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ABSTRACT Strength of structural materials and ﬁbers is usually

increased at the expense of strain at failure and toughness. Recent
experimental studies have demonstrated improvements in modulus
and strength of electrospun polymer nanoﬁbers with reduction of
their diameter. Nanoﬁber toughness has not been analyzed; however,
from the classical materials property trade-oﬀ, one can expect it to
decrease. Here, on the basis of a comprehensive analysis of long
(5 10 mm) individual polyacrylonitrile nanoﬁbers, we show that
nanoﬁber toughness also dramatically improves. Reduction of ﬁber
diameter from 2.8 μm to ∼100 nm resulted in simultaneous
increases in elastic modulus from 0.36 to 48 GPa, true strength from
15 to 1750 MPa, and toughness from 0.25 to 605 MPa with the largest increases recorded for the ultraﬁne nanoﬁbers smaller than 250 nm. The observed
size eﬀects showed no sign of saturation. Structural investigations and comparisons with mechanical behavior of annealed nanoﬁbers allowed us to
attribute ultrahigh ductility (average failure strain stayed over 50%) and toughness to low nanoﬁber crystallinity resulting from rapid solidiﬁcation of
ultraﬁne electrospun jets. Demonstrated superior mechanical performance coupled with the unique macro-nano nature of continuous nanoﬁbers makes
them readily available for macroscopic materials and composites that can be used in safety-critical applications. The proposed mechanism of
simultaneously high strength, modulus, and toughness challenges the prevailing 50 year old paradigm of high-performance polymer ﬁber development
calling for high polymer crystallinity and may have broad implications in ﬁber science and technology.
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S

imultaneous improvement of strength
and toughness is the Holy Grail of
structural materials research. Unfortunately, strength is usually improved at the
expense of toughness.1 For example, metals
and polymers that are drawn to high draw
ratios exhibit remarkable strength and moduli but low failure strains. Development of
advanced ﬁbers in the second half of the
20th century revolutionized structural materials. High-performance ﬁbers, the strongest materials commercially available today,
are now widely used in structural applications and composites. However, all existing
advanced ﬁbers are brittle. Even polymer
ﬁbers do not exceed 3.8% deformation at
failure, while most structural ﬁbers break at
lower strains.2
It is well-known that the strength of ﬁbers
increases with the decrease of their diameter.
PAPKOV ET AL.

Examples are well-documented and include
whiskers, polymer, carbon, glass, and ceramic ﬁbers. The mechanisms vary but are
usually thought to include improvements in
material structure and orientation as well as
reduction in the size and quantity of defects.
As a result, advanced ﬁber manufacturers
usually adopt the smallest ﬁber diameter
that is technologically and economically
feasible. A signiﬁcant industrial developmental eﬀort in the last decades reduced
carbon ﬁber diameter from 6.5 7 to 4.5
5 μm, leading to remarkable improvements
in strength. There is a continuing interest in
further diameter reduction; however, conventional mechanical spinning techniques
are generally not able to produce ﬁlaments
smaller than about 2 μm.
Electrospinning produces continuous nanoﬁlaments with diameters in the range from
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Figure 1. Size eﬀects in mechanical properties and structure of as-spun PAN nanoﬁbers. (A) True strength; (B) modulus;
(C) true strain to failure; (D) toughness (lines indicate comparison values for several high-performance ﬁbers and spider silk);
(E) typical stress/strain behavior; (F) XRD patterns for nanoﬁber bundles with diﬀerent average ﬁber diameters and variation
of degree of crystallinity with average ﬁber diameter (inset).

