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ABSTRACT: Two different fibrous clays, halloysite
nanotubes (HNTs) and organically modified attapulgite
(OAT), were chosen to prepare poly(p-dioxanone)
(PPDO)/clay nanocomposites by in-situ polymerization.
The influence of surface character and geometric structure
of the clays on the properties of the nanocomposites were
investigated systematically concerning with their crystalli-
zation behaviors, thermal stabilities, rheological behaviors,
and mechanical performances. The effect of clay content
on the properties of the nanocomposites was also dis-

cussed, taking PPDO/HNTs nanocomposites for example.
The results showed that HNTs was more effective in
improving the crystallization rate, thermal stability as well
as mechanical performance. In addition, the crystallization
rate and rigidity of nanocomposites increased with
increasing HNTs loading. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 125: E247–E259, 2012
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INTRODUCTION

Poly(p-dioxanone) (PPDO) is biodegradable, bioab-
sorbent, and biocompatible thermoplastic polymer,
which has been applied practically in the medical
field.1–8 As the cost of the monomer of PPDO has been
reduced, it is possible for PPDO to be used as general
material. However, its relatively slow crystallization
rate and low melt strength have limited its further
practical application. To overcome these disadvan-
tages, copolymer synthesis,1,9–11 polymer blending,12–15

and reinforced composites methods3,16–25 have been
developed. Due to the nanoscale dispersion and the
high surface-to-volume ratio, nanoparticles reinforced
composites are regarded as a useful and convenient
way to improve the performance of polymers.26 In our
previous work, we have prepared PPDO/montmoril-
lonite (MMT) nanocomposites with intercalated struc-
ture.16–17 These PPDO/MMT nanocomposites had
remarkably increased crystallization rate and

improved melt strength; moreover, they could be
blown into thin films.
Carbon nanotubes (CNTs) have been considered as

ideal reinforcing fillers in polymer nanocomposite
with high performance, due to their high aspect ratio,
nanosize in diameter, very low density, and excellent
physical properties such as extremely high mechani-
cal strength.27,28 However, CNTs are so expensive,
which limits its commercial application. It highlights
the need to explore alternative nanofibers to enhance
polymer properties. In this work, two kinds of silicate
nanofibers, halloysite nanotubes (HNTs) and organi-
cally modified attapulgite (OAT), were introduced
into PPDO matrix, respectively. Both of them are
mined from natural deposits. HNTs, with hollow
nanotubular structure, are a kind of aluminosilicate
clays with Al2Si2O5(OH)4�2H2O as the unit cell for-
mula.29 The outer surface of HNTs is composed of si-
loxane and most hydroxyls of HNTs are located in
the inner surface, indicating that HNTs possess much
better dispersion property than other natural clays
such as MMT and attapulgite (AT).30 The size of
HNTs is 0.5–2 lm in length, 50–70 nm for the outer
diameter, and 10–30 nm for the inner diameter. OAT
is a kind of fibrous magnesium aluminum clays with
Mg5Si8O20(OH2)2(OH)4�4H2O as the unit cell formula.
Opposite to HNTs, it possesses high density SiAOH
on the surface, which makes strong hydrogen bond-
ing interaction exist between OAT nanofibers.31

Moreover, OAT nanofibers have similar length to
HNTs, and the diameter of OAT nanofibers is only
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20–30 nm. To estimate the influence of surface
character of the clays on the properties of PPDO/clay
nanocomposites, PPDO/HNTs nanocomposites were
compared with nanocomposites which based on
OAT, systematically. Furthermore, the effect of clay
content on the properties of the nanocomposites was
also discussed, taking PPDO/HNTs nanocomposites
as an example.

EXPERIMENTAL

Materials

p-Dioxanone (PDO) was provided by the Pilot Plant
of the Center for Degradable and Flame-Retardant
Polymeric Materials (Chengdu, People’s Republic of
China), which was dried over calcium hydride
(CaH2) at room temperature and distilled under
reduced pressure until the water content in PDO
was under 300 ppm. Triethylaluminum (AlEt3) was
purchased from J&K Chemical (Beijing, People’s
Republic of China). The HNTs was supplied by Bei-
jing Dibaohua Information Technology Co. (Beijing,
People’s Republic of China) and had been used
without any chemical modification. HNTs has typi-
cal dimensions 0.5–2 lm in length, 50–70 nm for the
outer diameter, and 10–30 nm for the inner diame-
ter. The pristine AT was supplied by Mymine Tech-
nology Co. (Anhui, People’s Republic of China). AT
has typical dimensions 0.5–2 lm in length and 20–30
nm for the diameter. Cetyltrimethylammonium bro-
mide (CTAB) was purchased from Sinopharm
Chemical Reagent Co. (Shanghai, People’s Republic
of China).

