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a b s t r a c t 

Electrospun carbon nanofibers, produced from polyacrylonitrile (PAN) nanofiber precursors, with their superior 

mechanical properties, are promising candidates for manufacturing advanced polymer composites. Here, we 

report a series of tensile tests performed in situ under scanning electron microscope (SEM)/transmission electron 

microscope (TEM) observation, which show that the modulus and strength of electrospun carbon nanofibers can 

be enhanced through a simple mechanical constraint during the carbonization step in the electrospinning process. 

The constrained carbon nanofibers of diameter less than 150 nm were nanomanipulated inside the SEM onto a 

specialized microelectromechanical systems (MEMS) based testing platform and subsequently tested in uniaxial 

tension until failure. It was identified that both the strength and modulus of the constrained carbon nanofibers 

with sub-150 nm diameters are on average higher compared to their unconstrained counterparts by ∼22% and 

∼31% respectively. Also, by evaluating the internal graphitic order of the constrained carbon nanofibers using 

TEM-based diffraction methods, we identified that the mechanical constraint during carbonization results in a 

better degree of orientation in the graphitic crystallites along the fiber axis. Finally, we use Weibull statistics for 

the deconvolution of the effects of diameter and the mechanical constraint on the tensile properties of carbon 

nanofibers. The Weibull analysis also showed that the comparatively superior strength of CCNFs is primarily due 

to better alignment of crystallites with the fiber axis. 

© 2017 Elsevier Ltd. All rights reserved. 

1

 

c  

s  

b  

o  

a  

c  

d  

b  

a  

c  

m  

t  

a  

s  

a  

f  

(  

i  

t  

b  

t  

(  

M  

f  

t  

[

 

e  

t  

c  

t  

t  

a  

3  

C  

t  

h

R

A

0

. Introduction 

Carbon fibers are typically made from polyacrylonitrile (PAN) pre-

ursors using gel-spinning or electrospinning techniques. Using the gel-

pinning technique, polymer fiber diameters in excess in ∼5–10 μm can

e produced, while fibers with smaller diameters of 10 nm to 1 μm can be

btained using the electrospinning technique [1] . These polymer fibers

re then carbonized at high temperatures (800 °C–1200 °C) to obtain

arbon fibers. Given the larger diameter and longer length of fibers pro-

uced using the gel-spinning technique, their mechanical properties can

e characterized with relative ease, using miniaturized tensile testers,

s has been reported extensively in the literature [2–4] . Such gel-spun

arbon fibers have been reported to possess high strengths ( > 3 GPa) and

oduli ( > 250 GPa) and have applications in fields ranging from automo-

ive, aerospace and wind energy due to their extraordinary mechanical

nd electrical properties [3,5–7] . The mechanical properties of electro-

pun carbon fibers with even smaller diameters, on the nanometer scale,

re expected to be better than larger gel-spun carbon fibers [5] . Also,

rom an application perspective, such small diameter carbon nanofibers

CNFs) are expected to improve the interactions with polymer matrices
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n advanced composites [8] . Yet, there are only a few reports in litera-

ure on the mechanical characterization of individual electrospun car-

on nanofibers. This is because of the difficulties in manipulating these

iny fibers and the need for specialized microelectromechanical system

MEMS) testing platforms to conduct such testing [8–9] . Recently, such

EMS-based tensile testing platforms have been used in the literature

or characterizing the mechanical properties of a variety of 1D nanos-

ructures including nanowires [10–12] , nanotubes [13] and nanofibers

9] . 

The exploration of methods to further improve the mechanical prop-

rties of carbon fibers has been a very active field of research over

he past decade. Some of the techniques explored to improve their me-

hanical properties include irradiation using gamma rays [14] , chemical

reatments [15] , and mechanical confinement [8–9] . Xiao et al. found

hat the carbon fiber strength and modulus can be increased by 16.1%

nd 17.4% respectively, by exposing the fibers to gamma radiation of

0 kGy [14] . Arshad et al. [8] and Beese et al. [9] tested electrospun

NFs of diameters ranging from 100 nm to 450 nm and found that both

he strength and modulus of nanofibers increase significantly with de-
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C  
reasing diameter, due to a confinement-based improvement in molec-

lar alignment [16] . 

