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((Abstract: Polystyrene (PS) commonly exhibits brittle behavior and poor mechanical 

properties due to the presence of structural heterogeneities promoting localized failure. The 

removal of this localized failure is shown here by processing PS into fibers with a range of 

diameters using electrospinning. Mechanical properties of individual electrospun fibers were 

quantified with atomic force microscopy based nano-mechanical tensile testing. The resultant 

stress-strain behavior of PS fibers highlighted considerable enhancement of mechanical 

properties when fiber diameter decreases below 600 nm such that polystyene toughness 

increased significantly by over two orders of magnitude compared to the bulk. Consideration 

of the network properties of polystyrene is used to demonstrate the increase of draw ratio 

towards a theoretical limit and is potentially applicable to a range of glassy polymeric 

materials. 

 

                                                
a Supporting Information ((bold)) is available online from the Wiley Online Library or from the author. 
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1. Introduction  

 

Polystyrene (PS) is a conventional synthetic polymer that exhibits relatively high stiffness and 

hardness at low cost. PS has been widely used in manufacturing industries for decades but 

typically suffers from brittle failure resulting in low toughness. Bulk PS has a strain to failure 

of less than 5%, which is considerably lower than the theoretical strain predicted due to the 

high drawability of PS’s low network density in the amorphous phase.[1] This high drawability 

makes PS potentially a high toughness polymer that would expand the use of PS extensively 

and overcome the currently limiting brittle behavior of this common polymer.  

 

The low strain to failure of PS has been classically attributed to localized failure where the PS 

deforms up to strains of 300%, as predicted theoretically, whereas most of the bulk remains in 

a relatively low strain state up to failure. Localized failure at heterogeneities within PS has 

resulted in efforts to provide a homogenous deformation state during mechanical loading. 

Strategies to provide homogenous deformation to failure were perhaps most effectively 

demonstrated using rubber toughening of PS, where rubber particles were dispersed 

throughout PS body to give an effectively heterogeneous distribution thus avoiding localized 

failure.[2] Further toughening of PS used the concept of a critical thickness of PS layers 

sandwiched between a secondary polymer but again exploited a composite multi-polymeric 

material.[1] Direct manufacture of a PS material with toughness that approaches theoretical 

predictions is currently lacking. The concept of a critical dimension where localized failure 

due to heterogeneities in glassy polymers is absent has been proposed previously, and the 

critical dimension for tensile strain property of PS films has been examined as around 1 µm.[1] 

Methods to process PS with at least one dimension that is below the critical dimension 

concept are becoming more popular. Electrospinning is one such technique that is effective 

for producing fibers with diameters approaching the nanoscale.[3] The properties of 
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electrospun fibers, including electrical,[4] chemical[5] and mechanical[6] have been studied to 

differ from their corresponding bulk behavior. Evidence of enhanced elasticity of electrospun 

PS fibers was presented in previous works.[7, 8] Increases in strength of electrospun fibers have 

been exhibited as fiber diameter decreases and provide additional toughening. Such 

investigation of toughness behavior for electrospun fibers was rare but corresponding 

enhancement of toughness of electrospun fibers with small diameter was reported for 

polyacrylonitrile (PAN) fibers.[9] High strength and reduced crystallinity of small PAN fibers 

were believed to be responsible for this improved toughness. PS is distinct from PAN as a 

glassy polymer, but the effect of critical thickness enhancing strain to failure of PS provides 

potential for enhanced toughness behavior of electrospun PS.  

 

Directly evaluation of the mechanical performance of electrospun fibers has generally focused 

on individual fibers to give material behavior.[10, 11] Atomic force microscopy (AFM) has been 

reported as a promising method to estimate nano-mechanical properties of electrospun fibers 

as well as providing imaging capability.[11-13] This AFM force spectroscopy method has been 

frequently adopted to assess the elasticity of electrospun polymer fibers using a fiber bending 

configuration and results in a strong increase of elastic modulus of polymer fibers relative to 

their bulk.[6, 12, 14] However, AFM bending testing is limited as only elastic properties but no 

strength and strain are attainable. The mechanical testing approach used here requires high 

imaging resolution while manipulating fibers with dimeters that are below the resolution limit 

of light, and exploits a micromanipulator in a Scanning Electron Microscope (SEM).[15]  In 

this case, the combinations between AFM and SEM allowing directly mechanical tensile 

testing to failure of individual fibers were applied.[16] The AFM probe is utilized to 

manipulate and mechanically test individual fibers while the whole operation is monitored via 

SEM, providing in situ images with high resolution. In our work, the mechanical testing of 

electrospun PS fibers, with a range of diameters, to failure performed by an in situ custom-
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built AFM-SEM setup is reported to examine discrete toughening behavior. The elastic 

measurement derived from more conventional three-point bending testing of AFM instrument 

is also examined.     

