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Quantitative In Situ Mechanical Characterization of the 
Effects of Chemical Functionalization on Individual Carbon 
Nanofi bers
 Carbon nanofi bers (CNFs) have been used for applications in composite 
material for decades because of their unique mechanical, thermal, and 
electrical properties. Consequently, an in-depth understanding of mechanical 
properties of individual CNFs, particularly after chemical functionalization, 
would provide important insight into its effective integration into composite 
materials. Fluorination and amination of CNFs is achieved and systematic 
chemical characterizations of functionalized CNFs are performed. An in situ 
tensile testing method, which combines a simple microfabricated device with 
a quantitative nanoindenter inside a scanning electron microscope (SEM) 
chamber, is used to measure mechanical properties of individual pristine, 
fl uorinated, and amino-functionalized CNFs. The nominal CNFs strengths 
follow the Weibull distribution and the fl uorinated CNFs are found to possess 
higher nominal strength but similar strain when compared with the pristine 
and amino-functionalized CNFs. SEM fracture surfaces analysis shows that 
all nanofi bers failed in a similar cup-and-cone fashion. Microscopy image sof 
fl uorinated CNFs reveal an unexpected change in the hollow core before and 
after fi ber fracture, which is attributed to the possible effects of fl uorination-
induced compression on nanofi ber surfaces. The results demonstrate the 
potential of fl uorination for improving both the mechanical properties of 
CNFs and their successful integration into composites. 
  1. Introduction 

 The high strength-to-weight ratio combines with superior 
stiffness have made carbon nanofi bers (CNFs) the material of 
choice for high performance composite structure in aerospace, 
defense, and other industries. [  1–3  ]  The fact that CNFs can be pro-
duced in large quantity and at low cost is particularly attractive 
for these applications compared to carbon nanotubes. However, 
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the challenges associates with CNFs dis-
persion and poor load transfer between 
CNFs and matrices, have been a bottleneck 
for the development of CNFs based com-
posite structures. One popular approach 
to address these issues and to improve the 
properties of CNFs based composites is to 
chemically modify the nanofi ber surface 
with functional groups. Therefore, an in-
depth understanding of the structure and 
mechanical properties of the functional-
ized CNFs at a single fi ber level would be 
a critical step to improve their integration 
into different matrices. Nevertheless, the 
mechanical properties of individual func-
tionalized CNFs have not been systemati-
cally explored. 

 Due to the lack of structural perfection 
and the existence of a complex hybrid 
structure, [  4  ,  5  ]  it is extremely diffi cult to 
obtain theoretical prediction for CNFs 
strength without extensive simplifi cations 
and assumptions. [  6  ]  Furthermore, owing 
to the small sample size as well as the 
magnitude of the forces and the defor-
mation involved, quantitative mechanical 
measurements of individual CNFs are 
considered extremely challenging. The most popular approach 
to these measurements is atomic force microscope (AFM) 
based bending test and many attempts have already been made 
to measure the elastic moduli of CNFs in this manner. The 
Young’s modulus of a suspended CNFs rope was determined to 
be 400 GPa by Kim et al. [  7  ]  Lawrence et al. [  8  ]  and Zhang et al. [  9  ]  
obtained the elastic modulus of individual CNFs to be in the 
range of 6–207 GPa and the average tensile modulus of single-
walled carbon nanotube bundle to be 265 GPa by using the 
similar technique. Furthermore, Zussman et al. [  10  ]  reported the 
mechanical properties of solid electronspun polyacrylonitrile 
(PAN)-derived CNFs: the failure stress of CNFs varied from 
0.32 to 0.90 GPa and the average Young’s modulus was 63  ±  
7 GPa. In addition, Inaba et al. [  11  ]  found the Young’s modulus 
to be 38–48 GPa for CNFs probes fabricated by the argon ion 
bombardment of carbon coated silicon cantilever. However, the 
limitation of AFM based testing, such as poor accuracy and 
reproducibility, greatly hampers the mechanical measurement 
of individual CNFs. 

