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ABSTRACT: Polymer/inorganic nanocomposites were
significant hybrid materials because of their unique prop-
erties. The surface of bare nanoparticles (b-TiO,) was
modified by aminopropyl trimethoxy silane to obtain
grafted TiO, (g-TiO,) nanoparticles for the improvement
of nanoparticles dispersion. The b-TiO, and resulting g-
TiO, nanoparticles were introduced into poly(e-caprolac-
tone) (PCL) matrix to prepare PCL/TiO, nanocomposites
by in situ polymerization. The effects of b-TiO, and g-TiO,
nanoparticles on the structure, morphology, and properties
of nanocomposites were characterized and compared. The
results showed that the crystalline structure of PCL matrix
was not affected significantly by adding b-TiO, or g-TiO,

nanoparticles. The g-TiO, nanoparticles had a finer disper-
sion and better compatibility than bare TiO,. The introduc-
tion of g-TiO, into PCL matrix increased the crystallization
temperature and improved thermal stability of the nano-
composites with respect to untreated TiO,. The surface-
treated nanoparticles played an important role in strength-
ening mechanical properties of the mnanocomposites
because of its well dispersion and strong interfacial inter-
action between the nanoparticles and PCL matrix. © 2012
Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

The development of biodegradable polymers derived
from renewable natural materials has received con-
siderable attention, and they have already found
many applications in market areas. Poly(e-caprolac-
tone) (PCL), having many excellent properties, such
as fully biodegradable and biocompatible, nontoxic
to living organisms, tailorable degradation kinetics,
is one of the most promising candidates of these
kinds of biodegradable polymers' and has a great
potential in medical applications, including con-
trolled drug-delivery system, surgical sutures and
tissue engineering scaffolds, and other long-term
degradable implants.”> However, the application of
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PCL might be limited in that its disadvantages in
mechanical strength, thermal stability, gas perme-
ability, solvent resistance, hydrophobic character,
and slower degradation rate compared with other
polylactones.’> One promising alternative is to pre-
pare nanocomposites by the combination of an envi-
ronmentally acceptable filler to improve the proper-
ties of such biodegradable polymers to meet the
rapid development in some special applications.*

A wide range of nanocomposites are being devel-
oped in the recent years. Polymer/inorganic nano-
composites combining the advantages of both the or-
ganic polymer and inorganic component have been
studied intensively.”'? Among inorganic nanopar-
ticles, titanium dioxide (TiO;) has been extensively
investigated as reinforcement filler for thermoplas-
tics, such as poly(vinyl chloride) (PVC),"""'* polypro-
pylene (PP),"® polystyrene (PS),'* etc. Moreover,
TiO, nanoparticles have found many versatile func-
tions such as attractive photocatalytic, far-infrared
radiation, antibacterial properties, and UV-resistance
because of its robust and general reactivity.'” As we
know, the final properties of mnanocomposites
depend strongly on the particle shape, particle size,
aggregate size, surface characteristics, and degree of
dispersion, and the key is to achieve good homo-
geneity of the nanoparticles dispersion for high



performances. It is of difficultly to control the
dispersion of mnanoparticles, though property
improvements (stiffness, thermal stability, lower per-
meability, etc.) have been obtained in PCL/TiO,
nanocomposites.'®'® To achieve a proper dispersion
of nanoparticles within polymer matrix and a better
compatibility between the nanoparticles and host
polymer, the use of coupling agents such as amino-
propyl trimethoxy silane (APS) for surface modifica-
tion of nanoparticles is recommended."’

In this study, PCL/TiO, nanocomposites were
prepared by in situ polymerization of e-caprolactone
(e-CL) in the presence of untreated or surface-treated
TiO,. The effects of untreated TiO, and surface-
treated TiO, nanoparticles on the structure, mor-
phology, and properties of PCL/TiO, nanocompo-
sites were fully investigated.