 

2. Experimental Section 

2.1.Preparation of electrospun PS fiber 

PS solutions with concentrations of 10 wt%- 20 wt% were prepared by dissolving PS pellets 

(STYRONTM 686E, Mw=334,000 g/mol) and 0.1wt% salt Tetrabutylammonium bromide 

(TBAB) [3, 17] in solvent N, N’-dimethylformamide (DMF). Solutions were electrospun into 

fibers under ambient temperature using a previous experimental setup.[18] The morphologies 

and diameters of electrospun PS fibers with different concentrations are shown in Figure S1 

(supporting information). PS films were prepared under hot-compressing at 200 °C and the 

bulk mechanical properties were measured by conventional tensile testing (Instron, UK) to 

support further comparison with the fiber results.  

 

2.2.Characterization  

2.2.1. AFM three-point bending test 

Thin electrospun PS fiber mats were deposited on an aluminum substrate and imaged with a 

closed-loop AFM system (NTegra, NT-MDT, Rus.) operating in a semi-contact mode. A 

pyramidal silicon nitride probe attached to a cantilever with nominal spring constant (3 N m-1) 

was used. AFM probe was brought into contact with the midpoint of the fiber in a contact 

mode, and then interacting and bending the fiber with a defined extension manipulated by the 

Z-piezo positioner, as demonstrated in Figure 1b.     

 

2.2.2. Nano-tensile testing of individual PS fibers 
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A custom-built setup of AFM probe and manipulator arm (Kleindiek,Germany) integrated 

within SEM was applied to perform tensile testing for PS fibers,[19] as represented in Figure 

2a. The principle axis of AFM cantilever was parallel to the axis of electron beam. A metal 

wire with fresh glue (Poxipol, Argentina) and bundle of PS fibers were attached to the edge of 

the manipulator head. Clamping of the free end of an individual PS fiber to the end of the 

AFM probe was achieved by first moving the manipulator head to allow probe to contact with 

the glue. Translation of the manipulator arm away caused a deposit of glue at the apex of 

AFM probe. An individual PS fiber protruding from the bundle was identified by SEM and 

then translated to the AFM probe until contact between this fiber and glue at AFM probe was 

achieved. A focused ion beam (FIB) integrated within SEM was used to section the 

continuous PS fiber into a desired isolated length of approximate tens of micrometers. Fresh 

glue was again introduced to the metal wire at the manipulator head and then translated 

towards the new end of PS fiber attached to the AFM probe until contact occurred. The glue 

was allowed to cure in vacuum so that the PS fiber was fixed between the rigid metal wire and 

the apex of AFM probe. The tensile testing was carried out by translating the AFM probe 

away from the glue substrate until fiber failed. The whole testing process was recorded by 

SEM, with further image analysis of each pixel frame captured from the video (ImageJ, NIH) 

providing the continuous tensile deformation of both cantilever and PS fiber. The average 

fiber displacement was 1 µm.s-1, corresponding to a strain of less than 0.02.s-1. The diameter 

and original length of PS fibers were measured using SEM prior to the tensile testing. 

 

2.2.3. Dynamic mechanical thermal analysis 

The storage modulus of PS was measured through dynamic mechanical thermal analysis using 

a Rheometer (AR2000, USA). PS was prepared into a 1 mm thick, bubble-free transparent 

circular plate with a diameter of 25 mm to fit into the working platform of the Rheometer. 



    

 - 7 - 

The operation of rheological measurement was carried out at 130 ℃ (30 ℃ above the Tg of 

PS) with a maximum head shear strain of 2 %, and angular frequency at 10-2- 102 rad s-1. The 

storage modulus was therefore determined by the master curve of PS.   