In this current work, we have explored an alternate way of improving

he mechanical properties of CNFs, using mechanical constraint. Specif-

cally, the polymer nanofibers synthesized using electrospinning were

onstrained mechanically during the carbonization process, which was

onducted at 800 °C in a nitrogen rich atmosphere. The hypothesis was

hat the mechanical constraint of the fibers during carbonization would

ead to a better alignment of the graphitic crystallites along the fiber

xis, by preventing fast entropic shrinkage [17] . As such, by mechani-

ally constraining the precursor fibers during carbonization at high tem-

eratures, we prevented shrinkage and maintained a constant length in

bers that could lead to a loss of orientation in the crystallites. High

emperature carbonization is known to increase the size of graphitic

rystallites in the fibers, which is a requirement for producing high per-

ormance carbon fibers. It should be noted that the strength of carbon

bers increase with increasing carbonization temperature, as shown in

iterature [18] . In this study, we explore whether such superior prop-

rties can be achieved using mechanical constraint and lower tempera-

ure (800 °C), as lower temperatures are preferred from a processing and

caling-up standpoint. It is known that the failure in PAN based carbon

bers typically initiate from graphitic crystallites that are misoriented

ith respect to the fiber axis [16] . Thus, the effect of the mechanical con-

traint on aligning the graphitic crystallites with the fiber axis is inves-

igated in this study, by comparing the structure–property relationships

f carbon nanofibers of similar diameters which are fabricated at the

ame carbonization temperature of 800 °C, with and without mechan-

cal constraint. Given that the mechanical properties of carbon fibers

lso improve with decreasing diameter, we have conducted mechani-

al metrology of constrained carbon nanofibers (CCNFs) with diameters

elow 150 nm, using a MEMS-based testing platform. We also collected

elected area electron diffraction (SAED) patterns using a transmission

lectron microscope (TEM) to quantitatively measure the alignment of

he graphitic crystallites with respect to the fiber axis and conducted

eibull analysis to further validate this claim. Thus, adding a simple

echanical constraint in the fabrication process can provide a new path-

ay for manufacturing high strength carbon fibers, especially if they are

sed in combination with the recently developed, sophisticated island-

n-a-sea bi-component fiber spinning technique [19] . 

. Materials and experimental methodology 

The individual carbon nanofibers tested in this study were manu-

actured through an electrospinning process detailed elsewhere [20] .

AN nanofibers were produced using electrospinning at 12 kV with a

.6 mL/h feed rate, a 20 ga needle, and a spinneret-collector distance of

0 cm. The nanofibers were subsequently stabilized under mechanical

onstraint in an oxygen atmosphere at 270 °C for 1 h. Stabilization at

imilar environmental conditions under mechanical constraint has been

hown in previous works to promote the formation of condensed aro-

atic ladder-like structures [21–23] . These nanofibers were then car-

onized, again under mechanical constraint, at 800 °C in nitrogen at a

eating rate of 10 °C/min and dwell time of 1 h, to obtain CCNFs. The

arbon nanofibers were constrained during carbonization to maintain a

onstant length which is analogous to applying a tensile force on the

bers [24] . It should be noted that the stabilization and carbonization

as carried out on PAN nanofibrous mats under mechanical constraint

nd then individual CCNFs were extracted to conduct the mechanical

esting. 

CCNFs were tested using a MEMS based tensile testing device in

itu under TEM and SEM observation. The MEMS device, as shown in

ig. 1 , consists of V-shaped thermal actuator beams, shuttles across

hich nanofibers were mounted, and load sensing electrostatic fingers.

