significant improvement in £’ may be ascribed to the com-
bined effect of high performance and fine dispersion of
POSS. A similar phenomenon was also found in the
LLDPE/POSS nanocomposites.*' It was found that the
modulus of LLDPE/POSS nanocomposites was improved
after the incorporation of POSS. Furthermore, it is seen that
both neat PLLA and the PLLA/POSS nanocomposites
exhibit a sharp reduction of elastic modulus around 70 °C,
corresponding to the glass transition of PLLA. It should be
noted that E' of POSS-5 starts to decrease at a lower
temperature compared to other samples. The exact reason
is still uncertain, and further investigation is currently under-
way. In addition, the storage modulus difference between
neat PLLA and the PLLA/POSS nanocomposites is very
small and tends to zero in the temperature range of 70—
150 °C, suggesting that the nanocomposites stiffness become
matrix dependent at the rubbery state. From Figure 6b, the
glass transition temperatures for both neat PLLA and the
PLLA/POSS nanocomposites are estimated to be around
70 °C, indicating that the presence of POSS does not signi-
ficantly influence the segmental motion of PLLA in the
nanocomposites.

Hydrolytic Degradation. In the above sections, the effects
of POSS on the crystallization behavior and dynamic
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mechanical properties of PLLA were studied in the PLLA/
POSS nanocomposites. In this section, the effect of POSS on
the hydrolytic degradation of PLLA in the nanocomposites
was further investigated. Figure 7 shows the variation of
weight loss of neat PLLA and its nanocomposites with
exposed time during hydrolysis test. The values of weight
loss increase with prolonging exposed time for both neat
PLLA and its nanocomposites. As shown in Figure 7, mass
loss starts from the beginning of each degradation experi-
ment and shows almost linear variation of weight loss with
exposed time until 28 days. Since the weight loss shows
almost linear increase with hydrolytic degradation time,
the hydrolytic degradation rates of neat PLLA and the
PLLA/POSS nanocomposite are obtained from the slopes
of the plots of variation of weight loss with hydrolytic
degradation time. For neat PLLA, the hydrolytic degrada-
tion rate is around 1.76%/day; however, the hydrolytic
degradation rates are increased to be around 1.94, 2.57,
and 3.31%/day for the PLLA/POSS nanocomposites with
increasing the POSS loading from 1 to 10 wt %. It is obvious
that the nanocomposites degrade faster than neat PLLA,
indicating the loading of POSS accelerates the hydrolytic
degradation of PLLA in the nanocomposites; moreover, the
hydrolytic degradation rate increases with increasing the
POSS content. The results that polymer degrades faster in
the polymer nanocomposites than in neat polymer have also
been recently reported in the literature.’>>* Sinha Ray and
Paul have reported that the biodegradation and hydrolytic
degradation of the PLLA composites containing organo-
modified montmorillonite (MMT) and unmodified MMT
(microcomposites) are faster than those of neat PLLA.>>3

The weight-average molecular weight (M) of neat PLLA
and the PLLA/POSS nanocomposites were also studied
during the hydrolytic degradation process. It is found that
the M, values remain almost unchanged for both neat PLLA
and its nanocomposites during the hydrolytic degradation
process. The almost unchanged M., indicates that no signi-
ficant chain scission occurred for both neat PLLA and the
PLLA/POSS nanocomposite during the hydrolytic degrada-
tion process. Many factors may affect the degradation of
aliphatic polyesters, such as pH, temperature, morphology,
crystallinity, erosion mechanism, etc. In the present work,
the same environmental conditions, i.e., pH and tempera-
ture, were used in studying the hydrolytic degradation;
furthermore, both neat PLLA and the PLLA/POSS nano-
composite samples are amorphous prior to hydrolytic de-
gradation, suggesting that crystallinity is not a factor
influencing the hydrolytic degradation of PLLA in the
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Figure 8. SEM images showing the morphology of surface and cross-section for neat PLLA and POSS-5 samples: (a) surface of neat PLLA before
degradation; (b) cross section of neat PLLA before degradation; (c) surface of neat PLLA after a degradation of 19 days; (d) cross section of neat PLLA
after a degradation of 19 days; (e) surface of POSS-5 after a degradation of 19 days; (f) cross section of POSS-5 after a degradation of 19 days.

present work. It is well-known that degradation of polymers
can be mainly classified into two typical types, i.e., surface
eroding and bulk eroding ones. In the case of ideal bulk
erosion, material is lost from the entire polymer volume;
moreover, the erosion rate depends on the total amount of
material and generally decreases as material is depleted.
Therefore, the length of time the polymer persists can be
altered by changes in chemical composition but not by the
size or shape of the materials. In the case of surface erosion,
material is lost from the polymer matrix exterior surface;
moreover, the erosion rate is directly proportional to ex-
ternal surface area and remains constant as the slab becomes
progressively thinner. For a surface-eroding polymer, the
erosion rate is essentially constant until the polymer is
completely eroded; therefore, control of the time span the
polymer persists can be achieved by not only changing its
chemical properties but also adjusting the dimensions and
shape of the material.** >® Therefore, it is interesting to

investigate further the erosion mechanism of neat PLLA
and its nanocomposites during the hydrolytic degradation
process. The almost unchanged hydrolytic degradation rates
and molecular weight suggest that the hydrolytic degrada-
tion of neat PLLA and the PLLA/POSS nanocomposite may
proceed via the surface erosion mechanism; thus, only the
surface of the samples was eroded while the internal re-
mained almost unchanged during the degradation process.
Moreover, the almost unchanged molecular weight indicates
that there is no evident chain scission during hydrolytic
degradation.