Preparation of OAT

CTAB was used as organic modifier for AT. 10.0 g
of AT was dispersed in 500 mL distilled water under
stirring with ultrasonic agitation to obtain AT sus-
pension at room temperature. Then, 5.0 g CTAB was
added into AT suspension with stirring for 24 h at
the room temperature. The filtrated product was
repeatedly washed with distilled water until no
AgBr precipitate occurred when AgNO3 (0.1 mol/L)
was added in filtrate. At last, the filtrated cakes
were then freeze-dried, and the OAT powders were
screened by 200-mesh sieve before use.

Preparation of nanocomposites

Nanocomposites were prepared by the in-situ ring-
opening polymerization of PDO catalyzed by AlEt3
in the presence of clays. The desired amount of clays
was placed in a flame-dried and nitrogen-purged
round-bottom flask equipped with a stirrer and a
rubber septum. Then the flask was dried by flame

and purged by nitrogen three times. The quantita-
tive PDO was added with an injector, and the reac-
tion medium was stirred at 50�C for 3 h and another
1 h with ultrasonic action. Then, the catalyst, a solu-
tion of AlEt3 in heptane, was added. The molar ratio
of the initial monomer to AlEt3 was 400. The poly-
merization was conducted at 60�C for 6 h.

Characterization

As the conventional solvents such as chloroform and
tetrahydrofuran used in gel permeation chromatog-
raphy measurements cannot dissolve PPDO with
high molecular weights, the intrinsic viscosity [g] of
neat PPDO and its nanocomposites was measured in
phenol/1,1,2,2-tetrachloroethane (1 : 1 v/v) solution
using an Ubbelohde viscometer maintained at 30�C.
The test results are presented in Table I.
X-ray diffraction (XRD) analyses were performed

on a X’pert diffractometer (Philips, Netherlands),
which had an X-ray generator of 3-kW, graphite
monochromatic, Cu Ka radiation (wavelength ¼
1.5406 Å) and was operated at 40 kV and 20 mA.
XRD pattern of neat PPDO and its nanocomposites
was evaluated from 1-mm thick plates which were
prepared by injection molding. The samples were
scanned at room temperature from 2� to 40� at a
scanning rate of 2�/min.
Scanning electron microscopy (SEM) images were

recorded with a FEI Inspect F Scanning Electron
Microscope (Philips, Netherlands) operated at 5 kV.
All specimens were sputter coated with gold before
examination.
The crystallization behavior of PPDO and its

nanocomposites was studied by DSC Q200 (TA
Instruments, USA). For nonisothermal crystalliza-
tion, the samples were kept isothermally at 140�C
for 5 min to erase previous thermal history, cooled
to �50�C at 10�C/min, heated up to 140�C at 10�C/
min, then held at 140�C for 3 min again to erase any
thermal history, and cooled to �10�C at different
constant cooling rates ranging from 1.25 to 10�C/
min. The crystallization peak temperature was

TABLE I
Polymerization of PDO in the Presence of Clay

([Monomer]0/[AlEt3] 5 400, Time 5 6 h,
Temperature 5 60�C)

Samples Clay content (wt %) [g] (dL/g)

PPDO 0 2.05
PPDO/1%HNTs 1 1.92
PPDO/3%HNTs 3 1.61
PPDO/5%HNTs 5 1.28
PPDO/7%HNTs 7 1.26
PPDO/10%HNTs 10 1.01
PPDO/3%OAT 3 2.47
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obtained from the cooling traces. For isothermal
crystallization, the samples were heated to 140�C for
5 min to erase previous thermal history, and then
quenched to the isothermal crystallization tempera-
ture (Tc), held until the isothermal crystallization
completed. The exothermal traces were recorded for
the later data analysis.

Polarized optical microscopy (POM) studies were
carried out with a ECLIPSE LV100POL microscope
(Nikon, Japan) in conjunction with a HSC621V hot
stage (Instec, USA). The specimens were heated to
140�C on a hot stage for 3 min, and then quickly
cooled to crystallization temperature. The photo-
graphs were taken by a digital camera.

Thermogravimetric analysis (TGA) was performed
on TG 209 F1 (NETZSCH, Germany) at different
constant heating rates ranging from 5 to 25�C/min
in a range from ambient temperature to 450�C under
a steady flow of nitrogen (50 mL/min).