 Microelectromechanical systems (MEMS) offer a promising 
class of very small actuators and diagnostic tools for stretching 
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     Figure  1 .     ATR-FTIR spectra of fl uorinated CNFs (a), amino-functionalized 
CNFs (b), and pristine CNFs (c).  
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nanomaterials under various mechanical and electromechan-
ical loading conditions. The individual pristine, high tempera-
ture heat-treated and graphitized/surface oxidized vapor grown 
carbon nanofi bers (VGCNFs) were evaluated for their elastic 
modulus and tensile strength by Ozkan et al. [  12  ]  using a MEMS 
loading platform. They claimed that the VGCNFs with diam-
eters of the order of 150–300 nm had high tensile strengths 
between 2.74 GPa and 3.34 GPa, and Young’s modulus between 
180 GPa and 245 GPa. In addition, with the aid of the same 
MEMS system, Arshad et al. [  13  ]  quantifi ed the average tensile 
strength and the elastic modulus of the individual solid elec-
trospun PAN-derived CNFs carbonized at 1400  ° C to be 3.5  ±  
0.6 GPa and 172  ±  40 GPa, which were 6 and 3 times higher 
than the previous reports, [  10  ,  14  ]  respectively. The electrospun 
CNFs is solid in the inner structure while the functionalized 
CNFs in this report are mostly hollow. 

 Herein we report the use of a simple micro-fabricated device 
that works in conjunction with a quantitative nanoindenter 
within an SEM chamber to characterize the mechanical prop-
erties of pristine, fl uorinated and amino-functionalized CNFs. 
Careful structural characterizations of these CNFs were per-
formed, followed by the quantitative in situ mechanical meas-
urements. These direct tensile strength measurement data 
obtained from individual CNFs were discussed in the context 
of different chemical functionalization schemes and modes of 
fracture as observed in scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM).   

 2. Results and Discussion 

  2.1. Characterizations of Functionalized Carbon Nanofi bers 

 The attenuated total refl ectance Fourier transform infrared 
(ATR-FTIR) spectroscopy provided information on structural 
nature and vibrational properties of functional groups cova-
lently bonded to CNFs surface ( Figure    1  ). In the ATR-FTIR 
spectrum of fl uorinated CNFs (Figure  1 a) the highest intensity 
band at  ≈ 1200 cm  − 1  characterized the stretching modes of C-F 
and CF 2  groups, while the band at  ≈ 700 cm  − 1  belonged to defor-
mation modes of these groups. The medium intensity band at 
 ≈ 1560 cm  − 1  was related to activated C = C stretching mode of the 
CNFs surface. Such spectroscopic “fi ngerprints” were similar 
to those observed in fl uorinated carbon nanotubes. [  15–17  ]  The 
ATR-FTIR spectrum of amino-functionalized CNFs sample 
(Figure  1 b) showed a broad band centered at  ≈ 3070 cm  − 1  which 
was crucial for identifi cation of NH and NH 2  groups (N-H 
stretches). Deformation modes of these groups appeared in this 
spectrum at  ≈ 1560 and  ≈ 1520 cm  − 1 , as well as twisting mode 
at  ≈ 714 cm  − 1 . Weaker bands near 2830 cm  − 1  characterized C-H 
stretches and broad band at  ≈ 1100 cm  − 1  has been associated 
with the C-C and C-N stretches of the ethylenediamino groups 
bonded to CNFs surface. In comparison, the FTIR spectrum of 
pristine CNFs (Figure  1 c) did not show a distinct features of 
surface bonded and IR active groups.  

