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ABSTRACT: Octavinyl POSS (vPOSS) and epoxycyclo-
hexyl POSS (ePOSS) were separately incorporated into
the poly(lactic acid)/poly(butylene succinate-co-adipate)
(PLA/PBSA) blend by melt mixing. Field emission scan-
ning electron microscopy and X-ray diffraction analysis
revealed that vPOSS existed as crystalline aggregates,
whereas ePOSS was more uniformly dispersed in the com-
posites. The storage modulus and complex viscosity
slightly decreased after the addition of vPOSS, but signifi-
cantly increased after the addition of ePOSS, indicating the
higher melt elasicity and broader processing window of
the PLA/PBSA after the addition of ePOSS. The chloro-
form solutions of PLA/PBSA/ePOSS composites were tur-
bid in appearance, and the extracted POSS showed
absorbant peaks assigned to the vibration of AOH and

AC¼¼O groups in the Fourier transform infrared spectros-
copy analysis, indicating the reactions between ePOSS and
the PLA/PBSA. Polarized optical microscopy analysis
revealed that the two types of POSS could act as nucleat-
ing agents for PLA, and enhance its crystallization ability.
Thermal gravimetric analysis showed that the addition of
the two types of POSS increased the decomposition tem-
perature and activation energy, consequently retarding the
thermal degradation of PLA/PBSA. The retardation of
degradation is more significant with the addition of
ePOSS, for the reactions reduced the end groups of PLA/
PBSA as well as the molecular chain mobility. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 113: 3095–3102, 2009
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INTRODUCTION

In recent years, polyhedral oligomeric silsesquiox-
anes (POSS) has received much interest as a new
type of nanofiller that offers the possibility of rein-
forcement and stabilization of polymers.1,2 POSS has
hybrid organic-inorganic structure characterized by
the general formula of (SiO1.5)nRn, which consists of
a silica cage with functional groups attached at the
cage corners. The chemistry of POSS is quite flexible
for it can be easily altered by chemically altering the
substituent groups. POSS molecules can be incorpo-
rated into polymers through polymerization or
direct blending to prepare the polymer nanocompo-
sites. POSS with different substituents have been
blended with a variety of petroleum-based poly-
mers, such as polyolefin,3–6 polystyrene,7 poly
(methyl methacrylate),8–10 polycarbonate,11,12 poly
(ethylene terephthalate),2,13–15 and poly(vinyl chlo-
ride)16,17 to improve the mechanical properties, ther-
mal stability, and rheological properties. For the
polymer/POSS composites, how to obtain a fine and
stable dispersion of POSS molecules within the poly-

mers is an important issue, which depends on the
interactions between POSS substituent groups and
the polymers.
Poly(lactic acid) (PLA), as a biodegradable polyes-

ter from renewable resources, has drawn great atten-
tion recently.18,19 The high strength, modulus, and
transparency of PLA make it a promising material
for the production of environmental friendly plas-
tics. However, the inherent brittleness of PLA is one
of the disadvantages that restrict its large-scale
application. Copolymerization, plasticization, and
blending of PLA with flexible polymers are success-
ful approaches to obtain the desirable mechanical
properties of PLA.20–23 Moreover, the low melt
strength and relatively narrow processing window
of PLA are the challenges in its processing and
application. The degradation of PLA melt occurs
with a combination of several mechanisms including
ring-closing depolymerization, transesterification,
thermohydrolysis, and thermo-oxidative degrada-
tion,24,25 accompanied with decreasing melt strength
due to the decrease in molecular weight. Some
approaches such as deactivation of hydroxyl and
carboxyl end groups by end capping,24,25 treating
PLA with peroxide or irradiation,26,27 chain exten-
sion,28,29 or blending with inorganic filler30–32 have
been adopted to improve the stability and process-
ability of PLA. Because POSS was reported to be
able to retard the changes of the thermal and
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rheological properties of polymers, it would be im-
portant to investigate the influence of POSS on the
processability and properties of PLA based
polymers.

In this study, PLA was blended with biodegrad-
able poly(butylene succinate-co-adipate) (PBSA) at a
fixed weight ratio of 70/30 for the sake of good duc-
tility of PLA.21 Octavinyl POSS and epoxycyclohexyl
POSS were separately incorporated into the PLA/
PBSA blend by melt mixing. Field emission scanning
electron microscopy (FESEM) and X-ray diffraction
(XRD) were used to investigate the microstructure of
the nanocomposites, and polarized optical micros-
copy (POM) was used to observe the crystallization
morphology. The thermal and rheological properties
of the materials were studied using thermal gravi-
metric analysis (TGA) and oscillatory rheology to
evaluate the stabilization. The interactions between
POSS and the PLA/PBSA matrix were further inves-
tigated by the solvent extraction and Fourier trans-
form infrared spectroscopy (FTIR) analysis.

