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Abstract Composites were prepared by solution blending

ploy(vinylidene fluoride) (PVDF) and nanosilica which

modified by different organic modifiers. Infrared analysis

showed that the crystalline structure of PVDF was changed

by the addition of RNS-A (silica with amino terminated

group), while similar crystalline structure as pure PVDF

was observed for composites with DNS-0 and DNS-2,

unmodified silica and alkyl terminated group silica,

respectively. With differential scanning calorimeter (DSC)

and dynamic mechanic thermal analysis (DMTA) tech-

niques, crystalline structure, thermal, and mechanical

properties of the composite films were examined. As the

DSC results showed, addition of SiO2 would lead to the

increased cooling crystallization temperature (Tc), imply-

ing that SiO2 nanoparticles could act as nucleating agents,

however the degree of crystallinity of PVDF was not ele-

vated significantly. In the complementary modulated DSC

curves, multi-melting peaks associated with non-reversing

portion were observed and were explained from the

viewpoint of melting-recrystallization in the DSC heating

scan. In addition, dynamic mechanical properties as well as

the thermal stability of the composites are also influenced

by SiO2. As manifested by the corresponding DMTA and

thermogravimetric analysis (TGA) results, a strong inter-

action should exist between PVDF and SiO2 nanoparticles.

Introduction

Typical advantages of organic polymers are flexibility,

toughness, formability, and low density [1]; whereas

nanoparticles with their nanometer size, high surface area,

and the associated performance of interfaces can be func-

tioned as structure and morphology directors of the nano-

composites [2]. Incorporation of nanoparticles into various

polymers to produce composites has been extensively

utilized in an attempt to enhance the mechanical, physical,

and thermal properties of polymer.

Poly(vinylidene fluoride) (PVDF) is a very attracting

polymer owing to its piezoelectric [3] and pyroelectric

characteristics [4] that have been exploited in the devel-

opment of electronic devices [1, 5, 6]. It is known that

PVDF can exist in three main crystalline modifications

denoted as a (form II), b (form I), c (form III). The a-phase

has alternation trans- and gauche-bond (TGTG¢), the

b-phase has all trans-bond (TTTT), the c-phase has a

gauche-bond every fourth repeat unit (TTTGTTTG¢) [7–9].

The IR spectra of these three crystalline phases have been

well reported [9–17]: the characteristic a-phase are

530 cm–1 (CF2 bending), 615 cm–1 and 765 cm–1 (CF2

bending and skeletal bending), 796 cm–1 (CH2 rocking),

and 976 cm–1 (CH2 twisting); the b-phase are 510 cm–1

(CF2 bending) and 840 cm–1 (CH2 twisting); the c-phase

are 512, 776, 812, 833, and 840 cm–1.
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The non-polar a-phase predominates at melting-crys-

tallization below 160 �C while, the oriented polar b-phase

is normally obtained by drawing of a-phase films between

70 �C and 100 �C. The un-oriented b-phase may be

obtained by crystallization from dimethyl formamide

(DMF) or dimethyl acetamide (DMAc) solutions at <70 �C

and higher temperature will normally result in a mixture of

the a and b-phase [13], with the a fraction increasing with

temperature increase. The polar c-phase may be obtained

from both solution and melt-crystallization at temperature

>160 �C, or by annealing a-phase samples between 175 �C

and 185 �C [18–20].

In recent years some investigations had been done on the

composite of PVDF/nanosilica system with main motiva-

tion to control the crystalline phase and therefore to confer

the resulted material high mechanical and other properties

[1, 2, 21]. Kim et al. employed the sol–gel process

involving hydrolysis and polycondensation of TEOS

(tetraethyl orthosilicate) to successfully prepare the PVDF/

SiO2 hybrid materials [1]. It was conclusively found that

the PVDF/SiO2 hybrid composite film of 5 wt% SiO2

exhibited balanced mechanical properties without severe

changes in the crystalline structure of PVDF; whereas

for the hybrid composites with >10 wt% SiO2, the films

showed reduced mechanical properties and disrupted

spherulite texture of PVDF in comparison with pure PVDF.

Yet, some work showed that the presence of SiO2 could

increase toughness and/or stiffness through the energy-

dissipation mechanism during deformation [22]. On the

other hand, addition of appropriately surface-modified

SiO2 into PVDF can also control the crystalline phase and

morphology of PVDF matrix, i.e., it is possible to obtain

the specified crystalline phase in PVDF by changing the

kind of surface modifier or the content of organically

modified SiO2 [2, 21].