 We also compared the results of thermogravimetric analysis 
(TGA) study of three types of CNFs (see Supporting Infor-
mation). The complete weight loss of pristine CNFs due to 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4070–4077
thermal oxidation of CNFs and volatilization of products was 
observed above 600  ° C. For fl uorinated CNFs, the weight loss 
of  ≈ 28% was observed to take place in the temperature range of 
250–550  ° C. From previous studies of other fl uorinated carbon 
materials, such as graphite and carbon nanotubes, it was known 
that fl uorocarbons eliminated fl uorine groups in the form of 
CF 4  and COF 2  molecules (when air is present). Taking this into 
account, the weight content of fl uorine groups in the CNFs was 
calculated as  ≈ 24.7%, which was in good agreement with the 
observed weight gain of  ≈ 25–26% occurring after fl uorination 
4071wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     XRD patterns of pristine, fl uorinated, and amino-functionalized 
CNFs.  
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     Figure  2 .     Raman spectra of pristine, fl uorinated, and amino- functionalized 
CNFs.  
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of CNFs. In comparison, amino-functionalized CNFs exhib-
ited weight loss of about 20% in a narrow temperature range 
of 180–250  ° C, which was similar to carbon nanotubes that 
were also functionalized with ethylene diamine through reac-
tion with fl uorinated derivatives. Elemental analysis by X-ray 
photoelectron spectroscopy (XPS) showed atomic concentration 
(at%) on the surface of functionalized CNF as follows: fl uori-
nated CNFs, C (50.8), O (4.2), F (45.0); amino-functionalized 
CNFs, C (70.0), N (13.3), O (7.6), F (9.1). The covalent bonding 
of fl uorine to the CNFs was evidenced by observation of the F1s 
peak in the XPS spectra (not shown here) at binding energies 
of 687.4–687.8 eV which is typically observed for fl uorine cova-
lently bonded to carbon. [  18  ]  

 Raman spectroscopy provided essential information to eval-
uate the bonding states of carbons in the fi ber structure changed 
by fl uorination and amination. The Raman spectra collected 
from the pristine, fl uorinated as well as the amino-functionalized 
CNFs were shown here ( Figure    2  ). In the spectrum of the pris-
tine CNFs, a strong and sharp peak at 1575 cm  − 1  (G band) cor-
responded to the in-plane stretching vibration of the sp 2  carbon-
carbon bonds within the ordered graphitic layers of fi bers, while 
another strong peak at 1327 cm  − 1  (D band) was related to the 
defects in the graphene structure. A weaker peak at 2650 cm  − 1  
(D′ band) refl ected the boundary point K in Brillouin zone of 
graphite and was dependent upon the packing in three-dimen-
sional space. [  19  ]  For the fl uorinated CNFs, the Raman “red shift” 
in G (1575 cm  − 1  to 1586 cm  − 1 ) and D′ (2650 cm  − 1  to 2663 cm  − 1 ) 
bands occurred due to the difference in microstructure, such as 
the interlayer distance. Another thing worth mentioning was 
that the D′ shift could be due to the introduced compressive 
force on the fi ber surface, [  20  ]  which was also evidenced by TEM 
images later. In comparison, the G and D′ bands shifted back to 
pristine fi ber’s positions after grafting amino functional group.  

 Signifi cant changes in the structure of CNFs caused by the 
functionalization were detected through X-ray diffraction (XRD) 
measurements. As comparison of XRD patterns ( Figure    3  ), the 
072 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
fl uorination of CNFs caused the appearance of a very broad new 
feature in the XRD of the fl uorinated CNFs centered at 2  θ    =  
13.5 ° , as found by the curve-fi tting analysis, in addition to a 
typical graphite (002) peak at 2  θ    =  26.32 ° . Based on XPS surface 
analysis, the outer layers of the fl uorinated CNFs were built 
from fl uorographene layers of C 1 F 1  composition. According 
to the calculation from XRD value of interlayer distance, these 
layers were separated by d-spacing equal to 0.657 nm which 
matched the interplanar d-spacing in fl uorographite CF 1.12  
(0.57–0.66 nm), [  21  ]  indicating strong repulsive interactions 
between curved fl uorographene layers in fl uorinated CNFs.  

