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Semicrystalline polymers are hierarchically structured materi-
als. The microstructure texture and the molecular orientation

level develop when a semicrystalline polymer is under shear or
deformation, which in turn has an effect on the mechanical
properties.1 A low amount of orientation, as presented in thick
extruded samples, does not have a significant effect on the
mechanical behavior.2 However, when the oriented structures
happen all through the sample, like observed in high shear
extruded samples, the anisotropic nature dominates the mechan-
ical properties.3 For this reason, several techniques such as
necking or cold drawing for polymer films and fibers,4�6 shear
controlled orientation in injection molding (SCORIM),7,8 etc.,
are used to create high degree of molecular orientation in order
to enhance the mechanical properties. On the other hand, the
necking phenomena occur when a ductile semicrystalline poly-
mer is under deformation and lead to a highly oriented structure.9

The deformation process is not homogeneous. Instead, two
processes happen to the sample: one is the decreasing of
transverse section, and another is the increasing of the lateral
section, which makes it a complicated process. Accordingly, it is
of great interest to investigate the oriented structure caused by
stretching and its effect on the mechanical properties.10,11

In the literature, the deformation of semicrystalline polymers
is widely studied by means of conventional characterization
methods including small-angle X-ray scattering,12�15 wide-angle
X-ray diffraction,14�16 and transmission electron micros-
copy.14,17 However, the on-site morphology and mechanical
properties in nanometer scale cannot be characterized simulta-
neously by these conventional methods, while techniques based
on atomic force microscopy (AFM) offer the potential for
imaging these material properties at the nanoscale.18�22 Studies
were focused on the development of quantitative micromecha-
nical characterization, making it unique for detecting microme-
chanical surface properties.23�25 The micromechanical mapping
technology provides a new insight into fine details of polymer
surfaces and interfaces, which was recently reviewed by
Tsukruk.26 In this work, we report quantitative investigation of
both the on-site morphology and mechanical properties of
stretched semicrystalline polymer samples by nanomechanical
mapping. We use an AFM setup and nanomechanical mapping
method as described in previous works.27,28 Poly(ε-caprolactone)
(PCL), a ductile semicrystalline polymer, is studied.

PCL films were prepared by a micro-twin-screw extruder. The
films were then cut into dog-bone shape and uniaxially stretched
at a fixed elongation of 700( 10% by a tensile tester. Afterward,
both lateral sections of neat PCL and the necking part were cryo-
sectioned and characterized on a commercial AFM system in
force�volume (FV) mode for nanomechanical measurements.

The obtained force�distance curves were analyzed using a
procedure developed in our group.29 Detailed experimental and
analytical procedures are reported in the Supporting Information.

The deflection�displacement curves were directly acquired
from the FV mode test, which can be converted to force�
deformation curves by the simple relationships between deflec-
tion, displacement, and deformation.30 Then, by applying JKR
contact mechanics,31 it is possible to calculate Young’s modulus
and adhesive energy. Figure 1 shows the typical force�deforma-
tion curve of neat and deformed PCL. The curve fitting against
JKR contact is also superimposed in each case. The results show
that JKR analysis of the withdrawing process fits well for both
neat PCL and deformed PCL. Thus, it is proved that semicrys-
talline polymers are feasible to be studied by our nanomechanical
mapping technique.

Young’s moduli can be calculated from the obtained force�
deformation curves. Accordingly, moduli map together with the
moduli distribution histogram can be drawn. Figure 2 shows the
topography and nanomechanical mapping of both neat and
deformed PCL together with the moduli histogram. Neat PCL
presents a relative uniform morphology and moduli mapping.
Normal distribution of the moduli is shown in the moduli
histogram. The average value of the calculated Young’s modulus
is 203 ( 24 MPa, which is larger than 124 ( 14 MPa calculated
from uniaxial tensile test. The possible explanation for this
phenomenon is that the moduli calculated from tensile test is
the macroscopic value, which is affected by flaws among the
polymer matrix, whereas the moduli calculated by nanomecha-
nical measurement are in microscale and prevent the effect of
imperfection. The topography of the lateral section of necking
part shows obvious orientation along the tensile direction;
similar morphology was reported in deformed polypropy-
lene25,32 and polyamide33 matrix. The necking process is a
heterogeneous deformation and results in fibrillar structure.
The cryo-microtome process was supposed to make the cross
sections in perfect plane. However, oriented height fluctuation
can also be seen duo to the uneven fibrillar structure. Moreover,
slight relaxation of the oriented nanofibrils might also contribute
to the height difference.