In this study, through surface modification, SiO2 nano-

particles with different terminated group were obtained and

were then added into PVDF via solution blending to obtain

the PVDF/SiO2 composites, and the composite properties

are investigated and compared with pure PVDF. The

effects of surface modification of SiO2 on the crystalliza-

tion, thermal, and dynamic mechanical behavior of PVDF

were further investigated.

Experimental

Materials and sample preparation

PVDF powders (F401, from Resin Corp. of Changzhou,

China, with Mn = 150 · 103, determined from the GPC

measurement) was used as received. Silicon dioxide (SiO2)

with diameter about 20–30 nm was supplied by Henan

University (Henan, China). The detail about the prepara-

tion of the surface-modification of nanosilica could be

found elsewhere [23, 24]. Briefly, a polyreaction-like pro-

cess where the hydrolysis product of sodium metasilicate is

used as the monomer and hexamethyldisilazane (HMDS)

as the chain terminator. As received, the silica with two

different substituted end group were prepared via surface

modification and the surface groups in this case were fol-

lowing: long chain alkyl, long chain alkylamine, and amino

group. Dimethylformamide (DMF, purity of 99.5%) was

from Tianjin Chemical Reagent Company (Tianjin, China).

All other raw materials were used as received.

At room temperature PVDF and SiO2 were dissolved in

DMF (weight ratio of SiO2/PVDF = 3 wt% and PVDF/

DMF = 10 wt%, respectively) by stirring for about 2 h,

followed by sonicating for 1 h before quickly poured into a

self-made aluminum cell. Finally the resultants were

annealed under vacuum at 70 �C for one week to form a

homogeneous film of ca. 0.4 mm thickness (sample I). In

this case, the annealing process was used to remove the

solvent and spontaneously induce the crystallization of

PVDF. To obtain more insight on crystallization behavior,

sample I was quickly heated to 200 �C, which was above

the melting temperature of PVDF, and then keeping the

sample at 200 �C for 2 min to remove any traces of crys-

talline structure; finally the sample was cooled down to

30 �C at a cooling rate of 10 �C/min to obtain the melt-

crystallized sample (sample II).

For samples with 3 wt% SiO2/PVDF the shorthand

notations were used in the following text: the bare silica

and the silica with surface modified with amino and alkyl

groups were nominated DNS-0, RNS-A, and DNS-2,

respectively.

Characterization and measurement

Attenuated total reflection (ATR)-infrared spectra were

obtained using a FT-IR spectrophotometer (Bruker, Tensor

27), at the resolution of 4 cm–1, 32 scans. In ATR mode,

thick sample can be directly tested by collection the

reflection information of single infrared beam on the

sample surface. As one of the advantages, the ATR-IR

allows easy investigation of thick sample in the practical

condition, without tedious treatment for sample.

Based on the specific absorption bands of a- and

b-phase, a method had been introduced elsewhere was used

to calculate the fraction of b-phase [18]. By using two

adsorption bands at 763 cm–1 and 840 cm–1 that are char-

acteristic to a and b-phase, respectively, the fraction of

b-phase, F(b), can be calculated using the following

equation [25]:
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FðbÞ ¼ Ab=ð1:26Aa þ AbÞ ð1Þ

where Aa and Ab were the absorbencies of a and b-phase at

763 cm–1 and 840 cm–1, respectively and the F(b) values

derived from the IR test were listed in Table 1. In this case,

Eq. 1 was used as a measurement of the transformation

efficiency of gauche state to all-trans state in PVDF film.

For DSC measurement, all samples were analyzed by

Q100 temperature modulated DSC from TA Corporation

which equipped with the thermal analysis data system.

Prior to sample scan, the heat flow and temperature were

calibrated with sapphire and pure indium (In), respectively,

and two standard empty aluminum pans were used for

baseline calibration. Under nitrogen atmosphere (20 mL/min),

the samples were scan over the range of 0–200 �C at a

heating rate of 10 �C/min for conventional DSC. In the

modulated DSC mode, nitrogen flow: 25 mL/min

(increasing nitrogen flow was to prevent the sample from

oxidizing at slowly heating rate), heating rate: 3 �C/min,

amplitude: ±1 �C and 60 s period were adapted for the

samples scan.