single nanometers to micrometers by jetting polymer
solutions in high electric ﬁelds.3 These nanoﬁbers
exhibited some interesting mechanical properties4
but are generally considered weak compared to conventional polymer ﬁbers.5 Recently, several groups,
including ours, reported increases in modulus and
strength with the reduction of nanoﬁber diameter6 14
(see summary Table S1 in Supporting Information).
However, no analysis of size eﬀect on toughness has
been yet conducted. On the basis of the classical
behavior of structural materials and ﬁbers, one would
expect nanoﬁber strain at failure and toughness to
decrease as strength and modulus increase. Here, we
performed a comprehensive systematic analysis of size
eﬀects on strength, modulus, and toughness of continuous electrospun polyacrylonitrile (PAN) nanoﬁbers
in a broad range of diameters with emphasis on
ultrasmall diameters.
RESULTS AND DISCUSSION
Size Effects on Mechanical Properties of Continuous Polymer Nanofibers. Continuous polyacrylonitrile nanofibers
were electrospun from 8 11% polymer solutions in
dimethylformamide (DMF). Fiber diameters were controlled by varying voltage and polymer concentration.
Long 5 10 mm sections of individual nanofibers (the
gauge length in this study) were tested in tension
under constant strain rate using a nanomechanics
testing system. Nanofiber diameters were measured
by FE-SEM. To avoid possible radiation damage, the
diameters were measured on the sections of continuous nanofibers adjacent to the tested section. Details
of nanofiber fabrication, specimen preparation, mechanical testing, and structural analysis are provided in
PAPKOV ET AL.

the Methods section and Supporting Information.
As-spun PAN nanofibers exhibited pronounced elastoplastic behavior with large deformations to failure.
True stress and strain were used to describe material
behavior at large deformations. Nanofiber modulus,
failure stress (strength), strain at failure, and toughness
(area under the stress strain curve) were extracted
from individual nanofiber test results. Modulus and
toughness values were computed using engineering
stress strain diagrams.
Variations of the measured strength, modulus,
strain at failure, and toughness with diameter of individual as-spun PAN nanoﬁbers are presented in
Figure 1A D. Typical stress strain diagrams of nanoﬁbers with diﬀerent diameters are shown in Figure 1E.
The results (Figure 1A,B) show extraordinary increases
in strength and modulus as nanoﬁber diameter decreases. The most dramatic increases were recorded
for nanoﬁbers ﬁner than 200 250 nm (see insets; note
that prior studies6 14 did not cover this ultraﬁne range;
properties of nanoﬁbers with diameters larger than the
above threshold correspond well to the previously
published data13). The highest strength and modulus
values measured in this study were 5 10 times higher
than the strengths and moduli of commercial PAN
ﬁbers5 and are on par with the highest reported strength
and modulus achieved in a superdrawn (80) ultrahigh molecular weight (UHMW) PAN microﬁber.15
As mentioned above, such high values of modulus
and strength in polymers are usually achieved at the
expense of strain at failure. Remarkably, the high
strength of the ultraﬁne PAN nanoﬁbers was achieved
without statistically noticeable reduction of their
failure strain (Figure 1C). Though the scatter is high
VOL. 7

’

NO. 4

’

3324–3331

’

3325

2013
www.acsnano.org

PAPKOV ET AL.

