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Abstract
Carbon nanomaterials, such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs), are
chemically inert in their highly graphitic forms. Various post processing methods can activate
their surfaces to enhance their interactions with a host matrix in a nanocomposite. Chemical
surface functionalization is used often. This method however can lead to major strength loss in
nanomaterials stemming from induced surface defects (changing sp2 bonds to sp3 bonds). In
this manuscript, we have experimentally studied the mechanical properties of the individual,
pyrolysis-fabricated CNFs. These CNFs have a highly crosslinked 3D network of C–C bonds.
The strength of CNFs has been studied as a function of O/C ratio. The loss in strength due to
functionalization has been compared to that of other carbon nanomaterials with layered
strcutures (CNT and graphene). Comparisons were also made with carbon microfibers. Fracture
strength estimations of the critical flaw size in CNFs, CNTs and graphene were also made. The
results revealed that despite having high surface area, carbon nanomaterials with crosslinked
microstructure are resilient to flaws as big (deep) as 10–30 nm, while nanomaterials with
layered structure (such as CNTs) experience a dramatic loss in strength with much lower flaw
sizes. Hence, it seems that graphitic nanomaterials such as graphene and CNT have high
strenght that, although higher than CNFs, comes at a cost to flaw tolerance and robustness.
Since failure is often progressive, this work demonstrates a benefit that crosslinked
nanomaterials have over highly graphitic ones, such as CNTs, in load bearing
applications.

Supplementary material for this article is available online

Keywords: carbon nanofibers, functionalization, nanomechanics, flaw tolerance

1. Introduction

Carbon nanomaterials such as carbon nanotubes (CNTs), car-
bon nanofibers (CNFs) and graphene nanoplatelets (GNPs)
maybe employed as nanofiller to other materials, such as
polymers, to enhance mechanical properties. These efforts
are motivated by nanomaterial’s remarkable properties, such

as strength and modulus as high as 100 GPa and 1 TPa,
respectively, for graphene and CNTs [1–4]. The reported rel-
ative improvements in mechanical properties are amazing. For
instance, adding just 0.01 wt% of functionalized graphene
sheets to poly(methyl methacrylate) (PMMA) has led to a
33% increase in elastic modulus compared to the base poly-
mer, far exceeding the rule of mixture predictions [5]. A
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more recent example has measured 14% improvement in
strength by adding only 0.5 wt. % functionalized CNTs to
epoxy [6].

While relative improvement in properties by adding car-
bon nanofillers is impressive, the carbon nanofillers content
in nanocomposites is often below 2 wt.% [7, 8]. Only in rare
cases, higher nanofiller loadings have been studied [9, 10].
This is mainly due to agglomerated nanoparticles or poor nan-
ofiller wettability by the matrix that adversely affects load
transfer between fillers and matrix [6, 8].

An effective approach to reduce agglomeration is to func-
tionalize the surface of the nanofiller. This approach not only
enhances the filler’s dispersion in the matrix during processing
(often from liquid phase in a solvent, melt or pre-cured epoxy),
but also increases the load transfer between the filler and
matrix in the cured phase via for instance forming covalent
bonds between the filler and matrix and mechanical interlock-
ing (caused by inducing surface undulations in nanomaterials)
[6, 11–13]. However, in carbon nanomaterials, chemical func-
tionalization changes the surface bond types, from sp2 hybrid-
ized C–C bond (graphitic bonds) to sp3 bonds to accommodate
the functional groups. An unintended consequence of that is
a drop in mechanical strength, as the sp3 bonds act as defects
[14, 15]. For certain defects, such as vacancies in graphene, the
drop-in strength can be significant, claiming more than 60% of
the pristine material’s strength [16]. The defects include the C
atoms around vacancies or voids in the material, from where
the cracks will start [14, 17].

The loss in carbon nanomaterial strength can be explained
based on size effects. The high surface to volume ratio in
nanomaterials increases the overall contribution that surface
defects have on strength [16]. While in carbon nanomater-
ials, functionalization always reduces the filler’s strength,
in carbon microfibers, mild functionlization may not affect
the strength or may even remove surface flaws and increase
the strength [18, 19]. Moreover, the drop in strength with
oxidation in nanomaterials with layered structures such as
CNTs and GNP (and Graphene) can be even more intense.
That is because the load transfer from the matrix to the
filler occurs in the outmost layer (a single atomic thick
layer), and chemical functionalization-induced defects will
disrupt the load path within this layer. Hence, using func-
tionalized carbon nanofillers to improve nanocomposite mech-
anical properties brings tradeoffs between (a) improvement
in dispersion and load transfer between filler and mat-
rix, and (b) reduction in filler load bearing (mechanical)
properties.

