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Abstract
Carbon nanofibers (CNFs) were heat-treated at 1100 °C (CNF1100) and 2500 °C (CNF2500), respectively, and embedded 
as fillers at different mass percentages into an epoxy mixture. The paper aims at evaluating, through a comparison between 
the two different types of resulting nanocomposites, the influence of the CNF heat treatment on the thermal, mechanical, and 
electrical performance of the formulated samples. Thermogravimetric analysis (TGA) showed oxidative stability in the air 
of CNF2500 approximately 200 °C higher than the CNF1100 ones. The first oxidation stage of the resins embedding the two 
typologies of CNFs falls between 380 and 480 °C. This means that the temperature of the heat treatment of the nanofiller does 
not influence the temperature at which the thermodegradation of the nanocomposites starts. Differential Scanning Calorim-
etry (DSC) data show that the highest degree of cure (DC) was recorded for the epoxy samples filled with CNF2500. CNF 
thermal treatment increases the direct current (dc) conductivity of the nanocomposite by 3 orders of magnitude around the 
electrical percolation threshold (EPT) and increases the storage modulus of the CNF2500-based resins up to 60 °C compared 
with the unfilled resin. The peculiar wall structure of CNF1100 determines a further slight enhancement. Tunneling Atomic 
Force Microscopy (TUNA) reveals that the CNFs are evenly distributed on the nanodomains showing higher electric current 
values for samples loaded with CNF2500.

Keywords CNF-based epoxy resins · Thermal analysis · Mechanical and electrical properties · Thermosetting resins · 
Tunneling atomic force microscopy (TUNA)

Introduction

Researchers and industrialists are increasingly focusing 
their interest on epoxy resin-based composites because 
they are versatile materials with competitive materials in 
terms of thermal, chemical and physical properties [1–10]. 
The exceptional mechanical properties and considerable 
structural stability make them ideal candidates for various 
applications such as automotive, aeronautics, marine indus-
try, electronics and others [11–18]. In this context, the con-
cept of multifunctional composites has become a priority 
in recent years and is accompanied by several definitions. 
The most common is that of a material, a structure, or a 
set of materials capable of performing different functions 
through an intelligent combination of a structural function 

with one or more additional functional capabilities, depend-
ing on system requirements. The most practical approaches 
start from conventional structures, to which they add layers, 
microsystems, and/or devices that enhance functionality [19, 
20]. It is worth noting that epoxy resin-based materials can 
be suitably addressed to achieve desirable properties that 
can face future challenges through a targeted choice of syn-
thetic precursors and fillers, as well as polymerization cycles 
and incorporation methods. In this context, in the last years, 
the issue of recycling thermosets has also been addressed, 
especially from the perspective of recovering valuable fillers 
[21–23]. Although this issue is still an unsolved problem, 
some technologies developed at a lab scale are considered 
suitable for large-scale recycling of the most commonly used 
thermoset composites, allowing the most precious reinforc-
ing fibers to be recovered. It is worth noting that the diffi-
culty in recycling is due to the crosslinked three-dimensional 
chemical nature of the thermoset matrix that cannot be re-
melted using heat or solvent, as it happens for thermoplastic 
matrices. Hence recycling is often an expensive and low-rate 
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process. However, different research activities have been 
proposed for the hydrolytic polymerization of epoxy resins 
in raw monomers. Thermoset recycling has become nec-
essary and must continue to be investigated to become an 
environmentally friendly and financially convenient solution 
for waste management [24].