To derive the information of sample crystallinity from

the DSC results, the degree of mass crystallinity (vc
d) was

calculated as follows:

vd
c ¼ ðDHmÞ=wðDH0

mÞ � 100 % ð2Þ

where DHm was the experimental enthalpy of fusion and w

was the PVDF content in the PVDF/SiO2 composites. In

this case, a value of 104.6 J/g was used for DHm
0 as the heat

of fusion of 100% crystalline PVDF [26, 27].

Crystalline morphologies were recorded using Nikon

Eclipse E600 polarized optical microscope (POM). During

the sample testing process, the applied magnification was

used to obtain a well-resolved image, so the magnification

was not fixed for different samples. The photographs for

the sample films were taken with a Nikon Coolpix 5600

digital camera equipped on the vertical hood of the optical

microscope.

Dynamic mechanic thermal analysis (DMTA) experi-

ments were performed in film tension mode with a TA

instruments Q800 DMTA device at a heating rate of

3 �C/min from 30 �C to 155 �C, frequency of 1 Hz. The

sample dimension was 30 · 5·0.4 mm3. Thermogravi-

metric analysis (TGA) was performed on a STA 409 PC,

manufactured by Netzsch GmbH, Germany. The sample

was heated from room temperature to 600 �C at a heating

rate of 10 �C/min under a constant flow of nitrogen gas.

Results and discussion

ATR-IR and POM results

As stated in the experimental part, two series of crystal-

lized samples were used through the investigation: one was

the composite films annealed at 70 �C for one week

(sample I) and the other was from the melting state (sample

II). They were prepared to highlight the discrepancy in the

crystallinity behavior, which generated by different pro-

cedure. The ATR-IR results and the related POM images

from the samples of solution crystallization are showed in

Fig. 1. In Fig. 1a, sharp a-characteristic peaks at 764 cm–1,

976 cm–1 can be observed for RNS-A system; whereas

strong b-characteristic (840 cm–1) can be seen for neat

PVDF, DNS-0, and DNS-2 systems.

With Eq. 1 the b contents for both series (F(b)I, F(b)II

for sample I and sample II, respectively) could be derived

and the results are illustrated in Table 1. As indicated,

RNS-A system has the lower F(b)I value (24.9%), which

implies the dominant a-phase; whereas the higher F(b)I

values (71.5%, 74.5% for DNS-0 and DNS-2, respectively)

of the samples filled with DNS-0 and DNS-2 silica display

the predominant b-phase. For neat PVDF, the lower F(b)I

value of 54.4% than that of DNS-0 and DNS-2 systems,

implies the comparable a-phase and b-phase in neat PVDF.

In conclusion, for sample I, the addition of DNS-2 and

DNS-0 silica could promote the b-phase, while more

a-phase will be generated in the presence of RNS-A silica.

In addition, from the result of POM observations of neat

PVDF, DNS-0, and DNS-2 systems (b-dominated sample),

we can find many small spherulites belonging to the b
crystalline phase, but similar feature could not be found

from the POM image of RNS-A system (see Fig. 1b). For

RNS-A system, the imperfect crystalline particles should

be ascribed to the spherulite of a crystalline phase and it

will be able to develop into large spherulite upon annealing

at higher temperatures (results not showed).

In comparison, the observation is very different from the

sample via melting-crystallization process (sample II), as

showed in the corresponding FTIR and POM results

(Fig. 2). Although a and b are still the main crystalline

phase (see Fig. 2a), for all samples lower F(b)II values can

be found in Table 1. Therefore the samples should have the

dominated a-phase. This is in agreement with other pre-

vious work indicated that during the melt-crystallization

process, the PVDF is more tend to form the non-polar

a-phase and polar c-phase [28]. In this case, no obvious

c-phase is emerged, though.

Table 1 F(b) values of samples annealed at 70 �C for 1 week

(sample I), (F(b)I) and that of melt-crystallized (sample II), F(b)II

Sample Neat PVDF (%) DNS-0 (%) DNS-2 (%) RNS-A (%)

F(b)I 54.4 71.5 74.5 24.9

F(b)II 4.3 4.8 7.9 7.8
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Meanwhile, tremendous difference among all the sam-

ples can be found from the POM results in Fig. 2b.

