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Failure modes of electrospun nanofibers
E. Zussman,a) D. Rittel, and A. L. Yarin
Faculty of Mechanical Engineering, Technion-Israel Institute of Technology, Haifa, 32000, Israel

~Received 21 January 2003; accepted 25 March 2003!

Failure modes of electrospun polymer nanofibers are reported. The nanofibers have diameters in the
range of 80–400 nm and lengths greater then several centimeters. The nanofibers fail by a multiple
necking mechanism, sometimes followed by the development of a fibriliar structure. This
phenomenon is attributed to a strong stretching of solidified nanofibers by the tapered accumulating
wheel~electrostatic lens!, if its rotation speed becomes too high. Necking has not been observed in
the nanofibers collected on a grounded plate. ©2003 American Institute of Physics.
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The present work deals with failure modes of solidifi
polymeric nanofibers, with diameters in the range of 80–4
nm obtained via electrospinning. Observations clearly sh
multiple necking formation and fragmentation at a high r
of stretching of the nanofibers. The results clearly distingu
nanofibers from macroscopic metal or polymer specim
where multiple necking is seldom reported as a failure mo
The reason is that typically macroscopic specimens can
accommodate more than a single neck, while nanofibers

In the electrospinning process, a jet of polymer solut
is ejected from the tip of a droplet under the action of el
trostatic forces.1–6 The as-spun nanofibers typically form
nonwoven mat. Individual nanofiber sections of lengths
the order of several centimeters can be sorted out
collected.7

The electrospinning process is characterized by elon
tion rates of the order ofġ51000 s21 and cross-sectiona
area reduction as large as 106,3 which correspond to the
logarithmic strain of material elements of the order of 1
The typical polymer solutions have relaxation times of t
order of u;0.01– 0.1 s. Therefore, the productġu
;101– 102 is much larger than the de Gennes8 threshold of
the strong stretching of 1/2. Under such conditions, stre
ing and axial ordering of the macromolecular coils sho
happen, resulting in flow-induced crystallization.9

Electrospinning of oriented nanofibers from poly~esters!
and poly~aramids! were investigated in Ref. 1, while Ref. 1
addresses oriented nanofibers of 1% poly~ethylene! solution.
These nanofibers displayed a fibrillar crystal structure re
niscent of the familiar shish-kebab morphology. Atom
force microscopy~AFM! was used to investigate electrosp
poly~ethylene oxide! nanofibers.11 Some evidence of molecu
lar orientation parallel to the fiber axis was found. A fibrill
structure of nanofibers electrospun from a silk-like polym
with Fibronectin functionality was reported in Ref. 12. Th
fibrillar structure was oriented along the fiber axis and c
sistent with the AFM studies of Ref. 11. The fibrillar stru
ture consisted of whisker-like-structures of the order of
nm wide. Oriented nanofibers should also be birefringent
shown experimentally in Ref. 13.

In the present work, poly~ethylene oxide! ~PEO!
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$@ – (CH2)2– O–#n%, with an average molar mass ofMW

563105 g/mol ~Aldrich!, was used to prepare 2 and 7 wt
aqueous solutions~with 40% ethanol!. PEO with MW

5106 g/mol ~Aldrich! was used to prepare a 4 wt %aqueous
solution ~with 40% ethanol!. The polymer solutions were
held in a plastic syringe with tip inner diameter of 0.6 mm.
pendant droplet of polymer solution was sustained at
syringe tip.

The jet issued downwards from the tip of the penda
drop of polymer solution and was attracted towards the sh
edge of a collector disk rotating around a horizontal ax
The edge was placed at a distance of 200 mm below
droplet ~cf. Ref. 7 for more detail!. The disk, of diameter
D5200 mm, was made of aluminum and had a tapered e
with a half-angle of 26.6°, to create a strong converg
electrostatic field~electrostatic lens!. As a result, an electric
potential difference of approximately 10 kV was created b
tween the surface of the liquid drop and the rotating d
collector. All the experiments were performed at ambie
temperature (25 °C) in room air. As the electric potent
difference between the droplet and the grounded wheel
creased, the droplet acquired a cone-like shape. At a ce
potential difference, an intact jet issued from the cone a
moved downward toward the wheel. Initially, the jet flowe
away from the droplet in a nearly straight line, after which
bent into a complex path that can be bounded by a con
envelope. Then, at a certain point above the wheel, the
velope cone started to shrink, resulting in an inverted en
lope cone with its apex touching the wheel’s edge. Dur
the spinning process, the disk was rotated at a constant s
as it collected the developing nanofibers on its sharp ed
The linear speed on the edge of the disk collector wasV
55.3 m/s. As the nanofiber reached the wheel, it was wo
around the edge. A significant part of the nanofiber len
was captured by the wheel. This is supported by experim
tal observations and the following estimate. For a jet veloc
of the order ofVt51021 cm/s at the droplet tip a length o
, t51021 cm enters the jet during 1 s. The nanofiber leng
of ,w5, t(at /aw)2cp arrives at the wheel during 1 s due to
polymer mass conservation (at and aw are the fiber cross-
sectional radii at the droplet tip and the wheel, respectiv
and cp is the initial polymer concentration!. For at

