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Thermomechanical properties of individual electrospun semicrystalline polyethylene oxide �PEO�
fibers were measured using atomic force microscopy based indentation. Fibers showed a higher
elastic modulus than corresponding films despite a lower crystallinity, indicating significant
molecular alignment along the principle fiber axis. Heating of the fibers gave a progressive loss in
elastic modulus highlighting a dominant amorphous thermomechanical response. This is in contrast
to softening of an amorphous phase and melting of a crystalline phase in semicrystalline bulk PEO
films. © 2008 American Institute of Physics. �DOI: 10.1063/1.3033222�

Electrospinning1 is an important process for the manu-
facture of polymer fibers with some literature indicating that
the mechanical properties of the electrospun fibers are supe-
rior to larger bulk equivalents.2 As with other polymer fibers
such as pultrusion, extrusion, and gel spinning, the resultant
structural anisotropy is particularly effective for improving
the mechanical properties along the fiber length and has led
to a number of commercially available high strength, high
stiffness fibrous materials. Structural characterization using
x-ray diffraction indicates that preferential polymer orienta-
tion occurs in the electrospun fibers3 although there is some
evidence to show that this results in little mechanical
improvement.4 Arinstein et al.5 also suggested that supramo-
lecular structures consisting of orientated amorphous poly-
mer chains within polymer nanofibers dominate their me-
chanical properties. The structural organization is therefore
critical for defining the mechanical properties yet is still not
fully understood in electrospun polymer fibers. In this work,
we use atomic force microscopy �AFM� to measure the me-
chanical properties of individual electrospun semicrystalline
polymers over a range of temperatures using an indentation
approach. Indentation has previously been applied to electro-
spun fibers6 but the nanomechanical thermal analysis
�nMTA� in this work is particularly powerful as the mechani-
cal response with temperature can reveal structural
characteristics.

Polyethylene oxide �PEO� is a semicrystalline polymer
that has been previously extensively used in electro-
spinning due to the ease of preparing the aqueous polymer
solutions required for the electrospinning process.7 Electro-
spinning followed previous work by spinning from a
5.0 wt /v % polymer solution, using PEO powder �Mw
=1 000 000 g /mol, Sigma-Aldrich� dissolved in a 1:3
volume ratio of distilled water and ethanol at room tempera-
ture, to produce continuous fibers with a diameter of
477�100 nm. For comparison, the same aqueous solution
was cast onto a polystyrene �PS� Petri dish and dried at room
temperature to form the equivalent films with a thickness of
many hundreds of microns. The melting behavior of an elec-
trospun PEO fiber mat and a solution cast PEO film was
examined using differential scanning calorimetry �DSC� �not

shown�, and the endothermic melting peak of the electrospun
PEO fiber mat was found to have a melting temperature �Tm�
of 64 °C, which was lower than the equivalent polymer film
of 69 °C. The enthalpy ��H� of melting for the fiber mat and
film was 132.6 and 168.2 J g−1, respectively, from numerical
integration of the area under the DSC melting peak. Com-
parison of �H with a purely crystalline PEO sample8 indi-
cates that the crystal volume of 62.1% for the electrospun
fibers was lower than the crystallinity of 78.8% in the PEO
film. The decrease in both Tm and �H of the electrospun
PEO fiber mat relative to the film highlights the lower crystal
content produced from electrospinning as has been shown
previously.6 This is further supported by previous work
showing that the time required for fiber formation in electro-
spinning is relatively short,9 which hinders the development
of crystalline structure.

The thermomechanical properties of individual PEO fi-
bers were examined directly using AFM to image and me-
chanically test individual fibers over a range of temperatures.
The selection of individual fibers is considered superior to
the measurements of fiber mats due to the averaging that
occurs over a range of fiber diameters. nMTA was carried
out using an AFM combined within a heating chamber
�NT-MDT, Rus.� with cantilever deflection monitored by an
external optical setup. This design in combination with a
closed-loop system provides very low drift measurements
less than 10 nm °C−1 and ensures that the AFM probe is of
the same temperature as the sample. PEO fibers were elec-
trospun onto a silicon substrate and imaged with AFM from
room temperature to 70 °C with a heating rate comparable to
the DSC studies of 5 °C min−1. Figure 1 shows AFM images
of an individual electrospun fiber during the heating process.
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FIG. 1. AFM phase images of a single electrospun PEO fiber observed at �a�
23 °C and �b� 65 °C, showing the change from a solid cylindrical fiber to
liquid droplets.
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The fiber changed from a cylindrical to hemispherical drop-
let geometry above 60 °C indicating Rayleigh instability.
This is expected as the increasing thermal motion of the
polymer chains allows minimization of the surface area from
a cylindrical fiber to a droplet. Evaluation of the thermome-
chanical response of individual fibers at a specific tempera-
ture was achieved by locating an individual electrospun fiber
by AFM imaging and indenting with the AFM tip. A contact
mode force-distance plot was achieved by pushing the AFM
tip into the top of a PEO fiber and applying a force of around
50 nN. A cantilever spring constant K of 4.5 N m−1 was
used for imaging and nanomechancial testing, with the can-
tilever calibrated according to the method of Sader et al.10

