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Abstract 

Stiff, strong and tough ultrafine polyethylene fibers that rival the best high performance fibers, 

but with diameters less than one micron, are fabricated for the first time by “gel-

electrospinning”. In this process, solution concentration and process temperatures are chosen to 

induce the formation of gel filaments “in flight”, which are subsequently drawn at high rates as a 

consequence of the whipping instability.  The resulting submicron diameter fibers exhibited 

Young’s moduli of 73 ± 13 GPa, yield strengths of 3.5 ± 0.6 GPa, and toughnesses of 1.8 ± 0.3 

GPa, on average. Among the smallest fibers examined, one with a diameter of 490 ± 50 nm 

showed a Young’s modulus of 110 ± 16 GPa, ultimate tensile strength of 6.3 ± 0.9 GPa, and 

toughness of 2.1 ± 0.3 GPa, a combination of mechanical properties that is unparalleled among 

polymer fibers to date. The correlation of stiffness, strength and toughness with fiber diameter is 

attributed to high crystallinity and crystallite orientation, combined with fewer defects and 

enhanced chain slip associated with small diameter and high specific surface area. Gel-

electrospinning improves the prospects for production of such fibers at scale. 
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Introduction 
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Over the past two decades, electrospinning has attracted much interest from the academic and 

industrial scientific communities due to its capability for continuous fabrication of ultrafine 

fibers having diameters from tens of nanometers to a few microns
[1]

 (commonly known as 

“nanofibers”). Unlike conventional fiber spinning processes, the fabrication of these submicron 

fibers is driven by electrical forces rather than mechanical forces, and can involve high uniaxial 

extensional strain rates, up to 1000 s
-1

.
[2]

 These fibers can be produced from a wide range of 

organic materials and inorganic precursors, and typically have high specific surface areas, as a 

result of their nanometer-scale fiber diameters. The structural and functional versatility of these 

fibers has allowed a remarkably broad range of applications, such as membranes and filters,
[3-6]

 

battery materials,
[7-9]

 sensors,
[10-12]

 biomaterials,
[13-15] 

and drug delivery.
[16,17]

  

 

In each application, the mechanical integrity of the electrospun material ultimately determines 

whether it will hold up under end-use conditions, involving exposure to environmental 

contamination, thermal or mechanical cycling, or inter-laminar abrasion in fabricated devices.  

Typical Young’s moduli of submicron-diameter electrospun fibers range from about 0.1 GPa to 

10 GPa,
[18-20]

 which are larger than those of the bulk materials, but still smaller than most 

conventional polymer fibers.
[21]

 This deficiency becomes especially clear when compared to 

engineered high performance fibers, like Kevlar®, Twaron®, Dyneema® or Spectra®, that 

exhibit Young’s moduli of 100 GPa or higher. If these ultrafine fibers are ever to find application 

in high performance applications like transparent composites, soft body armor, industrial 

protective clothing or structural cords and ropes, significant increases in stiffness, strength, and 

toughness of these fibers are required. 

 



 3 

Numerous recent studies have shown that a 3- to 5-fold increase of the fiber modulus can be 

observed with decreasing diameters below about 500 nm.
[22-25]

 Such improvements in stiffness 

are generally related to high levels of molecular orientation within the thinnest fibers.
[22, 26]

 Some 

groups have explained the origin of this molecular orientation in terms of a surface oriented 

layer,
[24]

 core-shell geometry,
[27]

 or confined supramolecular orientation.
[25]

 Pai et al. 

demonstrated improvements in tensile modulus and strength of individual polyamide fibers with 

decreasing diameter, and correlated these improvements with higher molecular orientation, as 

measured by polarized FTIR spectroscopy.
[22]

 They explained the improved molecular 

orientation to be the result of higher extension and faster solidification of the smaller diameter 

fibers. Greenfeld et al. subsequently proposed a model to relate the increased modulus to 

extensional flow of an entangled solution via the flow-induced molecular orientation.
[28]

  Among 

the highest performing nanofibers, Dzenis and co-workers reported 250 nm diameter electrospun 

polyacrylonitrile fibers having Young’s modulus, strength, and toughness values as high as 48 

GPa, 1.75 GPa, and 0.6 GPa, respectively.
[29]

 Yao et al. reported 2.1 m diameter electrospun p-

aramid fibers with a Young’s modulus of 59 GPa,
[30]

  and co-polyimide fiber bundles with a 

Young’s modulus of 38 GPa and strength of 1.6 GPa.
[31]

 To our knowledge, the highest reported 

Young’s modulus of an electrospun fiber thus far was achieved by Boland and co-workers, who 

reported single-walled carbon nanotube/polyvinyl alcohol composite fibers with Young’s moduli 

up to 85 GPa.
[32]

  Despite such recent efforts to fabricate ultrafine high performance fibers, 

electrospun fibers still fall significantly short of the state of the art in high performance fibers.
[33]

  

 

Because of its linear zig-zag conformation and small molecular cross-section, crystalline 

polyethylene has one of the highest theoretical values of Young’s modulus for a polymer. 
[34]
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High performance polyethylene fibers (e.g. Spectra or Dyneema) are fabricated using a process 

called “gel-spinning”, wherein gel-like fibers are formed from a polymer solution comprising as 

little as 2 wt% of high molecular weight polymer.
[35,36]

 Subsequently, the gel-like fibers are 

drawn 40  to 50 times their original length at elevated temperature, using strain rates around 1 s
-1

. 