EXPERIMENTAL
Materials

e-CL (99%, Acros Organics, Belgium) was dried over
CaH, by stirring and distilled under reduced pres-
sure prior to use. Tin 2-ethylhexamoate (Sn(Oct)s,,
>95%, Sigma-Aldrich, St. Louis, MO) was used as
catalyst of ring opening polymerization (ROP) of -
CL. Aminopropyl trimethoxy silane (APS, 97%,
Sigma-Aldrich, St. Louis, MO) and triethyl amine
(EtsN, 99%, Sigma-Aldrich, St. Louis, MO) were
used as coupling agent and surface grafting catalyst.
Anatase TiO, nanoparticles were purchased from
Wanjing New Material (Hangzhou, China) under the
trade name VK-TAO03, having a specific surface area
of 100-250 m?®/g, and average primary particle size
of 20-30 nm. Other chemical reagents were analyti-
cal grade and used as received.

Surface modification of TiO, nanoparticles

TiO, (10 g) nanoparticles were kept in a vacuum
chamber for 24 h at 100°C, and then ultrasonically
dispersed in 500 mL butanone for 30 min. The sus-
pension was then stirred for a further 1 h. The mix-
ture was mixed with a 300 mL of butanone solution
of APS (2.4 g) and 1.5 mL of triethyl amine. The sus-
pension was refluxed for 3 h at 80°C and then
cooled to room temperature. After centrifugal sepa-
ration, the nanoparticles were finally dried in a low
pressure at 80°C for 12 h. And the resulting nano-
particles were named as g-TiO, and the bare TiO,
nanoparticles were named as b-TiO..

Preparation of PCL/TiO, nanocomposites

The polymerization of e-CL was carried out via the
ROP with the OH groups on the surface of TiO,
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nanoparticles as initiators and Sn(Oct), as catalyst.
The same procedure was applied in both surface-
treated TiO, and untreated TiO, nanoparticles. In a
typical experiment, the desired amount of TiO, (0.1
g) was suspended in &-CL (9.9 g) by means of ultra-
sonic treatment for 30 min, then the suspension
including TiO,, Sn(Oct),, and &-CL was transferred
to a three-necked flask, which was previously dried
in vacuum oven at 140°C. The reaction flask was
heated at 130°C for 10 h under magnetic stirring. Po-
lymerization was stopped by rapid cooling to room
temperature. The obtained products were dried in a
vacuum at 40°C for 24 h to remove the residual sol-
vent. Corresponding to the feed weight percentage
of TiO,, the composites were designated as PCL (0
wt % TiO,), PCL-b1 (1 wt % b-TiO,), PCL-b3 (3 wt
% b-TiO,), PCL-b5 (5 wt % b-TiO,), PCL-gl (1 wt %
g-TiO,), PCL-g3 (3 wt % g-TiO,), and PCL-g5 (5 wt
% g-TiO,).

Characterization

The Fourier transform infrared spectroscopy (FTIR)
analysis was performed at room temperature using
a Magna 750 spectrometer (Nicolet, USA). The spec-
tra were recorded from 400 to 4000 cm ' with a
spectral resolution of 4 cm™'. The grafted and non-
grafted TiO, nanoparticles were mixed with KBr
powders and pressed into flakes for FTIR
measurements.

The wide-angle X-ray diffraction (WAXD) patterns
of the samples were performed on a Dmax-Ultima+
X-ray diffractometer (Rigaku, Japan) with Ni-filtered
Cu/K, radiation (A = 0.15418 nm). The operating
target voltage was 40 kV and the tube current was
100 mA. The scanning speed was 1.2°/min from 5°
to 70° for TiO, nanoparticles and 10° to 30° for
PCL/TiO, nanocomposites.

The molecular weight and molecular weight distri-
bution of PCL/TiO, nanocomposites were measured
by GPC-220 (Polymer Laboratory, UK) equipped
with Ultrastyragel® columns and differential refrac-
tometer. Tetrahydrofuran (THF) was used as an elu-
ent at a flow rate of 1.0 mL/min at 40°C. The poly-
mer molecular weights were obtained with narrow
molecular weight distribution PS standards.

A FEI (Nanosem 430, HK) field emission scanning
electron microscope (FESEM) was used to evaluate
the cryofractured surfaces of PCL/TiO, nanocompo-
sites. The samples were sputter coated with a thin
layer of gold before the surface characterization.
Accelerating voltages of 10 kV was used for the
observation.