A 600 mesh copper TEM grid was cut in half, and then gently scraped

ver the electrospun and carbonized CCNFs mats to transfer some of

he CCNFs onto the TEM half grid [25] . This grid was then placed in-
453 
ide a scanning electron microscope (SEM) (FEI NovaSEM 600) chamber

long with a Klocke nanomanipulator, which controls a sharp tungsten

ip with nanometer resolution, and the MEMS device. Using the tung-

ten tip attached to the nanomanipulator, the CCNFs were manipulated

rom the grid onto the shuttles of the MEMS device. The CCNFs were

lamped onto the shuttles in the MEMS device using electron beam in-

uced deposition (EBID) of a carbonaceous platinum spot weld. 

Once a nanofiber was mounted across the shuttles of the MEMS de-

ice it could be tensile tested either within a TEM or an SEM. To per-

orm in situ TEM tests, the MEMS device was first placed on a custom

uilt TEM holder [26] and the holder was then loaded into a JEOL 2100

eld emission TEM. A power supply was then used to apply an increas-

ng voltage to the silicon beams of the thermal actuator. Subsequently,

ue to Joule heating the V-shaped silicon beams expand, resulting in

n in-plane increase of gap between the two shuttles, across which the

CNF is mounted. Using digital image correlation, the displacement be-

ween the shuttles was obtained as a function of time during the test.

hus, during the test the displacement of the nanofiber is obtained from

EM images and immediately after the test the thermal actuator was

alibrated by unloading using the same voltage steps to obtain the dis-

lacement of the thermal actuator as a function of applied voltage. In

rder to calculate the load applied on the nanofiber, the displacement

f the load sensing shuttle was required. This load sensor displacement

 d LS ) was calculated by subtracting the elongation of the nanofiber ( d NF )

uring the test from the calibrated thermal actuator displacement ( d TA )

s shown in Eq. (1 ). The load applied on the nanowire was then cal-

ulated by multiplying the spring constant of the folded beams in the

EMS device by the displacement of the load sensor. The spring con-

tant of the folded beams was calculated from beam theory using the

eam geometry and the properties of the device material (silicon). 

 𝐿𝑆 = 𝑑 𝑇𝐴 − 𝑑 𝑁𝐹 (1) 

While similar digital image correlation techniques can be used to as-

ertain the different displacements in the tests conducted in SEM, it will

esult in a higher error, due to the lower image resolution of the SEM

ompared to the TEM. In light of this, for the tests conducted inside SEM

 differential capacitive sensing method is used to obtain the load [27] .

o perform in situ SEM tensile testing of the mounted CCNF, a voltage

as applied to the thermal actuator using a signal generator which pro-

ides continuous displacement at a strain rate of 5e − 3 s − 1 . The capaci-

ive load sensor is suspended by a series of flexible folded beams func-

ioning as a spring in series with the specimen, which can be thought of

s another spring. Given that the load sensor experiences the same force

s the specimen, the force applied on the specimen can be determined

y measuring the displacement of the load sensor shuttle from equilib-

ium and multiplying it with the spring constant of the folded beams.

he measurement of load sensor displacement is carried out electroni-

ally, by a series of capacitors (interdigitated fingers) formed between

he moving shuttle and electrodes (or fingers) fixed to the substrate.

ovement of the shuttle generates a capacitance change that can be de-

ected electronically by a commercial integrated circuit and correlated

o the displacement change. A detailed description of capacitive sensing

an be found elsewhere [28] . Thus, contrary to the in situ TEM tests,

uring the in situ SEM tests the displacement of the load sensor was

easured electronically through the changes in capacitance. However,

he thermal actuator is calibrated in the same way as the in situ TEM

xperiments, using digital image correlation immediately after the test

y unloading using the same voltage profile used for the nanofiber test.

he displacement of the CCNF ( d NF ) was obtained by subtracting the dis-

lacement of the thermal actuator ( d TA ) obtained from calibration, and

he displacement of the load sensor ( d LS ), as shown in Eq. (1 ). The force

nd displacement were then converted to stress and strain, by dividing

y the cross-sectional area of the nanofiber (fiber diameter measured

rom SEM images) and gauge length ( ∼3.5 μm) respectively. 