Such high drawability is made possible by the ultra high molecular weight polyethylene used 

(UHMWPE, typically 3000 kg mol
-1

 or more), and results in a very high level of molecular 

orientation and crystallinity. This commercial process leads routinely to fibers with tensile 

moduli (E) of 120-170 GPa and tensile strengths ( of 3.0-3.5 GPa.
[35,36]

 Post-spin drawing of 

the gel-like fiber has been described as essential to the realization of high modulus and strength 

in flexible chain polymers like PE.
[37]

 

 

There have been several efforts in the past to electrospin PE melt
[38]

, LLDPE
[39]

, HDPE
[40]

 and 

UHMWPE
[41]

, with one study attempting to control the ambient temperature during spinning 

with a coaxial stream of heated vapor.
[42]

 Despite such efforts, all of them 
[38-42]

 faced difficulties 

in achieving thin, monodisperse PE fibers with high mechanical properties.  In general, 

electrospinning of PE is complicated by its poor solubility in polar solvents commonly used for 

electrospinning, and the necessity to elevate and control process temperatures. Most of the 

previous efforts resulted in fabrication of fiber diameters larger than a micron, and none of them 

reported noteworthy mechanical properties for the fibers. Post-spin drawing such as that 

employed in gel-spun PE fibers is normally precluded for electrospun fibers since they are not 

readily spooled and re-processed as continuous fibers; as a result, efforts to improve fiber 

mechanical properties of electrospun PE by post-processing has been limited. Using a 

micromanipulator, Li et al., produced single UHMWPE nanofibers with diameters on the order 
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of 100 nm.
[43]

  In their two-stage process, a droplet of UHMWPE gel was heated to 120 °C, 

while the surrounding space was heated to 90 °C, and then drawn into a filament using the 

micromanipulator tip. These nanofibers reportedly exhibited tensile moduli comparable to or 

exceeding the theoretical value of 280 GPa. However, the hot tip-drawing process is tedious and 

does not lend itself well to scale-up.  

 

In this work, we report fabrication of ultrafine, high performance PE fibers using a technique 

dubbed “gel-electrospinning”. Unlike other elevated temperature electrospinning methods, the 

proposed process operates within a range of process temperatures chosen to induce the formation 

of a gel filament “in flight”, which is drawn by the whipping motion of the jet.  The modified 

electrospinning process, in principle, operates at a higher extensional strain rate (~1000 s
-1

) than 

that of the gel-spinning process (~1 s
-1

), and results in significantly smaller diameter fibers.  

Importantly, the smallest fibers exhibit remarkable mechanical properties and can be produced in 

quantity. 

 

Materials and Methods 

Masterials: Ultra-high molecular weight polyethylene (UHMWPE) with an intrinsic viscosity of 

2100 cm
3
 g

-1
 was purchased from Celanese (Irving, TX).  Using Margolies’ equation, the 

molecular weight corresponds to 4500 kg mol
-1

, according to the vendor.  p-Xylene, 

cyclohexanone, decalin, and tetra-n-butylammonium bromide (TBAB)  were all purchased from 

Sigma-Aldrich. The solution components were combined on a heated (~120 
°
C) stirrer for at least 

2 hours.  
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Solvent Selection and Preliminary Electrospinning: Since the viscoelasticity of a polymer 

solution depends on the choice of solvent, polymer concentration, molecular weight of the 

polymer, and temperature, we first examined commonly used solvents (decalin, p-xylene, 1:1 v/v 

mixture of p-xylene:cyclohexanone) for one that demonstrated reasonable electrospinnability for 

a 1 wt% solution of UHMWPE and produced small diameter fibers (see Supplementary 

Information S1). In each case, 0.2 wt% of TBAB was added to increase the electrical 

conductivity of the solution to approximately 0.2 μS cm
-1

; the addition of this salt both improved 

electrospinnability and reduced fiber diameter. For these preliminary experiments, temperatures 

T1 and T2, in the solution reservoir and at the extruder exit, respectively (see Figure 1a) were 

both held constant at 130 °C, which was above the melting point Tm of the polymer and below 

the boiling point Tb of all the solvents used. Temperatures T3 and T4, in the draw zone and at the 

collector, respectively, were fixed at a room temperature. The UHMWPE/p-xylene solution 

exhibited the highest production rate and smallest fiber diameters; all subsequent experiments 

were performed with this solution. 

 

Solution Characterization: The crystallization and melting temperatures of the polymer in 

solution were obtained by differential scanning calorimetry (DSC) (Discovery, TA Instruments). 

