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ABSTRACT

The aim of this study was to investigate potential applications of milled sec-

ondary carbon fibres as a primary filler in conductive polymer composites. The

examined composites were based on epoxy resin, milled secondary carbon

fibres and selected carbon nanoadditive used as a secondary conductive filler.

Three kinds of nanopowders were tested: multiwalled carbon nanotubes, gra-

phene nanoplatelets and graphitized carbon black. In the first stage of the

experiment, composites with different percentages of carbon fibres were

examined in order to determine the electrical conductivity and percolation

threshold. Subsequently, the most conductive composition (70% of carbon

fibres, r = 9.05 S cm-1) was modified by adding nanofillers. The addition of

carbon nanotubes caused more than twofold increase in in-plane conductivity to

20.18 S cm-1. The composites with graphene nanoplatelets showed deteriora-

tion of properties due to strongly increased viscosity of a binder with graphene.

Small loadings of graphitized carbon black had a minor positive impact on the

electrical conductivity and mechanical properties of composites.

Introduction

In recent years, conductive polymer composites

(CPC) have been subjected to extensive research.

Most of the studies resulted in numerous commercial

applications of CPC, e.g., as bipolar plates for poly-

mer membrane fuel cells, organic solar cells, con-

ductive adhesives and paints, pressure and strain

sensors, actuators, biomaterials, etc. [1–5]. This type

of composites consists of an insulating polymer

matrix and an electrically conductive filler which

provides a continuous conduction network due to the

percolation mechanism. The most frequently used

conductive fillers are graphite, carbon fibres (CF),

carbon black, metal powders, carbon nanotubes,

graphene, etc. [6–8]. A well-known phenomenon is

the synergic effect on the composites conductivity

related to the use of more than one filler [9, 10]. The

diversity of particles sizes and shapes leads to a

denser packaging of the material and thus promotes

better contacts between the grains and prolonged

non-interrupted conduction paths. Therefore, the

most advantageous formulations usually contain

both the relatively large-sized grains ensuring the

non-interrupted conductivity in their volume and

another finer component which improves the contact
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between them, filling the gaps between grains [7].

Moreover, the use of filler in a nanometric scale may

reduce the tunnelling distance through the polymer

which coats the coarse grains [11]. The shape of the

particles is as important as their size. It has been

shown that the fillers with a higher aspect ratio, such

as carbon nanotubes or graphene, display much

better results than the spherical particles, e.g., carbon

black [10–14]. One of the most interesting fillers used

in CPC are carbon fibres [10, 15–17]. They are char-

acterized by efficient mechanical properties, high

aspect ratio, low density, high chemical resistance

and relatively high electrical conductivity. Taking

into account current green politics trends and eco-

nomic factors, the research into recycled carbon fibres

used as a conductive filler in CPC seems to be the

matter of a particular interest [18]. However, so far,

few works have been focused on investigating the

electrical properties of composites based on high

contents of secondary carbon fibres (sCF). Currently

very intensively, apart from the development of

methods of economical recycling of carbon fibres

from polymer composites, they are also looking for

areas of their reuse with maintaining their maximum

properties. Therefore, their usage as a phase which

improving electrical properties in conductive com-

posites seems to be intentional. The biggest problem

in the reuse of sCF is the deterioration in their

mechanical properties during recycling [19]. In the

case of sCFs used as a conductive filler, their

mechanical properties are not as important as in the

structural applications. Despite some weakening, sCF

seems to offer distinctly better mechanical properties

than the composites with graphite which is one of the

most common conductive fillers [8]. In comparison

with the virgin fibres, the sCF may decrease the O/C

ratio on their surface. In general, the lower concen-

tration of functional groups and the higher content of

graphitic carbons promote the high electrical con-

ductivity of the material due to the presence of non-

defected sp2 carbon bonds [1]. On the other hand,

Raman studies conducted by Jiang and Pickering

show the increase in both the overall carbon per-

centage and the disorder of the structure during the

CF recycling. Such a phenomenon should lead to the

decrease in fibres conductivity [20].

The aim of this study was to assess the suitability

of milled PAN-derived recycled carbon fibres used as

a primary filler in CPC and to investigate the effect of

nanoadditives—multiwalled carbon nanotubes

(MWCNT), graphene nanoplatelets (GN) and

graphitized carbon black (GCB)—on electrical,

mechanical and thermal properties of the composites.