In the case of nanostructured polymers and nanocom-
posites, it is of fundamental importance to search for an 
effective matrix-nanoparticle interaction to ensure excel-
lent performance in the final material. In this regard, the 
complete dispersion of the nanoparticles in the matrix and 
the consequent realization of a large interface area are cru-
cial. Among the nanofillers, particular attention has been 
addressed to several nanostructured forms of carbon. Car-
bon nanomaterials, from high to low technology, are used in 
various engineering applications [25–27]. Films are used as 
tribological coatings [28]; fibers are used in composites for 
their strength [29]; and nanotubes and graphene are being 
explored for use in microelectronics [30]. It is also worth 
mentioning the possibility of chemically functionalizing the 
fibers or nanoparticles using sol–gel techniques [31]. The 
sol–gel method is a conventional and industrial method for 
synthesizing nanoparticles with different chemical composi-
tions [32, 33]. Due to its unique properties and characteris-
tics, this method can give high-quality nanoparticles of the 
same size on an industrial scale [34].

Within the class of carbon nanostructured materials, 
carbon nanotubes (CNTs) have aroused great interest from 
researchers as they have relevant physical and mechani-
cal properties. They have encouraged many researchers to 
develop advanced composite materials to transfer some of 
the excellent physical properties of CNTs [35–38] to poly-
meric matrices, thus offering the possibility of combining 
interesting complementary properties. As conductive nano-
particles with a high aspect ratio, the efficacy of CNTs is 
superior to that of traditional carbon black [39, 40]. This 
implies that, using carbon nanotubes, composite materials 
characterized by high electrical conductivity at lower filler 
concentrations [35] can be obtained. In addition to CNTs, 
carbon nanofibers CNFs are also gaining attention as nano-
fillers for epoxies. Compared to carbon nanotubes, although 
they do not have a perfect structure and are less conduc-
tive, they are however quite economical in the production 
of epoxy resins as they offer many advantages, i.e., they are 
easier to disperse, process and functionalize while simulta-
neously guaranteeing improvements in mechanical and elec-
trical properties [41, 42] and a lower overall cost of use. Car-
bon nanofibers, by virtue of their chemical structure, their 
compatibility with many polymeric matrices and their ver-
satility, are increasingly being used for aircraft structures. In 
order to achieve a tolerance similar to that of the metal alloy, 
carbon nanofibers need to be properly designed to ensure 
efficient lightning protection. The electrical properties of 

CNF-based epoxy nanocomposites are influenced by the 
defect sites present along the walls of the nanofibers. The 
investigation of the dc conductivity beyond the EPT puts in 
evidence a remarkable difference (about 3 orders of mag-
nitude) between the two analyzed CNF types. This result 
leads to consider that the thermal treatment applied to CNFs 
induces a significant enhancement of the conductive proper-
ties of the CNF2500/composites for which instead it causes 
a lower reinforcing effect in the storage modulus than for the 
samples filled with CNF1100. In this study, both untreated 
carbon nanofibers (CNF1100)/epoxy resins and heat-treated 
carbon nanofibers (CNF2500)/epoxy resins were prepared 
by loading the fillers CNF1100 and CNF2500 with mass 
fractions ranging from 0.05% to 2.0%, which have been 
effectively dispersed in the same matrix formulation by 
sonication. The thermal, mechanical and electrical proper-
ties by TUNA of the formulated nanocomposites solidified 
by the same two-stage curing cycle were investigated. The 
electrical characterization by TUNA of the nanocomposites 
allowed to understand the correlation between the structure 
and the electrical properties of the nanometric domains 
and to evaluate the effectiveness of the dispersion of the 
conductive nanoparticles inside the epoxy matrix. Differen-
tial Scanning Calorimetry (DSC) was used to evaluate the 
degree of cure (DC) of the CNF1100 and CNF2500-based 
resins. All the samples analyzed showed a high DC of at 
least 90% perfectly meeting the requirements imposed by the 
aeronautical industry. The highest DC values that reached 
100% even in isothermal conditions were obtained for the 
samples containing heat-treated carbon nanofibers. The high 
degree of cure of the nanofilled formulations was also con-
firmed by the cross-linking kinetics carried out by Fourier 
Transform Infrared Spectroscopy (FTIR). The attainment 
of good dispersion of carbon nanofibers within the matrix 
and strong interfacial adhesion at nanoscale which ensures 
uniform stress distribution together with the remarkable cur-
ing degree (around 100% for CNF2500/reinforced resins and 
higher than 90% for CNF1100/reinforced resins) are respon-
sible for the relevant mechanical properties of the formulated 
nanocomposites. In particular, all the tested samples show 
a value in the storage modulus higher than 2000 MPa up to 
110 °C and high values of the glass transition temperature 
(tan δ) centered between 260 and 280 °C, which are proper 
for structural applications.

