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Abstract Poly(ethylene terephthalate)/silica nanocomposites have been prepared

through in situ polymerization. The morphology was investigated by atomic force

microscopy in the tapping mode and scanning electron microscope. The interface

morphological structure of the poly(ethylene terephthalate)/silica nanocomposites

strongly depends on the ratio of silica in the matrix. When silica weight fraction is

lower than 3 wt%, the system consists of aggregated silica particles dispersed in the

organic matrix; beyond this concentration, the structure is co-continuous with that

of the organic matrix. Surface of poly(ethylene terephthalate) was smooth; while

nanocomposites were rough, there are good interfacial adhesion and compatibility

between the polymer matrix and the nanofillers.

Keywords Poly(ethylene terephthalate) � Silica � AFM � SEM �
Morphology

Introduction

In recent years, polymer nanocomposites have attracted extensive research interests

around the world. It has been found that these materials have many advantages over

traditional polymer composites with microscale fillers such as increased strength
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(without degrading other mechanical properties), decreased gas permeability,

improved heat resistance, and enhanced electrical conductivity [1–5]. Poly(ethylene

terephthalate) (PET) was first prepared in 1946 [6] and has become one of the most

widely used polymer materials. Because of its low cost and high performance such

as high transparency, high stability in dimension, and good mechanical properties, it

can be used in a variety of fields including film, bottle, and fiber.

There are four major materials used to prepare nanocomposties with inorganic–

organic properties: (a) layered clay [7–11], (b) alkoxysilane compounds as

precursors and using a sol–gel technique [12–14], (c) polyhedral oligomeric

silsesquioxane (POSS) molecules [15, 16], and (d) nanoparticles [17–21], nanof-

ibers, and other synthetic materials [22]. However, owing to the poor compatibility

between the organic matrix and inorganic fillers, some efforts are necessary to

enhance the compatibility between the fillers and the polymer matrix during the

preparation of nanocomposites. For examples, alkylammonium salts and silane

coupling agents are widely used in layered clay and silica-based nanocomposites,

respectively. Nanoscale colloidal silica [17], in addition to layer clay [18], has been

considered as inorganic fillers for the preparation of nanocomposites associating

with the sol–gel processor in situ polymerization technique. Preformed nanoscale

colloidal silica has been reported to form homogeneous PMMA–silica nanocom-

posites with in situ PMMA polymerization and without using any coupling agents

[19].

Few studies have investigated nanocomposites’ morphology using atomic force

microscopy (AFM) so far [23–28]. Out of three modes of AFM, tapping mode

(TMAFM) is the most suitable for soft samples. In this mode, short intermittent tip

sample contact reduces lateral forces, which minimizes sample damage during

scanning and detects the change of surface property more sensitively.

The aim of this study was to prepare PET nanocomposites with organic-modified

silica via in situ polymerization. In this study, organic-modified silica nanoparticles

were dispersed in the solution of ethylene glycol monomer, and PET/silica

nanocomposites were fabricated by direct polymerization. The content of silica

varied from 0.5 to 5%. The surface, morphology, structure, nanofiller distribution,

and performance of PET nanocomposites with different contents of silica were

investigated using the TMAFM , and these results were compared to those of the

scanning electron microscope (SEM) analysis of our earlier research.

Experimental

Materials

An aqueous solution of silica nanoparticles were purchased from Zhoushan MingRi

Nanomaterial Limited Company, Zhejiang, ZhouShan, China. The characteristics of

the aqueous solution of silica nanoparticles are summarized in Table 1 (data from

the manufacturer), which shows that the sample contains 30% silica, about 70%

water, and a small amount of Na2O. The original particle size was about 10 nm.
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Terephthalic acid, ethylene glycol, and zinc acetate (as catalyst) were the kind

courtesy of Chang Zhou Huayuan Radics Limited Company, JiangSu, China.

Preparation of PET/silica nanocomposites by in situ polymerization

PET/silica Nanocomposites were prepared by in situ polymerization. The details

of the synthetic process have been described in an earlier article [29]. A series of

PET/silica composites were synthesized. The contents of the silica were 0.5, 1, 3,

and 5%.

Sample characterization

Atomic force microscopy observation

The specimens (of 2 mm diameter) for AFM observation were microtomed with an

Ultracut Uct to 80–100 nm thick sections at -80 �C. In order to get a very smooth

surface for AFM observation, the samples were first cooled by liquid nitrogen and

then sliced by a diamond knife. The scanning and analysis of the samples were

carried out on SPM-9500J3, Japan. The AFM measurements were carried out in air

at ambient conditions (25 �C) using tapping mode probes with constant amplitude.

Height and phase images were recorded simultaneously at the resonance frequency

of the cantilever with a scan rate of 1 Hz and a resolution of 256 samples per line.

