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Abstract
Composite materials based on three kinds of commercial thermoplastic polyurethanes (TPUs) and electrically conductive 
expanded graphite (EG) were prepared by melt-mixing. The TPUs differed mainly in hard/soft segment ratio, resulting 
in different polarity and crystallinity. These parameters were exploited to prepare composite materials with different 
percolating path structure, whose characteristics were thoroughly analysed. Test specimens were prepared by compres-
sion moulding and their electrical, thermal and mechanical properties, as dependent on filler content, were analysed. 
The electrical behaviour was correlated to the morphologies. The results showed how EG promoted and modified the 
crystallization, resulting in enhanced hardness but reduced toughness of the material. Moreover, EG segregation was 
observed in the TPU with the highest HS content which already promoted percolating paths at EG concentration below 
2 wt% (1.1 vol%) and showed a resistivity between 105 and 104 Ω cm, while in TPU with low crystallinity the percolation 
was shifted to above 4 wt% EG and the resistivity reached values slightly over 105 Ω cm at 8 and 10 wt% EG. These pecu-
liarities enabled easy management of a broad range of industrial application such as antistatic coatings, mechanically 
reinforced insulators, and electrical conductive connectors using a few pristine materials.

Keywords  Composites · Elastomers · Nanoparticles · Polyurethanes · Expanded graphite · Structure–property relations · 
Conductivity

1  Introduction

Composites materials loaded with conductive carbon-
based filler were studied intensively in the last decades 
especially after the development of graphene [1] and car-
bon nanotubes [2] production. They immediately found 
applications in fields like flame retardants [3], thermal dis-
sipative [4], antistatic [5] and reinforced materials [6] and 
then expanding to various electronic applications [7–9]. 
Highly dispersed graphite-like fillers in versatile polymer 
matrices like thermoplastic polyurethanes (TPUs) enabled 
interesting novel applications like phase-change [10, 11] 
and shape memory [12, 13] materials. Insights into the 

interactions between the filler and the crystalline domains 
of the polymers are determinant for these and similar 
fields of application [14]. The evaluation of the influence 
of added expanded graphite (EG) on the morphological, 
electrical and mechanical properties of TPUs with differ-
ent compositions in soft and hard segment contents (SS 
and HS, respectively) provided important information 
that can promote the comprehension and applicability 
of these systems [15]. As an evidence of this importance, 
it was demonstrated that electric characteristics can be 
tuned by acting on the parameters that influence the crys-
tallinity of the polymer matrix in polylactic acid/graphene 
nanoflakes [16].
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Significant progress were made in reducing the cost 
of high-performance conductive carbon fillers like nano-
tubes, but expanded graphite is still a strong competitor 
in industrial use thanks to its availability [17], very low tox-
icity [18], and the simple, economical processes for pro-
ducing [19] and converting it into the final product [20]. 
EG dispersed in polymer matrices above a certain con-
centration, the so-called percolation concentration (PC) 
increases the electrical conductivity (σ) by many orders 
of magnitude [21]. When applying alternating current 
(ac) to the composite above this threshold composition, 
σ′ and the permittivity (ε) become nearly independent of 
frequency and temperature [22]. The PC is influenced in 
general by the geometry [23, 24] and dimension [25] of 
the filler and by the mixing method [26]. In composites 
prepared by melt-mixing, factors influencing the EG dis-
persion such as the viscosity of the medium [27], the pres-
ence of surfactants [28] and processing parameters [29] 
can shift the PC significantly.

In the present work we prepared three series of TPU/EG 
composites with EG concentration between 0 and 10 wt% 
using three commercial TPUs differing primarily in the HS/
SS ratio and SS-oligomers, polyether or polyester based. 
Elastollan® S60A15 is a TPU with low HS concentration 
which contains a softener and is almost completely amor-
phous. Elastollan® 1185A is a TPU with intermediate HS/
SS ratio close to 1:1 and medium crystallinity which was 
already used in a previous work [27]. Elastollan® C74D50 
contains the highest HS amount and is highly crystalline. 
For the sake of simplification, the TPUs are named in the 
text as S60A15 or lc-TPU, 1185A or mc-TPU, and C74D50 
or hc-TPU, respectively. It must be noted that Elastollan® 
1185A contains polyether diol as SS while the others are 
based on polyester diols. The higher difference in the sur-
face tensions between HS and polyether SS compared to 
that of HS/polyester SS should result in stronger phase 
separation [30]. It was found that the different HS/SD ratios 
in these TPUs influence not only the composition itself 
but also that higher HS concentration provides a more 
pronounced phase separation with consequently higher 
crystallinity in HS domains [30]. In this work, the crystallini-
ties of the three different TPUs and their composites with 