The rheological measurements were performed on
an advanced rheometric expansion system (ARES,
TA Instruments, USA) in parallel plate geometry
with the diameter of the plates being 25 mm at
130�C. The test samples were pressed into 1-mm
thick plates at 140�C. Dynamic oscillatory shear
measurements were performed when the angular
frequency (x) range and strain used during testing
were 0.05–100 rad s�1 and 5%, respectively.

The dynamic mechanical analyses (DMA) were
conducted on a DMA Q800 (TA Instruments, USA)
in the tension mode using samples of 35 � 4 � 2
mm3 in size which were prepared by injection mold-
ing. The samples were conducted at a cyclic tensile
strain with an amplitude of 0.2% at a frequency of 1
Hz and a static force of 0.1 N was used. The temper-
ature was ranged from �50�C to 90�C with a heating
rate of 3�C/min.

The dried neat PPDO and its nanocomposites pel-
lets were injection-molded using HAAKE MinJet
(Thermo Electron Corporation, USA) operated at
160�C with a mold temperature of 30�C. The me-
chanical performance was measured by SANS
CMT4104 (SANS Group, People’s Republic of China)
at a crosshead speed of 25 mm/min with GB/T
1040.2-2006 method at room temperature. At least
five specimens were tested in each group and the
reported values of each group reflected an average
of five specimens.

RESULTS AND DISCUSSION

Nanocomposites structure

Figure 1 shows the SEM photographs of the frac-
tured section of nanocomposites. It can be seen that
both HNTs and OAT nanofibers distributed uni-
formly in the fractured section of nanocomposites

samples at low content. Aggregation only occurs
when HNTs content reach 5%, and HNTs bundles
could be observed especially when the content of
HNTs is up to 10 wt %. Comparing with HNTs, the
dispersion of OAT nanofibers is poorer in PPDO
matrix (Figure 2). This phenomenon is due to the
unique surface character of OAT nanofibers. Oppo-
site to HNTs, there is high density SiAOH on the
surface of OAT nanofibers, which make hydrogen
bonding interaction strong among OAT nanofibers.
In addition, the edges of HNTs and OAT nanofibers
appear to be better dispersed into the surrounding
matrix. Moreover, most of HNTs and OAT nanofib-
ers were fractured and only a few HNTs and OAT
nanofibers were pulled out from the PPDO matrix.
These phenomena indicate both HNTs and OAT
nanofibers have good interfacial compatibility with
PPDO matrix, which is attributed to the surface
character of the clays. In the case of HNTs, the outer
surface of HNTs is composed of siloxane, which has
similar chemical nature to PPDO molecular chains
as repeated ester–ether structure. So there is a well
interfacial adhesion between HNTs and PPDO ma-
trix. Concerning OAT, hydroxyl groups on the OAT
surface, on the one hand, form hydrogen bonds with
PPDO molecular chains, on the other hand, act as
polymerization initiators for the ring-opening poly-
merization of PDO, leading to PPDO chains grafting
onto the OAT surface.3,22–25 And the existence of
PPDO chains grafted on the surface of OAT causes
entanglement and co-crystallization with the un-
grafted PPDO chains. Hence there are strong interac-
tions between OAT and PPDO matrix.

Crystallization behaviors

Spherulitic morphology and structure

The spherulitic morphology of PPDO and its nano-
composites was observed by POM. Figure 3 presents
spherulitic morphology of all samples crystallized
after full solidification at 70�C. The birefringent ring-
banded spherulitic structure can be observed for
neat PPDO and its nanocomposites. The gradual
decrease of spherulitic size with increasing HNTs
loading is clearly observed. This observation sug-
gests that HNTs can serve as a heterogeneous nucle-
ation agent for PPDO crystallization. Nevertheless, it
should be noted that the average spherulite size of
PPDO/10%HNTs is larger than 50 lm, indicating
the nucleation effect of HNTs on PPDO crystalliza-
tion is limited. From Figure 3, it also can be seen
that the nucleation density of PPDO/3%OAT is
obviously less than that of PPDO/3%HNTs. This
phenomenon may be due to the unique surface char-
acter of OAT nanofibers, which possess high density
SiAOH on the surface. Hydrogen bonds can be
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formed between SiAOH and PPDO molecular
chains. So, the motion of the PPDO molecular chains
around OAT nanofibers was restricted, and it
needed to overcome an energy barrier to drive the
nucleating and growing, resulting that the heteroge-
neous nucleation capability of OAT was limited.
Despite of more agglomerates in PPDO/OAT nano-
composites, the nucleation effect of OAT on PPDO
crystallization is weaker than that of HNTs in its
nanocomposites.