Figure 1F and Supporting Information for details of
analysis) was relatively low and further decreased for
the ﬁner ﬁber diameters. The results are consistent with
low crystallinity in as-spun PAN nanoﬁbers observed by
others.13,20 Note that XRD measurements in the current
study were performed on nanoﬁbers with relatively
broad diameter distributions (see Figure 1F). Our analysis showed signiﬁcant reduction of the average crystallinity in as-spun nanoﬁbers with reduced average
nanoﬁber diameter. Crystallinity of the smallest nanoﬁbers tested is expected to be lower than the average
value measured for the bundle because the bundle
results are dominated by the largest ﬁbers in the
sample. The latter were shown to have higher crystallinity (see inset in Figure 1F).
The observed low crystallinity of the highly oriented
ﬁne nanoﬁbers should not be accepted a priori and
requires an explanation. In conventional polymer ﬁbers
and ﬁlms, increased macromolecular orientation achieved
by drawing results in increased crystallinity.21 It is
easier for the oriented polymer chains to organize into
a crystal as opposed to unoriented entangled chains.
High crystallinity of the oriented PAN was demonstrated in ref 19. Drawing of PAN ﬁlm in that work
was shown to cause a complete disappearance of the
amorphous halo in the XRD diﬀraction pattern, which
was interpreted as a transformation of PAN from a twophase semicrystalline polymer into a single-phase
material. Analysis of PAN nanoﬁber crystalline structure in this study showed, however, that as-spun
nanoﬁber crystallinity did not increase with the reduction of diameter but rather decreased for ﬁner diameters, despite the higher chain orientation in the
ultraﬁne nanoﬁbers that is supported, among other
things, by their high modulus. Low crystallinity in
electrospun nanoﬁbers may be the result of fast solvent evaporation from electrospun jets leading to
rapid jet solidiﬁcation. Indeed, solvent evaporation in
electrospinning occurs rapidly in-ﬂight, resulting in
solid nanoﬁbers deposited on a collector. Fast evaporation and solidiﬁcation may preclude polymer crystallization, despite the beneﬁcial eﬀect of chain orientation in nanoﬁbers. Note that smaller jets lose solvent
and solidify quicker. Recent theoretical analysis of PAN/
DMF jets performed in ref 22 conﬁrmed ultrafast
(milliseconds) solvent evaporation from the submicrometer jets that supports the above mechanism.
Another possible mechanism of reduced crystallinity
in ﬁne nanoﬁbers may be the high fraction of polymer
located near the ﬁber surface. Eﬀects of conﬁnement
on glass transition temperature23 and elastic properties24 were reported to extend for up to several
hundred nanometers in thin polymer ﬁlms. These
eﬀects might be even more pronounced in our case
because of the two-dimensional nature of conﬁnement in nanoﬁbers. On the basis of this analysis, we
conclude that crystallization in ﬁne electrospun PAN
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(usual in ﬁber studies), the average strain at failure
appears to slightly increase with the diameter decrease
and stays well above 50%. These unique simultaneous
increases in modulus, strength, and strain at failure led
to a dramatic increase of toughness (Figure 1D). The
highest recorded toughness was an order of magnitude higher than toughness of the best existing advanced ﬁbers (see lines in Figure 1D) and exceeded
toughness of spider silk. We observed similar behavior
on several other nanoﬁber systems, including synthetic
and biological polymers. Mechanisms of this unusual
behavior need to be better understood in order to be
exploited.
Possible Mechanisms of Dramatic Simultaneous Improvements in Strength, Modulus, and Toughness. Observed increases in elastic modulus and strength can be
attributed to improved chain orientation in the ultrafine nanofibers. There is now extensive evidence of
macromolecular orientation in electrospun fibers (see,
e.g., refs 7 10 and 16 18). Note that most of these
studies were conducted on bundles of nanofibers of
relatively large diameters (several hundreds of nanometers). Because chain orientation will only increase
with the decrease of nanofiber diameters, the finest
nanofibers in this study were highly oriented, which is
reflected in the high values of their elastic moduli
(Figure 1B). In addition to orientation, ultrahigh strength
and modulus of conventional high-performance polymer fibers are usually achieved as a result of high
crystallinity. The two strongest commercial polymer
fibers, polyaramid (Kevlar) and UHMW polyethylene
(Spectra or Dyneema), rely on specialized, crystallinitypromoting fiber spinning techniques, that is, spinning from a liquid crystalline (LC) solution and gel
drawing, which result in high respective crystallinities
of 75 and 95%. Most other high-performance polymer
fibers, including experimental fibers under development,2 also rely on spinning from LC solutions of rigidrod polymers that results in high crystallinity. However,
while helping to further increase strength and modulus, high crystallinity also reduces macromolecular
mobility in the crystalline phase and leads to low
deformations to failure. Mutual sliding mobility of long
chains in the amorphous regions of semicrystalline
polymers is needed for ductile, plastic behavior. Due
to high crystallinity, all existing high-performance
polymer fibers have very low deformations at failure
compared to bulk polymers.
We have analyzed crystallinity of the as-spun PAN
nanoﬁbers by wide-angle X-ray diﬀraction (XRD) analysis. XRD diﬀractograms of nanoﬁber bundles with
several diﬀerent average nanoﬁber diameters are
shown in Figure 1F. All XRD spectra exhibited a broad
amorphous halo in addition to the crystalline peak and
closely resembled the spectra of unoriented semicrystalline PAN powder and undrawn cast PAN ﬁlm
reported in ref 19. Degree of crystallinity (see inset in
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Figure 2. Comparison of size eﬀects in as-spun and annealed PAN nanoﬁbers. (A) True strength; (B) modulus; (C) true strain to
failure; (D) toughness. In all ﬁgures, gray diamonds are for as-spun ﬁbers and red squares for annealed ﬁbers. (E) Typical
stress/strain diagrams for annealed ﬁbers on the same strain scale as in Figure 1E; (F) XRD spectra for annealed nanoﬁber
bundles with diﬀerent average ﬁber diameters. The annealed bundles were the same bundles studied in Figure 1E. Nanoﬁber
diameter distributions were not signiﬁcantly changed by the annealing. The inset shows the dependence of crystallinity on
average ﬁber diameter for annealed nanoﬁbers.