Scanning was done at different positions of each sample, and representative images

have been displayed here. Roughness measurements were done using a nanoscope

image processing software.

Scanning electron microscope observation

Scanning electron microscope (FEI Sirion200 FSEM, operating with secondary

electrons at 15 kV) was carried out to observe both the morphology and silica

particles distribution on the fracture surface of the samples. This study investigates

the fracture characteristics of these composites after rupture through impact test.

Standard Izod specimens (4 9 10 mm2) were fabricated by injection molding. The

specimens were impact tested in a conventional pendulum-type hammer. The cross

section of PET/silica nanocomposites in impact test were sputtered with a thin layer

of gold for observation.

Table 1 Summary

of nanoparticle characteristics

(data from company)

Analysis Results

Weight percent of silica (%) 30

Particle size (nm) 12

Surface area (m2/g) 200

Density (g/cm3) 1.2

pH value 10

Content of Na2O (%) 0.45
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Results and discussion

Atomic force microscopy investigation

The microstructure of the two-phase PET/silica nanocomposites has been inves-

tigated by AFM. The structure features were reflected by changes in height and

phase images, which have been taken at the same time. The AFM height mode

image presentation is more accurate for agglomerate analysis.

The height image barely shows the valleys and hills of the surface corresponding

to the dark and bright regions. The effect of silica addition on the nanocomposite

structure is very visible in Fig. 1a–e. AFM images and grain size distributions

clearly indicate refinement of the structure in comparison to unfilled PET (Fig. 1a).

Though the AFM topography not always reveals the real surface morphology,

harder surface areas might be less deformed by the tip during scanning and might

appear higher in morphology images. A surface containing silica is expected to be

harder in comparison with softer polymer areas. A large numer of bright areas in

both the height and phase images indicate the presence of silica. In the central

region of the phase images, the appearance of a valley-like depression suggests that

some silica has been pulled off from the surface during sample preparation. Silica

particles were homogeneously dispersed in the hybrid material matrix at low

content, and the high silica content has led this hybrid material to become silica-

rich. Therefore, the silica particles might approach together to exhibit silica grain

shaving sizes greater than the size of the original silica (10 nm). The agglomerates

are clearly visible in AFM height images (Fig. 1b–e), and their sizes are below

100 nm. Smaller crystallites are more visible in AFM phase images.

The surface roughness data of PET with different contents of silica deduced from

the AFM height micrographs are showed in Table 2 and Fig. 2. According to the

AFM micrographs, the silica particles were, in general, homogeneously dispersed in

the PET matrix. The average surface roughness values of the PET nanocomposites

films with 1 and 3% silica were estimated to be about 3.4 and 8.0 nm, respectively.

It generally increased when the content of silica was increased as shown in Fig. 2,

which suggests that more silica particles resided at the surfaces of the films at higher

silica contents. The nanocomposite films exhibited much rougher surfaces when

contents of silica were more than 3%. There might be more aggregation of the silica

particles in the nanocomposite than in low silica contents films.

The AFM phase images of PET/silica nanocomposites are shown in Fig. 3. The

appearance of linear silica structures was seen to be predominant with some amount

of network formation also. The lengths of the linear structures run into the

micronmeter range while the width varies from 10 to 20 nm. Discrete nanoscale

silica particles (10–100 nm) were also dispersed throughout the matrix. According

to the AFM phase images, we proposed at least part of the semicrystalline matrix is

crystallized and responds like a ‘‘single crystal’’ Fig. 3b, c, and e.

The tablet is a ‘‘hybrid composite’’ surrounded by the continuous organic matrix.

The inorganic phase is thus finely divided still behaving as a single crystal. It was

proposed that each tablet results from the coherent aggregation of silica nanograins.

The resulting phase contrasts are often difficult to interpret because of the complex
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interactions of chemical and physical effects [30, 31]. Here, the interactions can be

related to the drastic difference of the elastic properties of the semicrystalline

organic matrix regarding those of the inorganic phase. The organic matrix is

organized as in the form of ‘‘foam’’ with very thin walls and closed cells as shown in

Fig. 1 AFM height images of PET/silica nanocomposites. a PET, b PET/0.5%silica, c PET/1%silica,
d PET/3%silica, e PET/5%silica
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Fig. 3c. All these indicate that phase separation takes place as a result of the

addition of silica.