A remedy for the above problem is sought in an emer-
ging carbon nanomaterials class where the covalent bonds
within the nanofiller are not limited to a plane. This cat-
egory is carbon nanofibers (CNFs) that are formed by pyro-
lyzing polymeric precursors [20–24]. Unlike CNTs and GNPs
with layered structure (with in plane covalent bonds) and
weak van-der-Waals interactions between layers, the CNF
microstructure consists of a crosslinked amorphous carbon
and turbostratic layer network. However, given the high sur-
face to volume ratio, which is inherent to all nanomateri-
als, it is not clear whether an optimum defect density/surface

functionalization exists in CNFs that can enhance nanomater-
ial dispersion within a matrix without considerable loss in nan-
ofiller strength.

To address this knowledge gap, we studied the surface mor-
phology, chemistry, and mechanical properties for individual,
surface-functionalized CNFs followed by the mechanically
testing CNFs epoxy coupons. The studies included character-
izing individual CNFs mechanically with respect to surface
functionalization and performing fracture mechanics analysis.
Epoxy composite with both pristine and functionalized CNFs
were fabricated and mechanically tested. Fracture mechanics
estimates of critical flaw sizes were presented to further shed
light on the experimentally measured values. Finaly, the CNF
composites mechanical properties were related to the CNFs
and interface properties. The experiments at two length scales,
the scale of individual CNFs and of their composites, provided
valuable knowledge about the role the filler interface has on
nanocomposite mechanics.

2. Experimental

2.1. Fabricating electrospun carbon nanofibers

Carbon nanofibers (CNFs) were fabricated by thermally sta-
bilizing and carbonizing electrospun polyacrylonitrile (PAN)
nanofibers. The overall approach is presented in our earlier
works [22] withminor changes as presented here. PAN powder
with an average molecular weight of Mw = 150 000 g mol−1

was dissolved in N,N-dimethylformamide (DMF) and mag-
netically stirred for 24 h at room temperature to obtain a
10 wt.% solution. The raw materials were obtained from
Sigma-Aldrich. The continuous PAN nanofibers landed on the
electrically grounded roller, forming a nearly unidirectional
fiber mat. The rotating collector’s tip velocity was ~1 m s−1.
The electrospinning voltage was 25 kV, and the needle-to-
collector distance was set to 20 cm.

PAN nanofiber mats stretched under hanging weights equi-
valent to ~19 MPa engineering stress as the mats heated from
100 ◦C–135 ◦C to achieve a drawing ratio of 2. This draw ratio
came from previous research studies that nearly doubled CNF
strength while leading to insignificant adhesion between them
[8]. The hot-drawn PAN nanofibers were thermally stabilized
in a convection oven by heating from room temperature to
275 ◦C at 5 ◦C min−1 (2 h hold time at the peak temperat-
ure), and carbonized at a 1400 ◦C peak temperature in a tube
furnace for (1 h hold time at the peak temperature) in an inert
nitrogen atmosphere.

2.2. Functionalizing the CNF surface

CNF surface functionalization occurred in concentratedHNO3

(68 wt%). To this end, a CNF ribbon was collected on the
Teflon (PTFE) clips and immersed in nitric acid at 100 ◦C
for 15, 30, 60, and 120 min durations. The acid treatment
conditions were partly adopted from Bahl et al [19]. Concen-
trated nitric acid was obtained from Sigma-Aldrich. Follow-
ing this step, surface-functionalized CNFs received a distilled
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water rinse until they reached pH value between 5.5–6.5; sub-
sequently, the nanofibers were dried at 60 ◦C for ~4 h.

2.3. Mechanical and material characterization of CNFs

The pristine (as-fabricated) CNFs and surface functionalized
CNFs underwent material and mechanical characterization.
The CNFs diameters were measured by imaging them in SEM.
At least 35 samples were tested for each fabrication condi-
tion, to obtain a statistically reliable diameter distribution. The
CNFs surface chemistry was analyzed via x-ray photoelec-
tron spectroscopy (XPS) using an Omicron XPS/UPS system
with an Argus detector relying on dual Mg/Al x-ray source
(Scienta Omicron GmbH, Taunusstein, Germany). Acid func-
tionalization effects were also studied by Fourier Transform
IR (FTIR) spectroscopy. For this purpose, Thermo Nicolet
380 FTIR spectrometer with a manual infrared (IR) polar-
izer obtained from PIKE Technologies was employed. Indi-
vidual CNFs mechanical properties were also measured via
micromachined tension test devices. At least four measure-
ments was performed for each fabrication condition. Details
about the mechanical testing devices of individual CNFs
and the measurement approach is presented in our earlier
work [22, 25].