EG have been investigated by DSC, verifying that the filler 
modifies the biphasic structure of TPUs. The dependency 
of the electrical conductivity on EG concentration was 
used to estimate PC values and these results have been 
compared with the previous data determined for mc-TPU. 
To support the interpretation of the electrical measure-
ments, the morphology at the TPU/EG interface has been 
observed by SEM.

The tendency of the amorphous phase composed prev-
alently of SS was found to envelop and insulate the graph-
ite nanoplatelets (GNP). The different influence of EG on 
phase separation and the properties of the three biphasic 
TPU also became evident by TGA, where the presence of 
EG mainly affected the degradation of the SS phase, and 
by measuring the tensile behaviour and hardness and its 
dependence on composition.

2 � Experimental section

2.1 � Materials

Linear thermoplastic polyurethanes of the Elastollan® 
series were obtained from Elastogran (BASF Group) 
(Table 1): low crystalline S60A15 (lc-TPU) containing a sof-
tener, middle crystalline 1185A (mc-TPU), and high crys-
talline C74D50 (hc-TPU). Expanded graphite, SIGRAFLEX® 
Expandat, has been provided from SGL Technologies 
GmbH, SGL Group. Measured properties were: conduc-
tivity σ = 40 S/cm (room temperature, 30 MPa, self-made 
2-electrode powder conductivity tester, coupled with a 
DMM 2000 Electrometer, Keithley Instruments); apparent 
volume ~ 400 cm3/g; specific surface 39.4 m2/g (77.4 K, N2 
atmosphere, Autosorb-1, Quantachrome). The elemen-
tal composition of EG determined by quantitative X-ray 
photoelectron spectroscopy (XPS) using an AXIS ULTRA 
(Kratos Analytical, England) was [O]:[C] = 0.006 and no sp3 
hybridization could be detected. Wide angle X-ray scat-
tering (WAXS) performed with an XRD 3003 T/T (Seifert-
FPM Freiberg/Sa., Germany) provided a typical diffraction 
pattern corresponding well to that of pure graphite (but 
with broadened reflections due to the lower crystal size) 

Table 1   Characteristic data for the used TPU, provided by the producer

TPU S60A15 (lc-TPU) 1185A (mc-TPU) C74D50 (hc-TPU) DIN

Polyol Ester Ether Ester –
Additive Softener – – –
Hardness 63 Shore A 87 Shore A, 36 Shore D 73 Shore D ISO 7619-1
Density (g/cm3) 1.19 1.12 1.25 EN ISO 1183-1-A
Et (MPa) 35 45 45 53504-S2/ISO 37
Stress at 300% strain (MPa) 6.5 10 35 53504-S2/ISO 37
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and some small peaks of unknown substances, possibly 
impurities. Both methods prove the nearly complete gra-
phitic structure of EG.

2.2 � Methods

2.2.1 � Sample preparation

The TPUs and EG were dried at 85 °C under vacuum over-
night before use. Composites were prepared via melt-
mixing using a twin screw DSM 5 ml Micro-Compounder 
(Xplore, Sittard, The Netherlands). To obtain comparable 
shear forces, which strongly influence the filler dispersion 
[29], three different temperatures were applied: 160 °C 
for LC-TPU, 200 °C for mc-TPU and 240 °C for HC-TPU. First 
the polymer was filled in the compounder and then the 
EG was added into the mixer. Four gram of material were 
mixed for 5 min. under different processing conditions. 
The resulting product is a strand circa 1.5–2.5  mm in 
diameter, which was cooled in air on a metallic plate. For 
conductivity analysis, round plates (25 mm in diameter, 
thickness 1.5 mm) were prepared with an electrohydraulic 
bi-column press TYPE PW 40 EH (Paul-Otto Weber GmbH, 
Remshalden, Germany). For that, strands produced via 
melt-mixing were cut to pellets and compression moulded 
at 100 kN in air for 2 min at the same temperature used for 
melt-mixing. After reducing the temperature to circa 80 °C 
within 5 min. The sample was removed from the press and 
rapidly cooled to room temperature by putting it between 
pre-cooled metal plates. For mechanical tests, plates of the 
dimension 42 × 40 × 1 mm3 were compression moulded 
under the same conditions and dog bone shaped speci-
men with an effective gauge dimension of 20 × 2 × 1 mm3 
were cut from it for tensile testing.

