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Short Communication 
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co-kneader on electrical and rheological properties of multiscale 
composite materials 
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A B S T R A C T   

This paper focuses on the effect of different scales of fillers, from nano to macrometer, on the rheological and 
electrical behaviour of thermoplastic-based composites. Composites based on poly (etherimide) matrix (PEI) with 
multiscale reinforcement are processed by melting in a co-kneader to disperse homogeneously carbon nanotubes 
and glass fibers. We clearly demonstrate the strong link between the liquid-solid transition and the electrical 
conductivity. We show that the specific mechanical energy is a key parameter. Glass fibers allow to increase the 
electrical conductivity of blends based on carbon nanotubes and to obtain a lower decreasing of conductivity at 
the liquid transition which takes place in the same time as rheological and electrical parameters.   

1. Introduction 

Polymer-based composites are materials of choice for many indus-
trial sectors such as automotive, aeronautics, nautical or energy pro-
duction industries. Lightweight, strength and easy processing are the 
main properties that push forward the constantly increasing use of 
composites. If thermoset matrices have been widely used in composites 
for several decades, cutting edge research is engaged in the development 
of the use of new thermoplastic matrices, which are widely seen to be the 
future of composites, since they have competitive advantages over the 
thermoset ones, such as better recyclability, subsequent reshaping and 
weldability. 

However, composite materials have limits, such as their poor elec-
trical conductivity. A way to overcome the composites drawbacks and to 
match the challenges of more demanding specifications is to use nano-
particles as additives in the thermoplastic matrix, in order to confer 
them additional properties. The composites fabricated with these 
nanofilled thermoplastic matrices are called multiscale composite ma-
terials (MCM) or hierarchical composites, as they contain two types of 
reinforcements with very different length scales: the conventional 

reinforcements, usually long fibres, micrometric short fibres or particles; 
and the nanofillers. 

MCM with thermoplastic matrices have been the subject of research 
in the past years. Recent articles [1,2] give a review of the subject. One 
objective of adding nanofillers is to improve the mechanical properties. 
In order to do so, clays [3–9] and carbon nanotubes [10–16] are the most 
commonly used nanofillers, together with graphene [17] and zirconium 
oxide [18]. The combined use of micro and nanofillers usually enhances 
the mechanical properties, the microfillers providing the main me-
chanical reinforcement, while the nanofillers amplifies it, with a syn-
ergetic effect [12,17–19]. In particular, Yang et al. [17] showed that the 
addition of graphene to poly (arylene ether nitrile)/carbon fibres com-
posites considerably enhances the flexion and fracture behaviour of the 
composite; TEM micrographs allow to show a significant improvement 
of the adhesion between the matrix and the carbon fibre with the 
addition of graphene, which leads to better mechanical charge transfer, 
and explains the increase of the mechanical properties. 

Another targeted property of MCM is the electrical conductivity. It 
can be obtained by adding electrically conductive nanofillers, such as 
carbon nanotubes, carbon black or graphene, to conventional 
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composites. In polymer/glass fibres/carbon nanotubes multiscale com-
posite materials [13,16], the comparison of electrical conductivities 
with and without glass fibres demonstrated that the presence of elec-
trically isolating glass fibres does not limit the formation of the CNT 
percolated network. Glass fibres even enhance the electrical properties 
of the material. 

Processing techniques of MCM with thermoplastic matrices are 
mainly determined by the type and size of micrometric reinforcement. In 
the case of long, continuous fibres, film stacking of fibre fabrics with 
films of nanocomposites is the favoured processing method [3,10,11, 
19–23]. Another possibility to carbon nanotubes in carbon reinforced 
composites is to graft them on the carbon fibres, before impregnating 
them with the polymer matrix with conventional processing methods 
[12,24,25]. When micrometric fillers are short fibres or micro particles, 
both micro and nanofillers are usually introduced into the thermoplastic 
matrix by melt compounding [5–8,13–18,26]. Whether to improve 
mechanical or electrical properties, nanofillers should be well dispersed. 
When adding nanofillers to enhance the mechanical reinforcement of 
composites, the existence of agglomerates should be avoided, as it cre-
ates points of stress concentration that embrittle the whole material. 
Conductive nanofillers must form a continuous, percolated network in 
order to obtain an electrically conductive MCM. The quality of the 
nanofillers dispersion strongly depends on the processing dispersion. In 
the case of MCM, the relationship between processing conditions and 
nanofillers dispersion remains to be studied. 