nanoﬁbers is suppressed by fast solvent evaporation
and rapid polymer solidiﬁcation and, possibly, by twodimensional surface conﬁnement eﬀects. We further
hypothesize that reduced crystallinity in the ultraﬁne
electrospun nanoﬁbers is responsible for preserving
high nanoﬁber ductility, while increased chain molecular orientation caused by intense jet stretching in
electrospinning is responsible for high strength and
modulus.
Verification of Structural Hypothesis by Analysis of Annealed
Nanofibers. Direct observation of fine as-spun PAN nanofibers in low-voltage TEM and electron diffraction
analysis confirmed low polymer crystallinity. However,
diffuse diffraction patterns did not allow quantitative
structural characterization of individual nanofibers. To
further elucidate the role of crystallinity on mechanical
behavior, we performed mechanical analysis of annealed nanofibers. Annealing is often used to increase
the degree of crystallinity in rapidly solidified thermodynamically metastable polymers. Annealing temperature for PAN nanofibers (130 °C) was selected in the
range of temperatures between PAN glass transition
(90 120 °C) and oxidation temperature. Vaisman
et al.20 reported a sharp increase in the crystal size
growth rate above 100 °C for PAN nanofibers made
from polymers with a molecular weight similar to the
one in our study. Oxidation of PAN, a process essential
in the conversion of PAN precursors to carbon, does
not usually start at temperatures below 200 °C.25
Results of mechanical and structural evaluation of
annealed PAN nanofibers are shown in Figure 2.
Wide-angle X-ray analysis conﬁrmed the increase in
crystallinity as compared to as-spun nanoﬁbers across
PAPKOV ET AL.

the range of nanoﬁber diameters (Figure 2F). Interestingly, similar to as-spun nanoﬁbers, the degree of
crystallinity of annealed samples also decreased with
the decrease of average nanoﬁber diameter. This may
be due to the diﬀerences in the initial structure of the
nanoﬁbers (see data for as-spun nanoﬁbers of diﬀerent
diameters in Figure 1F). Variations of mechanical properties of individual annealed PAN nanoﬁbers are
compared with as-spun PAN nanoﬁber properties in
Figure 2A D. Typical stress strain diagrams of annealed nanoﬁbers are plotted in Figure 2E in the same
strain scale as as-spun nanoﬁber diagrams in Figure 1E
for easier comparison. The analysis shows a signiﬁcant
increase in modulus compared to as-spun nanoﬁbers
of similar diameters. Strength values were also higher.
However, nanoﬁber failure strain sharply decreased.
The measured strains at failure of annealed nanoﬁbers
shown in Figure 2C are within the range of strains
typical of commercial textile polymer ﬁbers such as
polyester, polyamide 6, nylon 66, and Nomex.26 Textile
ﬁbers have higher strains to failure than advanced
high-performance ﬁbers, such as Kevlar and Spectra/
Dyneema, but exhibit lower strength and modulus.
Annealed PAN nanoﬁbers still exhibited a strong size
eﬀect in modulus and strength. However, signiﬁcantly,
the observed sharp reduction of strain at failure led to
reduction of toughness (Figure 2D). Overall, these
results correlate with the increased crystallinity of the
annealed nanoﬁbers and support our hypothesis that
large strains at failure and ultrahigh toughness of asspun nanoﬁbers are due to their low crystallinity.
Analysis of Strength Toughness Correlation and Comparison
to Conventional and Developmental Materials. To further
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Figure 3. Correlations of mechanical properties of nanoﬁbers of diﬀerent diameters. (A C) As-spun ﬁbers: (A) true strength vs
modulus; (B) true strength vs true strain to failure; (C) true strength vs toughness. (D F) Comparison between as-spun (blue
diamonds) and annealed (red squares) nanoﬁbers: (D) true strength vs modulus; (E) true strength vs true strain to failure;
(F) true strength vs toughness. Arrows in (F) point in the directions of decreasing nanoﬁber diameters.