2.4. Fabricating and characterizing CNF nanocomposites

Surface functionalization should in principle support load
transfer between the CNFs and a conventional polymer matrix
such as epoxies via combined dispersive and covalent bonds.
To evaluate and quantify the effect surface functionalization
has on the nanocomposite mechanics, CNF-epoxy nanocom-
posites were fabricated following the procedure described by
Gardea et al [26] with minor adjustments. This procedure
is tuned to partially cure the epoxy while the CNF-epoxy is
mixed, to increase the mixture viscosity and to prevent CNFs
agglomeration.

In this study, we used EPIKOTE™ resin 862 (Bisphenol-
F epoxy resin) with EPIKURE™ curing agent W. To prepare
the nanocomposites, the CNF mats were cut to 0.5 cm long
pieces and then dispersed in the 20 ml of ethanol with ultra-
sonicator bath for 80min. Immediately after, the CNFs/solvent
solution with 20 ml extra ethanol was added to EPIKOTE™

resin 862 (Bisphenol-F (BPF) epoxy resin). The appropriate
curing agent amount (EPIKURE™ curing agent W) was set
(100:26.4 by weight) as provided by the manufacturer in two
steps. The first 20% of the required curing agent was added
to the solution and magnetically stirred at 500 rpm at 120 ◦C
for 3 h. This step increases the solution viscosity to prevent
CNF agglomeration. Following this pre-curing step, the solu-
tion was cooled to about 80 ◦C, the remaining curing agent
was added, and the mixture degassed at 500 rpm for 30 min.
Thereafter, the CNF/epoxy solution was poured into a pre-
heated mold at 120 ◦C with a curing cycle set to 8 h at 40 ◦C
followed by 1 h at 121 ◦C and another 2.5 h at 177 ◦C. The first
8 h curing at 40 ◦C increases the viscosity. This step reduces
the thermo-mechanical viscosity drop while curing at higher
temperatures, thus, the 40 ◦C step limits CNF agglomerate

formation. At least five dog-bone samples for each condi-
tion following the standard ASTM D638 were fabricated and
tested.

3. Results and discussion

3.1. Surface morphology of fucntionlized CNFs

Pristine and acid functionalized CNF mats were imaged in
SEM. Figures 1(a)–(c) present SEM images showing the
fibers. As shown, a 15 min surface treatment is insignificant
in changing the CNF surface morphology. However, pits and
etches on the CNF surface—with an approximate dimension
about 10–15 nm along the fiber—are evident after 30 min of
acid functionalization. Given the CNFs’ heterogeneous struc-
ture, composed of partially graphitic domains with various
degrees of graphitization and amorphous carbon [27], select-
ive etching in less-graphitic domains on the CNF surface can
lead to pitting.

Figures 1(d)–(f) show the CNF diameter distribution before
and after acid treatment for 15 and 30 min. The fiber dia-
meter distribution during the early stages is nearly the same.
Pristine CNFs are about 103 ± 17 nm diameter, and changed
to 101 ± 17 nm and 100 ± 17 nm after 15 and 30 min of
acid treatment, respectively. Pit formation in 30-minute treated
CNFs indicates surface etching. However, direct and pre-
cise diameter changes—down to a few nanometers—resulting
from acid functionalization is not feasible here because the
diameter has a standard deviation (~17 nm) introduced by
bending instability during electrospinning. During the early
stages, i.e. the first 15 min, acid treatment has likely removed
only the loosely bound hydrocarbons on the CNF surface;
those loose hydrocarbons can be a few atomic-layers thick [18,
28]. This is evident in the sharper carbon skeleton peaks in the
FTIR spectra after functionalization as presented in the next
section.

3.2. Chemically characterizating CNF surfaces

The CNF surface chemistry, the surface functional groups
formed, and their relative concentration was studied via FTIR
and XPS. The FTIR spectrum for as-fabricated CNFs and acid
treated CNFs with different acid treatment durations appears
in figure 2. In pristine and functionalized CNFs, a peak was
observed at 1520 cm−1, which is assigned to the carbon skel-
eton [29, 30]. Acid treatment strengthens these peaks and
shifts it to higher wavenumber (1575 cm−1). This finding sug-
gests the weakly bonded hydrocarbon layer left the CNF sur-
face during acid treatment.

There is also a peak at 1230 cm−1, corresponding to C–
O bond stretching in carboxylic groups, that strengthened
upon acid treatment. This peak is observed in both pristine
and functionalized samples. Pristine CNFs add oxygen during
stabilization and from oxygen impurities present during car-
bonization.Moreover, in functionalized CNFs, a peak emerges
at 1742 cm−1, which is assigned to C=O stretching vibration
in carbonyl and carboxyl groups. There is also a broad peak at
3100–3600 cm−1, which is assigned to –OH group in carboxyl
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Figure 1. (a)–(c) SEM images showing CNF before and after 15 and 30 min acid functionalization. (d)–(f) The CNF diameter distribution
with functionalization time.

and alcohol group [30]. The surface functional groups of the
functionalized CNFs are shown schematically in figure 2(b).