Scanning electron microscopy (SEM) observation

Images shown in Fig. 4 are ambient fractographs of the neat PET and its

composites. Some differences exist between the ambient fractographs of the neat

PET and the composites. Figure 4a showed that the surfaces of the pure PET

samples were smooth and featureless, representing brittle failure of homogenous

materials. As shown in the SEM images for the PET/silica composite samples with

0.5 and 1 wt% content of silica, the fractured surfaces were significantly different

from that of pure PET samples. The fractured surfaces were broken into small and

rough fractured pieces or strips, contributing to improvement of the toughness of the

nanocomposites. However, the improved toughness due to the rough fractured

surfaces for the cases of 3 and 5 wt% would be decreased. It resulted in the

Table 2 The surface roughness of PET/silica nanocomposites

Weight percent of silica Ra (nm) Ry (nm) Rz (nm)

0 1.071 34.082 12.726

0.5 5.157 45.037 20.308

1 3.472 28.493 13.819

3 8.045 76.977 37.215

5 6.107 55.778 26.535

Note: Ra the average surface roughness, Rz The average difference between five high points and low

points, Ry the distance between the highest point and lowest point

0 1 2 3 4 5

2

4

6

8

R
a

Weight percentage of  Silica

Fig. 2 Dependence of the average surface roughness (Ra) on the weight percentage of silica
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aggregation of silica particles, because the microcracks would relatively initiate

easily at the microsized aggregated silica particles. This is probably the reason that

the tensile strength and impact strength in the case of higher silica contents (3 and

5 wt%) are lower than those in the case of 1 wt% silica content as extensively found

in the literature.

Fig. 3 AFM phase images of PET/silica nanocomposites. a PET, b PET/0.5%silica, c PET/1%silica,
d PET/3%silica, e PET/5%silica
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For the nanocomposite with low silica content, the fracture surface is smooth.

Many parallel strips are distributed on the fracture surface of the nanocomposite

when the silica content exceeds 1 wt%. Our tentative explanation is as follows. The

rough fracture surface of the nanocomposites results from smaller phase separation

and the special interaction between the nanoparticles and the polymer, which

constrains the polymer chains’ mobility and the efficiency of the rearrangement.

The surface of the neat PET has brittle structures, while that of the PET/0.5 wt%

silica nanocomposite (Fig. 4b) has greater toughness; when the silica content is

enhanced further, the surface of the nanocomposite becomes brittle again. There are

some reasons for this phenomenon: at low content, silica particles are finely

dispersed in the material. There occurs good interfacial adhesion between them.

While the content is enhanced, these particles become easily aggregated and debond

and detach from the PET matrix due to the poor interfacial adhesion between them.

Because the magnification of SEM is not very high, the dispersion of the

Fig. 4 SEM photographs of tensile fracture surface of PET/silica nanocomposites. a PET, b PET/
0.5%silica, c PET/1%silica, d PET/3%silica, e PET/5%silica
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nanoparticles in the materials cannot be finely detected, or because the compatibility

between PET and silica phase was indiscernible within the PET matrix in view of

many white spots seen in the nanomaterials as in Fig. 4d.

At lower silica load, more fibrous textured morphology was formed on the

fractured surface of PET. As more silica was loaded, this fibrous texture

morphology became less and less, and only a slight phase separation of silica

particles from PET matrix occurs. When silica was overloaded at greater than

3 wt%, PET samples became more crisp and opaque. Thus, at 5 wt% silica load, the

PET got easily broken among these silica particles rather than inducing more fibers,

so that more silica particles were buried in PET matrix, and they seem smaller than

the particles of lower load.

Nevertheless, a good adhesion between the matrix and the silica is evident as no

fracture lines are located at the interface, and also as no voids are present. Indeed,

when the adhesion between the filler and the matrix is poor, the fragile fracture

creates typical fracture lines at the borderline of the filler aggregates and some

holes, due to the detaching of the unembedded particles are created. We can

attribute, in general, this high compatibility and adhesion to the higher surface area

of the silica and the good dispersion.

The compatibility between the organic polymer and silica has a great effect on the

mechanical properties. In prevenient studies, we found that the impact strength of the

material is the highest when the silica content is 1 wt%; the lack of plastic deformation

on the fractured plane when the silica content is more than 1 wt% explains the sharp

drop in the ductility of the nanocomposites in the presence of silica.

Conclusions

PET-silica nanocomposites are investigated using atomic force microscopy (AFM)

in the tapping mode and SEM. The surface, morphology, structure, nanofiller

distribution, and performance of pure PET and with different contents of silica were

examined. The structure of the PET/silica nanocomposites strongly depends on the

ratio of silica. When silica weight fraction is lower than 3 wt%, the system consists

of aggregated silica particles dispersed in the organic matrix; beyond this level of

the concentration of silica, the structure is co-continuous with that of the organic

matrix; the pure PET samples were smooth while nanocomposites were rough.

Good interfacial adhesion and compatibility between the polymer matrix and the

nanofillers are caused when the content of silica is lower.
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