The effect of clay incorporation on the crystal
structure of PPDO in the nanocomposites was stud-

ied by XRD. Figure 4 illustrates the XRD patterns of
neat PPDO and its nanocomposites, which were
crystallized at 70�C for 24 h. As shown in Figure 4,
all nanocomposites samples show three main charac-
teristic diffraction peaks at 2y ¼ 21.9�, 23.7�, 29.3� as
neat PPDO does,32 which are attributed to the reflec-
tion of (210), (020), and (310), respectively. In addi-
tion, it also should be noticed that the intensities of
the diffraction peaks of PPDO were reinforced when
the loading of HNTs and OAT was below 5 wt %,
and reduced gradually when HNTs content reach or
beyond 5 wt %. To illustrate this phenomenon

Figure 1 SEM photographs of brittle fracture section of nanocomposites.
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quantitatively, the ratios of diffraction peak intensity
of PPDO matrix in nanocomposites to that of neat
PPDO (Ir) are summarized in Table II. Apparently,
the incorporation of low clay contents led to an
increase in crystallinity and a gradual decrease in
degree of crystallinity and crystalline order occurred
at high clay content. These results suggest the addi-
tion of clay does not modify the crystal structure of
PPDO but reduces the ultimate extent of bulk crys-
tallinity of PPDO at high clay content.

Nonisothermal crystallization behavior

Figure 5 illustrates the DSC traces for neat PPDO
and its nanocomposites, and all the relevant data are
summarized in Table III. As shown in Figure 5(a),
the melt crystallization peaks gradually strengthen
and the melt crystallization temperature (Tc1) tends
to shift to high temperature with increasing HNTs
content. And when HNTs content reach or beyond 5
wt %, no cold crystallization peaks can be observed
in Figure 5(b). These results show that the incorpora-
tion of HNTs enhances the nonisothermal crystalli-
zation of the PPDO matrix. Comparing with PPDO/
3%HNTs, melt crystallization peak of PPDO/
3%OAT is obviously smaller, suggesting the
enhancement effect of OAT on nonisothermal melt
crystallization of PPDO is worse than that of HNTs.
This result is attributed to the heterogeneous nuclea-
tion capability of OAT restricted by hydrogen bonds.
In addition, it can be seen from the Table IV that the
absolute degree of crystallinity of PPDO/HNTs
nanocomposites is higher than that of neat PPDO
and gradually decreases with increasing HNTs con-
tent, due to restricted motion of PPDO molecular
chains by HNTs. As a result of strong hydrogen
bonding interaction between OAT nanofibers and
PPDO molecular chains, the absolute degree of crys-

tallinity of PPDO/3%OAT is lower than that of neat
PPDO.
To investigate the effect of cooling rate on the

nonisothermal melt crystallization, Figure 6 summa-
rizes the variation of crystallization peak tempera-
ture (Tp) with cooling rate (U) for neat PPDO and its
nanocomposites. It is obvious that Tp shifts to low
temperature with increasing cooling rate for both
neat PPDO and its nanocomposites; moreover, Tp

shifts to high temperature with increasing the HNTs
contents in the nanocomposites. In the case of
PPDO/3%OAT, it should be noticed that Tp of
PPDO/3%OAT is clearly lower than that of neat
PPDO at high cooling rate. Since PPDO molecular
chains are difficult to move and arrange at high
cooling rate and the existence of OAT hinders the
movement of PPDO molecular chains, PPDO molec-
ular chains are difficult to fold on the surface of
OAT to form nucleus and arrange into lamellae. In
addition, Tp of PPDO/3%OAT is lower than that of
PPDO/3%HNTs at a given cooling rate, due to the
heterogeneous nucleation capability of OAT re-
stricted by hydrogen bonds. From the above men-
tioned studies, it is clear that the presence of HNTs
and their contents have a significant effect on the
nonisothermal melt crystallization behavior of PPDO
in nanocomposites due to the heterogeneous nuclea-
tion agent effect of HNTs.