Particular attention has been paid to the latter two

nanoadditives, since they have been much less

investigated as filler to CPC in comparison with

carbon nanotubes or non-modified carbon black.

Experimental

Materials

The low molecular weight epoxy resin (EP) Epidian

601 (viscosity about 700–1100 mPa s) cross-linked

with polyamine (trade name—ET) both supplied by

Ciech-Sarzyna S.A. was used as a matrix of CPC. The

milled polyacrylonitrile-derived secondary carbon

fibres (Fig. 1a) provided by SGL Carbon Poland S.A.

were used as a primary conductive filler. The multi-

walled carbon nanotubes (Fig. 1b), graphene nano-

platelets (Fig. 1c) and graphitized carbon black

(Fig. 1d) were used as secondary conductive fillers.

MWCNT and GN were supplied by Nanostructured

& Amorphous Materials Inc., while the graphitized

carbon black was provided by SGL Carbon Poland

S.A. The physical characteristics of all the applied

fillers are presented in Table 1.

Samples preparation

The composites preparation began with sonication of

nanopowder suspensions in epoxy for 90 min, using

a tip sonicator (Palmer Instruments, model: CP

130 PB). Even though during the process the sus-

pensions were cooled with ice, the compositions

which contained more than 2 wt% of MWCNT or

GCB and over 0.5 wt% of GN revealed the poor heat

dissipation and intensive heating due to a very high

viscosity of suspensions. Therefore, to avoid thermal

degradation of epoxy, the compositions containing

more than the mentioned percentages of nanopow-

ders were mixed mechanically. Next, the suspensions

were mixed with the milled sCF for 15 min. After

that, the curing agent was added to the mixtures at

the 8.33 EP:1.67 ET weight ratio and the mixing

process was repeated. The obtained compositions

were subjected to hot uniaxial pressing at 85 �C and

pressure of 20 MPa for 30 min. The edges of the

samples were sandpapered in order to remove the
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top layer of the composite which might contain a

bigger amount of polymer than the interior material.

Methods

The microstructure of the composites and the mor-

phology of the fillers were studied using Nova Nano

SEM 200 scanning electron microscope. The energy of

electron beam measured from 10 to 18 kV. The sur-

face chemistry of sCF was investigated by means of

X-ray photoelectron spectroscopy (XPS) (Vacuum

Systems Workshop Ltd.). The radiation source was a

200 W X-ray tube with Mg anode, line Ka. The depth

penetration of the radiation equalled 5 nm. The

electron energy analyser was working in FAT mode

with the pass energy of 22 eV. The shift of the bind-

ing energy caused by the surface charging effect was

calibrated by assuming the binding energy of C1s to

be 284 eV. The in-plane electrical conductivity mea-

surement was carried out with AX-18B digital mul-

timetre. In order to minimize disturbances of the

measurement, copper plate electrodes were attached

to the edges of the samples with a constant pressure

applied by tightening the clamping screws. The

mechanical properties of the composites were inves-

tigated by three-point bending test in Zwick 1425

universal testing machine. The load was applied with

a constant feed rate of 2 mm/min. The target

dimensions of the investigated samples were:

h = 3 mm, a = 15 mm and l = 80 mm, and the sup-

port spacing measured 63 mm. The obtained results

were processed using testXpert II software provided

by the manufacturer. The thermogravimetric studies

were conducted using thermal analyser NETZSCH

STA 449 F3 Jupiter�. The measurements were per-

formed in N2 protective atmosphere with the flow

equalling 50 mL min-1 and the heating rate of

10 K min-1.

Results and discussion

Secondary carbon fibres characterization

Morphology

The morphology and the surface of secondary carbon

fibres were investigated using scanning electron

microscope in a magnification range 375–200009. The

selected micrographs of milled sCF are shown in

Fig. 2. The studies showed that majority of the milled

fibres was about 38 ± 23 lm long. Also, a relatively

low number of small particles of crushed fibres

measuring approx. 5 lm was observed. The high-

magnification micrographs proved that, in general,

the fibres had a smooth clean surface with rare and

minor irregularities coming from the carbonized

residues of the polymeric matrix or the polymer

sizing.