In order to investigate the erosion mechanism, the surface
and cross-section images of neat PLLA and the PLLA/POSS
nanocomposites were studied with SEM. Parts a—d of
Figure 8 illustrate the SEM images of neat PLLA before
and after hydrolytic degradation. Figure 8a,b shows the
surface and cross-section images of neat PLLA prior to
hydrolytic degradation, while Figure 8c,d shows the surface
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and cross-section images of neat PLLA after a hydrolytic
degradation of 19 days. It is obvious from parts a and ¢ of
Figure 8 that the surface of neat PLLA is very smooth before
degradation while that of degraded neat PLLA becomes
blemished and appears cell-like spots structure. On the
contrary, no apparent morphology change takes place in
the inside of the films from the cross-section images study as
shown in parts b and d of Figure 8; however, the film
thickness of neat PLLA decreased after a hydrolytic degra-
dation, indicating again that the hydrolytic degradation of
neat PLLA may proceed via surface erosion mechanism.
Similarly, the morphological changes of the surface and
cross-section images for the PLLA/POSS nanocomposites
were also studied for comparison. Parts e and f of Figure 8
show the corresponding surface and cross-section SEM
images of a POSS-5 nanocomposite after a hydrolytic de-
gradation of 19 days as an example. The surface of the POSS-5
nanocomposite shown in Figure 8e is rougher than that of
neat PLLA shown in Figure 8c after a hydrolytic degrada-
tion of 19 days; moreover, the films tend to become thinner in
the POSS-5 nanocomposite than in neat PLLA if we com-
pare the cross-section images shown in Figure 8d.f after a
hydrolytic degradation. The variation of the film thickness
suggests that surface erosion still occurred despite the pre-
sence of POSS in the PLLA/POSS nanocomposite; further-
more, increasing the POSS loading accelerates the hydrolytic
process. Similar results are also found in the POSS-1 and
POSS-10 samples. For brevity, the results are not shown
here.

From the above studies, it can be deduced that the hydro-
lytic degradation of both neat PLLA and the PLLA/POSS
nanocomposites occurred at the surface of the films. Such
results are consistent with the previous research conclusion
that the erosion of PLLA process proceeds via surface
erosion in alkaline solution.”*”®" During the hydrolytic
degradation, both the weight and thickness of the films
decreased with time, while the molecular weight remained
almost unchanged. The hydrolytic degradation rates are
faster in the PLLA/POSS nanocomposites than in neat
PLLA and increase with the POSS loading; however, the
exact reason is still unknown and needs further investigation.

Conclusions

Biodegradable PLLA/POSS nanocomposites were prepared
via the solution and coagulation method at various POSS
loadings from 1 to 10 wt %. The crystallization, dynamic
mechanical properties, and hydrolytic degradation of neat PLLA
and the PLLA/POSS nanocomposites were investigated in detail
with various techniques. The following conclusions were ob-
tained:

1. SEM observation indicates that POSS were nicely dispersed
in the PLLA matrix, forming submicrometer aggregates at a size
of around 100—200 nm. The nice distribution and the size of the
aggregates of POSS suggest that the solution and coagulation
method is an efficient method for preparing POSS containing
polymer nanocomposites.

2. Isothermal melt crystallization studies show that the overall
crystallization rates are faster in the PLLA/POSS nanocompo-
sites than in neat PLLA and increase with increasing the POSS
loading; however, the crystallization mechanism and crystal
structure of PLLA remain unchanged despite the presence of
POSS.

3. Compared with neat PLLA, the incorporation of POSS has
improved apparently the storage modulus of the PLLA/POSS
nanocomposites, with this effect being more pronounced at lower
POSS content; however, the glass transition temperatures vary
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slightly between neat PLLA and the PLLA/POSS nanocompo-
sites. The exciting result of this work is that the hydrolytic
degradation rates have been enhanced obviously in the PLLA/
POSS nanocomposites than in neat PLLA, which may be of great
use and importance for the wider practical application of PLLA.
The erosion mechanism of neat PLLA and the PLLA/POSS
nanocomposites was further discussed, and the hydrolytic de-
gradation of neat PLLA and the PLLA/POSS nanocomposites
may proceed via surface erosion.
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