Experimental

CNFs in the form of powders were produced at Applied 
Sciences Inc. and were from the Pyrograf III family. The 
pristine CNFs labeled CNF1100 (see morphological 
parameters of CNF1100 in Table S1 of the supporting 
information), were heat-treated at 2500 °C to provide the 
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best combination of mechanical and electrical properties 
[41], giving the sample CNF2500. For the preparation of 
the unfilled epoxy matrix, named EP, we mixed tetragly-
cidyl methylenedianiline (TGMDA, 80 mass%) with 1–4 
butanediol diglycidyl ether (BDE, 20 mass%) and then sol-
ubilizing at 120 °C the hardener 4,4-diaminodiphenyl sul-
fone (DDS) in stoichiometric quantity. For the preparation 
of the nanofilled epoxy samples, CNF1100 and CNF2500 
were added and ultrasonicated into the EP matrix at vari-
ous mass% (0.05, 0.32, 0.64, 0.8, 1.0, 1.3, and up to 2.0 for 
CNF2500) giving the nanocomposites EP + X%nanofiller 
where X is the nanofiller (CNF1100 and CNF2500) mass 
percentage. All the mixtures were cured at 125 °C for 1 h 
and 200 °C for 3 h.

Characterizations

In this study, different characterization techniques such as 
Dynamic mechanical analysis (DMA), Fourier-transform 
infrared spectroscopy (FTIR), Differential Scanning Calo-
rimetry (DSC), Thermogravimetric analysis (TGA), Field 
Emission Scanning Electron Microscopy (FESEM), elec-
trical measurements of direct current (dc) conductivity, 
and TUNA analysis have been carried out. Detailed infor-
mation on these characterization techniques is contained 
in the supporting information.

DSC has been employed to evaluate the degree of cure 
(DC) of the samples, assuming that exothermic heat devel-
oped during the curing process is proportional to the extent 
of the curing reactions. The DC has been obtained for sam-
ples cured in the dynamic regime, during the thermal scan 
directly in the DSC cell, and in the isothermal regime in 
an oven. Dynamic scans have been performed to analyze 
the degree of cure (DC) of the fresh (uncured) samples 
and of samples after the curing in the oven. The DC can 
be determined from the total heat of reaction (ΔHT) of the 
curing reactions and the residual heat of reaction (ΔHRes) 
of the partially cured resin according to Eq. 1 [42].

The total heat of reaction (ΔHT) has been determined 
by performing the DSC analysis on the liquid uncured res-
ins, scanning about 7.0 mg of the sample by a heating run 
at 10 °C  min−1 from -50 to 300 °C, while the ΔHRes was 
determined from the measurements performed on the oven 
hardened samples, by scanning the polymerized materials at 
10 °C  min−1 from 0 to 300 °C.

The analysis of the uncured samples was carried out by 
means of a dynamic heating program that contemplates three 
stages in the temperature range between -50 and 300 °C, 
namely: a) a first run from -50 up to 300 °C with a scan rate 
of 10 °C  min−1, b) a second run from 300 to -50 °C with a 
scan rate of 50 °C  min−1 and c) a third run from -50 up to 
300 °C with a scan rate of 10 °C  min−1. The samples oven 
cured at 200 °C were analyzed by a single heating run from 
0 up to 300 °C with a scan rate of 10 °C  min−1.