In the present paper, we study poly (ether imide)/glass fibres/carbon 
nanotubes multiscale composite materials. These materials are melt- 
processed in a co-kneader. The specific mechanical energy (SME) of 
the process is varied, by changing the kneader screw speed and feeding 
rate. In order to understand the role of the presence of the glass fibres in 
the dispersion of the carbon nanotubes, poly (ether imide)/carbon 
nanotubes nanocomposites are prepared in the same processing condi-
tions and with the same nanotube content as the MCM. The influence of 
the SME on both the rheological behaviour and the electrical conduc-
tivity is reported. The dispersion of carbon nanotubes is evaluated by 
transmission electron microscopy. Confrontation of rheological, elec-
trical and morphological properties of MCM, and comparison with the 
properties of homologous nanocomposites obtained in the same pro-
cessing conditions, allows to understand the role of glass fibres in the 
formation of the carbon nanotubes network and suggests a strong rela-
tionship between rheology and electrical properties at the liquid-solid 
transition. 

2. Experimental 

2.1. Materials 

The three commercial grades of PEI used in this study are purchased 
from SABIC Innovative Plastic with different concentrations of glass fi-
bers (0 wt%: ULTEM 1000, 20 wt%: ULTEM 2200 and 40 wt%: ULTEM 
2400). These grades have a Tg of 217 �C. The melt volume rates (MVR) 

of these grades, measured at 360 �C/5 kg, are 13cm3/10min, 7cm3/ 
10min and 5cm3/10 min, respectively. A masterbatch with 15 wt% of 
MWCNTs (PEI_15CNT) was purchased from Hyperion catalysis 
(MB8515-02) in pellet form. The carbon nanotubes used in the master-
batch are generated by decomposition of hydrocarbon gases. They are 
produced as agglomerates and exist as curled intertwined entanglements 
[2,3]. Typical diameters range from 10 to 15 nm while lengths are be-
tween 1 and 10 μm [27]. 

2.2. Melt mixing of composite materials 

The concentration of MWCNTs was fixed at 2 wt% for nano-
composites and multiscale composite materials. This concentration was 
chosen because it is just above the percolation threshold of nano-
composites. This threshold has been evaluated by measuring the evo-
lution of the electrical conductivity as a function of MWCNT content and 
is equal to 0,85 wt% for pure nanocomposites and 0,98 wt% for multi-
scale ones.(see supporting data). 

All the composite materials were melt blended in a co-kneader (BUSS 
AG®) having a diameter of 30 mm and L/D ¼ 17. This co-kneader is 
equipped with a discharge extruder which permits to convey the melt 
composite, at the end of the kneader part, to the die. The screw 
configuration is represented in Fig. 1. 

All materials were pre-dried at 140 �C during 6 h before blending. 
Composite materials filled with 20 wt% of glass fibers (ULTEM2200) 
were melt mixed without any modifications. Nanocomposites materials 
with 2 wt% of nanotubes were prepared from PEI ULTEM1000 and 
masterbatch with 15 wt% of MWCNTs. Multiscale composite materials 
were prepared from masterbatch PEI_15CNT, PEI_20 GF and PEI_40 GF. 
The PEI_40 GF is used to balance the glass fiber content to obtain, in the 
multiscale composite materials, 20 wt% of glass fibers. The Table 1 
presents the composition of each composite. 

Composites, nanocomposites and multiscale composites are pre-
pared for a wide range of mixing conditions, depending on kneader 

Fig. 1. Screw configuration used to process the different composite materials.  

Table 1 
Composition of each composite in wt%.  

Composite 
Materials 

PEI ULTEM 
1000 

PEI_20 GF 
ULTEM 2200 

PEI_40 GF 
ULTEM 2400 

PEI_15CNT 
MB8515 

PEI_20 GF  100   
PEI_2CNT 86,7   13,3 
PEI_20 

GF_2CNT  
73,4 13,3 13,3  

Table 2 
Mixing conditions of nanocomposites and multiscale composite materials.  