2.2.2 � Resistivity determination

Volume resistance measurements were carried out on a 
6175A Electrometer (Keithley Instruments, Solon, Ohio), 
coupled with an 8009 Resistivity Test Fixture with two 
plate electrodes located on both sides of the samples. The 
measurements were repeated on both sides of two speci-
mens. According to ASTM D257-07 this method is suitable 
for resistance values in the range from 107 to 1018 Ω.

2.2.3 � Morphological analysis

Scanning electron microscopy (SEM) was used to analyse 
the microstructure of pure EG and TPU/EG composites by 
an SEM Supra 55VPO (Carl Zeiss NTS GmbH, Oberkochen, 
Germany). Strands and plates were cooled with liquid 
nitrogen, fractured, and then the fractured surface was 

sputtered with Pt to hinder electrostatic charging during 
SEM analysis.

2.2.4 � Thermal analysis

Differential Scanning Calorimetry (DSC) and Thermo-
Gravimetrical Analysis (TGA) were performed on a aliquot 
of 5–10 mg samples using a DSC Q 1000 and a TGA Q5000, 
respectively (both from TA Instruments, New Castle, Dela-
ware). DSC was done in N2 atmosphere: 1st heating from 
room temperature to 250 °C at the scan rate of 10 K/min, 
cooling from 250 to − 20 °C at 10 K/min followed by fast 
cooling at − 80 °C and 2nd heating from − 80 to 250 °C. TGA 
was performed from room temperature (isothermal 5 min) 
to 800 °C with a heating rate of 10 K/min in N2 atmosphere.

2.2.5 � Mechanical tests

Hardness was measured on a Zwick 8195.04 (according to 
DIN EN 868, but stacking five 1 mm thick plates to reach 
5 mm required thickness), repeating the measurements 5 
times per sample in random positions. Tensile tests were 
performed with a Zwick 3150 (Zwick GmbH, Ulm, Ger-
many) with pneumatic clumps (DIN ISO 868) on 6 speci-
mens per measurement whose preparation is described 
in Sect. 2.2.1.

3 � Results and discussion

The primary morphological effect obtained by the use of 
TPUs with different HS/SS composition was on the entity 
and behaviour of the crystalline and amorphous phase, 
which were further influenced by the presence of even 
a small amounts of EG. The different crystallinity of the 
neat TPUs and the effect of 2 wt% EG on it was evaluated 
by DSC (Fig. 1) after melt-processing in the Micro-Com-
pounder. The addition of higher amounts of EG did not 
significantly change the calorimetry scans, which are not 
discussed here. First heating was used to unify the thermal 
history of the samples (DSC data see Table 2).

The cooling run is shown in Fig. 1a. The crystallisation 
temperature strongly depended on the HS content and 
has shifted in the presence of EG to a higher temperature, 
showing the nucleating activity of EG. Observing the crys-
tallization of hc-TPU, the maximum of the peak Tc,m was 
152 °C with an onset temperature of Tc,o of 161 °C, which 
shifted in presence of EG to Tc,m = 177 °C (Tc,o = 183 °C). 
The crystallisation occurred in a shorter range of T, which 
means crystals more homogeneous in dimensions were 
formed, but the degree of crystallisation was not signifi-
cantly changed, since the crystallisation enthalpies were 
similar to hc-TPU and its composites, respectively − 28 J/g 
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and − 26 J/g (Table 2). The mc-TPU exhibited a single peak 
of crystallisation, broader than hc-TPU with Tc of 79 °C and 
Tc,o of 90 °C. In the presence of EG, Tc,o shifted to 132 °C and 
two peaks of crystallization at 104 °C and 70 °C appeared, 
the first attributed to the neat HS phase, the second to the 
mixed HS/SS phase. The EG also increased the degree of 
crystallisation, as shown by the change of ΔHc, from − 9 to 
− 14 J/g. Very low crystallisation was observed for lc-TPU 
and its composites. The enthalpy was ca. − 0.5 J/g for the 
neat TPU and − 1.1 J/g for the composite showing again 
the nucleation effect of graphite, confirmed by the shift to 
higher temperatures of Tc,o, from 82 °C in the neat polymer 
to 93 °C in the composite, while the Tc remained substan-
tially unaltered and corresponds to the mixed phase HS/
SS.