Isothermal crystallization behavior

The isothermal crystallization of neat PPDO and its
nanocomposites at 70�C was also investigated by
DSC. Figure 7(a) shows the plots of relative crystal-
linity versus crystallization time for neat PPDO and
its nanocomposites. The Avrami equation is used to
analyze the isothermal crystallization kinetics of neat
PPDO and its nanocomposites. It assumes that the

Figure 2 High magnification SEM photographs of (a) PPDO/3%HNTs and (b) PPDO/3%OAT.
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relative degree of crystallinity Xt develops as a func-
tion of crystallization time t as follows:34

1� Xt ¼ expð�ktnÞ (1)

where Xt is the relative degree of crystallization, n is
the Avrami exponent, and k is a composite rate con-
stant involving both nucleation and growth rate pa-
rameters, These parameters are related to the

crystallization half-time t0.5. The value of t0.5 is calcu-
lated by the following equation:

t0:5 ¼ ðln 2

k
Þ1=n (2)

All the isothermal crystallization kinetics parame-
ters of PPDO and its nanocomposites are summar-
ized in Table IV. From Table IV, it can be seen that

Figure 3 Optical micrographs of neat PPDO and its nanocomposites crystallized after full solidification at 70�C.
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the values of n are closed to 3 for the isothermal
crystallization of both neat PPDO and its nanocom-
posites, suggesting spherulitic growth. Moreover,
the nonintegral n value between 2 and 4 may reflect
the crystal branching and/or mixed crystal growth
and nucleation mechanism.35 And the average val-
ues of n increase with the increasing content of
HNTs, revealing the incorporation of HNTs causes
heterogeneous athermal nucleation followed by
higher crystal branching in spherulitic growth. On
the other hand, the values of k increase with increas-
ing HNTs loading, indicating that the incorporation
of HNTs enhances the crystallization rate of PPDO.
The increase of crystallization rate of PPDO in its
nanocomposites is attributed to the increased nuclea-
tion rate of PPDO in nanocomposites.

Usually, the crystallization rate can also be easily
described by the reciprocal of t0.5. As shown in Table
IV, the values of t0.5 decrease monotonically with the
increase of HNTs content; corresponding, the values

of 1/t0.5 increase, indicating again that the addition
of HNTs accelerates the crystallization process of
PPDO and HNTs has a significant effect on acceler-
ating the crystallization of PPDO. Owing to the het-
erogeneous nucleation capability of OAT restricted
in nanocomposites, t0.5 of PPDO/3%OAT is obvi-
ously longer than that of PPDO/3%HNTs.

Thermal stability

The thermal stability of neat PPDO and its nanocom-
posites in nitrogen was studied by TG. Figure 8
shows TGA and DTG curves of neat PPDO and its
nanocomposites at heating rate 10�C/min, and the
characteristic weight loss temperatures are summar-
ized in Table V. To investigate the influence of the
clays on the thermal stability of PPDO, the tempera-
ture at 5% weight loss (T5%) and the temperature at
50% weight loss (T50%) for all samples were recorded
for comparison. From Table V, it can be seen that
T50% of PPDO/HNTs nanocomposites increases with

Figure 4 XRD patterns of neat PPDO and its
nanocomposites.

TABLE II
XRD Peak Intensity of Neat PPDO and Its

Nanocomposite, and the Ratio of Diffraction Peak
Intensity of PPDO Matrix in Nanocomposites to That of

Neat PPDO

Samples I020 Ir
a

PPDO 2788 1.000
PPDO/1%HNTs 2972 1.077
PPDO/3%HNTs 3324 1.299
PPDO/5%HNTs 2233 0.843
PPDO/10%HNTs 1678 0.669
PPDO/3%OAT 2879 1.065

a The ratio of diffraction peak intensity of PPDO matrix
in nanocomposites to that of neat PPDO, Ir ¼ I020/(1 � /)
I0. I0 is the diffraction peak intensity of neat PPDO. / is
the weight fraction of clay.

Figure 5 DSC scans of neat PPDO and its nanocompo-
sites: (a) cooling scans and (b) heating scans.
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increasing HNTs loading. Furthermore, a gradual
decrease in mass loss rate can be observed in Figure
8(b), indicating that the presence of HNTs hinders
the formation of small molecules and their escape
from nanocomposites. These results show that the
addition of HNTs enhances the thermal stability of
PPDO and HNTs has a significantly effect on
enhancing the thermal stability of PPDO. However,
above 5 wt % HNTs, T5% of PPDO/HNTs nanocom-
posites shifts to lower temperatures with an increase
in the HNTs content continuously. Chemical analysis
shows the presence of Fe3þ in the HNTs,36 which
acted as an inhibitor for the polymerization of PDO.
So the molecular weight distribution of PPDO in
nanocomposites gradually become wider with
increasing HNTs contents, due to the increased con-
centration of Fe3þ in the reaction system. At high
HNTs content (>5 wt % HNTs), the amount of low
molecular weight PPDO in nanocomposites is
enough to reduce the thermal stability. It should be
noticed in Table V that T5% and T50% of PPDO/
3%OAT is lower than that of PPDO/3%HNTs, espe-
cially T5%. This result is attributed to the unique sur-
face character of OAT nanofibers, which possess
high density SiAOH on the surface. It is well known
that the decomposition of PPDO proceeds by unzip-
ping depolymerization as main reaction.37 However,
in the initial stages, the decomposition of PPDO is
mainly leaded by the random reactions because its
repeated aliphatic ester–ether structure is relatively