The solution was cooled from 130 °C to 40 °C, and then reheated back up to 130 °C.  The 

heating and cooling rates were 1 
°
C min

-1
. A rheometer (AR-2000, TA Instruments) with cone-

plate geometry was used to measure the viscosity of the polymer solution as a function of 

temperature. To prevent the loss of the volatile p-xylene solvent during rheometry at elevated 

temperature (T > 100 °C), a solvent trap filled with p-xylene was used. Temperature sweep 

experiments from 130 °C to 40 °C with a fixed oscillation frequency of 1 rad s
-1

 were performed 
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under two different conditions – an oscillatory stress with max = 0.88 Pa and an oscillatory strain 

with max = 0.05; these values were chosen to ensure that all measurements were made within the  

region of linear viscoelastic response of the solution.  

 

 

Fiber Formation: A spinning solution comprising UHMWPE (1 wt%), p-xylene, and TBAB (0.2 

wt%) was used. After mixing, the solution was transferred to a pre-heated glass syringe (Cadence 

Science, 20 mL). A band heater (Plastic Processing Equipment, Macedonia, OH) was used to 

heat the solution-filled syringe. A Macor® ceramic encasing was used as an electrical insulator 

between the heater and the needle, while still providing good thermal conductivity at 

temperatures up to 170 °C. A cylindrical ceramic space heater (Omega Engineering, Stamford, 

CT) was used to heat the space around the needle. The temperatures of the four process zones 

(Figure 1a) were T1 = T2 = 130 °C, while T3 and T4 were varied from 20
 
°C to 130 °C. The 

volumetric flow rate of the feed solution was controlled by a syringe pump (Harvard Apparatus, 

Holliston, MA) in the range 0.02 to 0.2 ml min
-1

. A positive potential of +15 to +20 kV was 

applied to the needle, while a negative potential of -10 to -15 kV was applied to the collector, 

using two voltage generators (Gamma High Voltage Research, Ormond Beach, FL). The 

distance from the tip of the needle to the collector was 150 - 200 mm. 

 

Fiber Characterization: A JEOL 6010LA scanning electron microscope (SEM) was used to 

examine the morphology of mats and bundles, and to measure fiber diameters. Prior to sample 

loading, the electrospun fibers were sputter-coated with gold for 30 seconds. The mean fiber 

diameter of at least 50 fibers were measured using ImageJ software.  A Tecnai T-12 transmission 

electron microscope (TEM) was used to examine individual fibers of different diameter. The 
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UHMWPE fibers were placed on a standard copper grid, and subsequently observed under the 

TEM. In-situ selective area electron diffraction (SAED) was performed on individual fibers to 

determine their crystallite orientations. At least 10 individual samples each from groups of 

microfibers (d >1 µm) and submicron fibers (d ≤ 1 µm) were observed. 

 

The degree of crystallinity was measured using a TA Instruments Discovery Differential 

Scanning Calorimeter (DSC).  The degree of crystallinity was obtained using      

            
  , where the specific enthalpy of fusion    

 =293.6 J g
-1

 for polyethylene,
[44]

 

the enthalpy of cold crystallization    = 0 (in this work), and    was obtained by integrating 

the melting peak from the heating scan of DSC.  

 

A Bruker D8 with General Area Detector Diffraction System was used to measure the Wide-

Angle X-ray Diffraction (WAXD) trace of fiber mats and bundles. Two-dimensional X-ray 

diffraction patterns were measured and integrated, after background subtraction, to obtain one-

dimensional XRD patterns over the range 15.0° ≤ 2 ≤ 60.0°. The degree of crystallinity was 

obtained using                            , where Ixtal is the total integrated area of the 

crystalline peaks and Iamorph is the integrated area of the amorphous peak. In the case of 

polyethylene, the crystalline peaks for the (110) and (200) planes were found at 2 = 21.4° and 

23.9°, respectively. The amorphous halo was defined as a broad peak in the range 15.0° ≤ 2 ≤ 

25.0°. The Hermans parameter for crystallite orientation was estimated from the full-width at 

half maximum of the azimuthal intensity distribution of the (110) diffraction peak (FWMH110) 

for a bundle of aligned fibers, assuming cylindrical symmetry with respect to the bundle axis and 

that the intensity was Gaussian-distributed (see Supplementary Information S2).  
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The mechanical properties of individual fibers were measured using a U9815A T150 Universal 

Testing Machine (“Nano-UTM”, Agilent Technologies, Santa Clara, CA). The sample 

preparation and test method were described previously by Pai et al.
[22]

 The method was  

validated using conventional gel-spun polyethylene fibers (Dyneema SK99). See Supplementary 

Information S3, S4 and S5 for further details of the method and validation. The force was 

measured as a function of the extensional strain for individual electrospun fibers in uniaxial 

tension at a strain rate of 10
-3

 s
-1

. The Young’s modulus was determined by linear regression of 

the stress-strain curve from the origin to a low strain of 0.01 mm mm
-1

. The yield point was 

determined by Coplan’s construction, which is also known as the “tangents technique”.
[45]

 All 

measurements were strained up to at least a strain of 0.2 mm mm
-1

, while some of the samples 

were strained until fractured. After mechanical testing, the undeformed section of the fiber was 

observed under SEM to determine its diameter. The diameters of five different sections were 

measured to determine the mean and standard deviation of the fiber diameter. If the standard 

deviation of the five measurements for an individual fiber was greater than 15%, the data point 

was discarded.  