 XPS data also showed that although reaction of fl uori-
nated CNFs with ethylenediamine resulted in grafting of 
–NHCH 2 CH 2 NH 2  groups to the surface of CNFs, complete 
removal of fl uorine did not take place, so about 9 at% fl uo-
rine still remained bonded in the structure. Nevertheless, such 
defl uorination of the fl uorinated CNFs produced a signifi cant 
decrease of interlayer spacing since stoichiometry of fl uorog-
raphene layers in amino-functionalized CNFs became reduced 
from C 1 F 1  to approximately C 5 F and below, as calculated from 
XPS elemental analysis data. It was witnessed by complete dis-
appearance of a low angle peak observed on the fl uorinated 
CNFs and appearance of new sharp peaks at 2  θ    =  16.14, 19.1, 
and 20.48 ° , along with the peak of neat CNFs at 2  θ    =  26.32 °  
(Figure  3 ), which corresponded to d-spacing of 0.535, 0.464, 
0.433, and 0.338 nm, respectively.   

 2.2. The Mechanical Properties of Functionalized CNFs 

 With the successful functionalization of CNFs by fl uorine and 
amino groups along with the corresponding chemical character-
izations completed, quantitative in situ tensile testing method 
as described later was employed to investigate the mechanical 
consequences of such chemical treatments on individual CNFs. 
At least 10 samples for each type of CNFs were successfully 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4070–4077
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     Figure  4 .     a,b) SEM images show a pristine CNF specimen before tension and after failure. 
c) Tensile test engineering stress versus strain curves for the pristine CNF specimen, the fl uori-
nated CNF specimen, and the amino-functionalized CNF specimen. d) SEM image of the in 
situ tensile test platform: block arrows show the direction of movement of the indenter tip and 
the shuttles during the experiment. Inset: close up view of rectangle region showing a CNFs 
specimen across the sample stage shuttle gap.  
tested and the deformation and fracture of individual CNFs 
were closely monitored by real time SEM imaging. A simple 
microfabricated device ( Figure    4  ) that works in conjunction 
with a quantitative nanoindenter within an SEM/TEM chamber 
was used to perform in situ tensile tests on functionalized 
CNFs. Loads applied to the samples and the sample elongations 
were derived from the nanoindenter load and the displacement 
data using a simple response subtraction method and image 
correlation techniques. [  22  ]  The snapshots of the pristine CNFs 
during tension and after failure as well as the selected stress 
versus strain curves of three different types of CNFs (Figure  4 ) 
exhibit an initial gradual change in the fi ber stiffness. It is due 
to the fi ber waviness in its natural state after sample mounting, 
and the sample would need to be fi rst pulled straight before 
any load application can occur. The rest of stress-strain curves 
show a typical linear elastic deformation behavior observed in 
carbon nanotubes and similar 1D nanomaterials. It is evident 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Table  1.     Weibull parameters, elastic moduli, mean strength, and strain for three types of CNFs. 

Nanofi ber sample Sample diameter 
[nm]

Weibull modulus, m Characteristic strength, 
 σ  0  [GPa]

Elastic m
[G

Pristine CNFs 210  ±  30 3.39 2.10 25.8

Fluorinated CNFs 221  ±  25 2.83 3.05 45.8 

Amino-F CNFs 215  ±  38 3.13 1.94 31.6 

Adv. Funct. Mater. 2012, 22, 4070–4077
that the strength of fi bers increased dramati-
cally after the fl uorination but dropped back 
to the similar level as the pristine CNFs after 
further partial defl uorination and grafting of 
ethylenediamino functional groups ( Table    1  ). 
These obtained strength values also compare 
favorably with the limited data available in 
the literature from direct measurements of 
individual CNFs. [  12  ]    

 Due to the stochastic nature of the 
mechanical properties measured for CNFs, 
a probabilistic analysis using two parameter 
Weibull cumulative probability density func-
tion [  23  ]  was applied to evaluate the tensile 
strength of CNFs:

 
p f (σ) = 1 − exp(−( σ

σ0
)m)