Results and discussion

FESEM investigation carried out on nanofilled samples 
highlights that CNF2500 (Fig. 1 on the right) seem to be 
characterized by a straighter structure and a smaller diam-
eter than CNF1100 (Fig. 1 on the left). From the FESEM 
images, it is possible to see how the heat treatment at higher 
temperatures, by increasing the structural perfection of the 
nanofibers, has significantly influenced the change in their 
morphological characteristics and therefore also on the 
nanofiller-epoxy matrix interaction. In fact, the CNF2500 
nanofibers appear less tightly bound to the matrix while 
instead most of the CNF1100 nanofibers show an intimate 
connection with the matrix due to the numerous functional 
groups present along the walls.

The heat treatment at 2500 °C also greatly influences the 
oxidative stability of the nanofibers, as can be seen from 
the thermogravimetric curves in air of the CNF1100 and 

(1)DC =
ΔH

T
− ΔH

Res

ΔH
T

× 100

Fig. 1  FESEM images of 
EP + 1%CNF1100 (on the left) 
and EP + 1%CNF2500 nano-
composites (on the right)

– 300 nm – 300 nm
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CNF2500 fillers (Fig. 2). We can observe that CNF2500s are 
more thermostable by about 200 °C than CNF1100s, since 
CNF2500s start to degrade at about 750 °C while the onset 
of thermal degradation of CNF1100 occurs at 550 °C. The 
more excellent thermal stability of the annealed CNF2500 
is attributable to their greater structural perfection due to a 
reduced density of defects.

This different behavior is undoubtedly also due to the 
different chemical composition of the wall of the two types 
of carbon nanofibers. The reduced density of defect on the 
wall of CNF2500 is a direct consequence of an almost com-
plete absence of functional groups that do not destroy the 
stacking of carbon layers. FTIR investigation supports this 
hypothesis [41].

Figure  3 shows the TGA curves in air of the nano-
filled epoxy formulations EP + 0.64%CNF1100 and 
EP + 0.64%CNF2500.

The comparison between the two nanocomposites shows 
that the thermal treatment of the carbon nanofibers does not 

influence the temperature at which the degradation begins. 
In fact, for both samples, the first oxidation stage occurs in 
the temperature range between 380 and 480 °C. Conversely, 
a strong influence of the different thermal treatments is 
instead revealed with respect to the electrical conductivity 
for the same nanofiller percentage of 0.64 mass% chosen to 
compare thermogravimetric properties with the electrical 
ones after the electrical percolation threshold (EPT), as can 
be seen from the dc conductivity values shown in the electri-
cal characterization section shown later in the manuscript.

Figure 4a and b show the calorimetric curves of the EP 
resin and CNF1100-based nanocomposites solidified under 
dynamic conditions directly in the DSC cell and isothermal 
heating conditions in oven (see details in the experimental 
section), respectively.

Figure 5 shows the percentage of the degree of cure (DC) 
obtained for the CNF1100-based nanocomposites cured in 
the dynamic regime directly in the DSC cell and isothermal 
regime in oven.

For comparison, to emphasize the effect of heat treatment 
on CNFs, we have also reported the calorimetric curves of 
the EP resin and CNF2500-based nanocomposites solidified 
under dynamic conditions directly in the DSC cell (Fig. 6a) 
and isothermal heating conditions in oven (Fig. 6b).

Figure 7 shows the percentage of the degree of cure (DC) 
obtained for the CNF2500-based nanocomposites cured in 
the dynamic regime directly in the DSC cell and isothermal 
regime in oven.

The description of how the DC values were calculated is 
contained in the experimental section.

Figure 5 shows for the Epoxy/CNF1100 samples DC val-
ues higher than 90% also in the isothermal regime. Only for 
the CNF1100 mass percentage of 0.64, a slight decrease 
equal to 88% in the DC is observed. Figure 7 shows for the 
Epoxy/CNF2500 samples DC values higher than 97% also 
in the isothermal regime. For a mass percentage of nanofiller 
lower than 0.025, only a slight decrease in the DC value is 
observed. We can detect that the addition of the CNF2500 
determines an increase in the curing process efficiency in 
the isothermal regime. Furthermore, all the samples filled 
with heat-treated CNF2500 show a DC value higher than 
that recorded for the unfilled EP resin, even reaching a value 
almost of 100%. This is most probably due to the heat treat-
ment that acts effectively on the curing degree completely 
accomplishing the stringent conditions prevailing in the 
aviation industry.