Feeding rate Q (kg.h� 1) Kneader screw speed Vk (rpm) 

3 100/200/300/400/500 
5 250/300/400/500 
6,5 300/400/500  
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screw speed Vk and feeding rate Q. The temperature barrel is identical 
for the all conditions and fixed at 400-400-390-390-390 �C for the 
kneader part, 390 �C for the discharge extruder and 390 �C for the die. 
The mixing conditions of each kind of composite are listed in Table 2, 
and for each mixing conditions, specific mechanical energy (SME) is 
calculated using the Equation (1), where τ is the torque of the kneader 
(N.m), Vk the screw speed (rpm) and Q the feeding rate (kg.h� 1). To 
calculate the SME, and for the consistency of the units, Vk must be 
expressed in rad.s� 1, and Q in kg.s� 1. 

SME¼
τ: Vk

Q
Eq.1  

2.3. Properties of the composites 

2.3.1. Rheological properties 
Dynamic mechanical properties of the PEI_CNT nanocomposites and 

the PEI_20 GF_CNT MCMs were measured using an Advanced Rheo-
metric Expansion System (ARES) oscillatory rheometer (Rheometric 
Scientific). Plate–plate geometry with a diameter of 10 mm was 
employed. Prior to the experiments, the samples were dried at 140 �C for 

4 h. Solid samples with 10 mm diameter and 2 mm thickness were 
placed between the preheated plates (350 �C) and were allowed to 
equilibrate for 5 min. Spectromechanical experiments were performed 
in the linear viscoelastic domain and in the angular frequency range 
½10� 2 � 102 QUOTE� rad:s� 1, to determine the viscoelastic behaviour of 
the samples at low frequencies. All frequency ramps were performed by 
decreasing frequencies. 

All the measurements were performed under nitrogen atmosphere; a 
fresh sample was used for each spectromechanical experiment. 

2.3.2. Electrical properties 
The electrical conductivity was determined on extrudate rods using a 

voltmeter to measure the resistance of the samples. Two meters of 
extrudate rod were taken off during extrusion. Ten samples of 4 cm 
length were cut at random locations. The extremities were then metal- 
coated with a conductive silver paint to enhance the contact between 
the samples and the voltmeter’s electrodes. The volume conductivity 
using Equation (2) is calculated from measurements of the electrical 
resistance R (Ω), the length of the specimen L (m) and the cross section S 
(m2). 

σ¼ L
S� R

Eq. 2  

2.3.3. Transmission electron microscopy 
The morphology of the PEI_CNT nanocomposites and PEI_20 GF_CNT 

MCMs was observed by transmission electron microscopy. All samples 
were ultramicrotomed with a diamond knife of Diatome on a Leica EM 
UC7 microtome at room temperature to give sections with a nominal 
thickness of 40 nm. The sections were transferred to carbon-coated 150- 
mesh Cu grids. Bright-field images were obtained at 200 kV with a FEI 
TECNAI T20 electron microscope (see Fig. 1). 

2.3.4. Determination of glass fibers length by optical microscopy 
Pellets of composites filled with GF were burned at 550 �C during 5 h 

to remove the polymer matrix. The GF are then dispersed in a solution of 
water and glycerol (50 wt%). One droplet of this solution was dropped 
off on a glass slide to be observed with an optical microscope. Fig. 2 
presents an example of picture obtained. 

The software ImageJ® was used to analyse the pictures and to 
quantify Lw and Ln the weight average and number average fiber length 

Fig. 2. Example of picture used to evaluate the glass fibers length.  

Fig. 3. Evolution of GF length with the specific mechanical energy. Symbols are experimental data and lines are fits by Erreur ! Source du renvoi introuvable.  

A. Salinier et al.                                                                                                                                                                                                                                 



Composites Communications 17 (2020) 154–162

157

respectively, using the Equation (3), where ni is the number of fibers of 
length Li (μm). 

Ln¼

P
niLi

P
ni

P
niL2

iP
niLi

Eq. 3 

Initial glass fibers length (L�w) was evaluated by analysing the as- 
received pellets of PEI_20 GF (ULTEM 2200) and PEI_40 GF (ULTEM 
2400) using the method described above. L�w is determined as 
ð340�14Þ μm for PEI_20 GF, and ð374�24Þμm for PEI_40 GF. 