  
(1)

   

where   σ  , is the applied stress resulting 
in a probability of failure, P f ( σ ), m is the 
Weibull modulus, which provide a measure 
of the scatter in the strength data, and  σ  0  is 
the material stress parameter. The Weibull 
parameters were computed by the method 
reported by Klein. [  24  ,  25  ]  Specifi cally, ranking 
the failure stresses ( σ  i ) in the ascending 
order ( i   =  1, 2, … n) and assigning prob-
abilities of failure according to P i   =  ( i -0.5)/ n , 
where  n  is the number of broken specimens, 
are the initial task to estimate the cumula-
tive failure probability from the available 
failure-stress data. Subsequently, a linear 
curve fi tting with a logarithmic axis was performed for data col-
lected from all three types of CNFs to obtain the corresponding 
Weibull parameters as listed in Table  1 . 

 In the study of Endo et al., [  26  ]  the majority of fi ber strength 
values for VGCNFs diameter between 300–1000 nm are in 
the range of 500–1000 MPa, and the mechanical strength of 
VGCNFs is found to be inversely related to the diameter size. 
The trends proposed by them could predict the higher strengths 
measured in this study, in which the size of three types of CNFs 
ranged between 200 and 250 nm. Compared to the pristine 
CNFs, the other two functionalized CNFs have relatively small 
Weibull moduli which indicate the presence of a broader spec-
trum of fl aws. [  27  ]  The characteristic strength of the pristine 
CNFs is 2.10 GPa compared to 3.05 GPa for the fl uorinated 
CNFs, see Table  1 . The negative effect of partial defl uorination 
and further amino functional group grafting on the average 
CNFs strength is evidenced by the fact that the characteristic 
4073wileyonlinelibrary.comheim

odulus, E 
Pa]

Average strength 
[GPa]

Average strain

  ±  3.3 1.89  ±  0.66 0.063  ±  0.021

 ±  10.2 2.67  ±  0.94 0.057  ±  0.015

 ±  13.8 1.75  ±  0.68 0.053  ±  0.013
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     Figure  5 .     Representative SEM images of ruptured surfaces of a) pristine CNFs, b) fl uorinated 
CNFs, and c) amino-functionalized CNFs.  
strength decreases signifi cantly to 1.94 GPa, even lower than 
that of the pristine CNFs. The great decrease of characteristic 
strength reveals a dramatic increase in the average size of the 
catastrophic fl aws after amnino functionalization. On the other 
hand, the greater variability of the strength and the smaller 
Weibull modulus for the fl uorinated CNFs suggest that the 
fl uorination increases the randomness in the distribution and 
variability of fl aw size. Finally, the elastic modulus measured 
for different CNFs samples follow the similar trend. These 
results are comparable with the elastic modulus of amorphous 
and hollow CNFs based probes calculated to be 42 GPa. [  11  ]    

 2.3. Fracture Surfaces 

 Next, fracture modes of the CNFs were studied by high resolu-
tion SEM imaging of the fracture surfaces. The close up views 
of fracture specimens of the pristine ( Figure    5  a), fl uorinated 
(Figure  5 b) and amino-functionalized (Figure  5 c) CNFs dem-
onstrate that all three types of fi ber failed in the similar cup-
and-cone fashion reported earlier. [  12  ,  28  ,  29  ]  Suzuki [  28  ]  observed 
the cup-shaped morphology in the fractured ends of the CNFs, 
and he claimed that the relatively weak interlayer bonding 
was responsible for the observed breakdown. Brown et al .  [  29  ]  
applied about 5% strain on fi bers made of CNTs within amor-
phous carbon resulted in a permanent damage to its outer 
shells, giving rise to the plastic deformation until the outer 
shell eventually fractured and the inner layers nearly pulled out. 
In this study, due to the turbostratic nature of CNFs walls, it 
is hypothesized that fracture begins in the outer layers where 
74 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
carbon structure is more disordered. There-
fore, failure could initiate in the outer fi ber 
layers with subsequent sliding of the inner 
graphitic layers, leading to the complete fi nal 
fracture of the whole fi ber.  