A JEOL (H-7650, Japan) transmission electron
microscope (TEM) was utilized to observe the mor-
phology of TiO, nanoparticles and PCL/TiO, nano-
composites. Before electron microscopy observation,
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the nanocomposites were cut into thin pieces using
an ultramicrotome.

Nonisothermal crystallizations of PCL/TiO, nano-
composites were performed in a DSC1 (Mettler-Tol-
edo, Switzerland) differential scanning calorimeter.
The instrument was calibrated using high-purity in-
dium and zinc standards. Each sample (ca. 5 mg)
was initially melted at 80°C for 5 min to erase the
previous thermal history, and then the sample was
cooled to 0°C at cooling rate of 10°C/min. After the
completion of nonisothermal crystallization, the sam-
ple was subsequent heated to 80°C at 10°C/min,
and the heat flows during both crystallization and
melting process were recorded.

Thermal stability analysis of PCL/TiO, nanocom-
posites was performed by TGA/SDTAS851 (Mettler,
Switzerland). The measurements were performed at
10°C/min from room temperature up to 500°C
under nitrogen flow.

The tensile tests of PCL/TiO, nanocomposites
were performed with a WDW 3010 tensile tester
(Changchun Kexin, China) at a crosshead speed of
10 mm/min. All the composites specimens were hot
pressed into dumbbell specimens with effective
dimensions of 60 x 5 x 1 mm® and the values were
averaged three measurements.

RESULTS AND DISCUSSION

The FTIR spectra of untreated TiO, and APS-treated
TiO, nanoparticles are shown in Figure 1. In the
spectrum of g-TiO, nanoparticles, the band at 612
cm ' is contributed to vibration absorption peak of
Ti—O—Ti and the bands at 1654 and 3448 cm™'
assign to surface functional groups —OH of nano-
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Figure 2 WAXD patterns of
nanoparticles.
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particles. The bands at 1000-1300 cm ™' are contrib-
uted to O—Si asymmetric flexible vibration.” The
band at 2963 cm ™' assigns to the appearance of alkyl
groups [—(CH,),—]. Furthermore, the peak at 2963
cm ! still exists after extraction separation for sev-
eral times reconfirms condensation reaction between
methoxy groups of APS and the TiO, surface
hydroxyl groups. As a result, the surface modifica-
tion of TiO, nanoparticles by APS is carried out
successfully.

The WAXD patterns of b-TiO, and g-TiO, nano-
particles are shown in Figure 2. The b-TiO, nanopar-
ticles exhibit several characteristic peaks at 20 =
25.5°, 38.1°, 48.1°, and 55.2°, which are consistent
with the crystalline nature of TiO, nanoparticles.
Also, the diffraction peak of maximum intensity
appears at 20 = 25.5°, which is in accordance with
the characteristic diffraction peak of anatase TiO,
parﬁcles.21 For g-TiO, nanoparticles, it shows an
almost similar pattern compared with that of bare
TiO, nanoparticles, indicating that the grafting reac-
tion does not cause any crystalline change as well as
additional secondary phase. According to the Scher-
rer equation, d = ki/cos 0, where d is the particle
size of TiO, nanoparticles, A is the wavelength of the
X-ray, b is the half-peak width of the diffraction
peak, k is a constant, and 0 is the half diffraction
angle, the size of the untreated TiO, particles and
modified TiO, particle is about 20 nm.

The TEM measurements were carried out to con-
firm the particle size and morphology of TiO, and
modified TiO, nanoparticles more clearly. Figure 3
represents the TEM images of the b-TiO, and g-TiO,
nanoparticles dispersed in chloroform. It can be seen
from Figure 3(a) that the nearly spherical bare TiO,
nanoparticles with a diameter of 20-30 nm, which is
consistent with the product description of TiO,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM micrographs of b-TiO, nanoparticles (a) and g-TiO, nanoparticles (b).

nanoparticles and the calculation of WAXD patterns.
Figure 3(b) represents g-TiO, nanoparticles with visi-
ble coupling layers around the particles after being
surface modification. In comparison with the initial
size of b-TiO, nanoparticles, their sizes are slightly
big (3040 nm), due to the existence of coupling
shell. This may be explained that the WAXD pattern
is generally used to calculate the size of crystal lat-
tice, which is different with the size of nanoparticles.