The degree of cure (DC) of CNF2500 is higher because 
there are fewer chemical and attractive interactions with the 
host matrix, which are generally responsible for reducing the 
polyaddition reactions at the interface between the matrix 
and the nanofiller.

The effectiveness of the curing process was also dem-
onstrated by the FTIR analysis performed for samples 
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EP + 1.0%CNF1100 (Fig. 8) and EP + 1.0%CNF2500 (Fig. 9) 
at different temperatures and times which are the same as 
foreseen by the curing cycle programmed for the samples 
examined in this study. The cross-linking kinetics allowed 
to demonstrate, through the change of the characteristic 
absorption peak of the epoxide group at 908  cm−1, the com-
plete cross-linking of the formulated materials. Observing 

the evolution of the peak during the polymerization reaction, 
it can be seen that it is very marked at room temperature, 
less intense at 125 °C after 1 h to then drop completely at 
200 °C after 3 h.

The storage modulus of the CNF1100- and CNF2500-
based nanocomposites, compared with that of the unfilled 
epoxy resin EP, show a value that is higher than 2000 MPa 
up to 110 °C for all the samples (Fig. 10a). For CNF2500-
based samples, the reinforcing effect is detectable up to 
60 °C. Instead, for the CNF1100-based samples, due to the 
intense intermolecular attractive interactions attributable to 
the hydrogen bonds that are established as a greater number 
of functional groups is present on the walls of the untreated 
CNF1100 nanofibers [41], a stronger reinforcing effect than 
the heat-treated CNF2500 in the temperature range (− 90 to 
about 60 °C) is observable. The more marked strengthening 
effect shown by the composites based on CNF1100 in the 
temperature range (− 90 to about 60 °C) can be attributed to 
the different morphological peculiarities of the CNFs.

This result implies that the nanocomposites exhibit more 
elastic behavior than the neat resin. It has been demonstrated 
that the presence of functional groups on the wall of nano-
fillers can determine covalent (es. etherification reactions 
and other ones) or non-covalent attractive interaction caus-
ing a reinforcing effect of nanofillers because the load is 
better transferred to the high-strength nanofiller [41]. This 
interpretation of the results perfectly agrees with the major 
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increase determined by the CNF1100. On the other hand, the 
same effect was found with MWCNTs functionalized with 
-COOH groups [43].

Figure  10b shows Tan δ vs. T curves of the EP, 
EP + 0.64%CNF1100, and EP + 0.64%CNF2500 cured sam-
ples for which we can observe high values of the glass transi-
tion temperature (tan δ) centered between 260 and 280 °C. 

The good mechanical properties exhibited by the carbon 
nanofiber-reinforced resins make them ideal candidates for 
a very vast range of structural applications.

The measured dc conductivity of the nanocompos-
ites Epoxy/CNF1100 and Epoxy/CNF2500 as a function 
of the CNFs’ mass percentage (Fig. 11) shows interest-
ing results: samples loaded at ν = 0.05% are effectively 
in a pre-percolation region. The dc conductivity of the 
nanocomposites Epoxy/CNF1100 and Epoxy/CNF2500 
is around 6.5 ×  10–13 S  m−1 and 5.1 ×  10–13 S  m−1 respec-
tively; whereas, the unfilled matrix exhibits a conductivity 
ν = 6.0 × 10 −14 S  m−1. As for the composite filled with 
CNTs [41], the samples at ν = 1.0% of CNFs are char-
acterized by high dc conductivity with respect to the 
unfilled material, i.e., ν = 1.36 ×  10–3 S  m−1 (sample filled 
with CNF1100) and ν = 0.107 S  m−1 (sample filled with 
CNF2500), respectively. The increase in dc conductiv-
ity is approximately three orders of magnitude after the 
heat treatment undergone by the carbon nanofibers. The 
dc value for ν = 0.32% evidences an important effect of 
the different treatments of the two fillers: the composite 
filled with CNF1100 treated at a lower temperature is still 
in the “insulator” region, whereas for the higher tempera-
ture, it is already in the “conductor” region. In fact, the 
dc conductivity is less than  10–12 S  m−1 for the CNF1100 
composite whereas a dc conductivity almost similar to 
the value obtained for ν = 1.0% sample is measured for 
the CNF2500 composite, i.e., 2.5 ×  10–2 S  m−1. This cor-
responds to assure that the concentration ν = 0.32% is a 
left extreme value for the region of percolation threshold 
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of the CNF1100, i.e., νc-CNF1100 ∈ [0.32,1]%, whereas it 
represents a right extreme value for the CNF2500, i.e., 
νc-CNF2500 ∈ [0.05,0.32]%. As a result of the heat treat-
ment, high values in electrical conductivity are obtained 