In order to determine the alignment of graphitic crystallites in the

CNFs, SAED studies were performed inside a TEM. The diffraction pat-
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Fig. 1. MEMS based tensile testing device for testing in situ testing under SEM and TEM observation (Scale bar: 200 μm). 

Fig. 2. Example of a CCNF (a) before and (b) after an in situ SEM tensile tests (Scale bars: 2 μm and 1.5 μm respectively). 
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erns were collected along the length of the CCNFs on a TEM grid with

iameters of 40–185 nm. It should be noted that the mechanically tested

CNFs were a subset of these fiber diameters. The diffraction patterns

f the (002) graphitic planes were studied to quantify the degree of

raphitic crystallite alignment with the fiber axis in the CCNFs and

he corresponding structure–mechanical property relationships were

dentified. 

. Results and discussion 

In situ testing of fibers under TEM has unique advantages [29] such as

he precise measurement of the diameter of the sample along the entire

auge length and the quantification of graphitic crystallite alignment

ithin fibers [9] . But unfortunately, during the transfer of the MEMS

evice, with a nanofiber mounted, from the SEM to TEM the nanofibers

an fail prematurely due to electrostatic discharge (ESD). As such, the

uccess rate of sample survival is low, owing to the sensitivity of the

EMS devices to ESD. Thus, in this study only two samples were tested

nside the TEM, while the rest of the CCNFs and unconstrained CNFs

similar to the fibers tested by Beese et al. [9] ) were tested in SEM to

revent handling of the MEMS device after mounting, thereby increasing

ample survival rate. In this study only sub-150 nm diameter fibers were

ested and Fig. 2 (a and b) shows a representative image of a CCNF before

nd after the tensile test respectively. Also, as seen from Fig. 2 (a and b),

anomanipulation has resulted in a small error, as the CCNF has been

ounted at a small angle with respect to the tensile axis. As such the

orces calculated from the analysis of the tests have been adjusted to

ccount for such misalignments, by taking the appropriate component.

t should be noted that the EBID platinum spot welds used to clamp the

CNF to the shuttles can lead to a thin layer of amorphous carbon to be
454 
eposited within the gauge region of the nanofiber and additionally the

EM/TEM imaging of the CCNF can also lead to electron beam induced

arbon deposition. However, following the calculations done by Filleter

t al. [30] , we find that the error in modulus due to this amorphous

arbon layer will be less than 5% of the measured nanofiber properties.

Previously Beese et al. performed tensile tests on unconstrained CNFs

sing similar MEMS devices [9] . To compare the enhancement in me-

hanical properties due to the mechanical constraint during fabrication

f the CCNFs, the results of the current study are plotted against the

esults with unconstrained fibers from the current and previous stud-

es, [8–9] as shown in Fig. 3 (a and b), where the modulus and strength

alues are plotted against the fiber diameters, respectively. The modu-

us and tensile strength values of the CCNFs on an average are indeed

igher than the values obtained for the unconstrained CNFs tested and

he mechanical properties increase with decreasing diameter. Also, both

he tensile strength and modulus increase with decreasing diameter and

n exponential fit has been provided in Fig. 3 (a and b) as a guide for the

eader. We hypothesize the reason for such higher strength and modu-

us values with decreasing diameter is because of the decreasing volume

raction that translates to lower initial defects in the fiber [9] . 

The carbonized PAN nanofibers typically have multiple graphitic

rystallites in their volume. It is known that when these fibers are sub-

ected to a tensile stress, the failure typically starts from the misoriented

rystallites (see Fig. 4 c)), as they are weakest in shear on the basal planes

16] . We hypothesized that the mechanical constraint during carboniza-

ion would lead to a better alignment of graphitic crystallites within the

bers, and therefore higher strength and stiffness. 

In order to determine if the graphitic crystallites were indeed bet-

er oriented along the fiber axis in the CCNFs compared to the uncon-

trained CNFs, SAED studies were conducted on a TEM grid with CC-
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Fig. 3. (a and b) Tensile strength and modulus of CCNFs versus fiber diameter, compared with unconstrained CNFs from literature [8–9] . 