3. Results and discussion 

3.1. Influence of processing conditions on glass fibers length 

Fibers length in short fibers composites is an important parameter 
which greatly affects the rheological properties as demonstrated by 
previously studies [4,28]. 

As the multiscale composite material studied is prepared by mixing 
of PEI_20 GF and PEI_40 GF, a mixing law writing in Equation (4) was 
used to determine L�w from ϕ20GF and ϕ40GF the weight fractions of 
PEI_20 GF and PEI_40 GF respectively, and L20GF

w and L40GF
w the initial 

glass fibers lengths of PEI_20 GF and PEI_40 GF respectively. 

L�w¼ϕ20GF � L20GF
w þ ϕ40GF � L40GF

w Eq. 4 

Using Erreur ! Source du renvoi introuvable.4, L�w for PEI_20 

GF_2CNT was determined as (349 � 38) μm. 
Several models were developed to describe the evolution of fibers 

length with processing conditions [29,30]. The modified 
Shon-Liu-White model, Equation (5), was chosen here. This model is 
based on L0 the initial weight average fiber length (μm), L∞ the final 
weight average fiber length (μm), K’’ the breaking rate constant 
(kJ:kg� 1) and SMEfibers the specific mechanical energy devoted to the 
fibers (kJ:kg� 1). 

Lw¼ðL0 � L∞Þeð� K}�SMEfibersÞ þ L∞ Eq. 5 

In this study, fibers are introduced as PEI_GF masterbatches in the 
main hopper of the extruder. We will assume that SMEfibers correspond to 
the total SME. 

Evolutions of glass fibers length for PEI_20 GF and PEI_20 GF_2CNT 
are presented in the Fig. 3. 

As can be seen in 3, the GF length strongly decreases during com-
posite processing. For SME higher than 125 kJ:kg� 1, Lw of PEI_20 GF and 
PEI_20 GF_2CNT seems to stabilize around 170 μm and 225 μm 
respectively. 

Experimental data are adjusted using Eq. (5). Model parameters for 
PEI_20 GF and PEI_20 GF_2CNT are listed in the Table 3. 

It can be seen in Figure that the modified Shon-Liu-White model 
gives a good description of the glass fibers length evolution according to 
the SME. The values of breaking rate constant K00 obtained is the same 
order of magnitude as the value found by Ville et al. for a co-kneader 
(0,02) [31] and by Inceoglu et al. for an internal mixer (0,013) [30]. 
It is also one order of magnitude smaller than the K00 value obtained 
when using a twin-screw extruder (0.2) [30]. 

3.2. Influence of processing conditions on the rheological properties of 
composites 

In order to study the influence of processing conditions on the 

Table 3 
Parameters of the modified Shon-Liu-White model for PEI_20 GF and PEI_20 
GF_2CNT.   

L0 (μm)  Lw (μm)  K’’  

PEI_20 GF 340 � 14 163 � 1 0,015 
PEI_20 GF_2CNT 349 � 38 168 � 2 0,018  

Fig. 4. Evolution of the elastic modulus and of the complex viscosity as a function of the angular frequency for A) PEI_2CNT nanocomposites, and B) PEI_20 GF_2CNT 
multi-scale composites for different screw speeds, at a feeding rate of 3  kg h� 1. 
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rheological behaviour of the prepared composites, we measured the 
spectromechanical properties of both nanocomposites (PEI_2NTC) and 
multiscale composites (PEI_20 GF_2NTC), prepared using different 
kneader feeding rates and screw speeds. 

Fig. 4 (A and B) reports the evolution of the storage modulus G’ and 
the complex viscosity jη*j as a function of frequency, for nanocomposites 
(PEI_2NTC) and multiscale composites (PEI_20 GF_2NTC), for one 
feeding rate as an example (Q ¼ 3 kg:h� 1) and various screw speeds. 
These results are typical of the ones obtained for all the feeding rates. 