Figure 1 SEM micrographs of the applied fillers. a Milled secondary carbon fibres, b multiwalled carbon nanotubes, c graphene

nanoplatelets, d DSX graphitized carbon black.

Table 1 Physical properties of used fillers

Filler type Diameter (lm) Length (lm) Thickness (nm) Specific surface area (m2 g-1) Purity (%)

Milled secondary carbon fibres 7.28 50–230 – 1.86 –

Graphene nanoplatelets 2–10 – 1–3 500–700 98

Multiwalled carbon nanotubes 0.01–0.03 1–2 – 260 95

Graphitized carbon black 0.1–1.0 – – 11.4 99.8
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Surface chemistry

The chemical composition of the surface was exam-

ined using XPS. The testing range was up to 5 nm

deep into the carbon fibres and the percentages of

carbon (C1s), oxygen (O1s), nitrogen (N1s), sulphur

(S2p) and silicone (Si2p) were also taken into account

[20–23]. The results are presented in the high-reso-

lution XPS spectra (Fig. 3) and in Tables 2 and 3. The

deconvolution of C1s spectra showed that on the

surface of the fibres there were mainly the carbons in

sp2 hybridization (48.18%) and the b-carbons (25%)

which stand for carbon atoms attached to carbon

bonded with oxygen. The concentration of the rela-

tively low-reactive hydroxylic groups was about

12.80%. The carbonyl and carboxylic groups were

present 8.78 and 5.24%, respectively. The latter two

groups are largely responsible for chemical reactivity

of the carbon fibres. Generally, the occurrence of

these functional groups is a desirable feature as it

facilitates the strength of fibre–matrix interface and

the chemical compatibility of CF and polymeric

matrices. However, taking into account the discussed

non-structural application of the fibres, this phe-

nomenon does not seem to be so relevant. The O/C

ratio of the investigated fibres equalled 11.01%,

whereas the O/C ratio of virgin fibres was 20%. This

value is comparable to the results obtained by Jiang

and Pickerling, where the O/C ratio for fibres after

recycling was about 15% and before it 25% [20]. The

results indicate that applied recycling process

decreases the concentrations of oxygen in comparison

with virgin carbon fibres. The reduction in the oxy-

gen concentration was probably caused by the sCF

recycling process. The phenomenon of the oxygen

percentage reduction on the surface of sCF is widely

known and is usually related to the solvent or

thermal recycling processes. According to the early

research conducted by Zielke et al., the oxygen

functionalities bonded with the surface of carbon

fibres can be removed in the form of gaseous CO and

CO2 by annealing them in high temperatures in an

inert atmosphere [24]. The lower but still significant

decreases in the surface oxygen concentration are

induced by thermo-oxidative recycling processes.

Moreover, all of the mentioned processes cause the

changes in surface chemistry of sCF and the decrease

in fibre’s mechanical properties, particularly the

reduction in tensile strength and the small decrease

in elastic modulus [18–20].

sCF/EP composites characterization

The SEM images of sCF/EP composites with various

filler loadings are shown in Fig. 4. The samples con-

taining up to 70 wt% of sCF were characterized by

good wetting of the fibres by epoxy resin and the low

porosity. The porosity of composites with over 70%

of filler content started to increase, and the fibres

were not as well wetted as in the case of materials

with a lower sCF percentage. What is important for a

conductive composite, the best contact between the

fibres and the highest packing density was achieved

for the sample containing 70% of filler. Observations

of the microstructure showed that the moulding

process made some of the fibres get oriented per-

pendicularly to the direction of the pressing.

The in-plane electrical conductivity and apparent

density of composites containing from 0 to 90 wt% of

milled secondary carbon fibres are presented in

Fig. 5a. The first recorded measurement of conduc-

tivity value was 1.1 9 10-4 S cm-1 for a specimen

containing 60 wt% of sCF. The applied apparatus did

not provide readings for the samples with the smaller

Figure 2 SEM micrographs

of milled secondary carbon

fibres. Magnifications:

a 91000, b 95000.
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filler contents due to the absence of a non-interrupted

conductive path and too small measuring range of

the applied device. The percolation threshold—de-

fined as a point on the conductivity curve

characterized by the highest growth rate—was

determined on the basis of the experimental results,

fitting the Boltzmann sigmoidal function given by the

following formula [25, 26].