Based on the FTIR spectrum, the acid treatment duration
effectively controls functionalization intensity. After 60 min
nitric acid treatment, the peaks associated with the oxygen
moieties are much stronger than those formed in shorter acid
treatment durations.

The surface functional groups for pristine and function-
alized CNFs were studied further via XPS. The full survey
showing pristine CNFs and functionalized CNFs appears in
figure S1 (avaliable online at stacks.iop.org/Nano/31/315606/
mmedia). The surveys for all CNFs mainly consist of C 1s
peak, at a 284.4 eV binding energy, and O 1s, at 532.6 eV
binding energy. In functionalized CNFs the O 1s peak is
stronger because there is surface oxidation.

High-resolution XPS spectra of C1s provided further
information about the functional groups. The C1 s spectrum
of XPS for various treatment durations CNFs is shown in

figures 3(a)–(d). The spectra have each been resolved into five
individual peaks that represent graphitic carbon (284.4 eV),
carbon present in hydroxyl or ethers group (285.9–286.0 eV),
carbonyl group (287.4–287.5 eV), carboxyl or ether group
(288.5–288.7 eV), and a weak carbonate groups (290.6–
290.7 eV).

According to the elemental composition taken from the
XPS survey, figure 3(e), the oxidative functionalization after
only 15 min acid treatment leads to an 11% atomic oxy-
gen to carbon ratio; this is a ~5 fold increase from 2% in
pristine CNFs. However, further acid treatment for 30, 60, and
120 min only slightly increase the oxygen content to 13, 12,
16%, respectively. The increase in oxygen content comes from
functional groups such as hydroxyl, carboxyl, and carbonyl
groups that form on CNF surfaces. The oxygen absorption rate
reduces after 15 min treatment by almost an order of mag-
nitude. This is expected because, in the early treatment stage,
surface oxidation may lead to oxidized graphitic domain edges
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Figure 2. (a) schematic of the acid functionalization with nitric acid
and grafting of the functional group on its surface. (b) FT-IR spectra
before and after CNFs receive acid treatment for 15, 30, and 60 min.

on the CNF surface. As the number of un-oxidized edges avail-
able drops over time, the oxidation rate falls.

Based on the spectra shown in the figures 3(a)–(d), car-
bonyl and carboxyl group percentages increase abruptly dur-
ing the first 15 min during acid functionalization, followed by
a moderate increase after longer acid treatments. The overall
alcohol group percentages did not change substantially dur-
ing acid functionalization. This data suggests that hydroxyl
groups (–OH) formed on the CNF surface during acid func-
tionalization are consumed to form –COOH and C=O groups
[31], figure 3(f). Hence, progressive exposure to aqueous nitric
acid increasingly enriches CNFs surface with oxygen moiet-
ies, specifically carbonyl and carboxyl groups.

3.3. Mechanical properties of CNFs as a function of O/C
contents

As discussed in the introduction, chemical functionalization
may adversely affect strength in carbon nanomaterials by dis-
rupting graphitic bonds. Unlike nanomaterials such as CNTs
and GNP with layered structure [14–16], the highly cross-
linked C bond network within the CNFs’ structure, obtained
via pyrolyzing and crosslinking the precursor polymer chains,
may make the material more resistant to flaws that are
induced via chemical functionalization. This is because their
crosslinked network structure will provide load transfer path
around surface flaws. To evaluate this phenomenon, we stud-
ied CNF mechanical properties at three functionalization con-
ditions: (i) as fabricated CNFs, i.e. no acid functionalization,
(ii) after 15 min and (iii) 30 min functionalization. Single
CNF nanofiber mechanical properties before and after acid

treatment were characterized by using a MEMS-based nano-
mechanical testing platform. Individual CNFs were mounted
on MEMS device with 3D-manipulator controlled sharpened
tungsten tip. Tescan LYRA-3 focused ion beam (FIB) is used
to deposit platinum (Pt) block on it to fix it on device. The
stage is actuated to load individual nanofibers under an optical
microscope. By applying Digital Image Correlation to cal-
culate the displacement of different platforms of the MEMS
device, and by knowing the stiffness of the load cell, the stress–
strain curve of individual CNF tensile test is obtained. More
details about the testing device can be found in previous works
[27, 32, 33].

Representative CNF stress-strain curves appear in
figure 4(a). As shown in the figure, in all tested cases, the CNF
mechanical behavior is linear elastic up to failure. Figure 4(b)
presents an SEM image showing a CNF tested in tension using
the MEMS device. A close-up image revealing the fracture
surface appears in an insert within figure 4(b). The average
modulus and strength values appear in figures 4(c) and (d),
respectively.