 

Results 

 

Characterization of Gel-Electrospinning Process 

We divide the gel-electrospinning process into four zones: the solution reservoir, the extruder 

exit, the draw zone (which includes both steady jet and whipping regions), and the collector. 

Figure 1a shows an apparatus for the gel-electrospinning of UHMWPE.  In each zone the 

temperature was chosen judiciously based on knowledge of the polymer solution rheology. The 

temperatures of the zones are labelled T1 through T4 in Figure 1a. For maximum gel-drawing in 
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the whipping zone (T3 of Figure 1a), the temperature of the polymer solution was controlled so 

that it should pass through the semi-dilute gel-state, analogous to the heated drawing stage of the 

conventional PE gel-spinning process.
[35] 

To determine the proper operating temperature for the 

extruder exit and draw zones, the solution rheology of UHMWPE in p-xylene was measured by 

oscillatory shear rheometry to determine the temperature dependence of viscosity and the 

gelation temperature, Tgel.  

 

Figure 1. a) Apparatus for gel-electrospinning. T
1
 = Solution reservoir temperature, T

2
 = 

extruded jet temperature, T
3
 = draw zone temperature, and T

4
 = collector temperature. b) 

Oscillatory shear data showing the storage and loss modulus with respect to temperature under 
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an oscillatory stress with 
max

 = 0.88 Pa. Filled circles represent G’ and open circles represent G”. 

The inset plots show the complex dynamic viscosities (open squares) with respect to 

temperature. c) Differential Scanning Calorimeter (DSC) data of UHMWPE/p-xylene 1 wt% 

solution.  

 

Figure 1b shows the complex viscoelastic behavior of a 1 wt% UHMWPE/p-xylene solution 

under an oscillatory stress with max = 0.88 Pa. Upon cooling, the solution viscosity was η < 20 

Pa·s for T > 90 °C, and η > 100 Pa·s for T < 80 °C, with a transition in both storage (G’) and loss 

(G”) moduli between 84.7 and 81.7°C, corresponding to the gel transition. This transition was 

also confirmed by DSC (Figure 1c), where the onset temperature of the exotherm during the 

cooling cycle was 84.1 °C. Typically, a viscosity of 100 Pa·s or lower is considered suitable for 

continuous fiber spinning.
[46]

 Based on these findings, the desired temperature within the draw 

zone for gel-electrospinning was determined to be 80 °C ≤ T3 ≤ 85 °C, while T1 > 90 °C. Unless 

stated otherwise, subsequent experiments were performed with all parameters except T3 and T4 

held constant at these values. 

 

Fiber Structure Characterization 

Figure 2a shows the mean diameter and standard deviation for gel-electrospun fibers produced at 

various values of T3. The mean fiber diameter decreased steadily as T3 was increased from room 

temperature to 80 °C; above 80 °C, the mean and standard deviation of fiber diameter 

distribution were relatively insensitive to T3. The decrease in fiber diameter is attributed to the 

decrease in elastic modulus G’ over this range of temperature. Although the elastic modulus 

decreased by an order of magnitude above T3 = 80 °C (c.f. Figure 1b), the loss modulus G” also 
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decreased, indicative of faster relaxation of the polymer network in solution. The UHMWPE 

fibers that were collected at T3 = 80 °C showed the smallest mean fiber diameter and the 

narrowest fiber diameter distribution. The SEM images of representative UHMWPE fiber mats 

fabricated below and above Tgel, at T3 = 80 °C and 120 °C, are displayed in Figure 2b. Generally, 

the gel-electrospun fibers, electrospun with T3 < Tgel, exhibited smaller mean fiber diameter, 

albeit with a wider fiber size distribution, than the fibers produced at T3 > Tgel. The difference in 

fiber sizes is evident from a comparison of the smallest individual fiber diameters observed by 

TEM for samples produced at 80 °C or 120 ° C, shown in Figure 2c and d. The smallest fiber 

shown in Figure 2c is 25 nm, comparable to the core size of a polyethylene shish-kebab 

structure.
[47]
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Figure 2. a) Mean diameter (filled triangles) and standard deviation for gel-electrospun 

UHMWPE fibers obtained using various temperatures T
3
 in the drawing zone. b) SEM images of 

UHMWPE fiber mats fabricated at T
3
 = 80 °C (below T

gel
 ) and 120 °C (above T

gel
). c,d) TEM 

images of individual gel-electrospun UHMWPE fibers fabricated at c) T
3
 = 80 °C and d) T

3
 = 

120 °C. The scale bars in c) are 50 nm, 200 nm, 100 nm, and 250 nm, in clockwise order from 

the top left image. The scale bars in d) are 1 µm, 2 µm, 1 µm, and 1 µm, in clockwise order from 

the top left image. 