easy to hydrolyze.38 The SiAOH on the OAT surface
accelerates decomposition of ester group in PPDO.
To study the effect of HNTs in thermal decompo-

sition process of PPDO nanocomposites, the TGA
and DTG curves were obtained at different heating
rate. As shown in Figure 9(b’), another decomposi-
tion peak is gradually apparent in the DTG curve of
PPDO/10%HNTs with increasing heating rate, sug-
gesting that the thermal decomposition process of
PPDO/HNTs nanocomposites is divided into two
stages. This phenomenon is due to the hollow tubu-
lar structure of HNTs. As reported,39 the volume
percentage of the cavity of HNTs is up to 25%, and
HNTs is an effective barrier for heat transport. A
considerable part of PPDO molecules synthesized
directly in the lumen of HNTs via the in-situ ring-
opening polymerization of PDO, resulting effective
delay in mass transport and remarkably increased
thermal stability. The thermal decomposition process
of PPDO/HNTs nanocomposites can be divided into
following two stages: (a) the diffusion of decomposi-
tion products of PPDO molecular chains which were
not restricted by HNTs in PPDO matrix; (b) the

TABLE III
DSC Date for Neat PPDO and Its Nanocomposites

Samples Tc1 (
�C) DHc1 (J/g) Tc2 (

�C) DHc2 (J/g) Tg (
�C) Tm (�C) DHm (J/g) vc

a (%)

PPDO 39.5 8.6 44.3 44.2 �11.0 104.0 53.2 37.7
PPDO/1%HNTs 36.7 20.0 40.1 33.7 �11.4 104.8 60.2 43.1
PPDO/3%HNTs 39.9 41.3 39.9 12.0 �11.9 105.0 57.8 42.2
PPDO/5%HNTs 46.6 62.0 / / �9.3 105.4 55.7 41.5
PPDO/10%HNTs 51.5 57.2 / / �9.9 104.2 50.7 39.9
PPDO/3%OAT 38.3 26.5 36.7 20.2 �11.6 104.5 50.8 37.1

a The absolute degree of crystallinity, vc (% ) ¼ 100 � DHm/(1 � /) DH0
m. / is the weight fraction of clay, and DH0

m is
the melting enthalpy of 100% crystalline PPDO (141.2 J g�1).33

TABLE IV
Crystallization Kinetic Parameters for Neat PPDO and

Its Nanocomposites at 70�C

Samples n k (min�n)
t0.5
(min)

1/t0.5
(min�1)

PPDO 2.90 7.638 � 10�5 23.09 0.04331
PPDO/1%HNTs 3.14 3.126 � 10�4 11.61 0.08613
PPDO/3%HNTs 3.34 4.955 � 10�4 8.752 0.1143
PPDO/5%HNTs 3.49 1.871 � 10�3 5.444 0.1837
PPDO/10%HNTs 3.35 5.821 � 10�3 4.167 0.2400
PPDO/3%OAT 3.20 5.047 � 10�4 10.72 0.09328 Figure 6 Effect of cooling rates on the crystallization

peak temperatures for neat PPDO and its nanocomposites.
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diffusion of decomposition products of PPDO molec-
ular chains restricted by HNTs.

Rheological properties

The measurement of rheological properties of poly-
meric materials at molten state is crucial to gain fun-
damental understanding of the processability and
the structure–property relationship for these materi-
als. The linear dynamic viscoelastic master curves
for neat PPDO and its nanocomposites are shown in
Figure 10. As shown in Figure 10(b), a significant
drop of complex viscosities (|g*|) occurs when the
content of HNTs is up to 5 wt %, and further
increase in HNTs results in a continuous decrease
|g*| of nanocomposites. This behavior is contrasted
with that of the PPDO/MMT nanocomposites, in
which it was noted that |g*| of nanocomposites
was higher than neat PPDO. It is well known that
the rheological properties of polymer/clay nanocom-
posites is sensitive to interactions between the clay
surfactant and the polymer.40 This different rheologi-

cal behaviors may be ascribed to the unique outer
surface structure of HNTs, which is mainly com-
posed of OASiAO groups. Compared with other sili-
cates such as MMT, the density of outer surface
hydroxyl groups of HNTs is much smaller. There-
fore, the interaction between HNTs and PPDO ma-
trix is relatively weak. It is reasonable to believe that
HNTs acted as a barrier to disrupt the entangle-
ments of PPDO molecular chains by physically sepa-
rating them in PPDO melt, thus resulting in lower