Fig. 4. (a) SAED pattern of a CCNF; (b) Analysis of the SAED image provides the intensities as a function of angle from the fiber axis; (c) Schematic showing the graphitic crystallites 

and their misorientation with the fiber axis; (d) Arc double angle of CCNFs compared to unconstrained CNFs [9] as a function of fiber diameter. 
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Fs in a JEOL 2100 TEM. SAED patterns, as representatively shown

n Fig. 4 a), for CCNFs with diameter varying from 40 to 185 nm were

btained and the full width half maximum (FWHM) of the integrated

ntensities (calculated as a function of angle from the fiber axis using

PCED2 software) of the (002) arc were obtained for all the inspected

bers, as shown in Fig. 4 b). The FWHM was calculated for the two peaks

n each SAED pattern and several SAED data points along the same fiber

ere obtained. The average of all these values was taken as the FWHM

r the arc double angle for each fiber. A higher value of the arc dou-

le angle corresponds to a larger misorientation of graphitic crystallites

ith respect to the fiber axis, while a smaller value point toward in-

reased alignment of these crystallites within the fiber axis [9] . As seen

rom Fig. 4 d the CCNFs with a lower arc double angle have a better

lignment of graphitic crystallites to the fiber axis compared to the un-
455 
onstrained CNFs and as expected the alignment also improves with de-

reasing diameter in both the constrained and unconstrained fibers due

o confinement effects. 

In order to explore the structure–property relationships of the CCNFs

nd to compare them with these relationships obtained for the uncon-

trained fibers [9] , the strength and modulus was plotted with respect

o their arc double angles as shown in Fig. 5 (a and b). It should be noted

hat for the fibers that were tested in the SEM, the arc double angle val-

es corresponding to their fiber diameter were interpolated based on

he fit from Fig. 4 (d). 

As seen clearly from Fig. 5 (a and b), as the arc double angle de-

reases, and therefore, the orientation of the graphitic crystallites in-

rease, the strength and modulus of the fiber increases in both the CCNF

nd unconstrained CNF. In addition, they show that the CCNFs, which
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Fig. 5. (a and b) Structure–property relationships: Strength and modulus plotted with respect to their corresponding average arc double angle for CCNFs and unconstrained CNFs 

[9] (trends indicated in dashed lines). 

Table 1 

Experimental failure stress and calculated failure probability of CCNFs. 

CCNF sample rank Diameter (nm) Failure stress (GPa) Failure probability (P f ) 

1 125 5.44 0.2 

2 115.8 7.94 0.4 

3 94.1 8.03 0.6 

4 92.42 8.45 0.8 
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Fig. 6. Weibull exponent m for CCNF and unconstrained CNF. 
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ave increased orientation of the graphitic basal planes with the fiber

xis compared to the unconstrained CNFs, have comparatively superior

echanical properties. In order to understand the reliability of CCNFs

ver unconstrained CNFs and to deconvolute the effects of diameter

nd mechanical constraint on their improved mechanical properties, we

sed Weibull statistics based on the Eq. (2 ) below [31–32] 

 𝑓 ( 𝑉 ) = 1 − exp 
[ 
− 

𝑉 

𝑉 𝑜 

( 

𝜎 − 𝜎𝑜 

𝜎𝑜 

) 𝑚 ] 
(2)

here 𝜎 is the failure stress, 𝜎o is the stress parameter at which 63% of

he samples fail, m is the Weibull modulus, 𝜎u is the threshold stress that

an be taken as zero for brittle materials [33] , V is the volume of the fiber

ested and V o is reference volume that is taken as the smallest diameter

ber tested in this study. The fibers were first ranked in ascending order

o their failure stress and then a failure probability of n /( N + 1), where

 is the rank of the specimen and N is the total sample size, assigned to

he fibers, as summarized in Table 1 . 