 The fi ne details of the cone structures in the 
pristine, fl uorinated and amino-functionalized 
CNFs were further revealed by HRTEM 
images ( Figure    6  ). It was found that the diam-
eter of the hollow core remained unchanged 
in the cone section for the pristine (Figure  6 a) 
and amino-functionalized (Figure  6 c) CNFs, 
compared to the fi ber section without broken 
out layers further away from the fracture sur-
face. Surprisingly, such well-expected mor-
phology changed drastically in the fl uorinated 
CNFs, where the diameter of the hollow core 
in the cone section expanded almost 5 times 
as compared to the hollow core diameter 
in the fi ber section away from the fracture 
surface (Figure  6 b). Also apparent from the 
insets of these HRTEM images, the inner 
carbon layers of all CNFs appeared to be 
more ordered as clearly shown in the magni-
fi ed view of layer structures in the cone sec-
tions (Figure  6  insets).  

 In order to better understand these 
intriguing fracture processes in CNFs with 
different chemical functionalization treat-
ments, we need to fi rst carefully evaluate the resulting struc-
tures of these functionalized CNFs. A simple schematic illus-
tration of the complete fl uorination and amination processes of 
CNFs is shown in ( Scheme    1  ) to facilitate our understandings. 
For better illustration of the fl uorinated CNFs structure, the dis-
tance between the fl uorine atoms and fi ber surface are exag-
gerated while the bold segments represent the fl uorocarbons 
layers. During the fl uorination process, previous XPS studies 
have shown that most of the fl uorine atoms are expected to 
bond covalently on CNFs’ outer layers. It should be noted that 
the hollow core can shrink due to the repulsive interaction of 
thicker fl uorocarbons layers which is mostly directed inward. 
Such phenomenon has already been reported by Liu et al. [  30  ]  
where a similar fl uorination method was used for the treat-
ment of carbon nano-onions. It was found that the fl uorination 
process disrupted the integrity of the graphene layers in the 
onions by formation of fl uorographene segments which com-
pressed their interior structure, while the subsequent de-fl uor-
ination of carbon nano-onions by hydrazine treatment resulted 
in remarkable “healing” of broken graphene layers which recov-
ered the original inner structure. In our case, it is believed that 
the diameter of the hollow core has been mostly recovered after 
defl uorination and grafting of ethylenediamion groups predom-
inantly to the CNFs surfaces as shown in Scheme  1 .  

 Therefore, a possible scenario was proposed that the com-
pressive force could be introduced on CNFs surfaces during the 
fl uorination owing to the repulsive interactions of outer fl uoro-
carbon layers, which could not only lead to a smaller hollow core 
diameter but also positively improve the nominal mechanical 
strength of the fl uorinated CNFs. In fact, such improvements 
heim Adv. Funct. Mater. 2012, 22, 4070–4077
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     Figure  6 .     a) HRTEM image of the pristine CNF fracture surface. The diameter of the hollow 
core was kept the same in both cone and intact fi ber sections after failure; the inset in bottom 
right corner shows more ordered inner layers of the pristine CNF. b) HRTEM images of the 
fl uorinated CNF fracture surface clearly showing the dramatic change of hollow core diameter 
from the cone to intact fi ber section. The top inset shows a schematic illustration of the hollow 
core diameter change before and after fl uorinated CNF fracture and the bottom inset shows 
more ordered inner layers of the fl uorinated CNF. c) HRTEM images of the amino-functionalized 
CNF fracture surface. The diameter of hollow core was kept the same after failure in both cone 
and intact fi ber sections; the inset shows more ordered inner layers of the amino-functionalized 
CNF.  
were indeed observed in both average strength and Weibull 
characteristic strength values of fl uorinated CNFs (Table  1 ). 
When the failure initiated at the less ordered outer layers as 
discussed earlier and then grew inward, the cup-and-cone type 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Scheme  1 .     Schematic illustration of the complete functionalization process for CNFs. Note 
that the hollow core shrinks after fl uorination and recovers after defl uorination associated with 
amino-functionalization.  