Figure 7 Effect of clay on the crystallization of PPDO at
70�C: (a) development of relative crystallinity with crystal-
lization time; (b) the Avrami plots.

Figure 8 TGA and DTG curves of neat PPDO and its
nanocomposites: (a) TGA curves and (b) DTG curves.

TABLE V
The TGA Data for Neat PPDO and Its Nanocomposite

Samples T5% (�C) T50% (�C) T75% (�C)

PPDO 195.1 225.9 231.5
PPDO/1%HNTs 202.3 232.7 239.0
PPDO/3%HNTs 203.5 236.0 243.2
PPDO/5%HNTs 204.0 239.8 247.8
PPDO/7%HNTs 196.6 239.3 252.3
PPDO/10%HNTs 195.0 243.4 268.8
PPDO/3%OAT 195.1 233.9 240.2
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complex viscosity. Opposite to HNTs, the addition
of OAT makes |g*| improved significantly, due to
the high density of hydroxyl groups on the surface
of OAT. A part of PPDO molecules is grown directly
from SiAOH groups of OAT by surface-initiated,
ring-opening polymerization of PDO. Hence, there
are strong interactions between the OAT surface and
PPDO matrix, leading to higher |g*|. Moreover, the
storage modulus (G/) is also enhanced by addition
of OAT. This character somewhat would improve
the processability of materials. In addition, it also
should be noticed in Figure 10(a) that the decreasing
trend for G/ is similar to that for |g*| in PPDO/
HNTs nanocomposites, and the addition of clay
does not change the shape and slope of the G/

curves, indicating unaltered chain dynamics greatly.

Thermomechanical properties and tensile
properties

Thermomechanical properties of neat PPDO and its
nanocomposites have been investigated by DMA as

a function of clay content and temperature. Figure
11(a) shows the temperature dependence of the stor-
age modulus for neat PPDO and its nanocomposites.
For all nanocomposites samples, a significant
enhancement of storage modulus can be seen in the
investigated temperature range, indicating incorpo-
ration of clay has a strong effect on the elastic prop-
erties of the PPDO matrix. In the case of PPDO/
HNTs nanocomposites, storage modulus of nano-
composites gradually increases with increasing
HNTs content at high temperature. For instance, the
increases in storage modulus are 41.9% for PPDO/
3%HNTs, 59.6% for PPDO/7%HNTs, and 74.2% for
PPDO/10%HNTs as compared with that of neat
PPDO at 30�C. This increase may be attributed to
the high intrinsic stiffness of HNTs, resulting from
their tube-like geometry. Obviously, the stiffness of
nanocomposites is mainly affected by two factors as
follows: the intrinsic stiffness of nanoparticles, and
interfacial interaction between surface of nanopar-
ticles and polymer matrix.41 However, there are only
weak interfacial interactions between the surface of

Figure 9 TGA and DTG curves of neat PPDO and its nanocomposites at different heating rate: (a) TGA curves of neat
PPDO, (b) TGA curves of PPDO/10%HNTs, (a’) DTG curves of neat PPDO, and (b’) DTG curves of PPDO/10%HNTs.
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HNTs and PPDO matrix, due to the inert outer sur-
face of HNTs. Moreover it should be noticed the
storage modulus shows a greater enhancement at
high temperature than at low temperature. At high
temperature (>Tg), the motion ability of PPDO mo-
lecular chains is gradually improved with increasing
temperature, resulting in PPDO matrix becoming
softer. Meanwhile, the effect of the intrinsic stiffness
of HNTs on stiffness of nanocomposites becomes

prominent. Different from PPDO/HNTs nanocom-
posites, PPDO/OAT nanocomposites show a greater
increase in storage modulus at low temperature, due
to the strong interfacial interaction between OAT
and PPDO matrix. At low temperature (<Tg), the
reinforcement effect of the clay particles is mainly
determined by the interfacial interaction between the
surface of clay particles and polymer matrix when
polymer chains are frozen. The improvement of
interfacial interaction leads to increase in cohesive

Figure 10 Frequency dependence of storage modulus
[G/], and complex viscosity [|g*|] of neat PPDO and its
nanocomposites at 130�C.