51022 cm, aw51025 cm andcp50.02,,w520 m. On the
8 © 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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other hand, the wheel can accommodate 5.3 m of nano
during 1 s. The fact that this value is less than that of,w

means that nanofiber can be folded at the wheel.
An aluminum stub (534 mm2) covered with conductive

carbon tape, or a microscope glass slide, was attached t
disk edge to facilitate both the collection of the nanofib
and their subsequent removal. The morphology of the e
trospun nanofibers was observed with a high-resolution s
ning electron microscope~HR–SEM! ~Leo Gemini 982!.
The diameter of the nanofibers was measured using
atomic force microscope~AFM!, Nanoscope III~Digital In-
struments! in tapping mode. AFM scans were performed
air, utilizing Si3N4 cantilever ~Nanotips, Digital Instru-
ments!.

Wide angle x-ray diffraction~WAXD ! photographs were
taken, using Ni-filtered CuKa radiation. A pinhole collima-
tor was used. Both the fiber axes and the flat photograp
films were perpendicular to the x-ray beam. The electros
nanofibers used as a sample in the WAXD experiments w
collected by means of the earlier-mentioned electrost
lens, at the edge of the wheel in the form of a microrope. T
rope was removed from the wheel and wrapped around a
mm thick metal frame. The polymer sample thickness w
about 1 mm in order to minimize the exposure time.

As a control experiment, nanofibers were also elec
spun with similar electrostatic field strength onto an alum
num plate that served as a grounded collector. The nanofi
collected on the aluminum plate, from all the earlie
mentioned polymers, formed a nonwoven mat.

SEM examinations of nanofibers collected on the ro
ing wheel revealed multiple necking patterns at cert
places along the nanofibers, as shown in Fig. 1. In Fig. 1~a!,
nanofibers electrospun from 7% PEO solution are sho
The fiber diameter contracted from 320 nm to nearly 60
in the neck regions. The necks were not evenly spaced a
the nanofibers, and the distance between them varied
tween 1 and 7mm. Figure 1~b!, also shows nanofibers elec
trospun from 7% PEO solution, with thin fibrillar structure
visible in the neck regions. The fibrils are only weak

FIG. 1. Electron micrographs of multiple neck formation in electrosp
nanofibers.~a! and~b! 7% PEO electrospun nanofibers,~c! and~d! 4% PEO
electrospun nanofibers.
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bonded together and in some places are separated. Fig
1~c! and 1~d!, show nanofibers electrospun from 4% PE
solution, with distance between the necks of 4–6mm. Also
in these cases fibrillar structures are visible in the neck
gions. This is similar to crazing often observed in cracking
polymers.

In Fig. 2, several examples of fibrillar structures of t
nanofibers are shown in more detail. In Fig. 2~a!, a failed
single nanofiber electrospun from 7% PEO solution,
shown. Several fibrils are sticking out from the nanofib
cross section. The estimated diameter of the nanofiber i
about 550 nm, whereas a single fibril diameter is about
nm. Figure 2~a! also seemingly shows that the nanofiber h
a compact shell and a rarefied core with fibrils. Such a str
ture could appear as a result of a fast solvent evaporation
Fig. 2~b!, a nanofiber electrospun from 7% PEO solution
shown. The nanofiber diameter is in the range of 800–1
nm, whereas its fibril diameters are of about 80 nm. Figu
2~c! and 2~d! depict electrospun nanofibers made of 4% PE
solution with clearly separated fibrils. In this case, t
nanofiber diameter is about 250 nm, which is, as expec
smaller than that of the 7% PEO solution nanofibers. T
fibril diameters here are of about 20 nm. Note that this wid
is reminiscent of the fibrillar structure observed in Refs. 1
13. It is also very close to the thickness of the extended ch
crystals of poly~ethylene oxide!, which can be folded, re-
vealed in Ref. 14. Small-angle x-ray scattering could n
reveal any additional information. Some of the nanofib
appear to have large beads, formed by capillary instability
due to poor control of the polymer flow rate during the ele
trospinning process.