 

The crystallinity of the gel-electrospun fibers was examined by DSC, WAXD and SAED. The 

degree of crystallinity of an UHMWPE fiber mat with <d> = 1.96 ± 0.54 µm (obtained at T3= 

60 °C) was measured by WAXD (see Supplementary Information S2) and confirmed by DSC 

(see Supplementary Information S6), which yielded values of 58% and 56% crystallinity, 

respectively. A bundle with a larger average fiber diameter, <d > = 2.35 ± 1.08 µm (obtained at 

T3= 25 °C) exhibited 60% crystallinity by WAXD. By contrast, the degree of crystallinity of a 

sample of submicron fibers, <d > = 0.86 ± 0.39 µm (obtained at T3= 80 °C) was close to 90%, as 

determined by WAXD.  The crystal form was confirmed to be orthorhombic based on peak 

locations. The crystallite orientation, as described by the Hermans orientation parameter for the 

(110) plane, <P2>110, was also significantly higher for the bundle with mean fiber diameter less 

than 1 m (Figure 3a). Figure 3c shows representative SAED patterns and the corresponding 

TEMs of individual gel-electrospun UHMWPE fibers (T3= 80 °C) having different diameters. 

All of the patterns in Figure 3b are indicative of the orthorhombic PE crystal, in accord with the 

WAXD results. Crystal orientation within the fibers became significantly sharper with 

decreasing diameter. The thickest fiber with d ~ 1.95 µm (left column of Fig 3b) showed random 
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crystal orientation, as signified by the ring pattern in SAED; other fibers with d > 1 µm also 

displayed such patterns. The intermediate fiber with d ~ 0.42 µm (middle column) exhibited arc-

shaped reflections, indicative of a distribution of orientations for the (110) and (200) crystal 

lattice planes.  The highest crystal orientation was observed when d ~ 0.11 µm (right column), 

whose pattern was that typical of a single crystal. These SAED data, in general, agree with the 

study of individual crystal orientations in HDPE fibers by Yoshioka et al.
[48]

 We conjecture that 

the increasing crystal orientation observed for fibers with d ≤ 1 m is due to the high degree of 

molecular alignment made possible by rapid and large extension in the gel state experienced by 

these fibers during whipping. 
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Figure 3. a) Degree of crystallinity (X
WAXD

, left ordinate, black filled circles) and the Hermans 

orientation parameter (<P
2
>

110
, right ordinate, red open squares) are plotted versus average fiber 

diameter for three bundles of aligned fibers.  Error bars correspond to standard deviation of fiber 
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diameter distribution measured within each bundle.  b) SAED crystal patterns displayed on the 

top row, and the corresponding TEMs of individual UHMWPE fibers on the bottom row. The 

scale bars represent 2.0 µm, 1.0 µm, and 0.2 µm from the leftmost column to the rightmost 

column. 

Mechanical Properties of Gel-Electrospun Fibers 

Figure 4a shows stress-strain curves for individual gel-electrospun UHMWPE fibers with 

diameters of 0.49, 0.73, 0.91, 1.05, and 2.31 µm. Note that the smallest of these fibers 

corresponds to a crystallite orientation intermediate between the center and right columns of 

Figure 3b.  The Young’s moduli were determined from the slope of linear regression in the 

region of small strain, up to 0.01 mm mm
-1

. The moduli are plotted against fiber diameter in 

Figure 4b; a dramatic increase in Young’s modulus is observed for fibers whose diameters were 

less than 1 m. Many of the submicron UHMWPE fibers exhibited Young’s moduli above 30 

GPa, while those fibers with d ≤ 0.60 µm exhibited moduli above 100 GPa. In particular, the 

Young’s modulus of a fiber with diameter 0.35 ± 0.05 μm was measured at 120 ± 24 GPa.  

Significantly, this value is the highest reported modulus for a single fiber produced by any 

electrostatically-driven jetting process, and is comparable to that of a commercial high 

performance fiber (i.e. Dyneema SK99, see Table 1).  The mean Young’s modulus of the 

submicron diameter fibers (d < 1 μm) was 73 ± 13 GPa, which is two orders of magnitude higher 

than the Young’s modulus of bulk UHMWPE,
[49]

 and better than the best electrospun fibers to 

date.  
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Figure 4. Tensile deformation behavior of gel-electrospun UHMWPE fibers.  a) Stress-strain 

curves for UHMWPE fibers having diameters of 0.49 (), 0.73 (), 0.91 (), 1.05 (), and 

2.31 µm (). b) Young’s modulus versus fiber diameter. Inset shows the same data on a log-log 

scale.  The solid line at 0.45 GPa is the Young’s modulus of bulk UHMWPE.
[49]

  The red solid 

line is an empirical fit (see text for details). c) Strength versus Young’s modulus of each 

corresponding fiber. The black squares show yield strengths measured in the current study, while 

the blue triangles and red circles show tensile strengths of conventional gel spun fibers reported 

in the literature;
[50,51]

 since the conventional fibers exhibited brittle failure at relatively low strain, 

their tensile strengths are assumed to be lower bounds for yield. d) Toughness versus fiber 

diameter.  
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Table 1.  Mechanical properties for gel-electrospun UHMWPE fibers averaged over a range of 

diameters, Dyneema SK99, and bulk UHMWPE.
[49]

 See Supplementary Information S8 for a 

table of mechanical properties for individual fiber data and reproducibility. 