Although the four systems show the spherulite structure

which is indicative of the dominant a-phase, the variance in

the spherulite size are clearly revealed, i.e., neat PVDF

> DNS-0 ~ DNS-2 > RNS-A.

With the addition of silica nanoparticle, a lowered

spherulite size is obviously observed, and this observation is

more distinct in particular for the sample filled with RNS-A,

which suggests that the dispersed SiO2 particles in the hybrid

composite would disturb the crystal growth of PVDF com-

ponent. As noted, the spherulite of the sample via melting-

crystallization (sample II) is significantly larger in size and

more perfect than that of the annealed-induced (sample I),
which is the reason why relatively large spherulite size

normally means a higher content of a-phase (Table 1).

Fig. 1 FT-IR spectra of sample

I (a) and polarized light

macroscopic images of sample I
(b), a: neat PVDF, b: DNS-0, c:

DNS-2, d: RNS-A
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DSC and MDSC measurement

DSC scans, including the heating and the cooling of the

samples from 70 �C-annealed (sample I) are showed in

Fig. 3. For RNS-A system with predominant a-phase

PVDF, we can find the main melting peak at ca. 163 �C

and a very weak shoulder peak at ca. 159 �C. As to the

b-phase predominant samples (neat PVDF, DNS-0, and

DNS-2 systems), only single melting peak occurred at ca.

161–164 �C.

Comparing with the pure PVDF, an elevating crystalli-

zation temperature (Tc) can be found in the cooling scan for

Fig. 2 FT-IR spectra of sample

II (a) and polarized light

macroscopic images of sample

II (b), a: neat PVDF, b: DNS-0,

c: DNS-2, d: RNS-A
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all the composites, DNS-0 at ca. 134 �C, DNS-2 at ca.

134 �C, and RNS-A at ca. 136 �C, respectively. These

elevating Tc temperatures often imply the accelerating

crystallization rate due to the nucleating effect from the

incorporation of nanosilica [29]. In this case, this phe-

nomena is more apparent for all composites considering the

fact that pure PVDF with Tc about 130 �C, and this is

particularly true for RNS-A system which with Tc about

136 �C.

The peak temperature in the heating scan (Tm) and areas

of the endotherm (DHf
c) are listed in Table 2. The mass

fraction degrees of crystallinity (vc
d) are determined from

the related endotherm area and are tabulated in the last

column of Table 2. From the results of vc
d data, the lower vc

d

value (31.5%) for DNS-0 system than that of neat PVDF

(36.5%) seems contradictory with the result of Tc, and this

observation should be ascribed to the non-modified DNS-0

silica which is very hydrophilic and bears higher surface

energy. During the crystallization, this polar and hydro-

philic nanoparticle will tend to surround the PVDF’s seg-

ments and hence restrict the mobility of molecular chains

and thus retard the crystallization [29, 30]. As comparison,

both DNS-2 and RNS-A systems have similar vc
d values

with neat PVDF, and this can be explained by the

decreasing surface energy and adsorption effect of organ-

ically modified DNS-2 and RNS-A.

Compared with sample I, DHf
c and vc

d values for sample

II are not altered largely (not presented), but a narrowed

melting peak and a slightly elevating Tm (ca. 165 �C, see

Fig. 4) could be found, which implying the formation of

more perfect and stable crystal during the melting process

and this observation is also consistent with above POM

results (Fig. 2b). In addition, for all samples except for

pure PVDF, shoulder peak could not be found around the

main melting area, which is different from the shoulder

peak occurred for RNS-A system in sample I.
Another noteworthy aspect during the melting process

of samples is the multi-melting phenomenon, which has

been observed in the DSC curves for many semi-crystalline

polymer, and has been attracted a variety of investigations

in theoretical and experimental [31–36]. The possible

Fig. 3 DSC traces of sample I;
(a) heating curves; (b) cooling

curves

Table 2 Related data from DSC measurement of samples: crystalline

temperature (Tc), melting temperature (Tm), heat of fusion (DHf
c),

mass fraction crystallinity (vc
d)

Neat PVDF DNS-0 DNS-2 RNS-A

Sample I
Tc (�C) 130 134 134 136

Tm (�C) 163 162 164 163

DHf
c (J/g) 38.23 31.96 37.06 37.71

vc
d (%) 36.5 31.5 36.5 37.2

Sample II

Tc (�C) 130 133 132 132

Tm (�C) 164 165 165 165

DHf
c (J/g) 38.77 36.20 37.28 35.68

vc
d (%) 38.2 35.7 36.7 35.2

Fig. 4 DSC heating traces of

sample II, (a) heating curves;