Comparing the mechanical properties of as-spun CNFs car-
bonized at 1400 ◦C with those fabricated at 1100 ◦C [34] it
becomes clear that higher carbonization temperatures lead to
higher strength and modulus. In addition, the values we repor-
ted for strength is higher than those previously reported by
[24, 25], indicating the contribution of precursor hot-drawing
(employed in the present study) to enhance strength of CNFs.

While the average tensile strength and modulus for CNFs
during the 15 min acid functionalization are approximately
unchanged—within the measurement’s uncertainty—the scat-
ter in the measured strength and modulus drops consider-
ably (by ~50% or more). This is potentially due to surface
defects—such as the loosely bound layer of hydrocarbons on
the surface—getting removed during early functionalization.

However, further acid treatment for 30 min led to more
than 50% decrease in the strength and modulus. SEM images
provide insights into the cause. As shown in figures 1(c) and
4(b) insert, extended acid treatment forms pits and voids on
the CNF surface. These are likely the locations along the
CNFs with lower graphitization—locations that were removed
selectively via acid treatment. In all 30-minute acid treated
CNFs, we observed at least one pit in the gage length for every
case, suggesting a linear density with more than 1 defect with
a characteristic length (pit depth or length) of ~10–15 nm.

It is illustrative to compare strength loss in CNFs with
the strength lost in carbon fibers after similar acid treatment.
While CNFs lost ~50% after 30 min acid treatment at 100 ◦C,
similar treatments only reduce carbon fiber strength by ~7%
[35]. This indicates the pronounced effect surface modific-
ations have on the CNF strength compared to carbon fibers
because the CNFs have much higher surface to volume ratio.
In other words, a surface flaw with measuring ~10 nm, as
shown in figure 1(c) insert, has a more pronounced effect on
a ~120 nm thick CNF than on a 5 µm thick carbon fiber.
The higher specific area of carbon nanofibers means that the
number of active sites per fiber unit volume where flaws can
form is higher than in regular carbon fiber. Hence, CNFs are
more sensitive to acid treatment compared to carbon fibers.

5



Nanotechnology 31 (2020) 315606 J Kavosi et al

0%

20%

40%

60%

80%

100%

0 15 30 60 120 180

O
xy

ge
n 

/ C
ar

bo
n 

ra
tio

Time (min)

C C C C C C

OOO O O

(e)
(C-C)
81.9%

(C-O)
12.3 %(C=O)

3.5%
(O=C-O)

1%

(C-C)
73.4%

(C-O)
12.0 %(C=O)

6.6%
(O=C-O)

5.4%

(C-C)
70.7%

(C-O)
12.9%(C=O)

6.7%
(O=C-O)

6.7%

(C-C)
67.7%

(C-O)
14.3 %(C=O)

6.5%
(O=C-O)

7.9%

(a) (b)

(c) (d)

In
te

ns
ity

 (a
.u

.)

B.E. (eV) B.E. (eV)

B.E. (eV)B.E. (eV)

Pristine CNFs 15 min f-CNFs

30 min f-CNFs 60 min f-CNFs

0

5

10

15

20

Pristine 15 mins 30 mins 60 mins

pe
rc

en
ta

ge
 (%

)

Time 

Carboxylic/Ester Group
Carbonyl Group
Hydroxyl/Ether group

(f)

290 288 286 284 282

290 288 286 284 282292 290 288 286 284 282

292 290 288 286 284 282

Figure 3. (a)–(d): CNFs carbon 1s spectra after 0, 15, 30, and 60 min acid functionalization, (e) relative oxygen to carbon ratio of CNFs at
different acid functionalization times (f) relative contribution from each functional group in the CNF C 1 s spectrum.

This is attributed to the higher surface to volume ratio in
nanomaterials, that means the surface defect density will be
higher for the same acid treatment conditions.

The changes in CNFs mechanical properties in conjunc-
tion with their surface morphology during acid functionaliz-
ation appears in figure 5. In this figure, the horizontal axis
is the atomic ratio for oxygen to carbon, O/C, which meas-
ures oxidation progress, as obtained from XPS results in sec-
tion 3.2. As mentioned earlier, the oxygen absorption rate
in CNFs increases abruptly in the first few minutes during
acid functionalization, followed by a moderate increase for the
longer exposure to nitric acid. This jump comes at a negligible
decrease in tensile strength, although the difference between
the two cases is within the uncertainty of the measurement—
a favorable condition for wettability of CNFs inside a matrix.
However, further acid treatment can only marginally increase
the oxygen-containing groups on the surface, while it drastic-
ally lowers strength by inducing surface defects. A fracture
analysis study provides further insights into CNFs flaw resilin-
ence relative to other C-based nanomaterials.