Figure 4 shows the schematic of the process of g-
TiO, nanoparticles and PCL/TiO, nanocomposites.
First, the nanoparticles were dispersed in butanone,
followed by adding APS under ultrasonication. After
a while, triethyl amine was utilized to initiate the
graft reaction and the hydroxyl groups on the sur-
face of the TiO, nanoparticles were reactive sites for
the reaction with alkoxy groups of silane com-
pounds. Then, the grafted-TiO, nanoparticles were
obtained at last. Second, the resulting g-TiO, nano-
particles were dispersed in e-CL monomer and ultra-

sonicated for a while to obtain well dispersed solu-
tion. In this stage, the hydroxyl groups presented on
the surface of TiO, nanoparticles may react with e-
CL monomer through the way of ROP and the PCL
molecules were tethered to the surface of TiO, nano-
particles. As a result, the PCL/TiO, nanocomposites
were obtained successfully.

The composition and the corresponding molecular
weight of the PCL/b-TiO, and PCL/g-TiO, nano-
composites are shown in Table I. The pure PCL has
the highest molecular weight and the lowest molecu-
lar weight distribution (MWD) compared with the
samples in which TiO, nanoparticles were added. In
this case, the molecular weight of the PCL exhibits a
continuous decrease with an increasing TiO, loading
level, whatever adding b-TiO, or g-TiO, nanopar-
ticles. This can be attributed to the increasing con-
centration of the hydroxyl groups that exist in the
chemical structure of the surface of the filler, which
act as the initiators in the ROP. Moreover, adding

|
e—OH + HzNCH2CH2CH2Si(OCH3)s ———— @—O—Si—(CHZ)sNHz
I

(g -TiO2 nanoparticle)

°o § 9

g-TiO2 nanoparticle

e-CL-attached on the g-TiO2

PCL/TiOz microspheres

Figure 4 Schematic of the process of g-TiO, nanoparticels and PCL/TiO, nanocomposites.
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TABLE I
Composition and Molecular Weight of PCL/b-TiO, and
PCL/g-TiO, Nanocomposites

TiO, content

(wt %)? 0 1 3 5
M, (g mol™!) PCL/b-TiO, 61100 53400 43000 35300
PCL/g-TiO, 51600 40700 32600

M,,/M,>* PCL/b-TiO, 126 168 173  1.82

PCL/g-TiO, 1.64 1.71 1.79

@ Other reaction conditions: Sn(Oct),: 0.1 wt %, 130°C,
10 h.

" Measured by GPC analysis with PS standard calibra-
tion, THF was used as eluent at 25°C.

surface-treated nanofiller leads to be a more lightly
pronounced decrease in Mn and a concomitant
increase in MWD.

WAXD measurements were performed to explore
the effects of the addition of b-TiO, and g-TiO, on
the crystal structure of PCL matrix. Figure 5 shows
the WAXD patterns of neat PCL, PCL/b-TiO,, and
PCL/g-TiO, nanocomposites. Neat PCL shows three
main characteristic peaks around 20 = 21.4°, 22.0°,
and 23.7°, corresponding to [110], [111], and [200]
planes of the orthorhombic crystal form.*> Moreover,
the nanocomposites also exhibit almost the same dif-
fraction peaks at the same locations, indicating that
the incorporating of b-TiO, or g-TiO, does not sig-
nificantly affect the crystalline structure of PCL ma-
trix. Also, it should be noted that a diffraction peak
at 20 = 25.5° can also be observed for the PCL/b-
TiO, and PCL/g-TiO, nanocomposites, indicating
that the crystallization of TiO, nanoparticles may
occur when they are dispersed in the PCL matrix.