 

3. Results and Discussion  

The topographic image of PS fibers obtained from AFM is shown in Figure 1a. The elastic 

moduli of electrospun PS fibers with various diameters were assessed from the AFM 

cantilever deflection (see supporting information for data analysis). Resultant force- 

displacement curves are shown in Figure 1c. A small regime of initial linear deformation is 

followed by nonlinear behavior, indicating PS fiber becomes ductile compared to the brittle 

response of their bulk equivalent. The elastic modulus from AFM bending testing is 

determined from: [11] 

I
FLE

fd192

3

=                                                                                                               (1) 

Where L is the fiber free length span and I is a second moment area factor defined as

64/)( 4DI p= , in which D is the diameter of fiber. The ratio of fF d/ is determined as the 

gradient of the elastic regime of the force-displacement curve as shown in Figure 1c. [20] The 

overall elastic moduli of PS fibers are plotted against the fiber diameters as Figure 1d. Bulk 

baseline refers to the elastic modulus of PS films measured experimentally. PS fibers with 

diameters over 600 nm have similar low elastic modulus comparable to the bulk (1.4±0.1 

GPa), whereas thinner PS fibers show a clear enhancement of elasticity, signifying a 

consistent size-dependent elastic behavior that was observed in other electrospun polymers.[21, 

22] The elastic modulus of PS fibers with diameters approaching 200 nm is almost an order of 

magnitude higher than the bulk, and larger values are expected as fiber diameter continues to 

decrease.  



    

 - 8 - 

 

Mechanical testing to failure of electrospun PS was further performed by tensile testing of 

individual fibers through using the custom-built AFM-SEM setup as shown in Figure 2a. 

Figure 2b, c and d illustrate the process of translation of AFM probe away from the substrate 

that causes the tensile deformation and consequent failure of the fiber. Resultant stress-strain 

curves are plotted in Figure 3a, and the corresponding tensile properties of PS fibers are 

summarized in Table 1. Generally, PS fibers exhibit a distinct plastic deformation until break 

at large failure strains relative to the bulk, as well as a significant enhancement of strength. 

Fibers with relatively large diameters up to 1500 nm give a relatively small tensile strength 

(33 MPa) and correspondingly low strain at break (5.3 %). However, the smallest fiber 

(diameter= 110 nm) shows a significant strength (209 MPa) as well as considerably enhanced 

failure strain (up to 60 %). Figure 3b, c and d further plots the relationships of the tensile 

properties with fiber diameter. The baseline refers to the results of bulk PS. As the fiber 

dimension reduces below 600 nm, distinct improvements in fiber mechanical properties are 

evidently observed. Specifically, compared with the bulk PS, tensile strength, failure strain, 

and toughness of PS fibers at the smallest diameters are improved by approximate 10, 28, and 

290 times, respectively.  

 

Improved mechanical properties are potentially reasonable for smaller fibers when 

consideration of the removal of structural heterogeneities is made. Previous studies have 

examined size dependent modulus of electrospun polymers using concepts of amorphous 

supramolecular structure[7, 23], the increased crystallinity of diameter-decreased electrospun 

fibers[21] and the molecular orientation within the fiber[24]. For amorphous PS, the molecular 

chains with large phenyl side group are generally restricted from parallel orientation into a 

crystal lattice. The most reasonable structural modification occurs during the ejecting process 

of electrospinning, in which the fiber undergoes pulling and shearing simultaneously with 
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rapid evaporation of solvent on the surface, noted as resulting in preferential orientation of 

polymer chains in fiber surface.[12] This enhancement of polymer chain orientation was 

ascertained by the tensile testing results of PS films compressed from amorphous pellets and 

uniaxial aligned PS fibers respectively as shown in Figure S3, which shows distinct increases 

in elastic modulus and strength of electrospun PS. Previous studies additionally suggest 

densely packed fibrillar structures for electrospun fibers with small diameter.[21] These 

increased densities provide a larger number of polymer chains contributing to the failure of 

the fibers and, thus, further enhance strength in conjunction with the high degree of molecular 

orientation. 

 

The remarkable enhancement of strain-to-break for PS fibers observed here differs from other 

electrospun fibers as investigated in previous studies. PS is a polymer with theoretically high 

natural draw ratio but has low strain in bulk as mechanical deformation always initiates 

locally due to structural heterogeneities.[25] This discrepancy of strain between theoretical 

calculation and experimental practice is reduced by size effect-driven defect removal through 

electrospinning PS into fibers. Such removal of defects suppresses heterogeneous strain to 

provide a globally higher strain and resulting increase in the overall PS toughness. Other 

ductile non-glassy polymers [9, 15] do not exhibit inconsistency of strain between theory and 

experimental observation as the toughening mechanisms differ from the PS considered here. 

Conceptually, the process of deformation in mechanically loaded bulk PS is heterogeneous 

and can only be sustained if the stress in the loaded part of the polymer is below the 

maximum breaking stress until the yield stress is exceeded, leading to necking phenomena in 

amorphous polymers.[26] Figure 4a schematically indicates the toughening mechanisms 

operating when moving from bulk to smaller length scales. A result of the proposed 

mechanism is the formation of necking regions when PS behaves as a bulk glassy polymer 

and the absence of necking at smaller length scales below the critical length as the absence of 
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localized failure permits homogeneous deformation throughout the electrospun fiber length. 