(b) cooling curves
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origin of this phenomena may be ascribed to (1) melting,

re-crystallization, and re-melting during the DSC heating

process; (2) the presence of more than crystal modification

(polymorphism); (3) variation in morphology (such as

lamellar thickness, distribution, perfection, or stability); (4)

physical aging or/and relaxation of the rigid amorphous

fraction; (5) different molecular weight species and so on

[37]. Modulated DSC (MDSC) applies a sinusoidal tem-

perature oscillation on a linear heating/cooling conven-

tional DSC and makes the total heat flow to be separated

into the heat capacity-related (reversible) and kinetic (non-

reversible) components. In order to further study the

melting behavior of samples, this technique is performed

and the corresponding curves are showed in Figs. 5 and 6.

At first look, the Tm values determined from the MDSC

total heat flow, normally located at ca. 170 �C, were higher

than those from the conventional DSC. This is reasonable

in that with relatively low scan rate with MDSC, 3 �C/min

in this case, the time duration was long enough for the

crystallite to be more perfect. In Addition, comparing them

with related conventional DSC curves, several aspects

should be underlined upon close check the MDSC results.

First, the multi-melting peaking phenomenon of sample II

is more evident and complicate than the counterpart sample

I. Further, as we check the total heat flow in Figs. 5 and 6,

we can find that for a-phase dominated sample II, two

apparent Tm appear with the main peak located at ca.

165 �C and the other at ca. 170 �C as the shoulder peak. By

comparison, for sample I only one well-resolved Tm

appears at ca. 170 �C but the shoulder peak is very weak.

This observation suggests sample II has a higher level of

crystal perfection than the sample I [38], and this respect

could be evidenced more directly from the OM images in

Figs. 1b and 2b.

Second, upon comparing the non-reversible heat flow

curves, for I series only RNS-A composite indicated the re-

crystallization which revealed as one hump cover the

temperature ranging from ca. 135 �C to 160 �C (see the

RNS-A exotherm in Fig. 5c). While all composites of P
series, irrespective of the variation of the silica surface

modification, displayed the similar behavior (see the non-

reversible curves marked in the square box in Fig. 6c).

Moreover, sample I shows the well-separated double

melting peaks, while all composites of II series display

varied, multi-melting peaks.

Finally, upon further checking the reversing heat flow of

two series of samples, the discrepancy could be seen with

respect to the variation of Tm. For I series, the samples have

the decreased Tm values in the range of ca. 168~164 �C in

the following order: neat PVDF, DNS-0, DNS-2, and RNS-

A (see Fig. 5b). In comparison, the P series has the almost

constant Tm value at approximate 164 �C (see Fig. 6b).

This observation is acceptable considering two facts. First,

for sample II which are subjected to 200 �C for 2 min prior

to cooling down to room temperature, the influence from

the surface modified silica particles could be excluded, thus

this series have a constant Tm; on the contrary, the silica

particles should play a role during the crystallization of

Fig. 5 TMDSC heat flow traces of sample I. (a) Total heat flow, (b)

reversing heat flow, (c) non-reversing heat flow. The box on the curve

indicated the temperature range concerning the re-crystallization

8414 J Mater Sci (2007) 42:8408–8417
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sample I which had been annealed at 70 �C for 6 days. In

other words, the silica could act as the nucleator in the

subsequent crystallization step. Second, this observation is

also in well agreement with the IR result summarized in

Table 1, i.e., all samples in series II have a relatively low b
contents with F(b)II less than 10%; whereas the sample I
have increased b contents F(b)I from 24.9% to 74.5%

which will lead to the elevated Tm values.

Thermal stability

The thermal stability is evaluated with TGA measurement

and the results are presented in Fig. 7. In this case, both

series of samples display the very identical results and to

avoid encumbrance only the results of sample I are given.