It is clear that the dispersion of nanofiller in the
polymer matrix plays an important role in the prop-
erties of biodegradable polymers and end use of
nanocomposites. Therefore, SEM was employed to
explore the morphology of cross-section of films to
examine the dispersion of the bare and grafted TiO,
nanoparticles within the PCL matrix. Figure 6 shows
the SEM micrographs of PCL, PCL/b-TiO, and
PCL/g-TiO, nanocomposites. For PCL/b-TiO, nano-
composites, it can be seen that the nanocomposites
consist of uniform nanoparticles when the content of
nanofiller is low, such as 1 and 3 wt %. However,
partial much bigger aggregation can be found at
higher TiO, loading, as indicated in Figure 6(d). For
PCL/g-TiO, nanocomposites, surface-grafted TiO,
nanoparticles are well separated and randomly dis-
tributed in PCL matrix, even at higher content. This
can be explained that surface modification by APS
can improve the compatibility between TiO, nano-
particles and polymer matrix, which can solve or
relieve the appearance of strong aggregation
between TiO, nanoparticles. What's more, the
fracture surface is relatively rough and the TiO,

nanoparticles are wrapped within the PCL matrix,
which indicates that strong interfacial interaction
between the matrix and the fillers.

TEM has been proven to be a powerful tool to
investigate the dispersion of nanofiller embedded
within a polymer matrix. Figure 7 presents the rep-
resentative TEM micrographs of PCL-b5 and PCL-g5
nanocomposites. It is obvious from the TEM images
that the surface modification by the silane agent
leads to finer dispersion and distribution of g-TiO,
nanoparticles. Also, without any surface treatment,
some clusters or aggregates of TiO, nanoparticles
are observed throughout the PCL matrix. These
results confirm that the phenomenon of nanopar-
ticles agglomeration decreased effectively due to
improved compatibility between TiO, nanoparticles
and PCL matrix by the introduction of surface
modification.

It is wellknown that PCL is a kind of typical semi-
crystalline polymers, and the crystallization behavior
of PCL significantly influences not only the crystal-
line structure and morphology but also the resulting
mechanical properties. Thus, it is of importance to
investigate the crystallization behavior both from the
theoretical and practical points of view. DSC crystal-
lization exotherms for PCL/b-TiO, and PCL/g-TiO,
nanocomposites are shown in Figure 8, and the ther-
mal and crystallization properties determined from
DSC runs are summarized in Table II. It is obvious
that the addition of TiO, nanofillers, surface treated
or not, allows for increasing the crystallization tem-
perature (T.) of the PCL matrix, showing a heteroge-
neous nucleating effect of the nanoparticles. The
increase in the degree of T. are more pronounced for
the nanocomposites obtained using g-TiO, nanopar-
ticles with respect to b-TiO, nanofiller, indicating a
stronger heterogeneous nucleating effect of g-TiO,

TiO, (o)
RECY .G

PCL-g5
PCL-b5

PCL-g3

PCL-b3

PCL-g1

Intensity (a.u.)

PCL-b1

PCL

10 I 15 20 25 I 30
20%

Figure 5 WAXD patterns of PCL/b-TiO, and PCL/g-
TiO, nanocomposites.
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Figure 6 SEM images of cross-sections from pure PCL (a), PCL-b1 (b), PCL-b3 (c), PCL-b5 (d), PCL-gl (e), PCL-g3 (f),
and PCL-g5 (g) nanocomposites.

(@)

—100nvnj

Figure 7 Representative TEM microphotographs of PCL-b5 (a) and PCL-g5 (b) nanocomposites.
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TABLE III
Thermal Stability of PCL/b-TiO, and PCL/g-TiO,
9 Nanocomposites
=
L b
30.5°C PCL-g5 Composition Tempf éaturea Tempoe (r:ature
(Wt %) °C) O
PCL-b5 Sample Nanofiller type b-TiO, g-TiO, b-TiO, g-TiO,
% PCL-g3 1 0% TiO, 335 424
= 2 1% TiO, 358 368 426 432
% PCL-b3 3 3% TiO, 364 383 430 448
% PCL-g1 4 5% TiO, 373 399 436 457
s}
o} 216¢C PCL-b1 a o
T " Temperature for 5 wt % weight loss.
18.3°C PCL b Temperature of maximum rate of degradation (°C)
(from D-TG).
20 ' 40 I 80