Adv. Funct. Mater. 2012, 22, 4070–4077
of fracture would develop facilitated by the 
relative sliding of more ordered inner layers 
with respect to the outer layers. Once the 
fl uorinated CNFs fractured, the break-off of 
the outer layers in the cone side of the frac-
ture surface would release the compressive 
force causing an abrupt hollow core expan-
sion as observed in Figure  6 b. In the subse-
quent amino-functionalization procedures, 
the fl uorination induced compressive force 
on CNFs surfaces was mostly released due 
to the de-fl uorination process while further 
grafting of amino functional groups had min-
imum impact on CNFs hollow core size, pro-
moting the recovery of hollow core size for 
amino-functionalized CNFs. This change was 
refl ected by the similar fracture surface fea-
tures (Figure  6 a,c) and the average strength 
in the similar level (Table  1 ), although the 
strength of amino-functionalized CNFs was 
slightly lower due to the inevitable disrup-
tion of the CNFs surfaces and introduction of 
additional defects during the functionaliza-
tion procedures.    

 3. Conclusions 

 We have successfully demonstrated the 
fl uorination and amination of CNFs for their 
potential applications in composite materials. 
The mechanical properties of individual pris-
tine, fl uorinated and amino-functionalized 
CNFs have been quantifi ed by in situ tensile 
experiments inside a SEM sample chamber. 
Post-mortem SEM and HRTEM images of 
the fracture surface reveal that all types of 
CNFs samples fail in the similar cup-and-
cone fashion. The pristine CNFs have an 
average mechanical strength of 1.89 GPa 
and a Weibull characteristic strength of 2.10 GPa. Fluorination 
treatment increases the nominal mechanical strength of CNFs 
by  ≈ 30–40% through possible introduction of compressive 
force on CNFs surfaces, which is supported by the observed 
h

discrepancy in diameters of the hollow core 
between the cone section and the intact fi ber 
section away from the fracture surfaces of 
the ruptured CNFs. However, further amino 
functional group grafting on CNFs reduces 
their mechanical strength. The relative 
small Weibull moduli of the fl uorinated and 
amino-functionalized CNFs as well as their 
increased standard deviation of strength indi-
cate a broader fl aw population, compared to 
the pristine CNFs, which are attributed to the 
generated defects during functionalization 
procedures. The insights provide in this work 
could certainly benefi t an in-depth under-
standing of mechanical properties of these 
4075wileyonlinelibrary.comeim
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important nanoscale reinforcing entities and their subsequent 
integration into a variety of nanocomposites with superior 
mechanical performances.   

 4. Experimental Section 
 The method for the fl uorination of carbon nanotubes (CNTs) described 
elsewhere [  15  ]  was used here. In a typical fl uorination process, (1.75 g) 
of commercially available pristine CNFs (Pyrograf-III, batch PR-19-XT-PS 
from PPI, Cedarville, Ohio) was loaded into a custom-built fl uorination 
apparatus. The chamber was purged with the fl ow of helium while the 
temperature was ramped to 155  ° C. At this temperature, the fl uorination 
was carried out for 16 hours by passing a 10% fl uorine-90% helium 
gas mixture over the CNFs in the chamber. The unreacted F 2  gas 
was absorbed into a trap containing aqueous solution of KOH. After 
cooling to the room temperature, (2.16 g) of the fl uorinated CNFs were 
produced, which resulted in the covalent addition of about 25 wt% of 
fl uorine on CNFs surface. 