More detailed topography of the necking part can be seen
from the moduli map also shown in Figure 2. The surface
topology is filled with nanofibrils, which are oriented along the
tensile direction. Histograms of the moduli show a wider disper-
sion of moduli in the case of deformed PCL. The nanofibrils have
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higher moduli andmake themoduli distribution peak widened to
the higher direction. Consequently, the necking parts have an
average Young’s modulus higher than neat PCL matrix. The
average Young’s modulus of the stretched PCL is 903 ( 121
MPa, whereas the value calculated form uniaxial tensile test of the
necking park is 727( 160MPa. The Young’s modulus calculated
by our nanomechanical mapping is comparable with their
microscopic mechanical test result and provides a good method

to quantitatively evaluate the mesoscopic mechanical properties
of materials. However, it must be kept in mind that the moduli
calculated might be affected by parameters such as deflection
sensitivity, tip radius, etc., which may change during the char-
acterization. Besides, the cryo-microtome processing and slight
relaxation after microtoming might also have an effect on the
calculated Young’s moduli. The sections marked by black lines in
Figure 2 are compared in Figure 3. The shape of nanofibrils with

Figure 1. Force�deformation curve of both neat (left) and stretched (right) of PCL.

Figure 2. Topography and nanomechanical mapping of both neat (left) and stretched (right) of PCL. Black lines show the sections compared in
Figure 3.
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higher moduli can be distinguished clearly with width of about
15�40 nm, very similar to 20�40 nm reported by Koike.32

The slope of the surface may cause false calculation of the
Young’s moduli. It is possible that the moduli difference is
introduced by the height fluctuations of the sample surface.
Accordingly, the section moduli and height in the same small
fraction of the mapping, which are marked by black lines in
Figure 2, were selected and compared in Figure 3. Results show
that to some extent the calculated moduli are affected by the
morphology, However, not all the peaks in the moduli map have
corresponding peaks in the slope of the height map. The height
fluctuations of neat PCL are even larger than deformed
PCL while shows more uniform Young’s moduli distribution.

Consequently, the calculated Young’s moduli are not directly
affected by the height fluctuations and can be trusted.

On the basis of the nanomechanical mapping and combined
with existing studies on the deformation behavior of PCL,34 the
orientated hierarchical structure and its microscopic mechanical
property in the necking part are revealed, as shown in Figure 4.
Fibrillar structure is attributed to the heterogeneous deformation
of the lamellar. In the process of lamellar to fibrillar transition,
intralamellar slips of the crystalline blocks were activated at low
deformations, followed by stress-induced fragmentation and a
recrystallization process.35 In the high strain, heterogeneous
intralamellar slip results in the formation of both orientations
and entanglements of the nanofibrils, which is harder than neat
polymer matrix and shows higher Young’s modulus.

In conclusion, quantitative nanomechanical measurements
were carried out on the neat and deformed PCL. Both the
topography and Young’s moduli mapping of the lateral section
were obtained and compared. The lateral surface of necked part
shows typical fibrillar structure, and the moduli mapping con-
firms the existence of nanofibrils. The nanofibrils are in the range
of 15�40 nm in diameter and have much higher moduli of 903(
121 MPa than 203 ( 24 MPa for neat PCL matrix. The
calculated microscopic moduli for neat and deformed PCL are
comparable to the macroscopic value 727 ( 160 and 124 ( 14
MPa, respectively. Our data analysis procedure is feasible to get
credible microscopic Young’s moduli. The method will be useful
to study the structure�property relationship of polymers as well
as polymer nanocomposites.
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