Temperature (°C)

Figure 8 DSC traces of PCL/b-TiO, and PCL/g-TiO,
nanocomposites.

nnaoparticles. The introduction of surface modifica-
tion endows TiO, nanoparticles with better compati-
bility between TiO, nanoparticles and PCL matrix,
which makes PCL chain segments more easily to tie
to the surface of the TiO, nanoparticles. As a result,
the primary crystallization of PCL is promoted and
the energy needed is reduced, which leads to the
decrease of supercooling and the corresponding
increase of crystallization temperature. It should be
noticed that the addition of surface-treated TiO,
nanoparticles does not significantly change the melt-
ing temperature (T,,) of PCL matrix (neat PCL
shows the T,, at 59.8°C, nanocomposites containing
g-TiO, which reveals at 55-57°C), while the T,, is
kept in a similar interval (56-58°C) of PCL/b-TiO,
nanocomposites. Also, it is found that the crystallin-
ity of PCL slightly increases with the increasing of
b-TiO, or g-TiO, loading. Moreover, the crystallinity
degree of the PCL matrix are of more importance for
the PCL/g-TiO, nanocomposites with respect to
PCL/b-TiO, nanocomposites.

TABLE II
Thermal and Crystalline Properties of PCL/b-TiO, and
PCL/g-TiO, Nanocomposites

Sample  AH.(/g)  AH,(/g) T, (C) X" (%)
PCL 55.8 47.7 59.8 34.2
PCL-gl 59.7 535 58.4 387
PCL-g3 64.7 61.4 57.2 454
PCl-g5 79.3 72.1 56.7 54.4
PCL-b1 57.8 51.4 57.9 372
PCL-b3 62.1 56.1 56.4 416
PCL-b5 66.0 63.1 55.7 476

@ T,, are taken at the maximum of the melt peaks.

P X. = AH,,/(1 — &)AH,, AH,, is the melting enthalpy;
& is the mass fraction of TiO, particles; AH, is the AH,, for
100% crystalline PCL, i.e., 139.5 ]/ g3.

To examine the comparative effect of b-TiO, and
g-TiO, addition on the thermal stability of PCL,
TGA measurements were carried out on neat PCL
and nanocomposite samples. Table III shows the
thermographic analysis data of 5% weight loss (Ts9,)
and of the temperature corresponding to the maxi-
mum rate of thermal degradation (Tp from D-TG). It
is interesting to mention that T, is often considered
to be the initial decomposition temperature.” It
comes out that, for both PCL/TiO, nanocomposites,
adding untreated TiO, nanoparticles or surface-
treated TiO, nanoparticles results in an increase in
Tsy, and Tp compared to the pure PCL matrix.
Moreover, it should be noted that the increase in
thermal stability is in direct correlation with the con-
tent of nanofiller. It is of worth mentioning that in
all samples the corresponding nanocomposites
obtained using g-TiO, nanoparticles, that is, surface-
treated TiO,, are characterized by better thermal per-
formances than those obtained using untreated TiO,,
there exists similar tendencies regarding the increase
in Ts¢, or Tp values with the increase in nanofiller
loading. For instance, Ts¢ and Tp of PCL-g5 nano-
composites is 26°C and 21°C higher than the sam-
ples containing untreated nanofiller. Such improve-
ment can be attributed to the well dispersion of g-
TiO, nanoparticles within the PCL matrix and strong
interaction between surface-treated TiO, nanopar-
ticles and PCL chains.