The rheological behaviour observed for both nanocomposites and 
multiscale composites is typical of filled polymers in the terminal region 
of the polymer matrix. Indeed, fillers induce the appearance of a G’ 
plateau zone and an increase of jη*j at the lower frequencies. This is 
related to the formation of a network of fillers, which dominates the 
rheological behaviour at low frequencies, and prevents the relaxation of 
the polymer chains [32]. 

At the lowest frequencies studied, which correspond to the longest 
experimental times, G0 slightly increases from the plateau behaviour, in 
particular in the case of PEI_20 GF_2CNT multi-scale composites. In 
order to relate this phenomenon to the evolution of the material during 
the experiment, time sweeps were performed at 350 �C. An increase of 
less than 10% was measured for nanocomposites, while it reached 20% 
for multiscale materials. This can explain the slight increase in G’ 
observed at low frequencies. This evolution may be attributed either to 
polymer degradation or to some changes in the state of dispersion of the 
fillers; this point has not been explored in the present work. 

Variations of G’ and jη*j are directly related to the state of dispersion 
of the fillers in the polymer matrix [33–36]. An increase of G’ and jη*j at 
low frequencies, together with the appearance of a G’ plateau, are the 
signature of a more homogeneous fillers’ dispersion state in the poly-
meric matrix. We will thus focus our interest on the variations of G’ and 
jη*j at low frequencies as a function of the processing parameters. 

For both nanocomposites and multiscale composites, the kneader 
screw speed has in impact on the state of dispersion of the fillers in the 
matrix: G’ and jη*j indeed vary at low frequency. 

In the case of nanocomposites (PEI_2NTC), for a 3 kg:h� 1 feeding 
rate, we notice the appearance of a plateau for G’ for all screw speeds. 
The value of G’ for the plateau zone decreases when the screw speed 
increases, as well as jη*j. It thus seems that the state of dispersion is more 
homogeneous for lower screw speeds. Note that for the highest feeding 
rate studied (6; 5 kg:h� 1, results in supporting data 1), the inverse ten-
dency is observed: the CNT dispersion state is more homogeneous for 

higher screw speeds. 
In the case of multiscale composites (PEI_20 GF_2CNT), for a 3 kg:h� 1 

feeding rate, for the lowest screw speeds (100 and 200 rpm), G’ and jη*j

have higher values for higher screw speed values, which can be related 
to a better dispersion state of the fillers. At intermediate feeding rate 
(5 kg:h� 1, results not presented here), no clear tendency could be iden-
tified, while for the highest feeding rate (6;5 kg:h� 1, results not pre-
sented here), the screw speed has no influence on G’ and jη*j. 

In order to quantify the influence of the processing parameters on the 
rheological behaviour of nanocomposite and multiscale composites, the 
evolution of the complex viscosity jη*j as a function of frequency was 
modelled. We chose to use a modified Cross model [37] shown in 
Equation (6) which includes a yield stress term that describes the vis-
cosity increase at low frequencies: this fitting method was already used 
by Charman et al. to model EPDM/EVA/CNT nanocomposites behavior 
[38]. The complex viscosity jη*j depends on σ0 the yield stress, η0 the 
zero shear viscosity, τ the mean relaxation time, and n the power law 
index. 

jη*ðωÞj¼ σ0

ω þ
η0

1þ ðτωÞn Eq. 6 

The value of the yield stress is related to the rheological behaviour at 
low frequencies. For unfilled polymers, with a Newtonian behavior at 
low frequencies (characterization by a viscosity plateau), the yield stress 
value tends to zero. For filled polymers with a solid-like behaviour at 
low frequencies, the yield stress value increases and can be correlated to 
the fillers’ dispersion state [38]. 

The parameters of the modified Cross model (σ0, η0, τ and n) were 
adjusted to the experimental data, using a non-linear regression method 
programed with MatLab®. 