YðxÞ ¼ A2 þ
A1 þ A2

1þ exp ðx� x0Þ=dx½ � ; ð1Þ

where Y(x) is the current conductivity value, A1 and

A2 are minimal and maximal conductivity values, x is

the filler content, x0 is the filler critical concentration

(percolation threshold), and dx is fitting parameter

dependent from the slope of an angle of function

Y(x) in point x = x0. The percolation threshold

Figure 3 XPS high-resolution spectra of sCF. a Deconvoluted C1s peak, b deconvoluted O1s peak, c deconvoluted N1s peak.

Table 2 Elemental composition of the surface of secondary car-

bon fibres

Filler type Atomic ratio (%)

C O N S Si O/C

Secondary carbon fibres 86.23 9.50 3.86 0.41 – 11.01

Table 3 Percentage of carbon groups on the surface of secondary carbon fibres

Bond/group Percentage (%) Peak position (eV) Assigned binding energy (eV) References

Graphitic, aromatics 44.86 284.600 284.3–284.6 [20, 22]

p ? p* transition 3.32 291.417 291.4–291.6 [20]

b-carbons 25.00 285.689 285.1–286.0 [20, 22]

Hydroxylic (C–OH) 12.80 286.864 286.1–286.7 [20, 22]

Carbonyls (C=O, C=N) 8.78 288.071 287.1–288.1 [20, 22]

Carboxylic (COOH, COOC) 5.24 289.579 289.0–289.9 [20, 23]

J Mater Sci (2018) 53:7403–7416 7407



determined by this method was about 54.4 wt% of

sCF. Such a high value probably resulted from sev-

eral factors, e.g., good wetting of the fibres by the

resin, partial orientation of the fibres in one direction

and high resistivity of the polymeric matrix. The

calculated value of the critical concentration of the

filler seems to be consistent with the microscopic

observations (Fig. 4) and with the results obtained by

other researchers for similar composites [10]. The

highest conductivity value for the single filler com-

position was 9.05 S cm-1, and it was recorded for the

sample containing 70% of sCF. Such a result was

positively correlated with the sample high apparent

density which can be treated as a determinant of

extent of physical connection between single fibres in

this particular case. According to the SEM micro-

graph observations, for the compositions with more

than 70% of filler, the higher content of sCF increased

the composites porosity and worsened the contact

between fibres due to the insufficient amount of resin

to successfully bind the filler. This phenomenon is

responsible for the relatively lower values of electri-

cal conductivity and mechanical properties of com-

posites despite very high sCF contents.

The Young’s modulus and flexural strength of the

investigated composites are shown in Fig. 5b. As

expected, addition of the milled secondary carbon

fibres improved the mechanical properties of

Figure 4 SEM images of sCF/EP composites containing 10–80% of milled secondary carbon fibres.

Figure 5 a In-plane electrical conductivity and apparent density of sCF/EP composites, b Young’s modulus and flexural strength of sCF/

EP composites.
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composites up to the point of 70% filler. The best

mechanical properties were observed for the sample

containing 60% sCF, but taking into consideration the

requirements for highly conductive materials (e.g.,

DOI standards for bipolar plates require flexural

strength[ 25 MPa and electrical conductivity[ 100

S cm-1 [27]), the composition with 70% sCF was

selected for further modifications with carbon

nanofillers.

Effect of carbon nanofillers addition
on selected properties of CPC

Multiwalled carbon nanotubes

The multiwalled carbon nanotubes of 0–6 wt% were

incorporated as a secondary filler in order to improve

the electrical conductivity and mechanical properties

of composites. Addition of all investigated

nanopowders was related to reduction in sCF con-

centration so that the total fillers content (sCF and

nanoadditives) remained at 70 wt%. The primary role

of carbon nanotubes was to improve the contact

between single carbon fibres [10]. An additional

beneficial effect of MWCNT incorporation may be the

dispersive strengthening of the matrix, which is a

common phenomenon widely described in the liter-

ature [28, 29]. The well-dispersed MWCNT filling the

gaps between fibres can be observed in Fig. 6b.

The electrical conductivity and apparent density of

hybrid composites with MWCNT are shown in

Fig. 6c. The addition of MWCNT resulted in a sig-

nificant increase in conductivity—up to 20.18 S cm-1

for a composition containing 4 wt% of nanotubes.