Fiber 

Diameter 

(µm) 

Hencky 

Strain 

Young's 

Modulus 

(GPa) 

Ultimate 

Tensile 

Strength 

(GPa) 

Toughness 

(GPa) 

Strain at 

Break 

0.57±0.03 9.98 89±9 4.9±0.5 1.5±0.2 0.31 

0.73±0.03 9.46 48±3 3.0±0.2 0.96±0.09 0.46 

0.90±0.07 9.07 23±2 2.9±0.4 1.9±0.2 0.80 

1.06±0.05 8.74 9.22±0.64 1.63±0.10 1.57±0.07 1.13 

2.64±0.13 6.92 5.56±0.37 0.72±0.05 0.55±0.14 1.26 

12.2±0.5 

(Dyneema 

SK99) 

-- 131±8 4.18±0.24 0.145±0.008 0.05 

Bulk 

UHMWPE 

0 0.72 ~ 0.02 -- ~ 0.50 

 

The remarkable increases in modulus observed in the smallest fibers reported here are attributed 

to the large amplitude of the whipping instability, which resulted in high draw ratio, high degree 

of crystallinity, and high crystallite orientation. In the conventional, two-stage gel-spinning 

process, the properties of fibers have been found to be sensitive to the draw ratio applied in the 

second stage, solid-state hot-drawing of the gel filament.
[35]

  Gel-electrospinning is a single stage 

process where drawing of the filament occurs “in-flight”, both at the nozzle and during whipping, 

where the solvent content of the jet is changing; it is difficult therefor to determine exactly where 

in the process the gel point is reached and solid state drawing begins. However, one can estimate 

a Hencky strain,            ,
[52]

 where h0 is the diameter of the unstretched fluid filament at 
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the nozzle exit (840 µm), and h is the diameter of the stretched fluid filament assuming rapid 

solidification, .  d is the diameter of  the solid as-spun fiber and c is the concentration of 

polymer in solution.
[53]

 The data of Figure 4b are well-described by the empirical correlation 

                       , with a coefficient of determination R
2
 = 0.97. In terms of Hencky 

strain, this correlation can be written as           , where A=8.65x10
-3

 GPa and B=1.11.  

The corresponding fiber diameters and Hencky strains are tabulated in Table 1.  

 

Figure 4c shows the correlation between yield strength and the tensile modulus measured for the 

gel-electrospun fibers. Not only the modulus, but also the yield strength increased as the fiber 

diameter decreased, by as much as 600-fold from the largest diameter fibers to the smallest ones 

(see Supplementary Information S7). A similar trend, albeit much smaller in magnitude, was 

observed previously by Pai et al.
[22]

  The mean yield strength for submicron diameter fibers (d < 

1 µm) was 3.5 ± 0.6 GPa, which is two orders of magnitude higher than that of bulk 

UHMWPE.
[49]

 Also shown in Figure 4c are correlations between ultimate tensile strength and 

tensile modulus for conventional gel-spun fibers reported in the literature.
[50,51]

  Although the 

data overlap for fibers having moduli below about 70 GPa (characteristic of the larger diameter 

gel-electrospoun fibers), the two sets deviate at high modulus, where the yield strength of the 

smallest diameter gel-electrospun fibers exceed the tensile strength of the conventional fibers. 

The ultimate tensile strength of the UHMWPE fibers with average d = 0.57 µm was greater than 

the ultimate tensile strength of Dyneema SK99.  The best tensile strength obtained in this work 

was 6.3 GPa, for a fiber with d = 0.49 µm. A composite UHMWPE/CNT fiber yarn electrospun 

by Rein et al. showed a slightly higher tensile strength of 6.6 GPa after post-spin drawing.
[54]
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Toughness was also observed to increase with reduction in fiber diameter (c.f. Figure 4d). 

Significantly, most of the fibers below 1 µm in diameter exhibited toughnesses greater than 1.0 

GPa, with the highest ones exceeding 2.0 GPa. Remarkably, even at room temperature, the gel-

electrospun fibers exhibited yield and ductility, with strains-to-break that were typically 20% or 

higher.  This result stands in contrast to that of most other high performance fibers, which exhibit 

brittle failure at low strain.
[55]

 Significantly, Jenket et al. reported increased ductility in 

commercial gel-spun UHMWPE fibers (Dyneema SK76) at an elevated temperature of 75 °C 

and low strain rate of 10
-3

 s
-1

 (comparable to the strain rate used in this work) with strains-to-

break in excess of 25% (the limit of their equipment).
[56]

 Papkov et al.
[29]

 also observed a 

dramatic increase of toughness with decreasing fiber diameter in electrospun fibers.  However, 

the toughnesses observed here are three times greater than the highest value reported by Papkov 

et al. and their semicrystalline PAN fibers showed lower crystallinity below d = 1 µm, so that 

they attributed the large elongation-to-break to ductility of the noncrystalline material.   

 

Figure 5 shows SEM images of individual gel-electrospun UHMWPE fibers with d = 0.35 ± 

0.05, 1.1 ± 0.1, and 3.2 ± 0.2 µm, before and after tensile testing. The uniformity of diameter of 

individual fibers prior to tensile testing is evident in Figure 5a. Figure 5b shows the same fibers 

after elongation to 20%, 91% and 110% strain, respectively, all without breaking. Each of the 

fibers exhibits reduction in diameter with elongation, on the order of 8.5%, 35% and 47%, 

corresponding to Poisson’s ratios around 0.4 ± 0.02. In addition, the smaller fibers showed signs 

of necking near the middle of the test section, with 15-20% further diameter reduction. Such 

necking behavior is typical of ductile deformation in semicrystalline polyethylene, and is usually 

associated with a transition from lamellar to fibrillar texture.
[57,58]
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Figure 5. SEM images of individual gel-electrospun UHMWPE fibers a) before and b) after 

tensile deformation. The blue arrows indicate regions where diamter reduction was uniform, 

while the red arrows indicate regions of localized necking. 