for a smaller amount of nanofiller. Furthermore, a smaller 
amount is needed to reach the EPT relative to the electrical 
percolation threshold.

3500

0.
6

0.
7

0.
8

0.
9

1.
0

1.
1

1.
2

3000 2500

Room temperature

125°C 1h

200°C 1h

200°C 2h

200°C3h

Wavenumber/cm–1

EP=1.0%CNF1100

908 cm–1

C C

O
A

bs
or

ba
nc

e 
un

its

2000 1500 1000 500

Fig. 8  FTIR spectra of EP + 1%CNF1100 formulation at different temperatures and times of curing reactions

3500

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

1.
1

3000 2500

Wavenumber/cm–1

EP=1.0%CNF2500

908 cm–1

C C

O

A
bs

or
ba

nc
e 

un
its

2000 1500 1000 500

Room temperature

200°C 1h

125°C 1h

200°C 2h

200°C3h

Fig. 9  FTIR spectra of EP + 1%CNF2500 formulation at different temperatures and time of curing reactions



13102 L. Guadagno et al.

1 3

In order to correlate the local topography with the electri-
cal properties of the nanocomposites filled with pristine and 
heat-treated CNFs, and to evaluate the effectiveness of nano-
filler dispersion within the polymeric matrix we performed a 

morphological characterization by TUNA. In this study, we 
report the TUNA images of the samples EP + 1.0%CNF1100 
and EP + 1.0%CNF2500 where the chosen nanofiller amount 
of 1.0 mass% is above the EPT. For these samples, the con-
ductivity values of 1.36 ×  10–3 S  m−1 and 0.107 S  m−1 were 
measured, respectively. In this regard, Figs. 12 and 13 show 
the bidimensional (2D) and tridimensional (3D) profiles 
of the TUNA Current images of EP + 1.0%CNF1100 and 
EP + 1.0%CNF2500, respectively.

For both analyzed nanocomposites, the percentage of 1.0 
mass% of nanofiller that is above the electrical percola-
tion threshold was chosen. We can clearly observe a rather 
homogeneous distribution of the nanocharge within the 
matrix for the two samples analyzed. From Fig. 12, it is 
evident that the CNF1100 nanofibers are more intensely 
anchored to the epoxy matrix with which strong intermo-
lecular interactions are established due to hydrogen bonds. 
The presence of the nanofibers emerging from the areas of 
interconnection with the matrix is easily discriminated by 

6000
0.6

0.5

0.4

0.3

0.2

0.1

0

5000

4000

3000

2000

1000

– 90 – 40 10 60

Temperature/°C

S
to

ra
ge

 m
od

ul
us

/M
P

a

Ta
n 
δ

110 160

EP

EP+0.64%CNF1100

EP+0.64%CNF2500

EP

EP+0.64%CNF1100

EP+0.64%CNF2500

210 260 – 90 – 40 10 60

Temperature/°C

110 160 210 260 310
0

(a) (b)