Figure 11 DMA curves of neat PPDO and its nanocom-
posites: (a) storage modulus as a function of temperature;
(b) loss modulus as a function of temperature.

TABLE VI
The Tensile Properties of Neat PPDO and Its Nanocomposites

Samples
Stress at

yield (MPa)
Stress at

break (MPa)
Strain at
break (%)

Young’s
modulus (MPa)

PPDO 28.4 6 0.5 46.3 6 2.2 289 6 13 353 6 17
PPDO/1%HNTs 29.1 6 0.6 56.6 6 0.5 343 6 10 434 6 23
PPDO/3%HNTs 28.8 6 0.4 59.9 6 1.3 420 6 12 503 6 23
PPDO/5%HNTs 29.5 6 0.8 55.1 6 1.4 443 6 7 558 6 30
PPDO/7%HNTs 29.8 6 0.7 51.9 6 1.1 406 6 18 652 6 28
PPDO/10%HNTs 29.4 6 0.3 46.2 6 1.7 358 6 11 711 6 13
PPDO/3%OAT 34.7 6 1.4 59.6 6 1.0 398 6 14 509 6 8
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energy density of polymer in nanocomposites, result-
ing in higher modulus.42 In addition, Figure 11(b)
illustrates loss modulus as a function of temperature
for neat PPDO and its nanocomposites. Loss modu-
lus is a measure of the energy absorbed due to a
relaxation, and the value of the glass transition tem-
perature (Tg) can be determined by the peak temper-
ature of loss modulus. The values of Tg is �1.78�C
for neat PPDO, 0.57�C for PPDO/3%HNTs, and
�8.64 for PPDO/3%OAT, respectively. Evidently, Tg

is improved by the addition of HNTs and reduced
by the addition of OAT. Generally, the incorporation
of clay into the polymer matrix is found to improve
Tg by restricting mobility of polymer chain segments.
However, the opposite effect is found in the case of
PPDO/OAT nanocomposites. This decrease in Tg is
probably due to the plasticizing effect from the or-
ganic modifier and low molecular weight OAT-
grafted PPDO within OAT, and similar results have
been reported in the literature.43,44

Tensile tests were also performed to characterize
the tensile properties of neat PPDO and its nano-
composites, and test results are summarized in Table
VI. As shown in Table VI, tensile strength, elonga-
tion at break and Young’s modulus of nanocompo-
sites is obviously higher than that of neat PPDO,
indicating nanocomposites are reinforced and tough-
ened by the addition of clay. Comparing with OAT,
HNTs has a better toughening effect on PPDO ma-
trix. The elongation at break of PPDO/HNTs nano-
composites is improved by 45.3% when 3 wt %
HNTs is added, while only limited improvement
(37.7%) is observed at the same weight fraction of
OAT loading. Even when the content of HNTs is up
to 10 wt %, the elongation at break of its nanocom-
posites is still up 23.9% over that of neat PPDO. This
phenomenon can be ascribed to well dispersion
of HNTs in low content. Furthermore, from the

Figure 12, it is can be seen that both HNTs and OAT
nanofibers act as crack-bridging in nanocomposites,
resulting from interactions between clay and PPDO
matrix.45 The failure mechanisms of crack-bridging
are responsible for the improved ductility of nano-
composites with the clays. However, it is worth men-
tioning that both tensile strength and elongation at
break gradually decrease with an increase in HNTs
loading when HNTs content reach or beyond 5 wt %,
due to the stronger tendency of HNTs to agglomerate
at higher HNTs content. The formation of HNTs
agglomerates in nanocomposites results in a reduc-
tion of the effective surface area which can undergo
matrix–filler interactions, moreover, HNTs agglomer-
ates in the nanocomposites can act as the stress con-
centration sites where the cracks will generate.

CONCLUSIONS

The nanocomposites of PPDO with HNTs or OAT,
which have different surface character, were pre-
pared by in-situ ring-opening polymerization. Both
HNTs and OAT nanofibers dispersed uniformly in
PPDO matrix. By comparing the two tested clays, it
was found that HNTs was more effective in improv-
ing the crystallization rate, thermal stability as well
as the mechanical performance, and OAT was more
effective in improving the rheological behavior. In
addition, the crystallization rate, and rigidity of
nanocomposites increased with increasing HNTs
loading.
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