3.4. Insights into CNF flaw-resilience from fracture
mechanics

As shown in the previous section, a measurable reduction in
CNF strength with functionalization is observed only when the
surface flaws (e.g. the depth of the surface pits) have grown to
~30–50 nm. In other words, there seems to exist a critical flaw
size; the strength is insensitive to flaws smaller than the critical
size. Following a similar argument as present in [36, 37], this

critical flaw size can be explained as follows. According to
the Griffith criterion, the fracture strength of a sample σf with
a flaw size of a can be approximated as [36]

σf = α

√
EGc

a
(1)

where E, Gc and α are respectively the elastic modulus and
surface energy of the nanofiber and α is a proportionality con-
stant. Ignoring the CNF surface curvature (i.e., defect size
much smaller than CNF diameter), α is close to 1/

√
π. For

the CNFs to be insensitive to flaws (such as pits that form on
the surface), the flaw size a should be smaller than or equal to a
critical flaw size acritical such that the fracture strength becomes
equal to the theoretical strength (σtheory, the material’s strength
without any cracks). Setting σf = σtheory and expressing sur-
face energy in terms of the critical stress intensity factor for
mode I failure as Gc = K2

Ic/E, the critical flaw size can be
estimated as

acritical =
1
α2

(
KIC
σtheory

)2

(2)

Setting KIC ≈ 1 MPa
√
m from [38], σtheory ∼ 5.51±

2.1 GPa (from tests on unfunctionlized CNFs), and α2 ∼ 1/π,
the critical flaw size can be estimated as acritical ≈ 16± 10 nm.
It is indeed rewarding to note that flaw sizes larger than this
critical value were observed in the 30 min functionlized
samples where a major drop in strength was observed (fig-
ures 1(c) and 4(d)), while no such large surface defects and
consequently negligible drop in strength was observed in the
15 min functionlized CNFs.
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Figure 4. (a) Representative stress-strain curve for the pristine, 15 min functionalized CNF, and 30 min functionalized CNF, (b) 30 min
functionalized carbon nanofiber mounted on the MEMS device after nano-mechanical testing, insert shows the fracture surface with the etch
on the surface,(c) CNF tensile strength versus functionalization time, (d) CNF tensile modulus versus functionalization time.
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functionalization conditions.

It is illustrative to compare the critical flaw size in CNFs
with those in other carbon nanomaterials such as graphene.
In graphene, the critical stress intensity factor for mode I
failure is measured to beKIC ≈ 4− 6 MPa

√
m and strength for

graphene with no cracks can reach 40 GPa [39]. Therefore,
according to equation (2) the critical flaw size in graphene is
~3–5 nm. Comparable or even smaller critical flaw size can
also be estimated for CNTs by using the reported theoretical
strength and fracture toughness for CNTs [40–42]. Thus, it
seems that the critical flaw size in CNTs and graphene is much
lower than for CNFs.

In this comparison, one has to note the major differences
in the microstructures. CNFs are composed of less graphitic
structures. In otherwords, it seems that the remarkable strength
in highly graphitic nanomaterials such as graphene comes at

Figure 6. Effect of additional step slow curing at 40 ◦C for 8 h on
dispersion of CNFs within the epoxy: (a) composite containing
1 wt% functionalized CNFs with low temperature hold (b)
composite containing 1 wt% functionalized CNFs without low
temperature hold shows agglomerations.

a cost to flaw tolerance and structural robustness. The latter
should be given major consideration in nanomaterials when
using them for laod bearing application. That is because fail-
ure is often progressive and starts from the weakest link. This
consideration may help refocus the research on nanomaterials
towards fabrication processes where defects are more control-
lable, such as pyrolysis [32].

3.5. CNFs/epoxy composite mechanical behavior

To evaluate the effect surface functionalization has on CNFs
mechanical properties in the CNF-epoxy nanocomposites,
nanocomposites with 1 wt% pristine CNFs and 1 wt% func-
tionalized CNFs were fabricated and subjected to mechanical
characterization. The surface functionalization was limited to
15 min to minimize defect formation on CNFs. To improve
dispersion, the epoxy’s curing profile was modified to reduce
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Figure 7. (a) Stress–strain behavior for the epoxy, 1 wt.% pristine CNFs/epoxy composite, and 1 wt.% functionalized CNFs/epoxy
composite and (b) elastic modulus, (c) tensile strength, (d) energy to failure of the 1 wt. % pristine and functionalized carbon
nanofibers/epoxy composite (e) and (f) SEM image shows the fracture surface in the composite specimen containing 1 wt% pristine and
functionalized CNFs.