Figure 2 shows a typical force-displacement curve produced
when pushing the AFM tip into the PEO fiber and the sub-
sequent removal of the tip at various temperatures. The load-
ing curve shows how an increase in force is required to push
the AFM tip into the fiber with the maximum indentation
depth �m achieved at a maximum applied force Fm. The un-
loading curve differs from the loading curve due to the vis-
coelastic response of the fiber. The reduction of the applied
force decreases the indentation depth until the applied force
becomes negative, indicating �tensile� adhesion forces be-
tween the tip and the fiber during separation. Figure 2 �inset�
indicates that the gradient of the unloading curve decreases
as the heating temperature increases due to softening of the
fiber sample. The elastic modulus of the fiber at the various
temperatures studied can be calculated using analytical mod-
els of Sneddon11 and Oliver and Pharr12,13 for indenting ma-
terials but modifying to account for the shape of the AFM tip
as developed by Sirghi and Rossi.14 This modification shows
that the AFM tip indentation depth � is produced by a cor-
responding force F��� consisting of the externally applied
force Fe and the adhesion force Fa, thus

F��� = Fe + Fa =
2Ef tan �

�1 − � f
2��

�� − �r�2 −
�a8 tan �

� cos �
�� − �r� ,

�1�

where Ef is the elastic modulus of the fiber, � is the half tip
cone angle �taken as 11° from manufacturer’s data�, � f is the
Poisson’s ratio of the fiber �taken as 0.3 �Ref. 6��, �a is the
thermodynamic work of adhesion, and �r is the AFM tip
depth at F=0 on the unloading curve. An excellent fit of the
recorded F��� with � using Eq. �1� is shown in Fig. 2. The
resultant calculated fiber elastic modulus Ef from Eq. �1� can
therefore be plotted as a function of temperature, as shown in
Fig. 3. The indentation of a solution cast PEO film is also
shown in the same figure as a comparison. Small indentation
depths approaching the radius of curvature of the AFM tip
are better described using Hertz theory for a hemisphere
contacting a surface.15 In this case, the obtained force-
indentation depth curves are approximately linear at the low-
est temperature �23 °C�, and the resultant indentation data
was calculated according to our previous work.16

Figure 3 indicates that the rate of elastic modulus drop
with temperature dEf /dT for the PEO film shows two re-
gions. Initially dEf /dT is small at less than 0.2 GPa from
20 °C to just before 60 °C, but then decreases rapidly at
around 60 °C. This small elastic modulus decrease with tem-
perature shows that the amorphous phase is continually soft-
ening with temperature, especially as the glass transition
temperature of PEO is below room temperature. Melting of
the crystal phase at Tm gives a more abrupt elastic modulus
drop as seen in the second region. This therefore conforms to
the behavior of a semicrystalline polymer. The thermome-
chanical response of the electrospun PEO fiber is somewhat
different as the initial elastic modulus of the PEO fiber is
much larger than that of the film. This is an important obser-
vation and highlights the increased molecular alignment
from the electrospinning process. dEf /dT for the electrospun
fiber sample is almost constant from 20 °C to the Tm beyond
60 °C. As the magnitude of the drop in Ef with temperature
is significant, the data presented here supports a mechanism
where the electrospun fiber is anisotropic with a significant
amorphous content but loses molecular alignment rapidly as
the temperature is increased resulting in a corresponding de-
crease in Ef. The same mechanism has shown an abrupt de-
crease in the shear modulus of electrospun PS fibers at the
glass transition in Ref. 17. This is unusual as polymer fibers

FIG. 2. �Color online� Plot of the loading-unloading normal force-
indentation depth �F−�� for the indentation of an electrospun PEO fiber at
40 °C showing the fitting curve �R2=0.99� with the theoretical F−� depen-
dence of Eq. �1�. �m is the maximum indentation depth observed by the
maximum applied force Fm and �r was taken at the intersection of the
unloading F−� curve and the zero axis. Inset shows the observed unloading
F−� curves of this PEO fiber over a range of temperatures from 23 to 40,
50, 55, 58, 60, 61.5, until 63 °C �left to right�, indicating an increased �
with increasing fiber temperature under similar applied force.

FIG. 3. Calculated elastic modulus of the PEO fiber and film from the
experimental data fit of Eq. �1� as a function of temperature.
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with significant structural anisotropy are generally highly
crystalline.18 Therefore, the contribution of the amorphous
phase to the elastic modulus of the fiber appears to dominate
due to the almost constant loss of Ef with temperature. For
the PEO film, loss in the elastic properties with temperature
occurs at around 55 °C. This shows a direct correlation with
the onset of the film melting peak in DSC �not shown�, in-
dicating that the mechanical properties of the film is domi-
nated by crystal content in contrast to the electrospun fibers.

In conclusion, nMTA has been used to evaluate the ther-
momechanical properties of individual electrospun PEO fi-
bers. Results show how the elastic modulus of PEO fibers is
larger than corresponding films and indicates significant mo-
lecular orientation despite lower crystallinity. Thermome-
chanical response of individual electrospun fibers highlights
a predominantly amorphous behavior with a gradual loss in
mechanical properties with temperature.
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