More than twofold improvement was achieved as

compared to the reference sample without nanofiller.

This value exceeds the results of in-plane conduc-

tivity obtained for the analogous composites based

on milled CF/EP/MWCNT which were collected by

the N. A. Mohd Radzuan group [10]. The increase in

composites conductivity was related mainly to the

dense packaging of fillers and better contact between

the fibres due to MWCNTs filling in the spaces

between sCF (Fig. 6b). Such a hypothesis seems to be

confirmed by the microstructure observations and

high apparent density of samples. The improved

density as well as the connections between the grains

of conductive fillers made the electric current flow

through the same cross section of composite with

relatively lower losses, which resulted in the

increased conductivity of composites. In case of the

samples with more than 4 wt% of MWCNT content,

the conductivity of composites began to decrease.

The reason for this drop was the increase in porosity

and insufficient bonding of the composite by resin

due to the excessive specific surface area of the

nanofillers. Therefore, the decrease in the resultant

conductivity was directly caused by elongating the

necessary path of the electric current and reducing

the effective cross-sectional area of the porous con-

ductor. The elongation of this pathway may be

explained as the geometrical bending of the current’s

path around the pores which occur along this path

[30]. Furthermore, comparably to the real solid, the

porous materials are characterized by an effective

cross-sectional area reduced by the area of pores

cross section. Such a feature intensifies the electric

current flow through a relatively narrower conductor

and results in a correspondingly higher specific

electrical resistivity of material [30]. The poor bond-

ing and higher porosity of this sample were con-

firmed by its relatively lower apparent density and

worse mechanical properties as compared to the

sample with 4 wt% of MWCNT.

The addition of the MWCNTs had a slight positive

impact on mechanical properties of the examined

composites (Fig. 6d). The statistically significant

improvement in flexural strength was achieved only

for the samples containing 4% of nanotubes

(r = 85.44 MPa). In comparison with composites

without MWCNTs, the observed 33% increase in

strength probably resulted from the dispersive

strengthening of composite and relatively higher

density of the samples. The similar data were also

observed by other researchers [10]. The most crucial

factors to strengthen the epoxy composites are, inter

alia, the interfacial adhesion, dispersion and shape of

a filler and the mechanical properties of a matrix [31].

The low viscosity of a binder and good wettability of

a filler are both crucial factors to achieve good

adhesion between individual phases in the case of

hybrid composites with high loading of fillers. Hav-

ing added nanofillers, the viscosity of a binder

increases significantly, leading to a weaker binding of

the material. Thus, in hybrid composites with high

filler percentages, the final reinforcement is the

combination of the dispersive strengthening due to

the nanoparticle addition and general bonding of the

material, which may be impaired by high viscosity of

a binder.

J Mater Sci (2018) 53:7403–7416 7409



Graphene nanoplatelets

The microstructure of the samples with GN is shown

in Fig. 7a, b. The observations proved homogeneity

of the composites, but it was difficult to identify

individual graphene nanoplatelets due to the brittle

fracture of the matrix. No large GN agglomerates

were found, which may indicate the relatively good

nanofiller dispersion. The role of graphene was sim-

ilar to the other nanopowders, i.e., to improve contact

between the milled sCF.

Graphene, as a material with outstanding electrical

properties and the high aspect ratio, is being

increasingly investigated as a conductive filler in

CPC [32]. Besides the excellent conductivity, the very

high specific surface area of GN (about 500 m2 g-1)

should be taken into consideration in the case of

investigated hybrid composites. Such a high surface

area requires a significant amount of low-viscosity

binder with a suitable surface energy to wet the GN

successfully [33]. The conducted study showed that

the 30 wt% of epoxy resin was insufficient to ade-

quately wet and bind sCF/GN fillers. The density

measurements revealed deterioration of the overall

composite binding, namely the porosity of all the

samples was increasing along with the graphene

content getting bigger. After the initial conductivity

increase connected with the addition of high-con-

ductive substance, the constant decrease in conduc-

tivity was noted, despite the increasing percentage of

GN (Fig. 7c). The solution to this problem may be a

higher content of the binder characterized by lower

viscosity. Another reason for the lack of improve-

ment in electrical properties could be the insufficient

dispersion of GN throughout the epoxy matrix.