Fig. 5 shows the yield stress values for both nanocomposites 
(PEI_2CNT) and for multi-scale composites (PEI_20 GF_2CNT) as a 
function of the Specific Mechanical Energy (SME). One can remark σ0 
decreases when the SME increases indicating that.dispersion of fillers is 
more homogeneous for low SME values for both materials. Increasing 
the energy provided to the material during processing is unfavorable to 
the formation of homogeneous fillers’ dispersion within the PEI matrix. 
Moreover, an important decrease of σ0 is observed for SME values of 
ð220 � 20 kJ kg� 1) for the two composites. This suggests that the state of 
dispersion of fillers for SME above and below these values is different. 
The similarity between both values also supports the idea that the 
presence of glass fibers does not have influence on the dispersion state of 

Fig. 5. Yield stress σ0 calculated from the Cross model as a function of the Specific Mechanical Energy (SME) (dotted line is a guide for the eyes).  
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carbon nanotubes which would pilot the dispersion state. This result is in 
good agreement with previous conclusions obtained on PEI/carbon 
nanotubes nanocomposites and PEI/glass fibers/carbon nanotubes 
multi-scale composites, processed by twin-screw extrusion [16] where it 
was observed that both materials had very similar electrical percolation 
curves, which means similar dispersion states of conducting carbon 
nanotubes. We will present electrical analysis in the next part. 

In order to visualize the evolution of the CNT network with SME 
increasing, TEM micrographs were realized on samples processed with 
different SMEs. Fig. 6 shows the micrographs obtained for PEI_20 
GF_2CNT multi-scaled composites. Those obtained for nanocomposites, 
presented as supporting data 2, are very similar. 

It can be seen that for SME values lower than around 200 kJ:kg� 1, 
dispersion of CNTs is homogeneous within the PEI matrix. The CNT 
network is spread and continuous, and occupies a large surface on the 
micrograph. It seems to be constituted of interconnected small aggre-
gates, which expects a large number of connections between CNTs, glass 

fibers and polymer chains, and explains large yield stress values. For 
larger SME values, the CNT network is less spread and discontinuous. It 
is constituted of isolated agglomerates, with important zones without 
CNTs. 

The surface of aggregates (that is to say, the surface of non-isolated 
CNTs) appearing on the SEM micrographs were measured using the 
ImageJ software. Table 4 summarizes the results of these measurements. 
It can be seen that the aggregates mean size indeed shows an sharp in-
crease for SMEs larger than 200  kJ kg� 1, thus confirming the qualitative 
observation. 

The yield stress decrease can thus be attributed to the loss of con-
nections between CNTs, glass fibers and polymer chains. 

3.3. Influence of processing conditions on the electrical properties of 
composites 

Conductivity of both PEI_2CNT and PEI_20 GF_2CNT was studied as a 
function of SME. Results are shown on Fig. 7. 

For both materials, a decrease of conductivity is observed, for SME 
values equal to ð215 �20 kJ:kg� 1Þ for both composites. It thus appears 
that low SME values during processing are more favorable to the for-
mation of a conductive CNT network. It should be noted that these 
values are very similar, and comparable to the respective SME values of 
yield stress decrease. This suggests an evident relationship between 
rheological and electrical properties, related to the evolution of fillers’ 
network structure with SME. 

The decrease of electrical conductivity is very sharp in the case of 
PEI_2CNT nanocomposites, with an electrical conductivity of 10� 3 S:

Fig. 6. TEM micrographs of PEI_20 GF_2CNT processed with SMEs of 150; 186; 201 and 300 kJ kg� 1.  

Table 4 
Evolution of the aggregate surface measured on PEI_20 GF_2CNT micrographs 
with SME.  

SME (kJ. 
kg� 1) 

Mean aggregate surface (nm2) Surface standard deviation (nm2) 

150 41 000 21 000 
186 44 000 35 000 
201 70 000 28 000 
300 175 000 72 000  
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m� 1 for SME values lower than 215 kJ:kg� 1 falling down to 10� 7 S:m� 1 

for values above 215 kJ:kg� 1. This result is in good agreement with what 
is observed from TEM micrographs: for low SMEs, the CNT network 
appears widely spread and continuous, with conductive paths allowing 
electrical current circulation; on the contrary, when SME increases, 
discontinuities appear in the CNT network, thus interrupting the 
conductive paths. 