It is evident that the interface between the TiO,
nanoparticles and the polyester matrix plays an im-
portant role in the structure—property relationship.
Interfacial affinity has been found to be one of the
most important factors in determining the mechani-
cal properties of nanocomposites.***> Table IV gath-
ers the mechanical properties of pure PCL compared
to nanocomposites containing increasing loading of
nanoparticles, surface treated or not. It is obvious
that PCL/b-TiO, and PCL/g-TiO, nanocomposites
exhibit a higher tensile strength and Young’s modu-
lus but lower ductility with respect to neat PCL ma-
trix. Moreover, for PCL/b-TiO, nanocomposites, the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Mechanical Properties of PCL/b-TiO, and PCL/g-TiO,
Nanocomposites
Tensile Young’s Elongation
Sample strength (MPa) modulus (MPa) at break (%)
PCL 135 = 0.3 207 = 13 524 + 13
PCL-b1 14.7 + 0.2 247 + 10 446 + 15
PCL-b3 154 = 0.1 336 £ 15 332 = 11
PCL-b5 132 £ 0.5 314 + 16 158 * 14
PCL-g1 15.7 = 04 293 + 12 468 + 13
PCL-g3 179 = 0.7 378 = 11 367 = 10
PCL-g5 184 + 04 431 £ 15 279 + 12

addition of surface-treated TiO, nanoparticles leads
to an important increase in the tensile strength and
Young’s modulus compared to nanocomposites con-
taining untreated TiO, nanofiller. For example,
nanocomposites filled 3 wt % surface-treated TiO,
nanoparticles show excellent mechanical properties,
that is, a tensile strength of 17.9 MPa, value that is
16.4% higher than that (15.4 MPa) obtained for the
nanocomposites using untreated TiO, nanofiller. The
improvement in mechanical properties which indi-
cating that the PCL/TiO, interface can be tuned by
modification with APS coupling agent, could be
attributed to the enhancement of the interaction and
adhesion between the TiO, nanoparticles and the
PCL matrix as well as uniform dispersion of the g-
TiO, nanoparticles. The coating of APS coupler has
been formed on the surface of TiO, nanoparticles,
which results in core-shell structure. It is assumed
that the grafted shell serves as the stabilizing com-
ponent, which hinders the occurrence of agglomera-
tion and thus improves the dispersibility of the
nanoparticles within the PCL matrix. Meanwhile, the
grafted shell petrates into the PCL matrix, mixing
and entangling with the PCL chains in the ma-
trix.2#?® Thus, the interfacial interaction between
grafted TiO, nanoparticles and PCL matrix is
enhanced greatly, which increase stress transfer to
the g-TiO, nanoparticles, resulting in higher tensile
strength and Young’s modulus of the PCL/g-TiO,
nanocomposites. Also, it should be noted that, for
PCL/b-TiO, nanocomposites, the tensile strength
and Young’s modulus of the nanocomposites
decrease when the nanofiller content of b-TiO, is
beyond 3 wt %. This can be explained that the seri-
ously agglomeration of b-TiO, nanoparticles
occurred, which can be confirmed from the previous
SEM images. The agglomeration could be stress con-
centration points and suppressed interfacial inter-
action effect, the mechanical properties decreased
consequently. The elongation at break of nanocom-
posites decreases with the increase of nanopaticles
content. The PCL/g-TiO, nanocomposites exhibit
higher elongation at break than the corresponding

Journal of Applied Polymer Science DOI 10.1002/app
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PCL/b-TiO, nanocomposites. The addition of TiO,
nanoparticles restricts the mobility of PCL chains, as
a result, the ductility of nanocomposites decreases.

CONCLUSIONS

In this study, surface of TiO, was grafted success-
fully with APS to modify the dispersion of TiO,
nanoparticles in PCL matrix. WAXD results showed
that the addition of b-TiO, or g-TiO, did not affect
significantly the crystalline structure of PCL matrix.
The higher crystallization temperature (T.) and the
crystallinity of TiO, particle-composited PCL were
obtained using APS-treated TiO, nanoparticles com-
pared with untreated TiO, nanoparticles. It was
found that the molecular weight and MWD of nano-
composites were dependent on the content of the
TiO, nanoparticles regardless of whether surface-
treated modification or not. And the composites
with surface-treated TiO, by APS have noticeable
thermal stability and better mechanical performan-
ces, whereas well dispersion of g-TiO, on a nano-
scale level was revealed by SEM and TEM. The
PCL/TiO, nanocomposites have a potential of appli-
cation in biomedical and environmentally friendly
fields.
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