 

Discussion 

 

In order to understand the origin of the improvements in strength and toughness observed in 

these submicron diameter fibers, these properties were first correlated using Griffith’s theory of 

fracture,
[59]

  according to which the tensile strength increases with a reduction in geometrical 

dimension, which in turn is presumed to limit crack length.  Although originally developed to 

explain brittle fracture in linear elastic materials, the theory was subsequently applied to the 

development of plastic zones (e.g. crazes) followed by fracture, as well.
[60]

 Based on this theory, 

Penning et al. derived a correlation between tensile strength , toughness Gc, modulus E and 

fiber diameter d, such that           , with = 0.5.
[61]

 From the log-log plot of  versus 

      in Figure 6, we obtain the empirical value = 0.37, with a coefficient of determination 
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R
2
 = 0.91. Although the correlation appears good, the value of  is significantly smaller than the 

theoretical value 0.5, yet it is larger than the value of  = 0.19 obtained by Penning et al. for 

conventional gel-spun polyethylene filaments having moduli of 150 GPa and diameters ranging 

from 8 to 30 m.
[61]

  Extrapolating the data in Figure 6 to d = 0 (see Supplementary Information 

S7), we obtain an empirical estimate for the limiting tensile strength of 14 GPa, which is 

intermediate between the value of 10 GPa reported by Litvinov et al.
[50]

 and 26 GPa reported by 

Smook et al.
[62]

 Due to the smaller fiber diameters obtained, the extrapolation required in this 

work is relatively modest compared to the previous studies. 

 

 

Figure 6. A log-log plot of tensile strength versus the quantity ( ) where Gc = fracture 

toughness [GPa], E = elastic modulus [GPa], and d = fiber diameter [µm]. The red solid line is 

an empirical fit (see text for details). 
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The combinations of tensile modulus, tensile strength and toughness observed at room 

temperature in this work merit further comment. The theoretical limit of stiffness for a perfectly 

oriented, fully crystalline PE is about 280 GPa at 300 K
[33]

, and values greater than 150 GPa 

have been reported for gel-spun fibers.
[63]

  Tensile moduli depend predominantly on degree of 

crystallinity and crystallite orientation. Theoretical values for chain slip in crystalline PE are on 

the order of 6-8 GPa
[64]

 comparable to the best values of yield strength observed here. Yield 

strength greater than 6 GPa has also been reported for conventional gel-spun PE fibers, where it 

was shown to be a function of crystallite size and orientation.
[63]

 The theoretical value for 

Poisson’s ratio of the orthorhombic crystal of polyethylene is about 0.4 at 300 K
[34]

, in accord 

with those estimated from SEM images in Figure 5.  Theoretical estimates of the ultimate tensile 

strength associated with chain scission are around 20-25 GPa
[64]

, somewhat higher than the 

limiting tensile strength obtained here by extrapolation of the Griffith criterion.  Thus, the values 

of stiffness and strength observed for gel-electrospun fibers are well within theoretical and 

previous experimental bounds.   

As we show with WAXD and SAED  (c.f. Figure 3), smaller diameter fibers exhibit higher 

crystallinity and better crystallite orientation, which accounts for the dominant trend of 

increasing modulus and strength with decreasing fiber diameter. Often, crystallite size and 

degree of crystallinity are correlated in materials produced by a given process (e.g. gel-spinning), 

so that similar correlations in strength and stiffness may be expected, as illustrated in Figure 4c; 

however, it is not necessarily the case when comparing materials produced by different 

processes. For example, Bastiaansen examined gel-spun UHMWPE fibers produced from 

solutions having different concentrations and drawn to varying extents, and observed essentially 

no dependence of tensile strength on fiber diameter in the range from 20 to 250 m,
[65]

 while 
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more recently, Ohta et al. reported remarkably good correlation of 
f
 with ( )

1/2
 for fibers 

produced at different spinning speeds.
[51]

 These discrepancies are presumably due to differences 

in internal morphologies of the fibers examined in the different studies.  Using solid state NMR 

in conjunction with WAXD and SAXS, Litvinov et al. observed chain-extended crystals and 

nanovoids in conventional gel-spun fibers.
[50]

 Using FIB and AFM, Strawhecker et al. examined 

the interior morphology of single fibers of Spectra and Dyneema, and found inter-locked shish-

kebabs, voids, and defects.
[66]

 Some of the larger gel-electrospun fibers observed in this work 

also exhibited some evidence of shish-kebab morphologies in TEM, regardless of draw zone 

temperature (c.f. Figure 2d).  These structural defects could explain the lower tensile strength 

observed with conventional gel-spun polyethylene microfibers relative to theoretical values.
[62]

 

By contrast, the submicron diameter polyethylene fibers reported in this work exhibit yield 

strengths remarkably close to theoretical values for chain slip within the orthorhombic crystal, 

suggesting that smaller diameter reduces the likelihood of premature failure due to such defects 

and allows sustained loads sufficient to activate the slip mechanism at the yield point.  

