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The tensileX–Y stage, providing a load cell and a stretching device, has been constructed to
observe the surface deformation of polymer filmin situ by using an atomic force microscope
~AFM!. From the three-dimensional AFM images, the streak-like bumps were observed on a
polyethylene terephalate~PET! film surface. By monitoring the change in the distance between them
by the tensile load, the strain was evaluated in the direction both parallel and perpendicular to the
tensile direction. The microscopic stress–strain relationship by AFM coincided with the
macroscopic one, which indicates so-called affine deformation of PET film. Young’s modulus was
obtained as 2.3 GPa for PET from the initial slope of the stress–strain curve by AFM. The apparent
Poisson ratio of the PET film surface could be also evaluated. ©2000 American Institute of
Physics.@S0034-6748~00!01605-1#
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I. INTRODUCTION

The mechanical property of polymers is one of the m
important properties in a variety of utilizing fields, so it b
comes very essential to investigate the deformation pro
of polymeric materials. Recently, with the development
microscopic processing techniques, precise measuremen
the deformation within a very small area have been requi
Many techniques have been reported for the measureme
mechanical properties of polymers.1–4 An Instron type ten-
sile tester is the most popular. Scanning electron microsc
is also used from the microscopic viewpoint,5 however,
vacuum conditions and an electron conducting coating o
polymer surface are needed for the observation.

Scanning probe microscopy techniques have rece
developed,6–8 and they can give an atomic image,9 mechani-
cal stiffness10,11and chemical species12,13of the polymer sur-
face. Among them, an atomic force microscope~AFM! is a
very useful tool for observing a polymer surface with thre
dimensional~3D! images under various ambient conditio
without pretreatment. Especially, AFM has an advantage
high space resolution from the micrometer down to the
nometer scale.

In this study, a tensile stage was developed to attac
an AFM probe head, and we here proposed a novel techn
of in situ observation of the tensile deformation of a com
mercial polyethylene terephthalate~PET! film surface by
AFM. The microscopic relationship between stress and st
by AFM was compared with the macroscopic deformat
behavior. In addition, the apparent Poisson ratio of the fi
surface was also investigated.

II. EXPERIMENT

Figure 1 shows a schematic illustration of the stretch
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device specially designed forin situ AFM observations of
the film surface. A rectangular sample~width 5 mm
3initial length 20 mm! was clumped in a stretching devic
and stretched in the direction perpendicular to the mach
direction of the film with a constant dead load.

Atomic force micrographs were taken by a contact mo
in air using AFM ~Topo Metrix, Explorer, TMX2100!. A
V-shaped Si3N4 cantilever~a spring constant 0.032 N/m! was
scanned on the film surface. Scan speed was 200mm/s.

Commercial PET films~Toray Co., Ltd.! with a thick-
ness of 100mm were used. The density of this film wa
1.398 g/cm3 measured by a flotation method~benzene-
carbon tetrachloride system, 30 °C!, which corresponds to
the crystallinity of 43%.14,15The film was rinsed with metha
nol in an ultrasonic bath for 30 min, after that the film w
dried at room temperature for 24 h prior to the AFM obs
vation.

Figure 2 shows the photograph of the experimen
setup. An AFM cantilever was set on the film attached to
stretching device, and deformation images were observein
situ. Both the stretching device and the AFM probe we
mobile with X–Y stages manipulated by micrometers.

il:
FIG. 1. Schematic illustration of the stretching device attached to the AF
4 © 2000 American Institute of Physics
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stretching device for a single fiber is also available by alt
nating the clumping system into a screw type.

The stress on the film was monitored through the lo
cell and an amplifier. The macroscopic strain of the wh

FIG. 2. Photograph of the stretching device andX–Y stages attached to th
AFM.

FIG. 3. AFM 3D images of polyethylene terephthalate film surfa
(50mm350mm). The arrows indicate loading direction.
nloaded 12 Apr 2011 to 133.30.52.203. Redistribution subject to AIP licens
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sample was also measured by monitoring the displacem
of the clump with an experimental error of60.25%.