analyze the size effects in electrospun nanofibers, we
plotted and studied correlations between various mechanical characteristics (Figure 3; see details of statistical analysis in Supporting Information). A relatively
good correlation (within typical high scatter in fiber
studies) was observed for strength and modulus in
both as-spun and annealed nanofibers (Figure 3A,D;
computed coefficients of determination r2 = 0.65 and
0.76, respectively). The strength modulus correlation
is generally expected and is often observed in structural materials and fibers as a result of processes aimed at
material strengthening. Interestingly, the data for the
as-spun and annealed nanofibers overlap, as seen in
Figure 3D, indicating that relative stiffening of the
annealed nanofibers occurred simultaneously with
their strengthening. The observed correlation supports
macromolecular chain orientation as the mechanism
responsible for improvements in both modulus and
strength. The strength failure strain plots (Figure 3B,E)
did not show any correlation (the slope of the regression curve was not statistically different from zero at
R = 0.05 confidence level), and the strain at failure was
randomly distributed across the strength range for
both nanofiber systems. However, strong correlation
was observed for strength and toughness (Figure 3C,F;
r2 = 0.82 and 0.77 for the as-spun and annealed
nanofibers, respectively; the arrows in Figure 3F point
in the direction of decreasing nanofiber diameters).
The observed strong strength toughness correlation
is unusual in structural materials. Although some biological composite materials, such as spider silk,
through their hierarchical structure, attain simultaneously high strength and toughness, most engineering materials exhibit strength toughness trade-off,
PAPKOV ET AL.

revealing that high strength is usually achieved at
low toughness and vice versa (see shaded area in
Figure 3F). Most processing techniques improving
the strength of the originally ductile materials, such
as metals or semicrystalline polymers, cause the material parameters to move from the bottom right to the
top left corner of the strength toughness diagram.
This applies to such widely used processes as drawing
of polymers and metals and to newer processes, such
as nanostructuring of metals.27 High-performance fibers also follow this trend, all exhibiting high tensile
strength but relatively low toughness. Reaching the
upper right corner of the diagram in Figure 3F is highly
desirable for safety-critical applications requiring both
high strength and fracture resistance.1 Demonstrated
consistent shift of the properties of as-spun electrospun nanofibers toward the upper right corner with
the reduction of diameter is encouraging. While annealed nanofibers exhibited lower toughness compared to as-spun PAN nanofibers, their strain at
failure still did not appear to decrease with the decrease of diameter (and corresponding increase in
strength), resulting in steeper but still positive correlation between strength and toughness (Figure 3F).
Moreover, multiple regression analysis (see Supporting
Information) shows that the slope of the strength
toughness correlation for the annealed nanofibers is
decreasing for higher strength values, indicating a
larger toughness increase. This suggests that change
of crystallinity via annealing or other methods can be
used to alter nanofiber properties and provides the
means to expand the coverage of the strength
toughness performance space. Note that the highest
toughness of annealed nanofibers was still in the range
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Figure 4. Comparison of speciﬁc strength and speciﬁc energy to failure of as-spun PAN nanoﬁbers (diamonds) with typical
values for commercial and developmental ﬁbers and materials.2,5,26,30 32,34 The arrow density indicates approximate values of
nanoﬁber diameters (see scale bar). The colored area represents the strength/toughness region occupied by traditional materials.