CNF mobility during, as discussed in the experimental sec-
tion. The CNF dispersion in cured epoxy was evaluated under
an optical microscope. The curing profile for all the samples
subjected to mechanical tests includes heating for 8 h at 40 ◦C
followed by 1 h at 121 ◦C and another 2.5 h at 177 ◦C. This
curing profile led to a good CNF dispersion within the epoxy is
obvious from optical images in figure 6(a). A subtle but critical
step in the curing cycle is the preheating for 8 h at 40 ◦C. This
step gradually increases the epoxy viscosity by crosslinking
at a low temperature where an drop in viscosity from thermo-
physical effects is negligible. This step is significant in improv-
ing the dispersion of CNFs as shown in the optical images from
samples made without this step where massive CNFs agglom-
eration appears, figure 6(b).

Dog bone samples were tested in tension and their mech-
anical properties were evaluated. The mechanical character-
ization used only samples obtained from the modified cur-
ing cycle with good CNF dispersion evaluated from optical
microscope. Example stress-strain curves for neat epoxy, and
epoxy reinforced with functionalized and un-functionalized
(pristine) CNFs appear in figure 7(a). Figure 7(b)–(d) show
tensile strength, modulus, and energy to failure (area under the
stress strain curve) for various samples, respectively.

As shown in figure 7, adding 1 wt% pristine CNFs (unfunc-
tionalized) to the epoxy led to a considerable increase in mod-
ulus by ~31%, a moderate, ~11% strength improvement and a
15% drop in energy to failure. The increase in elastic modulus
is close to the rule of mixture predictions when considering the
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CNF elastic modulus reported in figure 4. The loss in energy to
failure merely indicates the loss in ductility by adding CNFs.

Replacing pristine CNFs with functionalized CNF as filler
for the epoxy matrix does not change the elastic modulus, as
evident figure 7(b), while it leads to enhancement in strength
(21% improvement with respect to neat matrix), figure 7(c).
Because the strengths in individual pristine and functionalized
CNFs are nearly the same (figure 4), the higher strength and
energy to failure found in nanocomposites with functionalized
CNFs compared to pristine CNFs should be attributed to the
enhanced interfacial load transfer facilitated by surface func-
tional groups.

The nanocomposite’s fracture surface provides more evid-
ence to support the claim that there is weaker CNF-epoxy
bonding in un-functionalized CNFs. Figures 7 (e) and (f) show
the fracture surfaces for composite specimens containing func-
tionalized and pristine CNFs in epoxy, respectively. A clear
difference between the functionalized and pristine CNFs is
that composite specimen containing pristine CNFs were more
prone to form agglomerates compared to functionalized CNFs.
The sites showing agglomerated CNFs are more numerous for
the pristine CNFs/epoxy composite, an indication of weaker
CNF–epoxy interaction that manifest itself in the lower tensile
strength for nanocomposites with pristine CNFs.

4. Conclusion

Chemical functionalization, intended to enhance carbon nan-
omaterial interactions with a polymer matrix, may adversely
affect the strength in individual nanomaterials by disrupt-
ing their graphitic structure. In this work, we evaluated the
strength loss caused by functionalization in CNFs that are
composed of a highly crosslinked network containing amorph-
ous and graphitic carbon and compared that with the trend
observed in nanomaterials with layered structures such as
CNTs, as well as with carbon microfibers. Fracture strength
estimations of the critical flaw size in CNFs, CNTs and
graphene revealed that despite having a high surface area, car-
bon nanomaterials with crosslinked microstructure are resi-
lient to flaws as big as 10–30 nm, while nanomaterials with
layered structure (such as CNTs) experience a dramatic loss
in strength with much lower flaw sizes (1–3 nm). Hence, it
seems that the remarkablely high-strength of graphitic nan-
omaterials such as graphene and CNT—with strengths that
are higher than CNFs—come at a cost to flaw tolerance and
structural robustness. In addition, comparing the strength of
CNFs and carbon fibers with similar functionalization treat-
ment revealed that the nanomaterials can be much more sens-
itive to acid treatment. This is attributed to the higher surface
to volume ratio for nanomaterials that results in higher surface
defects (oxidized sites) per unit volume.

In addition, a 1 wt% carbon nanofibers epoxy compos-
ite showed an improvement in the tensile strength when
the CNFs are functionalized, compared to composites with
pristine CNFs, because higher interfacial bonding between the
CNFs and epoxy matrix is achieved by grafting functional

groups on the CNFs surfaces. Our current approach effect-
ively enhanced the surface functional groups, without sacri-
ficing mechanical properties in carbon nanofiber.
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[36] Gao H, Ji B, Jã¤ger I L, Arzt E and Fratzl P 2003 Materials
become insensitive to flaws at nanoscale: lessons from
nature Proc. Natl. Acad. Sci. 100 5597–600

[37] Ajori S, Ansari R and Haghighi S 2018 A molecular dynamics
study on the buckling behavior of cross-linked
functionalized carbon nanotubes under physical adsorption
of polymer chains Appl. Surf. Sci. 427 704–14

