
Inorganic reinforcement in PET/silica electrospun nanofibers

Qian Ma • Bin Mao • Peggy Cebe

Received: 31 October 2011 / Accepted: 29 June 2012 / Published online: 3 August 2012
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Abstract PET/silica nanocomposite fibers of high quality

were fabricated from electrospinning by choosing appropri-

ate surface modification of inorganic fillers, solution prop-

erties, and processing conditions. The existence of an

immobilized layer around silane-modified silica particles in

PET fibers was verified by Fourier transform infrared spec-

troscopy, the results of which confirm previous thermal

analysis studies. The influence of silica particles on the crystal

growth during isothermal crystallization as well as the phase

structure of the crystallized nanocomposite fibers were

examined using differential scanning calorimetry. The PET

crystallization rate increases significantly with increasing

silica content, which indicates that the silica nanoparticles act

as an efficient nucleating agent to facilitate PET crystalliza-

tion. Using Avrami analysis, for the first time, preferred 1-D

crystal growth was confirmed for geometrically confined

nanocomposite fibers. Addition of silica particles makes the

crystal growth more likely to occur in a 1-D manner.

Keywords Thermal analysis � Electrospinning �
Nanocomposite � Reinforcement

Introduction

Poly(ethylene terephthalate) (PET) composites with nano-

size inorganic reinforcement are of great interest due to the

improvement in electrical, mechanical, and thermal proper-

ties as well as high performance in fire retardance, solvent and

heat resistance, wettability, and dyeability compared to neat

PET [1–8]. Among the diverse traditional reinforcements

doped in PET, such as carbon nanotubes [9], nanoclays [10],

and gold nano-wires [11], the influence of silica on the

nucleation and crystallization behaviors of PET has received

considerable attention [12, 13]. Experimental results show

that in non-isothermal crystallization, silica particles in

contact with the PET matrix can induce a heterogeneous

nucleation effect, producing branched and crosslinked

macromolecules [13]. Meanwhile, the nucleation rate

induced by silica particles was increased with a decrease in

particle size; 35 nm silica particles produced the most

significant effect [12].

Electrospinning (ES) has been widely investigated and

proved to be an effective way to prepare high performance

nanocomposite fibers. By adopting appropriate surface

modification of inorganic fillers, solution properties, and

processing conditions, electrospun fibers with highly regular

diameters and smooth surfaces could be obtained. A series of

studies has been carried out in our group to characterize the

morphology, thermal transitions, and phase structures of

electrospun nanocomposite fiber [9, 14, 15]. Previous study

based on the specific reversing heat capacity of PET/silica,

electrospun nanocomposite fibers [15] demonstrated the

existence of the rigid amorphous phase in the absence of PET

crystallinity. Experimental results show that the rigid

amorphous fraction (RAF) can be formed by interaction with

either or both the silica particles and the lamellar crystals,

and these two origins of confinement coexist in the crystal-

lized fiber. Thermal analysis of nanocomposites is a pow-

erful tool to characterize phase structure in nanocomposite

fiber, and is especially useful to quantify the immobilized

rigid amorphous phase around fillers.

In this paper, for the first time, the nucleating effect of

silica on PET nanocomposite fibers during isothermal

crystallization was characterized. The influence of silica

Q. Ma � B. Mao � P. Cebe (&)

Department of Physics and Astronomy, Center for Nanoscopic

Physics, Tufts University, Medford, MA 02155, USA

e-mail: peggy.cebe@tufts.edu

123

J Therm Anal Calorim (2012) 109:1245–1251

DOI 10.1007/s10973-012-2582-1



particles on the phase structure of both as-spun amorphous

and isothermally crystallized nanocomposite fibers was also

examined using both differential scanning calorimetry

(DSC) and Fourier transform infrared spectroscopy (FTIR).

Systematic investigation through thermal analysis of the

crystal nucleation and chain confinement of PET brought by

silica particle reinforcement enables a deeper understanding

of the specific properties of PET-based nanocomposites.

Experimental section

Materials

PET was obtained from the former Allied Signal Corp. as film,

with intrinsic viscosity of 0.92 dL g-1, measured in 60/40

phenol/trichloroethylene solution. The molecular weight is

25,000 g mol-1 calculated from the Mark-Houwink equation

with a = 0.640 and K = 14 9 10-4 dL g-1. Silicon dioxide

nanopowder was purchased from Aldrich, with a particle

diameter of 16 nm. Surface modification of neat silica was

carried out using methyltrichlorosilane. Methyltrichlorosilane

was added to toluene at a volume-to-volume ratio of 10 %.