of the toughness values of spider silk. Compared to
spider silk, the best annealed nanofibers had lower
strain at failure but higher strength;a property combination that may be useful for ballistic applications.
The magnitudes of the mechanical improvements
in the current study are among the strongest size
eﬀects recorded for any material. While most ﬁbrous
materials exhibit increases in strength with diameter
decrease (observation of diameter dependence of
strength in glass ﬁbers triggered the development of
modern fracture mechanics theory28), these increases
usually are moderate. Reduction of as-spun PAN nanoﬁber diameter from 2.8 μm to ∼100 nm resulted in
simultaneous increases in modulus from 0.36 to
48 GPa, true strength from 15 to 1750 MPa, and
toughness from 0.25 to 605 MPa. The relative increases
in modulus and strength far exceed the size eﬀects
reported for the electrospun nanoﬁbers in refs 6 13.
Size eﬀects on toughness have not been previously
reported.
Figure 4 compares speciﬁc strength and toughness
of as-spun PAN nanoﬁbers with properties of some
commercial and developmental ﬁbers and structural
materials. The arrow color density indicates approximate nanoﬁber diameter values (see the scale bar).
It can be seen that the properties of most existing
structural materials and ﬁbers are within the shaded
area of the diagram, demonstrating classical strength
toughness trade-oﬀ. Spider silk is one natural material
providing exceptionally high toughness at high strength.
In addition, several recent carbon nanotube (CNT)based ﬁbers and yarns showed promising combinations of speciﬁc strength and energy-to-failure. Analysis of Figure 4 shows that ﬁne continuous nanoﬁbers
in this study outperformed most existing and developmental CNT-based ﬁbers in terms of toughness.
PAPKOV ET AL.

The best recorded properties of nanoﬁbers far exceeded the properties of conventional PAN microﬁbers
(250 400 MPa strength and 3 8 GPa modulus5) and
exceeded the strength of all commercial polymer
textile ﬁbers (such as polyester, Nomex, polyamide 6,
and nylon 6626) while exhibiting 6 10-fold higher
toughness. The best recorded strengths of as-spun
PAN nanoﬁbers were on par with the high-strength
spider silk29 while showing three times higher toughness (spider silk is regarded as the toughest strong
material known). Finally, best as-spun PAN nanoﬁbers
outperformed most developmental CNT ﬁbers,30 32
while approaching the level of performance of the
toughest CNT ﬁbers reported to date.33,34 Encouragingly, all trends analyzed in this study do not show
signs of saturation, indicating a strong possibility of
further performance improvements.
It is interesting to note that the diameter range
exhibiting most signiﬁcant mechanical improvements
in this study (<250 nm) overlaps with the range of
diameters of biological ﬁbers, such as collagen ﬁbrils.35
Polymer ﬁbers are ubiquitous in biological materials
and tissues and are commonly thought to be responsible for their superior mechanical properties and
toughness. Silk ﬁbers have been shown to possess
nanoﬁbrillar structure with nanoﬁbrills ranging from
25 to 170 nm.36,37 Further studies of molecular mechanisms of mechanical behavior of continuous nanoﬁbers may shed light on the nature of strength and
toughness in biological materials, which could lead to
novel biomimetic structural materials with unusual
properties.1
SUMMARY AND CONCLUSIONS
In summary, ultraﬁne as-spun PAN nanoﬁbers exhibited extraordinary simultaneous strength, modulus,
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during complex coupled electrospinning process (this
technique combines electrical, mechanical, mass transfer, and thermal phenomena in a single multiphysics
process) are yet to be studied and control may not be
easy. Models of polymer jets incorporating solvent
evaporation and polymer solidiﬁcation can provide
insights.22 Continuous nanoﬁbers with simultaneously
high strength, modulus, and toughness can be used
in a broad variety of structural materials and composites.38 Their unique dual nano-macro nature provides an easy way to bridge scales and makes them
readily available for macroscopic applications. Our
proposed structural explanation of the observed
superior combination of nanoﬁber mechanical properties challenges the prevailing paradigm of highperformance polymer ﬁber development, that is,
achieving high crystallinity with alignment, and may
have broad implications for structural ﬁbers research.