The variation in deformation mechanisms were evaluated by examining the fracture surfaces 

of various PS fiber diameters as shown in Figure 4b-e using SEM. Relatively large fiber 

diameters exhibit localized thinning whereas thinner fibers appear small variation in their 

fiber diameters. Further evaluation of mechanical properties of uniaxial PS fiber mats shown 

in Figure S4 indicates obvious improvement in mechanical properties including strength and 

toughness compared to bulk PS.  

 

To assess the practical drawability of PS fibers, the evaluation of the theoretical maximum 

natural draw ratio ( maxl ) of PS sample was applied using 2/1
max

-= eAnl ,  where A is a material 

constant given as 2.36×1013 chain1/2 m-3/2 for PS.[27] The entanglement density, en , is 

calculated by the equation eAe MN /rn = , in which the molecular weight between 

entanglement nodes 0/ Ne GRTM r= . AN is Avogardro’s number, R is the gas constant, T is 

the reference temperature, and GN0 is the critical storage modulus. The storage modulus GN0 of 

PS was estimated by dynamic mechanical thermal analysis, with details indicated in the 

supporting information, and the resultant master curve illustrating the relations of modulus 

and frequency are shown in Figure S4. The calculated maxl is equal to 4.5, indicating the 

theoretical drawability of PS sample is approximate 350%. The maximum failure strain of up 

to 60 % obtained from the tensile testing of PS fibers in Figure 3 is considerably higher than 

bulk values of a few percent and highlights a progression towards this theoretical maximum. 

Potential restrictions in reaching the theoretical draw ratio are due to the above estimation 

assuming an isotropic polymer chain network whereas electrospun polymers exhibit at least 

some chain orientation.  

 

 



    

 - 11 - 

4. Conclusions 

In summary, improvement in toughness of PS by over two orders of magnitude is shown here. 

The enhanced toughness synergistically originates from both increases in electrospun fiber 

strength and the lack of structural heterogeneities that allow increased drawing during 

mechanical loading. These PS fibrous materials can be potentially used in applications that 

require both ductility and rigidity, including packaging or as fiber-reinforcements in 

nanocomposites. 
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Figure 1. (a) Topographic image of PS electrospun fibers using AFM semi-contact mode; b) 

Schematic of the bending deformation of both fiber and AFM cantilever; c) Typical force-

displacement curves for PS fibers at two representative diameters of 250 nm and 650 nm; d) 

The variation of elastic modulus of PS fibers with diameter. Bulk baseline was defined by the 

elasticity of equivalent PS films.  
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Figure 2. (a) Schematic shows the set-up of the custom-built SEM-AFM system with a 

manipulator arm; b)- d) Scanning electron micrographs indicate a typical tensile testing 

process. An individual PS fiber is attached to the AFM probe apex with the free fiber end 

secured within the glue substrate. Translation of the AFM probe away from the substrate after 

curing of the glue causes tensile deformation of the fiber until fiber failure occurs. 
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Figure 3. (a)Stress-strain curves for tensile testing of individual PS fibers. The corresponding 

stress-strain behavior for a PS film is shown as the insert. (b)-(d) Variation in tensile 

mechanical properties of PS fibers with diameter for b) failure strain; c) failure strength; d) 

work to fracture.  
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Figure 4.  (a) Failure mechanisms for bulk PS and PS fibers with relatively small diameters 

under tension. (b)-(e) Scanning electron micrographs of failed PS fibers ends. (b)-(c) Necking 

features appeared at the fracture tip of thick fibers; (d)-(e) More homogeneous elongation 

indicated in thinner fibers. 
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Table 1. Mechanical properties of individual electrospun PS fibers and equivalent PS films. 

 Diameter 
(nm) 

Strength 
(MPa) 

Strain 
(%) 

Work to fracturea) 

(MJ.m-3) 
1 115±16.7 208.98±21.74 54.72 73.75 
2 217.5±25 184.25±48.2 17.3 21.33 
3 314.6±24.2 135.5±20.2 19.72 10.99 
4 360.4±11.6 101.2±7.6 41.6 31.08 
5 570±19.5 174±12.07 10.7 7.24 
6 739.5±10.4 106±2.9 16.3 5.11 
7 920±10.5 41±0.93 17.3 4.9 
8 1500 32.97 5.37 0.52 

PS films _ _ 19.5±1.8 1.98±0.16 0.24±0.03 
a) Energy required to fracture the material calculated as the area under the stress strain curve.  
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