The increased crystallinity with rising HS content was 
also apparent in the melting behaviour during the second 
heating run. Aside from the same chemical structure of the 

HS in all TPUs, the melting temperature was highest for 
the TPU with the highest HS, undoubtedly because of the 
longer HS length, stronger phase separation and better 
packing. The hc-TPU exhibited a broad and soft melting at 
157 °C of the crystallite, which formed over the Tg and dis-
appeared in the composites. The main melting peak was at 
Tm = 221 °C with a shoulder at a lower temperature around 
205 °C. In the composite, the two melting peaks became 
more defined and did not shift significantly, with maxima 
at 208 °C and 223 °C. The multiple melting of TPU was 
attributed in part to the melting–recrystallization–melt-
ing process, and to changes in crystal morphology [31]. 
The mc-TPU exhibited broad melting regions, of which one 
at 70 °C attributed to the mixed phase, which had almost 
disappeared in the composites. Other broad melting peaks 
reach maxima at 154 °C and 165 °C, while the mc-TPU/EG 
composite had only one melting region with Tm = 163 °C. 
The strong reduction of the mixed phase and the presence 

Fig. 1   DSC analysis of neat 
TPUs (dashed lines) and TPU/
EG (2 wt%) composites (solid 
lines): a cooling run; b 2nd 
heating run

Table 2   Thermal characteristics 
of the neat TPUs and their 
composites containing 2 wt% 
EG measured with DSC

Material DSC run Tg [°C] Δcp [J/g K] Tm or Tc [°C] Tc,o [°C] ΔHm or ΔHc [J/g]

lc-TPU (S60A15) 1st heat − 34 0.28 70/143 – 8.6
Cool n.d. – 70 82 − 0.5
2nd heat − 26 0.49 140 – 3.1

lc-TPU/EG 1st heat − 38 0.40 83/149 – 15
Cool n.d. – 78 93 − 1.1
2nd heat − 30 0.47 146 – 3.0

mc-TPU (1185A) 1st heat n.d. – 72/163 – 22
Cool n.d. – 79 90 − 9.0
2nd heat − 30 0.23 73/145/165 – 14

mc-TPU/EG 1st heat − 40 0.24 83/147 – 27
Cool n.d. – 70/104 132 − 14
2nd heat − 34 0.34 163 – 14

hc-TPU (C74D50) 1st heat n.d. – 55/189/198/210 – 34
Cool n.d. – 152 161 − 28
2nd heat − 5 0.36 157/205 s/221 – 26

hc-TPU/EG 1st heat n.d. – 187/197/209/222 – 26
Cool n.d. – 177 183 − 26
2nd heat − 5 0.32 208/223 – 28
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of one single melting peak in the composite, suggested an 
increase of the phase separation promoted by the filler. 
In lc-TPU, both neat and with EG, the higher value of ΔHm 
than ΔHc suggested an interfering effect by the EG in the 
melting process, which became negligible in the mc- and 
hc-TPU.

In the elastomers used, the Tg was not significantly influ-
enced, and moreover the expected effect of an increase 
due to the lower mobility of the chains was not observed. 
Indeed, the Tg of lc-TPU was − 26 °C and shifted to − 30 °C 
in the presence of EG. Similarly, the Tg of mc-TPU moved 
from − 30 °C in the neat polymer to − 34 °C in the com-
posite. However, the Tg of hc-TPU did not variate and its 
composite were − 5 °C. In lc- and hc-TPU composites, ΔCp 
slightly decreased from 0.49 to 0.47 J/gK and from 0.36 
to 0.32  J/gK respectively, compared to the neat poly-
mers, in line with the increase of crystallinity previously 
observed. On the contrary, in the mc-TPU, ΔCp increased 
from 0.23 to 0.34 J/gK, since the enhanced phase separa-
tion resulted on the one hand in better formed crystals in 
the HS-domain, and on the other hand in an increase of 
the amorphous phase composed by SS.