 Amination of CNFs was carried out by analogy with the amino 
functionalization of fl uorinated CNTs. [  16  ,  17  ]  (2 g) of fl uorinated CNFs, 
(20 ml) of ethylenediamine, and (200 ml) of DMF were placed into a 
500 ml three-neck fl ask, equipped with the thermometer and condenser, 
then 1 ml of pyridine was added. The mixture was stirred overnight at 
90  ° C under nitrogen. After cooling down to the room temperature, the 
mixture was fi ltered through a 0.22  μ m Tefl on membrane (Millipore, 
Billerica, MA) and the residue on the membrane washed with ethyl 
alcohol, then dried overnight at 70  ° C in vacuum oven. As the result, 
(1.85 g) of amino-functionalized CNFs was prepared. 

 In order to confi rm the effective functionalization by fl uorination and 
subsequent amination, and also to evaluate the concentration of the 
fl uorine and amino groups on CNFs surfaces, the bonding nature of 
carbon in functionalized CNFs, and fi nally the effects of fl uorination and 
amination on CNFs structures, a series of careful investigations utilizing 
ATR-FTIR, XPS, Raman spectroscopy, TGA, and XRD were conducted. 
ATR-FTIR spectra were collected using a Ge crystal attachment at Nicolet 
4700 spectrometer. XPS measurements were made using a PHI 5700 
with Al K α  X-rays (1486.6 eV) at a maximum pressure of 4  ×  10  − 8  torr. 
Raman spectroscopic measurements were collected with a Renishaw 
1000 microraman system operating with a 532 nm laser source. TGA 
was performed in fl owing air on a TA Instruments Q500 by heating 
the sample from 25 to 1000  ° C using a ramp rate of 10  ° C/min. XRD 
patterns of powder samples deposited on a zero-background quartz 
crystal plate were collected on a Siemens D5000 using a Cu K α  source 
( λ   =  0.154 nm). 

 The details about the microdevice fabrication using standard 
photolithography techniques were discussed earlier. [  31  ]  In conjunction 
with a quantitative nanoindenter within an SEM/TEM chamber, the 
micro-device was employed to perform in situ tensile tests on 1D 
nanoscale specimens. [  22  ,  31–33  ]  A thin fresh layer of epoxy (HARDMAN 
Water-Clear Epoxy) was fi rst deposited on a small portion of sample stage 
shuttle. A droplet from the sonicated suspension of the CNFs in toluene 
was dropped onto a Si wafer coated with a 5 nm thick layer of titanium. 
Individual nanofi ber of 200–250 nm diameters was subsequently picked 
up and placed across the shuttles using micromanipulators housed 
within a probe station (The micromanipulator Co., Carson City, NV) 
under an optical microscope. 

 Uniaxial tensile experiments of individual pristine, fl uorinated and 
amino-functionalized CNFs were conducted within a SEM (FEI Quanta 
400 high resolution fi eld emission scanning electron microscope, 
FEI Company, Hillsboro, Oregon) equipped with an InSEM Indenter 
(AGILENT Technologies, Oak Ridge, Tennessee) system. A blunt 
Berkovich nanoindenter tip was used to apply load at a displacement 
rate of  ≈ 20 nm/s. The maximum load applied to the device ranged from 
0.3 mN to 0.5 mN. After each experiment, both ends of the ruptured 
CNFs were imaged by SEM at higher magnifi cation to identify the 
fracture mode. Since it was not always possible to accurately measure 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the inner radius of the hollow CNFs, the analysis employs solely the 
outer CNFs diameter to estimate the nominal fi ber strength. Due 
to the relative low stiffness of epoxy clamps, the displacement of the 
deformable epoxy clamps during testing need to be carefully considered. 
To ensure the accuracy of displacement measurement, a digital image 
correlation method was utilized, and all results reported in this work 
have been corrected by this technique. A selected number of ruptured 
samples were further analyzed post-mortem by a HRTEM (JEM 2100F 
HR-TEM) to closely examine the fi ne details of fracture surface features.  
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