Then silica powder was added into the methyltrichlorosilane/

toluene solution at a loading of 5 wt% in the total mixed

solvent. The solution was stirred overnight at room tempera-

ture. Then, the majority of the solvent was evaporated from the

silica under ambient conditions and further eliminated in a

vacuum oven at 100 �C for 12 h. The resulting silane-modi-

fied SiO2 powders were dispersed in hexafluoro-isopropanol

(HFIP) to form the silica stock solution and ultrasonicated

24 h to minimize possible agglomerates. To prepare the

polymer solutions, PET pellets were dissolved in HFIP sol-

vent at a concentration of 15 wt% PET and ultrasonicated

overnight. Then PET/SiO2 solutions were mixed together to

obtain the following specific weight ratios of SiO2 to PET: 0,

0.5, 1.0, and 2.0 wt%, and the mixed solution was electrospun.

ES process

PET/silica solution was loaded into an inclined 0.55-mm

inner diameter pipette with a copper needle electrode

inside, at a working distance of 15 cm from a grounded

collector covered with Al foil. A high voltage of 15 kV was

applied to provide the required electrical field. The as-spun

fibers deposited on the collector were then immersed in

methanol for 2 h to remove any residual HFIP and then

dried in a vacuum oven for 24 h at room temperature.

Differential scanning calorimetry (DSC)

A TA Instruments Q100 temperature modulated DSC

(TMDSC) was used to perform the thermal analysis

experiments. Calibration with indium was conducted for

the heat flow and temperature, and the experimental heat

capacity was evaluated using a sapphire standard. The flow

rate for using nitrogen as the purge gas is 50 mL min-1.

The sample mass was kept around 6 mg. The Al sample

and reference pans were identical in mass with an error

±0.01 mg.

The heat capacity in this paper was obtained using the

three-run method. The first run is empty Al sample pan versus

empty Al reference pan to obtain baseline correction. The

second run is sapphire standard versus empty Al reference pan

to calibrate heat flow amplitude. The third run is sample versus

empty reference pan. The heat capacity was calculated from

the heat flow contribution of the polymer part only (i.e., the

heat flow obtained in the third run was corrected by sub-

tracting the contribution of silica particles during heating.)

Scanning electron microscopy (SEM)

An FESEM Ultra 55 SEM was used to examine the mor-

phology of electrospun fibers at Harvard University, Center

for Nanoscale Systems. Samples were sputter-coated with

gold–palladium before viewing.

Atomic force microscopy (AFM)

Fiber imaging was carried out using Nanoscope V,

Dimension 3100 AFM (Digital Instruments, Santa Barbara,

CA). For AFM, PET/silica ES fibers were cast onto a sil-

icon wafer to form a thin mat for analysis. FESP silicon

probes were used to investigate the fiber with resonance

frequency of 75 kHz and force constant of 2.8 N m-1 as

specified by the manufacture.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR absorbance spectra was collected using a JASCO

6200 spectrometer in attenuated total reflection (ATR)

mode. Sixty-four scans were co-added with a resolution of

4 cm-1 in the wave number region of 600–4,000 cm-1 for

one single sample test.

Results and discussion

Morphology of nanocomposite fibers

SEM was used to investigate the morphology of PET/silica

electrospun nanocomposite fiber. For the sake of brevity,

only the image of PET with 2 % silica is shown in Fig. 1.

Uniform and smooth electrospun fibers were obtained from

both PET homopolymer and nanocomposite solutions,

indicating the good dispersion of silica in PET matrix.
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AFM imaging was performed under ambient conditions

in tapping mode using FESP cantilevers with scan rate

0.5 Hz. Figure 2a shows the topography image of a single

electrospun fiber with 200-nm diameter. The cross-section

of the topography of the sample (Fig. 2b), taken along the

line marked by the arrows in Fig. 2a, shows a smooth

round top of the fiber. The height of the fiber is a reliable

measure of the fiber diameter (*185 nm) while the width

of the fiber in the image is exaggerated due to the convo-

lution of the AFM tip shape with the shape of the fiber [16].

Phase structure of as-spun fibers

Previous study in our group [15] showed that the PET/Silica

as-spun fiber is non-crystalline based on the absence of

crystalline reflections from wide angle X-ray scattering

(WAXS). The existence of RAF in non-crystallized as-spun

PET/Silica nanocomposite fibers was quantitatively dem-

onstrated based on the reduction of heat capacity step at Tg

compared with fully amorphous unconstrained PET [15].