EXPERIMENTAL SECTION

Materials

PLA, 3051D, was produced by Natureworks LLC.,
with melt flow index (MFI) of 10 g/10 min (190 �C,
2.16 kg). PBSA, EnPol G4460, was produced by IRe
Chemical Co., South Korea, with MFI of 1.8 g/10
min (190 �C, 2.16 kg). The Octavinyl POSS (vPOSS),
OL1160 and Epoxycyclohexyl POSS (ePOSS), EP0408
(Fig. 1) were purchased from Hybrid Plastic Co.

Sample preparation

Both PLA and PBSA were dried in a vacuum oven
at 60�C for 12 h before use. PLA, PBSA, and vPOSS
were mixed in the mixing chamber of a Haake Rhe-
ometer RC90 at 180�C and 50 rpm for 5 min. The
composites were compression molded at 180�C for
8 min, and then cold pressed for 15 min to get the
sheets with the thickness of 1 mm and 3 mm for

measurements. The preparation of PLA/PBSA/
ePOSS composites is slightly different. Before melt
blending, a given amount of ePOSS and 5 g PLA/
PBSA were mixed in chloroform solution, and the
mixture was dried in a vacuum oven at 60�C for 24
h to prepare a master batch. The compositions of
PLA/PBSA/POSS composites were as follows: 70/
30/0, 70/30/2, 70/30/5 (weight ratio).

Measurements

The morphology of composites was characterized by
FESEM (JSM-7401F, JEOL Co., Japan). All specimens
were fractured after immersion in liquid nitrogen,
and coated with gold before observation.
XRD experiment was preformed using an X-ray

diffractometer (SA-HF3, Rigaku, Japan) equipped
with a Ni-filtered Cu Ka radiation source (k ¼ 0.154
nm) at 40 KV and 40 mA from 2� to 40� at a scan
rate of 4�/min.
The oscillatory rheological measurement was car-

ried out on a rotational rheometer (Gemini 200 rhe-
ometer, Bohlin Co., UK) equipped with a parallel
plate of 25 mm in diameter at 180�C and frequency
range from 0.1 to 100 rad/s. Storage modulus (G0),
loss modulus (G00), and complex viscosity (g*) were
measured in the frequency sweep mode.
The FTIR spectra was obtained by using a Fourier

transform infrared spectroscopy (Perkin-Elmer Para-
gon 1000, USA) at the resolution of 2 cm�1.
Crystallization was studied by POM (LEICA-

DMLP1, Germany). A sample was melted at 180�C
for 3 min and then rapidly cooled to a preset tem-
perature for isothermal crystallization. PLA spheru-
lites were observed in micrographs after isothermal
crystallization.
TGA (Perkin-Elmer TGA7) was performed by

increasing the temperature from room temperature
to 600�C at a heating rate of 20�C/min under nitro-
gen atmosphere.

RESULTS AND DISCUSSION

Morphology

As seen in Figure 2(b,c), vPOSS exists in the PLA/
PBSA with microaggregates and takes poor disper-
sion. The XRD patterns of the composites also indi-
cate the poor dispersion of vPOSS, as shown in
Figure 3. The vPOSS is a highly crystalline material
and has a characteristic dominant diffraction peak at
2y ¼ 9.7�. In the PLA/PBSA/vPOSS composites, the
peak corresponding to the dominant vPOSS peak
appears at 2 wt % loading and grows stronger at 5
wt % loading, indicating the presence of vPOSS crys-
talline aggregates in the polymer matrix. Hence, the

Figure 1 Structure of polyhedral oligomeric silsesquioxanes.
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vPOSS exists as crystal when it is simply mixed
with the PLA/PBSA (70/30) blend.

Compared with vPOSS, ePOSS has better disper-
sion in the PLA/PBSA matrix [Fig. 2 (d,e)]. The
ePOSS appears in the form of a viscous fluid, which
does not crystallize at room temperature. So the
ePOSS that is observed should be some ePOSS
domains, rather than the crystalline aggregates like
vPOSS. From the XRD patterns of PLA/PBSA/
ePOSS composites shown in Figure 3, ePOSS shows
two halos at 2y ¼ 6.3� and 18.2�, corresponding to
the low angle and high angle amorphous peaks of
ePOSS, respectively. It has been demonstrated that
the halos corresponding to the diffraction of liquid
POSS could be observed if POSS is poorly distrib-

uted in polymers.6,9 However, no visible peak corre-
sponding to the diffraction of ePOSS is observed in
the PLA/PBSA/ePOSS composites, indicating better
dispersion of ePOSS, which coincides with the obser-
vation of FESEM.