Increasing of SME during processing of polymer/CNT nano-
composites reduces the size of CNT aggregates, as demonstrated by 
Villmow et al. [39] and P€otschke et al. [40] for twin-screw extrusion. As 
concluded by these authors, this decrease in the agglomerate size at the 
micrometric scale suggests a better dispersion of CNTs at the nanometric 
scale. However, the authors show that improving CNT dispersion leads 
to an increase in G’ for low SME values, followed by an important 
decrease for high SMEs [40]. The electrical conductivity values that they 
measure follow the same trend. Degradation of CNTs with increasing 
SME, leading to shorter nanotube length, was evidenced. This degra-
dation reduces the probability of contacts between CNTs, and thus the 
probability for the formation of a percolating network within the poly-
mer matrix. 

Our results are in a good agreement with these conclusions and bring 
an interesting demonstration of the link between rheological and elec-
trical properties for this type of materials. We can therefore make the 
hypothesis that a reduction of the CNT length with increasing SME ex-
plains the evolution of rheological and electrical properties of PEI_CNT 

nanocomposites. We can expect that a critical value of SME (at around 
200 kJ:kg� 1) is necessary to degrade CNTs and reduce their length, thus 
reducing the possibilities of CNT entanglements and contacts, resulting 
in lower electrical conductivity and lower G’. 

As a conclusion, we report on the Fig. 8 the electrical and rheological 
behaviour as a function of SME for the two types of composites. This 
representation accentuates the link between the two properties and the 
expected behaviour (see Fig. 9). 

When comparing the variation of electrical conductivity of 

Fig. 7. Electrical conductivity as a function of the Specific Mechanical Energy (SME).  

Fig. 8. Comparison of rheological and electrical conductivity as a function of the Specific Mechanical Energy (SME) for PEI_2CNT and PEI_20 GF_2CNT.  

Fig. 9. TEM micrographs of multi-scale composites – Left-hand: location left 
empty by a glass fiber torn away during ultramicrotome cutting – Right-hand: 
magnification of the glass fiber surface. 

A. Salinier et al.                                                                                                                                                                                                                                 



Composites Communications 17 (2020) 154–162

161

nanocomposites with SME, to the one of multi-scale composite materials 
(Fig. 8), we first observe that the conductivity of MCM is much higher 
than the one of nanocomposites. As the electrical conductivity of both 
nanocomposites and multi-scale composite materials relies on the exis-
tence of a percolated network of carbon nanotubes, we studied the ar-
chitecture of this network in order to explain the highest conductivity of 
MCM. Fig. 9 presents a TEM micrograph of a sample of PEI_20 GF_2CNT. 
The left-hand image corresponds to a location left empty by a glass fibers 
torn away during sample cutting with the ultramicrotome. The right- 
hand photo is a magnification of the interface between glass fibers and 
PEI. It can be seen that carbon nanotubes accumulate on that interface, 
and orientate perpendicular to the glass fibers surface. We can propose a 
scheme of the preferential location and orientation of carbon nanotubes 
near the glass fibers surface creates new conductive paths, in addition to 
the CNT network already existing in nanocomposites (Fig. 10). 

When increasing the SME applied to MCM samples, a decrease of 
electrical conductivity is observed for a critical value (200 kJ:kg� 1) as in 
the case of nanocomposites (Fig. 7). This decrease is much less pro-
nounced: above 200 kJ:kg� 1, the conductivity is reduced by around one 
order of magnitude with glass fibers, when the reduction is quite 4 or-
ders of magnitude without glass fibers. One can consider that this less 
pronounced decrease is due to a protective role of the glass fibers to-
wards the CNT percolated network. This can be attributed to the pref-
erential location and orientation of carbon nanotubes near the glass 
fibers, which prevents the destruction of CNT agglomerates during the 
extrusion process, and preserves the architecture of the conductive 
paths. 

4. Conclusion 

In this paper, we propose a study of multiscale composite materials 
based on carbon nanotubes and glass fibers dispersed in a polymer 
matrix at the melting state and by using a co-kneader. This paper 
demonstrates clearly the strong link between (i) the SME and the quality 
of the dispersion, (ii) the electrical and rheological behaviour of this 
type of materials and finally (iii) the link with the structure of nanotubes 
within the bulk and particularly around the glass fibers. This paper 
demonstrates the expectations of authors for multiscale composite ma-
terials and brings interesting way to predict electrical properties for 
conductive composites based on thermoplastics and dedicated on 
aeronautical, automotive applications. 
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