The morphology had a determinant influence on the 
formation of the percolative path and thus on the depend-
ency of resistivity (ρ) on the EG concentration shown in the 
Fig. 2, where the solid lines illustrate the stages in which 
the percolative net is completely absent or formed, and 
the dash line traces the transition between these two 
states. Therefore it was possible that composites contain-
ing the same EG concentration were insulating or con-
ductive. The resistivity ρ of pure polymers differed in the 
range of 1–2 orders of magnitude and decreased slowly 
with the increase in EG content when approaching the 
PC. Between certain EG concentrations, different for any 

TPU, the values of ρ drops, identifying the concentration 
ranges in which the PC occurred. It is possible to observe 
a sharp drop in the case of hc-TPU in-between 1 and 2 
wt% EG and broader ranges in the less crystalline com-
posites. The PC was between 4 and 6 wt% EG for lc-TPU 
composites and about 6 wt% EG for mc-TPU. Above the 
percolation a continuous decrease in ρ was observed; the 
slight increase ρ of lc-TPU at 10 wt% can be attributed to 
the agglomeration of the EG in the soft polymer matrix 
induced by excess of EG. No strong correlation between PC 
and SS type and amount could be established (see Table 1) 
but it was evident that the high crystallinity of hc-TPU 
played an important role in the formation of conductive 
paths. At a lower degree of phase separation less crystal-
linity was detected and higher amounts of EG had to be 
added to form percolating paths. This indicated that in the 
phase separated TPU, EG located preferably within the SS 
domains, and since the volume of this phase was higher 
in TPU with lower HS contents, more filler was needed to 
create percolating paths. Good wetting of EG above the 
percolation by SS may hamper direct contacts between 
the filler particles and thus electron transport, resulting 
in lower conductivity of the percolating paths in SS-reach 
TPUs. If GNP would nucleate the HS crystallisation directly, 
the crystals at the EG surface would form an isolating layer 
hindering direct contact between the conductive fillers 
and so at least hamper the electron transport, but the con-
ductivity of the percolated structures in hc-TPU was higher 
than in the other TPUs.

The SEM provided a clear explanation for the lower 
PC of the hc-TPU. On the surface of the cryo-fractured 
composites a neat parting between the hc-TPU and the 
EG was observed, emerging naked from the matrix, while 
in mc-TPU and especially in lc-TPU the resulting EG flakes 
were still fully embedded within the polymer (Fig. 3). The 
SS tendency to wet the filler was attributed to the lower 
surface tension [32] in competition with the HS, whose 
higher surface tension was weakly compensated by the 
tendency to crystallise on the graphite layers. Overall, 
the EG-flakes were more isolated in the presence of high 
SS content and more EG was necessary to form an elec-
trical percolative path, as observed for the higher PC of 
the lc-TPU and mc-TPU composites. Independently of the 
used TPU, all composites contained big agglomerates in 
the 100 µm dimension, examples shown for fractured 
surfaces of compression moulded plates of mc-TPU 
in Fig. 3d. Thus, the conductive paths were formed by 
finely dispersed GNP interconnecting agglomerates of 
different dimensions. A quantification of the degree of 
agglomeration, which generally depends on the amount 
of filler and processing conditions [29] was impossible 
to conduct due to the heterogeneity of the fractured 
surfaces.