The method used to determine the immobilized fraction is

explained in the sketch of Fig. 3, which shows the specific

reversing heat capacity trace of amorphous PET (solid curve)

in comparison to PET with 2 % silica nanocomposite fiber

(dashed curve). If no confinement exists in as-spun fiber and

the polymer chains possess full mobility, the heat capacity

will match the 100 % liquid baseline above Tg (e.g., solid

curve); however, if confinement of any origin exists, there

will be a significant reduction in heat capacity step at Tg (e.g.,

dashed curve), and this confinement can only be attributed to

the formation of a rigid immobilized layer around silica

particles in the as-spun amorphous fibers.

The existence of an immobilized RAF layer was also

verified by FTIR spectroscopy of as-spun PET/silica fibers.

Figure 4a shows FTIR absorbance of the untreated, as-spun

ES fibers. The absorption peak at 1,174 cm-1 is assigned to

the phenyl ring vibration associated with mobile amor-

phous regions of PET while the 1,410 cm-1 serves as a

reference band [18, 19]. As the silica loading increased, the

absorption peak at 1,174 cm-1 was suppressed until

reaching a minimum value for the sample of PET with 2 %

silica, indicating a decrease in the mobile amorphous

fraction. Based on previous study of WAXS, no crystal-

linity was found in the as-spun fibers, so we attribute the

reduction in phenyl ring absorbance to the emergence of

the rigid amorphous phase. Normalizing intensity of the

1,174 cm-1 band to the reference band, /RAF is

/RAF ¼ 1� ðAsc=A0Þ ð1Þ

where Asc is the intensity ratio of the absorption peak at

1,174 cm-1 to that at 1,410 cm-1 for all semicrystalline

nanocomposite samples, and A0 is the intensity ratio of the

absorption peak at 1,174 cm-1 to that at 1,410 cm-1 for neat

PET homopolymer fiber. Figure 4b shows the comparison of

/RAF from FTIR and DSC. We see that the FTIR results have

the same growth trend as the previous thermal analysis results.
Fig. 1 SEM image of as-spun PET nanofibers with 2.0 % silica.
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DSC studies of isothermal crystallization

The addition of silica nanoparticles can not only cause a

restriction to the polymer chain mobility by inducing an

immobilized layer, but also has been demonstrated to have

a significant effect on the crystallization kinetics through

changing crystal nucleation and growth. It has been widely

demonstrated that the crystallization behavior of PET can

be influenced or controlled by inorganic silica particles

[8, 12, 13, 20–22]. A series of experiments was carried out

to study the effect of silica particles on the isothermal cold

crystallization (i.e., crystallization of the fibers conducted

by heating the fibers above the glass transition temperature,

Tg = 345 K) of PET electrospun fibers. Isothermal cold

crystallization kinetics for PET/Silica nanofiber was inves-

tigated using standard DSC to evaluate the effect of SiO2

nanoparticles on crystallization rate of PET fibers. All

samples were heated very rapidly to the specific crystalli-

zation temperature Tc = 375 K and isothermally crystal-

lized at Tc for various times. The exothermic heat flow rate

dH(t)/dt, as a function of time, t, at Tc is shown in Fig. 5.

The asymmetric shapes of the exothermal peaks suggest

that this process contains secondary crystallization in the

later state of crystal growth [23]. Crystallization time was

extended until no more exothermic heat flow could be

detected.

The relative crystallinity is obtained from the integrated

normalized heat flow rate as a function of time, which is

written as [23–25]:

XC ¼ HðtÞ=Hð1Þ

¼
Z t

0

dtðdHðtÞ=dtÞ

2
4

3
5
, Z1

0

dtðdHðtÞ=dtÞ

2
4

3
5 ð2Þ

where XC is the ratio of heat generated at time t, H(t), to the

entire heat generated during crystallization, H(?), and is

shown in Fig. 6.

The Avrami equation [26–28] is adopted to analyze the

crystallization kinetics of PET/Silica nanocomposite fibers:

XcðtÞ ¼ 1� expð�KtnÞ ð3Þ

where Xc(t) is the relative crystallinity of samples at dif-

ferent times, K is the crystallization rate coefficient, which

is a function of temperature and relates to both the nucle-

ation frequency and the crystal growth rate, and n is the

Avrami exponent parameter which reflects the nucleation

mechanism and crystal growth geometry [29]. Figure 7

shows the double-logarithmic Avrami plot for PET fibers

with different amounts of modified silica. K and n, sum-

marized in Table 1, are constants with values specific to a

given crystalline morphology and type of nucleation for a

particular crystallization condition, and are determined
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from the intercept and slope of the linear portion (before

the roll off due to secondary crystallization) of the plot of

log[-ln(1 - Xc)] versus log(t).