Rheological behavior and FTIR analysis

G0, G00, and g* versus frequency are shown in Figure
4. It can be seen that g* of the composite with 2
wt % vPOSS loading is lower than that of the PLA/
PBSA blend, but increase with 5 wt % vPOSS load-
ing, and the similar results were reported in other
researches.3,4 The compatibility of the PLA/PBSA
matrix with vPOSS at low loading likely leads to a

Figure 2 FESEM micrographs of fractured surfaces of (a) PLA/PBSA and PLA/PBSA/POSS composites (b) vPOSS-2;
(c) vPOSS-5; (d) ePOSS-2; (e) ePOSS-5.
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fine dispersion of vPOSS [Fig. 2(b)] with some level
of physical interaction between the polymer chains
and vPOSS, such as weak van der Waals forces. This
interaction probably leads to decreased chain entan-
glement and more free volume in the melt, thus
resulting in the slightly lower g*. With 5 wt %
vPOSS loading, the larger aggregates of crystalline
vPOSS would hinder the flow of the polymer chains,
thus the g* increases.4 It has been reported that liq-
uid-like POSS has a plasticization effect on the rigid
polymers.9,16,17 Compared with the PLA/PBSA
blend, PLA/PBSA/ePOSS composites with both 2
and 5 wt % loadings exhibit higher G0, G00, and g*.
This should be attributed to the reactions between
the epoxy groups on the ePOSS and the hydroxyl
and carboxyl end groups on the PLA and PBSA
molecular chains.30

Solvent extraction and ultra-centrifugation were
used to investigate the solution behavior of the com-
posites, trying to prove the reactions between ePOSS
and PLA/PBSA. One gram of sample was dissolved
in 30 mL chloroform to form a solution for observ-
ing their physical appearance. The solutions of
PLA/PBSA/ePOSS composites are turbid in appear-
ance, while other specimens are clear. The turbidity
is attributed to the scattering of light by the sus-
pended particles in the solutions.33 Since chloroform
is a good solvent for PLA, PBSA, and ePOSS, their
solutions should be clear. The turbidity may be
related to the crosslinked network formed by the
reactions between the ePOSS and PLA/PBSA. The
insoluble fraction of the PLA/PBSA/ePOSS solution
was extracted with repeated cycles of washing with
chloroform to completely remove the unbound poly-
mer chains and followed by centrifugation (14,000
rpm, 5 min), and then further characterized by FTIR.
As shown in Figure 5, both PLA and PBSA show the

absorption peaks around 3450 cm�1 and 1740 cm�1,
which are ascribed to the stretching vibration of
AOH and AC¼¼O groups. For POSS, the band at
1109 cm�1 is assigned to the stretching vibration of
of SiAOASi units in the silsesquioxane cage. Com-
pared with ePOSS, the extracted ePOSS shows addi-
tional absorbent peaks assigned to the vibration of
AOH and AC¼¼O groups, which are due to the
bounded polymer chains on the ePOSS. This implies

Figure 4 (a) Storage modulus G0, (b) loss modulus G00,
and (c) complex viscosity g* of PLA/PBSA/POSS
composites.

Figure 3 XRD patterns of POSS, PLA, PBSA, and PLA/
PBSA/POSS composites.
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reactions between ePOSS and PLA/PBSA, which is
closely related to the increment of the viscosity and
better dispersion of ePOSS. The reactions between
the epoxy groups of ePOSS and the end groups of
PLA/PBSA are schematized in Figure 6.

Spherulitic morphology

Figure 7 presents the POM miscrographs of PLA,
PLA/PBSA, and PLA/PBSA/POSS composites after
isothermal crystallization at 120�C for 60 min. The
PLA spherulites with a diameter about 100 lm can
be seen, and perfectly grow with the maltese cross.
After the addition of PBSA, the number and size of
the PLA spherulites do not change, but the crystals
become less perfect, which might be due to the inter-
ruption of the PBSA molecular chains. The addition
of POSS enhances the formation of PLA crystal nu-
cleus, as demonstrated by the increased number and
the decreased diameter of the spherulites. In the
PLA/PBSA/ePOSS composites, the spherulites with
a cross extinction pattern could still be observed.
However, a large quantity of small crystal aggre-
gates is visible in the PLA/PBSA/vPOSS compo-
sites. These indicate that vPOSS has more significant
nucleation effect on PLA than ePOSS.