Comparing with the pure PVDF, the composites comprised

of the DNS-0 and RNS-A silica are more thermal-stable

but no enhancement is found for the DNS-2 system. It

means that the nanocomposites comprised of the polar

group-modified silica exhibit better thermal stability than

that of pure PVDF and the non-polar group-modified silica

composite. Due to the well dispersion and good thermal

transmission properties, the silica nanoparticles may

strongly hinder the volatility of the decomposed products

obtained from pyrolysis and thus limit the continuous

decomposition of PVDF content. In addition, as we dis-

cussed above, the restrained state of PVDF chains due to

the interaction between the chains and the polar groups on

the silica surface, i.e., amino and/or hydroxyl in this case,

is another important factor to induce an enhancement of

thermal stability of the nanocomposites.

DMTA measurement

DMTA measurements are employed to get further infor-

mation on the dynamic behavior of the composites and

temperature dependence of E¢ (storage modulus) and tand

Fig. 6 TMDSC heat flow traces of sample II. (a) Total heat flow, (b)

reversing heat flow, (c) non-reversing heat flow. The box on the

curves indicated the temperature range concerning the re-crystalliza-

tion

Fig. 7 TGA curves for neat PVDF and different PVDF/SiO2

nanocomposites of sample I
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(loss factor) are showed in Fig. 8. As expected, E¢ of these

composites are higher than that of neat PVDF and decrease

with elevating temperature for all samples. Here, the E¢ of

DNS-0 series is much higher than others. The elevating E¢
suggests, apart from the physical enhancement from the

inorganic particle to the polymer matrix, certain interaction

may exist in between the chemically modified nanoparti-

cles and PVDF segments, which may prevent the motion of

PVDF chains. In this case, higher E¢ of DNS-0 implies the

stronger interaction of unmodified nanoparticles (with

plenty of hydroxyl groups on the silica) with PVDF matrix

than the organically modified ones, and this aspect could be

also corroborated with the lower vc
d data listed in Table 2.

Another noteworthy point is, above ca. 50 �C, one weak

relaxation process emerges in the tand (loss factor) curves.

This process, normally labeled ac, is closely associated

with the motions within the crystalline fraction and is re-

sulted from the higher-Tg-relaxation which had been also

reported in a variety of flexible semi-crystalline polymers,

including polyethylene, poly(methylene oxide), poly(eth-

ylene oxide) and isotactic polypropylene [39, 40]. It should

be noted that this relaxation is not clearly revealed as a

peak in the tand plot, and this observation should be as-

cribed to the small size of the spherulite (see Fig. 1b) and

lower crystallinity (see Table 2 for the relatively low vc
d of

sample I) that are induced by the 70 �C-annealing process.

For RNS-A composite, the higher ac transition temper-

atures imply the strong interaction of RNS-A with PVDF

chains as corroborated well in the DSC and TGA mea-

surements; and the large tand value corresponding to the ac

transition region in the DMTA curve is probably due to the

imperfect crystalline structure that induced by RNS-A in

the increasing volume of continuous crystalline region and

the scattering amorphous region. This interpretation can be

also employed to explain the results of F(b) data in

Table 1. The strong interaction of RNS-A with PVDF

chains would increase the motion resistance of PVDF

chains and this effect will make it more difficult to form the

all-trans conformation (b-phase) for the molecular chain

and thus it tends to form the alternating trans and gauche

state (a-phase). Accordingly, the relatively weak interac-

tion of DNS-2 with PVDF chains implies the easy motion

of PVDF chains as that in the neat PVDF, hence all-trans

b-phase can be formed. Although this explanation deserves

further studies, these experimental results highlight the

potential to control the crystalline phase and thus endow

the composite with high mechanical and other properties.

Conclusion

In this investigation, surface modified silica via different

chemical groups are incorporated into PVDF to form the

PVDF/SiO2 composites. ATR-IR measurements and the

corresponding POM results indicated the crystalline phase

of PVDF is alternated by the addition of SiO2. For DNS-0

and DNS-2 systems, the predominant crystalline phase is

b-phase as neat PVDF; for RNS-A series, a-phase is the

main crystalline phase. From the DSC measurement, the

double-melting peak phenomena is present for RNS-A

system, and the crystalline temperature (Tc) of PVDF is

elevated with the addition of SiO2, indicating that the SiO2

particles would act as nucleating agents to accelerate the

crystallization of PVDF. Temperature modulated DSC

(MDSC) experiments are performed to better understand

the melting behavior nanocomposites and the results verify

that the multi-melting contributions are associated with the

non-reversing portion of the MDSC measurement. In

addition, DMTA and TGA results show improved dynamic

mechanical properties and thermal stability for the

nanocomposites.
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