Fig. 2   Electrical resistivity measured at different EG concentrations 
for the three TPU composite series. Solid lines are linear interpola-
tion of the plateaus before and after the PC, dashed lines are a vis-
ual guide
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TGA performed on TPUs and TPU/EG-composites 
reflected not only the HS to SS ratio but also the interac-
tion between the polymer matrix and TPU. In Fig. 4 are 
plotted the thermogravimetric data of the three TPUs and 
their composites containing 10 wt% EG showing their 
degradation behaviour. At intermediate concentrations 
the onset, mid-point and completion temperatures are 
between the two extremes and not influenced by the PC. 
Composites with lower filler content showed an interme-
diate behaviour (not shown). In all the samples two main 
degradation steps were visible. At the temperature range 
of 300–350 °C, the degradation of HS in two secondary 

processes occurred, which merged together in the hc-TPU. 
HS degraded at lower temperature than SS, since they con-
tained a higher amount of thermally unstable urethane 
groups [33]. At the higher temperature the SS degraded 
in a single and well defined process. In the neat polymers, 
the degradation at high temperature was complete and at 
every weight loss it was attributed the SS- or HS- domain; 
it was then possible to estimate the SS/HS weight ratio: ca. 
25/75 for hc-TPU, 47/53 for mc-TPU, and 75/25 for lc-TPU. 
The degradation of HS was not significantly influenced 
by the presence of EG, while the degradation of SS was 
shifted to a lower temperature, especially in lc-TPU con-
taining a softener. This shift could be explained by the fact 
that EG had higher heat transfer ability than the polymer. 
The selective effect of EG on the degradation of SS sug-
gested that EG segregated within the SS domains. This was 
in agreement with the observed percolation phenomena 
of EG in hc-TPU/EG, where less EG was needed for creat-
ing percolation paths due to smaller SS volume fraction 
compared to TPUs with higher SS fractions. To become 
conductive, the EG-containing SS domains must form a 
continuous phase, in which the HS domains are dispersed.

The interaction between the graphitic filler and the 
polymer matrix was also demonstrated by analyses of 
the mechanical behaviour, in particular by tensile tests 
and hardness measurements. The stress–strain curves are 
shown in Fig. 5a–c. For lc-TPU and mc-TPUs the deforma-
tion behaviour was still elastic for both pure polymers and 
composites, even if the percolation concentration was 
reached. The elasticity derives from the elasticity of the 
SS domains which were physically crosslinked by the HS 
domains. Introduction of the stiff EG to the TPU reduced 

Fig. 3   SEM analysis of TPU/EG 
(2 wt%)-composites, cryo-
fracture surfaces of plates: a 
lc-TPU; b mc-TPU; c hc-TPU; d 
mc-TPU in lower magnification

Fig. 4   TGA analysis of pure TPUs (dashed lines) and TPU/EG 
(10 wt%) composites (solid lines)
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the flexibility of the SS, resulting in increased tensile modu-
lus and resistance against deformation. In lc-TPU compos-
ite, at 2 wt% EG stress and strain at break increased, and 
then decreased slightly at 4 wt%, and dropped at 6 wt%, 
while in mc-TPU composites, they constantly decreased 
with increasing filler content, because the filler acted as a 
defect in the matrix. The detrimental filler effect on flex-
ibility became more pronounced as SS fraction in the TPU 
decreased, because of the relatively higher filler concen-
tration in the SS volume fraction. The pure hc-TPU exhib-
ited an elastic elongation up to 12% strain followed by a 
plastic deformation with necking, provoked by shifting of 
HS crystalline domains until break. The introduction of EG 
completely suppresses the ductile deformation by block-
ing the movement of HS domains and thus changing the 
ductile fracture behaviour to a brittle fracture observed 
by the drastic drop of stress at break. While the strain at 
break dropped drastically in the hc-TPU/EG composites, 
since EG already acted as a catastrophic failure site even 
at low loadings, the stress at break decreased gradually, 
because of the reinforcing effect of the filler. The tensile 

moduli Et of the three series of composites was calculated 
by the tangent at the axes origin of the stress–strain curves 
and summarised in Fig. 5d, exhibiting the strong correla-
tion between tensile strength and HS content. The filler, 
despite the soft interlayer forces which allow easy defor-
mation of the multilayer structures, opposed deformation, 
thus increasing the Et of all three TPUs in direct proportion 
to the EG concentration.