Two characteristic times are also listed in Table 1: the

calculated crystallization halftime, t1/2
cal , and the time to

maximum rate of change of crystallinity, ti. Calculated

halftime is the time when the relative crystallinity has

reached 0.5, obtained from [24]

tcal
1=2 ¼ ln2ð Þ=Kð Þ1=n ð4Þ

The experimentally determined crystallization halftime

derived from Fig. 6, t1/2
exp, is also given for comparison in

Table 1. The time to maximum rate of heat flow, ti, can be

deduced from n and K as described below in Eq. (5), and is

included in Table 1 for comparison to the halftimes:

ti ¼ n� 1ð Þ=nKð Þ1=n ð5Þ

For all samples, the Avrami exponent, n, maintains a value

between 1.15 and 1.31, indicating preferred 1-D crystal

growth in PET fiber, compared to cold crystallization of pure

PET film which follows 3-D spherical growth with

heterogeneous nuclei [30]. ES of nanoscale fibers results in

a geometrical size restriction, and polymer chains become

stretched and confined along the fiber axis. This induces linear

growth of crystals within the fiber. Existing silica particles

may serve as nuclei, and the stretched chains could be

absorbed onto the edge and/or surface of these nuclei and then

grow outward [31]. As a result, n values approach unity as the

silica amount increases, making the crystal more likely to

grow in a linear manner. Small angle X-ray studies are

underway to determine the directionality of the one-

dimensional growth.

The crystallization rate coefficient, K, decreases with the

loading amount of silica particles. A marked decrease in

the induction time ti with silica amount could be observed.

t1/2 is always larger than ti, and the difference between the

two times decreases with an increase of silica, indicating

the asymmetry is getting less pronounced when the inor-

ganic particle content increases.

From Fig. 6, the degree of crystallization conversion

versus time curves show that for all the samples loaded with

silica, the time needed in order for the crystallization process

to be completed is decreased, compared to that of neat PET.

The PET crystallization rate increases significantly with an

increase of the silica content, which indicates that the silica

nanoparticles act as an efficient nucleating agent to facilitate

PET crystallization. The addition of silica could decrease the

activation energy compared to neat PET, so once crystals are

nucleated, silica particles could largely accelerate the crystal

growth rate [13, 32].

After crystallization, all samples were heated to the melt

at a heating rate of 5 K min-1. The phase structures were

evaluated using a three-run method described in earlier

work [14], and the results are shown in Table 2. Compared

to neat PET ES fiber, PET/silica nanocomposite ES fibers

possess a similar degree of crystallinity, but an increase of

RAF occurs with an increase of the silica loading. Here,

0 10 20 30 40 50 60

Time/min

.06

.04

2.0

.02

0

H
ea

t f
lo

w
 r

at
e/

 W
 g

–1

% Silica

1.0

0.5

0

Fig. 5 Isothermal crystallization kinetics at 375 K of PET/silica

fibers investigated by standard DSC. The exothermic heat flow rate,

dH(t)/dt, versus time, t, is shown for PET with different amount of

silica. Wt% of silica is indicated

0 10 20 30 40 50

Time/min

1.2

0.8

0.4

0

R
el

at
iv

e 
cr

ys
ta

lli
ni

ty

2.0 1.0 0.5 0

Fig. 6 Relative crystallinity versus crystallization time for PET/silica

fibers crystallized at 375 K, calculated from Eq. (2). Wt% of silica is

indicated

–0.4 –0 0.4 0.8 1.2
–1.5

–1.0

–0.5

0

Log10 (Time/min)

Lo
g 10

(–
Ln

(1
–X

c)
) 2.0 1.0 0.5 0

Fig. 7 Avrami plot of the isothermal crystallization kinetics of PET/

silica fibers crystallized at 375 K. Wt% of silica is indicated

Inorganic reinforcement in PET/silica 1249

123



RAF includes both the immobilized layer around silica

particles and the interface between crystalline and mobile

amorphous chains.

Conclusions

PET/silica fibers of high quality were fabricated from ES.

Using FTIR, the existence of the immobilized layer

induced by the reinforcement was further verified in the as-

spun amorphous fiber, consistent with previous thermal

analysis results. The addition of silica particles not only

introduces polymer-filler interfacial binding, leading to the

immobilized layer, but also has a significant effect on

the crystallization kinetics of nanocomposite fibers. For the

first time, the preferred 1-D crystal growth was confirmed

for the geometrically confined nanocomposite fiber. The

addition of silica particles makes the crystal growth more

likely to occur in a 1-D manner.
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