Thermal stability

The effect of POSS on the thermal stability of the
PLA/PBSA matrix was evaluated by TGA (Fig. 8).
Within the experimental temperature range, all the
TGA curves display one stage degradation mecha-
nism, implying that the existence of POSS does not
significantly affect the degradation mechanism of the
matrix polymers. The initial decomposition tempera-

ture that is defined as the temperature at 5 wt %
mass loss (T5%) and the char yield at 600�C were cal-
culated from the curves. The integral method pro-
posed by Horowitz and Metzger34 was used to
calculate the activation energy for thermal decompo-
sition by eq. (1):

ln½lnð1=1� aÞ� ¼ Eth=RT
2
max (1)

a is the decomposed fraction, Et is the activation
energy for decomposition, Tmax is the temperature at
the maximum rate of weight loss, and calculated
from the peak values of the differential thermogravi-
metric thermograms (DTA) curves, y is (T � Tmax),
and R is the gas constant. Et was calculated from the
slope of the straight line of ln [ln (1/1 � a)] versus
y. The results are shown in Table I.
POSS shows a competition between evaporation/

sublimation and decomposition when heated in
nitrogen.5 It can be seen that vPOSS has a Tmax of
333�C and a residual amount of 10% which is much
lower than the amount of vPOSS inorganic fraction
(66%) due to its sublimation. The PLA/PBSA blend
undergoes completely weight loss with maximum
rate at 425�C. For the PLA/PBSA/vPOSS compo-
sites, the Tmax and Et slightly increase after the addi-
tion of vPOSS, indicating that the incorporation of
vPOSS improves the thermal stability of the PLA/
PBSA matrix. The stabilization is attributed to the
shielding effect of the residual vPOSS component.
The superficial layer produced by the degradation of
vPOSS could act as a physical barrier, limiting the
heat flux to the PLA/PBSA matrix and hindering
the exit of the volatile degradation gases from the
matrix, thus retarding the thermal decomposition of
the PLA/PBSA matrix.5,6 PLA/PBSA/vPOSS (70/
30/5) has lower T5% than the PLA/PBSA/vPOSS
(70/30/2), which might be due to partial sublima-
tion of vPOSS,6 for the vPOSS is badly entrapped in
the polymer matrix at 5 wt % loading, as shown in
the FESEM image [Fig. 2(c)].
Compared with vPOSS, ePOSS is much more sta-

ble and has more significant improvement of the
thermal stability for the PLA/PBSA blend. This is
due to the fact that besides the shielding effect of
the larger amount of the residual ePOSS, the

Figure 5 The FTIR spectra of (a) PLA, (b) PBSA, (c)
ePOSS, and (d) extracted ePOSS.

Figure 6 Schematic illustration of the reactions between
ePOSS and PLA/PBSA chains.
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reactions between the epoxy groups of ePOSS and
the hydroxyl and carboxyl groups of PLA/PBSA
have caused the reduction of the end groups and re-
tardation of molecular chain motion, which both
contribute to the improvement of the stabiliza-
tion.2,24,25,35 The composite with 2 wt % ePOSS load-
ing is more stable than the composite at 5 wt %
loading. As discussed before, the ePOSS domain at 5
wt % loading can be clearly seen in the polymer ma-
trix, indicating that some unreacted ePOSS mole-
cules exist in the matrix. It has been demonstrated
that the self ring-opening polymerization of ePOSS
occurs at 350–400 �C, which would produce free rad-

icals,36 The free radicals could facilitate the chain
scission and accelerate the decomposition of the mo-
lecular chains, thus resulting in the lower thermal
stability.25,37

CONCLUSIONS

Octavinyl POSS (vPOSS) and epoxycyclohexyl POSS
(ePOSS) were separately incorporated into the PLA/
PBSA (70/30) blend to improve the processability
and thermal stability of the PLA/PBSA blend. The
vPOSS existed in the PLA/PBSA blend as crystalline
aggregates, whereas ePOSS dispersed more

Figure 7 Polarized optical miscroscopy images of (a) PLA, (b) PLA/PBSA, and PLA/PBSA/POSS composites, (c) ePOSS-
2; (d) ePOSS-5; (e) vPOSS-2; (f) vPOSS-5.
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uniformly, as determined by FESEM and XRD analy-
sis. Compared with vPOSS, ePOSS had more signifi-
cant effect on the improvement of G0, G00, and g*,
indicating higher melt elasicity and broader process-
ing window of the material after the addition of
ePOSS. The reactions between the epoxy groups of
ePOSS and the hydroxyl and carboxyl groups of
PLA/PBSA, which are closely related to the incre-
ment of the viscosity and better dispersion of ePOSS,
were confirmed by the solution behavior and FTIR
analysis. The two types of POSS could act as hetero-
geneous nucleating agents for PLA, as demonstrated
by the increased number and the decreased diameter
of the crystalline spherulites. The thermal stability of
the PLA/PBSA blend was improved by adding the
two types of POSS as the temperature at maximum
weight loss rate and decomposition activation
energy of the composites increased. The stabilization
became higher after the addition of ePOSS, which
should be attributed to the reduced hydroxyl and
carboxyl end groups and the limited molecular chain
mobility resulted from the reactions.
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