METHODS
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Materials and Fiber Fabrication. PAN fibers were electrospun
at ambient conditions from 8 11 wt % solution of the
polymer (Pfaltz and Bauer, Inc.; cat# P21470, MW 150 000) in
DMF (Sigma-Aldrich; cat# 271012) using a 20 gauge needle.
Fibers were collected on a stationary target. The applied voltage
was 10 12 kV; the distance between the spinneret and collector was 20 cm. Fiber diameters were varied by varying the
voltage and PAN concentration. As-spun and annealed fibers
were prepared using similar electrospinning parameters. Annealing was performed at 130 °C in air for 1 h.
Specimen Preparation and Mechanical Testing. Individual fibers
were mechanically tested in a NANO UTM testing system (MTS)
under a constant strain rate of 0.001 s 1. Fibers of 4 5 cm in
length were electrospun on a split electrode. Individual fibers
were picked up with a wire “fork”. A 5 10 mm section of the
fiber (the gauge length in this study) was transferred and glued
to the grips of the testing machine with an epoxy adhesive. An
adjacent section of the same fiber was examined using a Quanta
200 FEG SEM (FEI). Its diameter was measured in at least three
places and averaged for the purpose of calculating the mechanical properties. As-spun fibers exhibited elasto-plastic behavior
with large deformations to failure. Measured load and displacement variations were converted to engineering and true stresses and strains and plotted as stress strain diagrams. True
stress and strain are often used to describe material behavior at
large deformations. Nanofiber modulus, failure stress (strength),
strain at failure, and toughness (area under the curve) were
calculated from the obtained stress strain diagrams. Modulus
and toughness were computed using engineering stress strain
diagrams. The total numbers of tests were 65 for the as-spun
nanofibers and 43 for the nanofibers annealed at 130 °C.
X-ray Structural Analysis. Nanofiber mats were electrospun for
structural analysis onto an aluminum substrate. Average fiber
diameter and standard deviation were measured using SEM
(at least 200 fibers from several locations were evaluated for
each sample). Wide-angle X-ray diffraction (XRD) analysis was
performed using a Rigaku Multiflex X-ray diffractometer with
Cu KR radiation in the range of 2θ between 10 and 50°. The
background was removed, and the crystalline peak (or peaks
in the case of annealed samples) and the amorphous halo
were fitted using Lorentzian peak shapes, as illustrated in
Figure S1 in Supporting Information. At least three samples
with different average nanofiber diameters were analyzed for
each nanofiber family (i.e., as-spun nanofibers and annealed
nanofibers).
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and toughness. Structural analysis and experiments on
annealed nanoﬁbers suggest that low crystallinity in
electrospun nanoﬁbers is responsible for the exceptionally high nanoﬁber ductility and toughness. We
note that the observed decrease in polymer crystallinity with electrospun nanoﬁber diameter may not be
universal. Polymer crystallization is a complex process
that depends on a large number of parameters and
processing conditions, and the atactic polyacrylonitrile
may be prone to produce lower crystallinity. Supporting Information Table S1 points to some examples
showing increased nanoﬁber crystallinity with diameter decrease. Incidentally, these studies also exhibited low or decreasing strains to failure. However, other
studies3,38 and our own preliminary analysis of several
other nanoﬁber families indicate that other polymer
systems may exhibit behaviors similar to the one
described in this study. Peculiarities of crystallization
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