III. RESULTS AND DISCUSSION

Figure 3 shows the typical three-dimensional surface
ages (50mm350mm) of a PET film~a! before loading, and
under loading at~b! 60 MPa, and~c! 130 MPa. Loading
direction was shown with arrows. Some streak-like bum
;20 nm in height, could be observed parallel to the mach
direction of the film. These bumps could hardly be observ
by the scanning electron microscope because their hei
were very small in comparison with the scanning area. Th
would be produced during processing~extruding! and draw-
ing. By utilizing them as markers, the strain could be eva
ated by monitoring the distance between the streak-
bumps on the surface AFM images. By increasing the str
the distance between the streaks was getting longer in
tensile loading direction.

Figure 4 shows the one-dimensional height profiles~a!
before loading,~b!, and ~c! under loading along the broke
lines in Fig. 3. It was clear that the pattern of bumps w
elongated to the loading direction. The height of bum

FIG. 4. One-dimensional height profiles of polyethylene terephthalate
surface in the direction parallel to the loading axis~along the broken line in
Fig. 3!.

FIG. 5. One-dimensional height profiles of polyethylene terephthalate
surface in the direction perpendicular to the loading axis.
e or copyright; see http://rsi.aip.org/about/rights_and_permissions
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peaks~.! at 130 MPa became lower compared with those
0 and 60 MPa. This indicates the roughness decreased
the surface tended to become smoother with the increas
the stress. From the distance~l! between two filled triangles
~.! of each profile, the microscopic surface strain (« l) could
be calculated with the following equation:

« l5D l / l 0 ,

where, l 0 is the initial distance at 0 MPa, andD l is the
change in the distance. The image in Fig. 3 consists of
3300 pixels, which corresponds to the space resolution
0.167mm. This amounts to the experimental error of60.3%
for the strain evaluation. The experimental error can be
duced by increasing the pixels, whereas it takes a long t
for the observation. The reproducibility of the strain w
found to be within60.3% for five experiments. From Fig. 4
though the stress increased from 60 to 130 MPa stepwis
the strain« l increased from 3.2% to 22%, respectively.

When the film is stretched, the film was not on
stretched to the loading direction, but also shrunk to the p
pendicular direction of the load.

Figure 5 shows the one-dimensional height profiles
~a! before loading,~b!, and~c! under loading in the direction

FIG. 6. Stress–strain curves of polyethylene terephthalate film, and
stress dependence of the apparent Poisson ratio.s Microscopic strain by
AFM, d macroscopic strain, andf apparent Poisson’s ratio.
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perpendicular to the load. The distance between two trian
~.! was shrunk with the increase of the load.

Figure 6 shows the stress and strain curves of PET
in the direction both parallel and perpendicular to the load
axis by AFM. The macroscopic stress–strain curve was a
superposed on the figure with the filled circles. The mic
scopic deformation process of the PET film surface could
in situ observed by AFM images. The stress–strain cu
showed that the deformation is elastic up to 60 MPa, f
lowed by yielding. Microscopic Young’s modulus (Yl) was
obtained as 2.3 GPa from the initial slope of the stress–st
curve by AFM. The microscopic stress–strain relations
by AFM coincided with the macroscopic one, which ind
cates that the deformation process of the PET film is a
called affine one.

The strain,« t , perpendicular to the loading direction de
creased with loading. From the ratio of the stains« l to « t ,
the apparent Poisson ratio (n52« t /« l) could be evaluated
which is shown with half filled circles in Fig. 6. Then value
increased from 0.3 up to 0.5 with the increase of the stre
The polymeric materials usually possess then value of
0.35–0.5,1 and then value of 0.5 means the isovolumer
deformation, such as ideal elastomers. Then value close to
0.5 will be influenced by an irreversible plastic deformati
after yielding of the film. Further investigations on variou
films and fibers are now going on.
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