Similar to the elongation tests, the hardness measured 
on the TPUs and their composites revealed two distinct 
behaviours. In Fig. 6, the hardness as a dependency of EG 
concentration was plotted with relative standard devia-
tion and linear interpolation. To satisfy the norm DIN EN 
868 was necessary to use two different shores: shore A for 
the lc- and mc-TPU (left Y-axe) and shore D for the hc-TPU 
(right Y-axe). In lc-TPU and mc-TPUs the hardness increased 
linearly with the EG concentration, while the hardness of 
hc-TPU composites was more or less constant in the stud-
ied EG concentration range between 0 and 10 wt%. The 
strongest effect of EG on hardness was observed in the 
softest matrix (lc-TPU), while the effect was lower in the 

Fig. 5   Deformation behaviour of a lc-TPU; b mc-TPU; c hc-TPU and 
d tensile moduli of the three TPU/EG composite series in depend-
ence on EG concentration. Straight lines are linear extrapolations 

(values of hc-TPU/EG (6 wt%) and hc-TPU/EG (8 wt%) are excluded 
from interpolation, R2 = 0.999)
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mc-TPU based composites, which had a higher HS content 
and crystallinity. In hc-TPU the hardness was much higher 
than in the other TPU and dominated by the crystalline 
HS domains. The hardness value of hc-TPU around 70 in 
shore D corresponds into elastomers to 95–100 in shore 
A [34], the addition of EG did not improve it further this 
value. The small decrease in hardness when adding up to 
6 wt% EG and soft increase at higher filler loadings may be 
caused by overlapping effects of the deformability of the 
EG itself, increased phase separation allowing deformation 
of the separated SS domain, and changed crystal structure 
(see DSC, Fig. 1).

Overall, the mechanical analyses showed how combin-
ing EG with TPUs of different HS/SS compositions multiply 
the already broad range of features available from the pol-
yurethanes themselves. By choosing the proper polymer 
matrix it is possible to obtain tough conductive thermo-
plastic materials either for antistatic application like coat-
ing or floors, or insulating flexible materials with improved 
flame retardant properties, for example [35].

4 � Conclusions

Composites based on three TPUs, varying in soft segment 
structure and HS/SS composition and thus exhibiting dif-
ferent crystallinity, were prepared by melt-mixing with con-
ductive EG. The processing temperatures were chosen so 
that similar shear forces were obtained when mixing the 
three different TPUs with EG. Under these conditions, com-
posites prepared form the TPU with the highest HS content 
and, thus, highest crystallinity (hc-TPU) exhibited the lowest 
percolation concentration and higher conductivities above 
the percolation concentration compared to composites 
prepared from SS rich TPUs (lc-TPU and mc-TPU). This was 

due to lower surface tension of SS-domains which wrapped 
and insulate the graphite nano-flakes. A preferred distribu-
tion of the EG inside the SS-domains caused also a stronger 
phase separation and then a higher amount HS crystal-
lites and lower Tg of the SS; specular to what was observed 
with graphite functionalised with polar groups, which form 
hydrogen bonds preferentially with HS [36, 37].

EG improved also the phase separation between the crys-
talline and the amorphous phase and caused the reduction 
of the mixed HS/SS domains phase. This phenomenon was 
also observed with the DSC in particular in the mc-TPU, 
where the ratio HS/SS domains was close to 1/1 estimated by 
TGA. Thermogravimetric analysis also supported the favour-
able interaction of EG with SS and its location inside the SS 
domains, showing the change in the degradation behav-
iour of SS and changes in mechanical behaviour. The hard-
ness of soft TPUs improved due to the presence of EG while 
that of hc-TPU, where the HS crystals determine the overall 
hardness, was nearly unaffected. The ductility of hc-TPU was 
already changed to brittleness at low EG loadings, since the 
EG hampers the movement of HS crystallites during elon-
gation and the EG agglomerates act as catastrophic failure 
sites. In TPUs with higher SS amounts the ductility decreased 
due to the interaction of SS with EG, but the detrimental 
effect of EG got lower as the neat TPU was softer. The low 
interlayer forces between the graphene layers allowed for 
easy filler deformation and thus relatively good ductility of 
the lc-TPU and mc-TPU composites.

Thus, electrically conductive composites with elastomeric 
character can be produced with the same wt% of EG and 
production process, it is then possible to tune ductility, hard-
ness and insulating or conductive behaviour of the compos-
ites only by variation of the HS/SS ratio and composition, 
easily covering a broad range of applications.
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