[38] Erickson M and Kirk M 2017 Direct use of fracture toughness
for flaw evaluations of pressure boundary materials in
section XI, division 1, class 1 ferritic steel components
Proc. ASME Pressure Vessels and Piping Conf. 2017 vol 1a

[39] Cao C H, Mukherjee S, Howe J Y, Perovic D D, Sun Y, Singh
C V and Filleter T 2018 Nonlinear fracture toughness
measurement and crack propagation resistance of
functionalized graphene multilayers Sci. Adv.
4 eaao7202

[40] Yang L, Greenfeld I and Wagner H D 2016 Toughness of
carbon nanotubes conforms to classic fracture mechanics
Sci. Adv. 2 e1500969

[41] Ansari R, Ajori S and Rouhi S 2015 Structural and elastic
properties and stability characteristics of oxygenated carbon
nanotubes under physical adsorption of polymers Appl.
Surf. Sci. 332 640–7

[42] Haghighi S, Ansari R and Ajori S 2019 Interfacial properties
of 3D metallic carbon nanostructures (T6 and
T14)-reinforced polymer nanocomposites: a molecular
dynamics study J. Mol. Graph. Model.
92 341–56

10

https://doi.org/10.1088/0957-4484/19/39/395702
https://doi.org/10.1088/0957-4484/19/39/395702
https://doi.org/10.1016/j.cplett.2004.04.054
https://doi.org/10.1016/j.cplett.2004.04.054
https://doi.org/10.1038/ncomms4186
https://doi.org/10.1080/1536383X.2016.1208180
https://doi.org/10.1080/1536383X.2016.1208180
https://doi.org/10.1163/156855497X00073
https://doi.org/10.1163/156855497X00073
https://doi.org/10.1002/pen.760240702
https://doi.org/10.1002/pen.760240702
https://doi.org/10.1016/j.carbon.2013.04.018
https://doi.org/10.1016/j.carbon.2013.04.018
https://doi.org/10.1021/nn303423x
https://doi.org/10.1021/nn303423x
https://doi.org/10.1016/j.carbon.2017.02.095
https://doi.org/10.1016/j.carbon.2017.02.095
https://doi.org/10.1016/j.carbon.2005.03.031
https://doi.org/10.1016/j.carbon.2005.03.031
https://doi.org/10.1016/j.carbon.2010.12.056
https://doi.org/10.1016/j.carbon.2010.12.056
https://doi.org/10.1016/j.compositesb.2013.08.032
https://doi.org/10.1016/j.compositesb.2013.08.032
https://doi.org/10.3390/ma7053820
https://doi.org/10.3390/ma7053820
https://doi.org/10.1002/app.36302
https://doi.org/10.1002/app.36302
https://doi.org/10.1063/1.2840049
https://doi.org/10.1063/1.2840049
https://doi.org/10.1016/0008-6223(94)00144-O
https://doi.org/10.1016/0008-6223(94)00144-O
https://doi.org/10.1016/j.carbon.2018.05.030
https://doi.org/10.1016/j.carbon.2018.05.030
https://doi.org/10.1021/acsami.8b10499
https://doi.org/10.1021/acsami.8b10499
https://doi.org/10.1016/j.carbon.2016.08.080
https://doi.org/10.1016/j.carbon.2016.08.080
https://doi.org/10.1016/0008-6223(95)00145-4
https://doi.org/10.1016/0008-6223(95)00145-4
https://doi.org/10.1073/pnas.0631609100
https://doi.org/10.1073/pnas.0631609100
https://doi.org/10.1016/j.apsusc.2017.08.049
https://doi.org/10.1016/j.apsusc.2017.08.049
https://doi.org/10.1126/sciadv.aao7202
https://doi.org/10.1126/sciadv.aao7202
https://doi.org/10.1126/sciadv.1500969
https://doi.org/10.1126/sciadv.1500969
https://doi.org/10.1016/j.apsusc.2015.01.190
https://doi.org/10.1016/j.apsusc.2015.01.190
https://doi.org/10.1016/j.jmgm.2019.08.010
https://doi.org/10.1016/j.jmgm.2019.08.010

	Crosslinked network microstructure of carbon nanomaterials promotes flaw-tolerant mechanical response
	1. Introduction*1pt
	2. Experimental
	2.1. Fabricating electrospun carbon nanofibers
	2.2. Functionalizing the CNF surface
	2.3. Mechanical and material characterization of CNFs
	2.4. Fabricating and characterizing CNF nanocomposites

	3. Results and discussion
	3.1. Surface morphology of fucntionlized CNFs
	3.2. Chemically characterizating CNF surfaces
	3.3. Mechanical properties of CNFs as a function of O/C contents
	3.4. Insights into CNF flaw-resilience from fracture mechanics
	3.5. CNFs/epoxy composite mechanical behavior

	4. Conclusion
	Acknowledgments
	References