Fig. 10  a Storage modulus vs. T curves of the EP, EP + 0.64%CNF1100 and EP + 0.64%CNF2500 cured samples; b Tan δ vs. T curves of the 
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Fig. 12  TUNA Current image 
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bidimensional (2D) profile; b 
tridimensional (3D) profile
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appearing on the surface with a lighter color with which 
a higher value of the electric current is associated. In 
fact, the scale bar extends over a range of colors that go 
from darkest to lightest in correspondence with areas of 
lower and higher local electrical conductivity. For sample 
EP + 1.0%CNF1100 for which a dc conductivity equal to 
1.36 ×  10–3 S  m−1 was measured, the electric current val-
ues range from -807.8 fA to 1pA (Fig. 12), while for sam-
ple EP + 1.0%CNF2500 for which a dc conductivity equal 
to 0.107 S  m−1 was measured, the values of electric cur-
rent range from -42.6 fA to 3.4 pA (Fig. 13). For sample 
EP + 1.0%CNF2500, a network of nanofibers appearing 
with a light blue color is observed which extends branching 
along the entire investigated surface giving rise to a highly 
crosslinked three-dimensional structure (Fig. 13). In this 
way, an excellent transfer of the electrical properties to the 
insulating matrix is ensured thanks to the current flow due 
to the tunnel effect charged by the conductive nanofibers. 

The TUNA Current image also allows for obtaining infor-
mation on the dispersion of carbon nanofibers in the resin. 
In this regard, Figs. 14 and 15 show the profile of the cur-
rent variations (see green, red, and blue colors on the right 
picture) correlated with the TUNA current images (see the 
three white lines on the left picture) of EP + 1.0%CNF1100 
and EP + 1.0%CNF2500, respectively. It can easily be seen 
how the carbon nanofibers are well distributed within the 
matrix by observing how the frequency of the current vari-
ations attributable to the filler/matrix interchanges along 
the 3 white lines is rather constant for both nanocompos-
ites analyzed. In particular, in correspondence with some 
nanodomains characterized by a higher electric charge 
density, the current variations are more intense for the 
sample EP + 1.0%CNF2500 (Fig. 15) which shows higher 
conductivity values as a consequence of the presence of the 
CNF2500 endowed with a greater intrinsic conductivity.

Fig. 13  TUNA Current image 
of EP + 1.0%CNF2500: a 
bidimensional (2D) profile; b 
tridimensional (3D) profile
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Conclusions

A comparative study between various characterizations 
has demonstrated that the thermal, electrical, and mechani-
cal properties of the nanocomposites based on CNFs are 
strongly influenced by the heat treatment of carbon nanofib-
ers. Heat treatment at 2500 °C removes the defects on the 
walls of CNFs, increasing their structural perfection with a 
consequent increase in the nanocomposites' electrical con-
ductivity at low filler concentration values. A less marked 
increase in the storage modulus is observed compared 
with the nanocomposites filled with nanofibers obtained at 
1100 °C. Both the composites' typologies manifest higher 
storage modulus values than the unfilled resin.

The dc conductivity value for ν = 0.32% is less than  10–12 
S  m−1 for the CNF1100 composite, whereas a dc conduc-
tivity similar to the value obtained for ν = 1.0% sample is 
measured for the CNF2500 based composite, i.e., 2.5 ×  10–2 
S  m−1. The more marked strengthening effect shown by the 
composites based on CNF1100 in the temperature range 
(− 90 to about 60 °C) can be attributed to the different mor-
phological peculiarities of the CNFs. Furthermore, the heat 
treatment at 2500 °C, while increasing the nanofiller's oxida-
tive stability, leaves the nanocomposites' stability practically 
unchanged. The highest DC, which reaches 100% even in 
isothermal curing conditions, was recorded for CNF2500-
based nanocomposites, thus allowing a highly crosslinked 
structure. TUNA analysis provides for identifying a very 
good nanoscopic distribution of the conductive phase within 
the host matrix, thus allowing a compelling correlation of 
the composites' multifunctional properties.
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