Subsequently, the Weibull stress parameter 𝜎o was identified as the

3% failure probability for both constrained and the unconstrained

bers. The CCNFs have higher fracture strength of 8.03 GPa compared to

he 2.41 GPa of unconstrained CNFs for a failure probability 63%. Subse-

uently, the Weibull modulus was then identified for CCNFs and uncon-

trained CNFs using Eq. (2 ), by calculating the slope of the Weibull prob-

bility (ln( − ln(1 − P f )) − ln( V / V o)) versus ln( 𝜎) plot, as shown in Fig. 6 .

he CCNFs have a higher m of 4.76 compared to the 2.66 of uncon-

trained fibers, which shows that the constrained fibers are more reli-

ble compared to the unconstrained fibers [32] . Given that the Weibull

odulus is obtained after normalizing for the sample volume for both

ber types, the higher m value shows that the superior strength of CCNFs

ver unconstrained CNFs is definitely a structural effect, owing the im-

rovement in the alignment of graphitic crystallites with the fiber axis.

t should be noted, however, that due to the complexities involved in

onducting nanofiber testing, the Weibull modulus has been calculated

ith limited data points and is potentially prone to errors. To confirm

nambiguously the reliability of CCNFs, further testing is needed to ob-

ain a larger sample size. 

In summary, two features may lead to the increased strength with

ecreasing nanofiber diameter: the decreasing volume that translates to

ecreased room in the samples for initial defects, and thus, a decreased
456 
robability of failure, especially in brittle materials [34] , and the me-

hanical constraint during carbonization that improves graphitic align-

ent with the fiber axis, resulting in stronger fibers. Also, given that the

bers tested in this study have several envisioned applications in com-

osites and armor, Fig. 7 provides a comparison between the mechanical

roperties of these fibers and commercially available fibers reported in

iterature. As seen from Fig. 7 , the CCNFs possess higher strength than

ny other PAN based fiber from literature. This high strength, as men-

ioned above, can be attributed to the nanoscale diameter and the better

lignment of the graphitic crystallites with the fiber axis due to the con-

traint during fabrication. Also, it can be seen from Fig. 7 that Leon et al.

bserved a high strength in carbon fibers of diameter greater than 3 μm

y applying progressively increasing cyclic tensile loads during fiber

anufacture [35] . Thus, one possible future way to improve the me-

hanical properties of CNFs is to expose them to active tensile loading

ycles during manufacture, rather than just keeping them constrained,

s with CCNFs tested in this study. 
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Fig. 7. Mechanical property comparison between CCNFs, CNFs [9] and commercial fibers [35–39] . 
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. Conclusions 

In situ electron microscopy based structural and mechanical charac-

erization of CCNFs was carried out to understand the effects of mechani-

al constraint during carbonization. We performed mechanical tests on a

elected subset of CCNFs with sub-150 nm diameters using a customized

EMS based testing platforms and found that the modulus and strength

ncreased with decreasing fiber diameter. We then compared the me-

hanical properties CCNF results with the unconstrained CNFs tested

y Beese et al. [9] and Arshad et al. , [8] and the CCNFs were found

o be mechanically superior to the unconstrained fibers. As a method

o identify and compare the structure–property relationships of the CC-

Fs and unconstrained CNFs, SAED studies were conducted. The results

howed that the constrained fibers have better alignment of the graphitic

rystallites with the fiber axis than the unconstrained counterparts. The

tructure–mechanical property relationships show similar trends for de-

reasing diameter in both constrained and unconstrained cases, as re-

uced initial defect density in the samples lead to an improved strength

nd modulus in the fibers. However, when CCNFs of a similar diame-

er are compared with unconstrained CNFs, CCNFs exhibit better struc-

ural alignment and mechanical properties. Thus, constraining the car-

on nanofibers of sub-150 nm diameter before carbonization will result

n an increasing degree of graphitic crystallite alignment with the fiber

xis. This results in a mechanically superior and more reliable CNF,

s ascertained from the Weibull modulus, compared to unconstrained

NFs, for a marginal increase in effort during nanofiber manufacture. 
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