As shown in Fig. 7d, the graphene addition also

led to the slight decrease in mechanical properties, as

compared to the reference sample. This behaviour

probably resulted from the two competitive phe-

nomena—dispersive matrix strengthening by GN

Figure 6 a Low-magnification (91000) and b high-magnification

(910000) SEM images of sCF/EP/MWCNT4% hybrid composite.

c Effect of MWCNT addition on the in-plane electrical

conductivity and apparent density of CPC, d effect of MWCNT

addition on the Young’s modulus and flexural strength of CPC.
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and deterioration of overall composite bonding due

to increased viscosity of epoxy resin. Similar prob-

lems were reported by a number of other researchers

[33–35]. The lowest flexural strength of the composite

with 0.5 wt% GN can be explained by alterations in

the preparation process—the nanoadditives were not

sonicated for the composites containing more than 0.5

wt% of GN. The mechanical mixing of EP with gra-

phene could result in a poorer dispersion of

nanoparticles and a lower increase in viscosity of the

binder; therefore, this kind of composites is endowed

with better mechanical properties.

Graphitized carbon black

The SEM images of the composites with GCB are

shown in Fig. 8a, b. All the investigated samples

(from 0 to 40 wt% GCB) revealed homogenous dis-

tribution of a nanofiller; no agglomerates were

observed. The analysis of micrographs of sCF/EP/

GCB with GN or MWCNT composites leads to a

conclusion that carbon black had a positive impact on

wetting the carbon fibres via the binder-GCB mixture.

The enhanced interface on sCF/EP-GCB boundaries

resulted in relatively high apparent densities and

good mechanical properties of the composites with

relatively low percentages of carbon black.

Small amounts of graphitized carbon black had a

positive influence on conductivity of the hybrid CPC

(Fig. 8c). The initial increase in the electrical con-

ductivity resulted mainly from the improved contact

between fillers thanks to the presence of fine GCB.

The highest electrical conductivity for this type of

composites was observed for the sample containing

10% of GCB (12.3 S cm-1), whereas the addition of 20

wt% of GCB significantly decreased the composite

conductivity. This drop was caused by a weaker

material bonding and probably a higher porosity of

the composites with high loading of GCB. The

retarded increase in the apparent density with the

increasing content of GCB, which is much denser

(q * 2.1 g cm-1) than carbon fibres

Figure 7 a Low-magnification (91000) and b high-magnification

(910000) SEM images of sCF/EP/GN2% hybrid composite.

c Effect of GN addition on the in-plane electrical conductivity and

apparent density of CPC, d effect of GN addition on the Young’s

modulus and flexural strength of CPC.
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(q * 1.8 g cm-1), confirms the higher porosity and

the weaker overall bonding of these composites.

Despite the deterioration of the bonding of the

material, higher carbon black loadings (30–40%)

induced a secondary increase in conductivity due to a

large amount of highly conductive phase.

Figure 8d describes how the increasing content of

graphitized carbon black influences the mechanical

properties of CPC. The initial increase in both the

Young’s modulus and flexural strength was related

with dispersive strengthening and improved wetta-

bility of sCF by binder, which allowed the intensified

transfer of stresses to short carbon fibres. Above the

level of 10% GCB content, the decreasing amount of

carbon fibres caused deterioration of mechanical

properties, especially flexural strength, despite the

increasing apparent density of the composites.

Thermal properties of selected composites

The thermogravimetric curves of the neat epoxy resin

and selected composites are shown in Fig. 9. The

influence of carbon additives in composites is

observed by analysing the parameters of thermal

stability on the basis of T1% (1 wt% weight loss) and

T5% (5 wt% weight loss) indicators (Table 4). The

presence of recycled carbon fibres in polymer

increased thermal stability in comparison with pure

epoxy resin—about 54 �C at 1% of weight loss and

about 27 �C of 5 wt% of weight loss. The presence of

nanoadditives in composites only in the case of

MWCNT and GBC has an additional impact on

thermal stability [only at 1 wt% of weight loss (T1%)]

in comparison with composites containing carbon

fibres (EP/70% sCF) about 26 and 29 �C, respectively.
The observed growth of thermal stability and the

lower temperature could be both connected with

good homogenization of MWCNTs and GBCs in the

composites and with a higher thermal stability of

Figure 8 a Low-magnification (91000) and b high-magnification

(95000) SEM images of sCF/EP/GCB10% hybrid composite.