An AFM image of a single 2% PEO electrospun nano
ber on a glass slide is shown in Fig. 3. Measurements of
nanofiber diameter in the necking region revealed an ab
contraction of the cross-sectional diameter from 225 to
nm. The AFM image unambiguously shows genuine neck
of the nanofiber. This observation excludes the possibility
nanofiber disruption or thinning by the electron beams d

FIG. 2. Electron micrographs of fibrillar structures.~a! failed 7% PEO elec-
trospun nanofiber,~b! fibrillar structure in 7% PEO electrospun nanofibe
~c! and ~d! fibrillar structures in 4% PEO electrospun nanofibers.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ing SEM analysis. Figure 4 is a WAXD pattern obtained f
a PEO nanofiber microrope. The pattern shows six diffr
tion arcs with a high degree of orientation~texture!. Analysis
of this pattern leads to a monoclinic crystalline structure
PEO with helical molecular conformation.15

The results obtained in the present work reveal that
PEO nanofibers fail by multiple necking and in certain ca
crazing of the necked regions is visible. These observat
have been obtained only for nanofibers that were wo
around the sharp edge of a rotating wheel. On the other h
nanofibers that were collected on the aluminum plate w
not subject to tension~while the ones collected on the whe
were stretched! and did not demonstrate any failure mod
Their diameters vary in the range of 80–700 nm and leng
of up to several centimeters.

As we have shown, necking is characteristic of only t
nanofibers accumulated at the sharp edge of a rotating wh
and not of those collected on the grounded plate. Theref
stretching of the almost solidified nanofibers by the rotat
wheel could be seen as the source of necking. Later we s
that in distinction from macroscopic polymer specime
nanofibers can accommodate more than a single neck.
rate of stretching of solidified polymer nanofiber attached
the wheel is of order of 2V/D553 s21, i.e., rather high.

FIG. 3. AFM image of electrospun nanofiber made of 2% PEO solution.~a!
Maximum height at cross section 1 is 52 nm, at cross section 2 is 225
and at cross section 3 is 26 nm.~b! Top view of the measured nanofiber.

FIG. 4. Typical x-ray pattern of the oriented nanofiber rope made of
PEO (MW5600 000 g/mol) aqueous solution with 40% ethanol.
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Under such conditions single necking of macroscopic cy
drical polymer samples, is most likely to be the domina
failure mode. Due to the fact that nanofibers possess as
ratios ~length to diameter ratio! much higher than those o
macroscopic polymer samples, they can accommodate m
perturbation wavelengths, which leads to multiple necki
According to the observations, the wavelength of the ins
bility leading to multiple necking on the nanofibers is of th
order of,055 mm. For a nanofiber of cross-sectional diam
eter of the order ofd05100 nm, the wavelength to diamete
ratio is of the order of,0 /d0550. One can speculate that th
same ratio should correspond to necking of macrosco
polymer specimens, whered0 is typically of the order of 0.5
cm. Then the internecking spacing expected becomes a
25 cm, which is of the order of the full length of such spe
mens. That is the reason that macroscopic polymer sp
mens cannot accommodate more than a single neck, a
have checked experimentally in the present work in addit
to the experiments with nanofibers.

To summarize, the two main modes develop sequ
tially. The first mode is multiple necking, that is sometim
followed by development of a fibrillar structure in the neck
regions. The failure modes found indicate a large ductility
the solidified, partly crystalline fibers. The results obtain
show that the source of necking is strong stretching of
lidified nanofibers by the tapered wheel, if its rotation spe
becomes high enough. This conclusion is supported by
fact that necking was not observed in nonwoven nanofi
mats collected on a grounded plate. The uneven diameter
charge distribution along the electrospun jet is assumed t
the trigger of the growing perturbations leading to the form
tion of multiple necks on electrospun nanofibers.
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