 

With the mechanism of chain slip in mind, we postulate that the relatively high surface area of 

the ultrafine gel-electrospun UHMWPE fibers is responsible for the high elongation-to-break. 

Given the increases observed in crystallinity and crystallite orientation with decreasing fiber 

diameter, it seems unlikely that such high elongation-to-break can be attributed solely to the 

ductility of noncrystalline material in the smallest fibers. In highly oriented fibers such as the 

ones produced by gel-electrospinning, yield and failure are believed to occur through molecular 

processes of chain slip and chain scission within the chain extended crystal.
[67]

 Based on the 

theoretical values, chain scission occurs at stresses only 3-4 times greater than the stress required 

E d
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to activate chain slip.  Thus, as the yield stress is approached, any local concentration of stress 

could lead to chain scission, followed by a cascade of subsequent chain scission events, resulting 

ultimately in failure.  In submicron diameter fibers, however, chain slip at the surface of the fiber 

becomes significant. In a fiber having d = 500 nm, almost 10% of the chains are within 10 nm of 

the fiber surface; such chains experience weaker inter-chain interactions, even within a chain 

extended crystal, due to their proximity to a surface.  As a result, they may undergo slip more 

readily, permitting a degree of molecular mobility associated with the crystalline domains 

analogous to that produced by elevated temperatures in conventional gel-spun UHMWPE fibers 

elongated at comparable rates.
[56]

 Ability of chain slip to dissipate stress concentrations and delay 

the initiation of a chain scission cascade would account for the substantial ductility observed in 

conventional gel-spun fibers at high temperature, as well as the submicron diameter gel-

electrospun fibers reported here. The chain slip mechanism is also qualitatively consistent with 

the observed necking in Figure 5, indicative of transition from “slip-free” to “slip-activated” 

material.   

 

The combinations of stiffness, strength, and elongation-to-break observed here may be unique 

among polymer fibers, but are not without precedent in other materials. Such combinations of 

properties are found in metal nanowires,
[68]

 which are also very different from their more 

macroscopic counterparts. There too, it is believed that such material properties are due to the 

combination of fewer defects and greater contributions from surface atom interactions with 

reduction of diameter.
[68]

 Notably, a gold nanowire was reported to exhibit a true strength of 6-9 

GPa with elongation-at-break as high as 26% in a tensile test.
[69]

 The high ductility observed 

there also involved formation of a neck, which persisted up to a high strain until break. Similarly 
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a nickel nanowire exhibited unusually high shear strain-to-break of 34%,
[70]

 comparable to the 

high strain-to-break observed in the current study. 

 

Conclusion 

In this work, we present evidence for a new class of high performance polymer fibers with 

exceptional stiffness, strength and toughness.  The fibers are noteworthy for their small diameter 

and corresponding high specific surface area.  The fibers are fabricated from UHMWPE by a 

process called “gel-electrospinning”, wherein the drawing of an entangled polymer gel at 

elevated temperature is realized in the whipping zone. Figure 7 compares the mechanical 

properties observed in this study with those of various high-performance commercial fibers. In 

general, high performance fibers exhibit moduli well above 100 GPa and tensile strengths greater 

than 2.0 GPa, but elongation-to-break generally around 3-4%, with correspondingly low 

toughness by comparison. The gel-electrospun UHMWPE fibers, in general, show increases in 

modulus and strength as the fiber diameter is decreased, with the smallest fibers exhibiting 

moduli in the high performance range, and strengths greater even than that of Zylon® (PBO) 

fiber.
[52]

 Even with such high strength and modulus, elongation-to-break on the order of 20-40% 

was observed in the smallest fibers. In particular, fiber with a diameter of 490 ± 50 nm showed a 

Young’s modulus of 110 ± 16 GPa, ultimate tensile strength of 6.3 ± 0.9 GPa, and toughness of 

2.1 ± 0.3 GPa, which is a combination of mechanical properties that is unparalleled among 

submicron diameter polymer fibers to date. With a toughness of about 0.165±0.030 GPa, spider 

dragline silk is often noted for its superior toughness and extensibility compared to synthetic 

fibers
[71]

, but this is only a fraction of the toughness exhibited by the smallest fibers reported here. 

We believe this work represents an important step towards production of thinner, high 

performance fibers for composites, protective clothing and other applications.  
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Figure 7. Three-dimensional plot of tensile modulus, tensile strength, and toughness for the 

individual gel-electrospun UHMWPE fibers with different diameters, several commercial 

polymer fibers
[55]

, and spider dragline silk
[71]

  

Supplementary Information.  

S1: Results using different solvents. S2: WAXD data. S3: Detailed description of individual fiber 

mechanical test. S4: Testing for a possible clamp slippage. S5: Validation of mechanical testing 

usig Dyneema SK99. S6: DSC data. S7: Yield strength vs diameter and limiting tensile strength. 

S8: Results of individual fiber tests and reproducibility.  
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