c Effect of addition of GCB on the in-plane electrical conductivity

and apparent density of CPC, d effect of addition of GCB on the

Young’s modulus and flexural strength of CPC.
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these two nanoadditives [36, 37]. The presence of not

properly homogenized GNs in the composite (EP/

66% sCF ? 4% GN) probably has a crucial impact on

thermal stability (their thermal stability at 1 wt% of

weight loss was on the same level as for EP/70% sCF)

(Table 4). The temperatures at 5 wt% of weight loss

(T5%) for EP/70% sCF, EP/66% sCF ? 4% GCB and

EP/66% sCF ? 4% MWCNT are higher than for pure

epoxy resin, yet the differences between the samples

are not observed. Analysing the decomposition tem-

perature of all the composites containing MWCNTs,

GCBs and GNs, a slight decline of thermal stability is

observed, as compared to pure epoxy resin (Table 4).

The highest impact was noted for the composites

containing GNs (EP/66% sCF ? 4% GN), where the

onset of decomposition temperature started at about

20 �C faster than for the other composites. The

increase in thermal conductivity of the composites

could be the main reason which induced the accel-

erated decomposition of polymer [38, 39]. Carbon

nanomaterials increase the heat diffusion which

results in faster degradation of polymer. Another

reason for the decrease in decomposition tempera-

ture for composites modified with GNs may be the

poor homogenization of nanoadditives in the poly-

mer matrix. The presence of the aggregates has a

negative influence on both the mechanical and elec-

trical properties as well as on the thermal stability.

Taking into consideration the potential use of these

composites (bipolar plates for polymer membrane

fuel cells, organic solar cells, conductive adhesives

and paints, pressure and strain sensors, actuators,

biomaterials), their thermal stability is particularly

important at temperatures lower than 300 �C. Thus,
the carbon fibre composites and, in particular, the

nanotube and carbon black hybrid composites affect

the increase in thermal stability and also fulfil the

requirements in this regard.

Conclusions

The conducted study proved the usefulness of the

milled secondary carbon fibres as a primary filler in

conductive hybrid polymer composites. Thanks to

the incorporation of secondary nanofillers, it was

possible to modify the electrical, mechanical and

thermal properties of composites. The MWCNTs

turned out to be the most effective nanoadditive in

terms of improving the electrical properties of hybrid

systems. More than twofold increase in the electrical

conductivity to 20.18 S cm-1 and slight improvement

in mechanical properties (E = 12.19 GPa,

r = 85.44 MPa) were achieved for the composition

with 4% of MWCNT. The addition of graphene

nanoplatelets caused a slight deterioration in the

overall properties of the composites. That was a

result of insufficient bonding of the composite caused

indirectly by the excessive specific surface area of

GNs. In the case of GCB, its small amounts had a

Figure 9 Thermogravimetric curves of epoxy resin and selected

composites.

Table 4 Results of the thermogravimetric studies

Material Indicators of thermal stability (�C) Decomposition temperature (�C) Residue (%)

T1% T5% Onset Peak End 550 �C

Epoxy resin 211 321 348 378 479 10.99

EP/70% sCF 265 348 346 376 459 73.97

EP/66% sCF ? 4% GCB 291 346 342 370 466 73.82

EP/66% sCF ? 4% MWCNT 294 346 340 371 460 72.92

EP/66% sCF ? 4% GN 268 335 326 362 460 70.76

J Mater Sci (2018) 53:7403–7416 7413



positive impact on the electrical and mechanical

properties of the investigated composites. The carbon

black contents higher than 10% were not found to be

more effective. The thermogravimetric studies

showed that the presence of recycled carbon fibre in

the composites and especially the addition of

MWCNTs and GBCs in the hybrid composites

increased the thermal stability, which was estimated

on the basis of the indicator T1% about 26, 39 and 38%,

respectively, in comparison with pure epoxy resin.

These results indicated that the recycled carbon fibres

could be used as fillers to CPC and the addition of a

small amount of carbon nanomaterials allows the

creation of hybrid composites with potential appli-

cations in electromagnetic shielding, sensors, as

conductive adhesive, etc.
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