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Abstract. Good temperature sensing properties from room temperature up to
100 °C have been obtained, with high density polyethylene/carbon nanotube
composites even for nanotube concentrations slightly above the percolation
threshold in the case that oxidized multi-walled carbon nanotubes have been
used. Due to the low conductivity no Joule heating has to be considered.
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1 Introduction

Carbon nanotube based temperature sensors with electrical readout have been realized
in a great variety of geometries, ranging from very small sensors, based on the tem-
perature dependence of the single nanotube conductivity [1], up to large area sensors,
based on carbon nanotube networks, often embedded into a matrix material. The matrix
material can range from hydrogel [2] to polymers [3], epoxy resins [4, 5] or even
biological cells [6]. The sensing properties depend on the type of carbon nanotubes [7],
their concentration [8] the matrix material [9] and last, but not least, the electrical
contact material and geometry [10]. It should be mentioned that, even for the same type
of nanotube networks, as well positive temperature coefficient (PTC) [11, 12] as
negative temperature coefficient (NTC) [5] behaviour has been observed. Combining
different layers with PTC and NTC effect, zero temperature coefficient (TC) material
can be obtained [13]. Recently, however, it has been shown that nanocomposite
material with near zero TC can also be obtained by a simple one-layer flexible thin film
of poly-(amide-imide) highly loaded with carbon black with applications as high
temperature, flexible electrical heater foil without need for temperature compensation
[14]. Applying high voltages to nanocomposite based temperature sensors with
nanoparticle concentrations far above the electrical percolation threshold, Joule heating
has to be taken into account. This effect can be exploited for the realization of current
limiting devices [15]. On the other hand Joule-heating can modify the contact prop-
erties [16] and hence lead to an instability of the sensing characteristics. Therefore it
can be of interest to realize low-conductance temperature sensors, using for example
polymer/CNT composites with CNT concentrations slightly above percolation
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threshold. It should be mentioned, that in the case of LLDPE/CNT composites also
high electric fields during high temperature cycling can lead to conductivity changes of
the composite sample [17]. Here we report on the realization of high density poly-
ethylene (HDPE)/multi-walled carbon nanotube (MWCNT) based temperature sensors
with low conductance and their sensing properties for relatively high temperatures from
room temperature up to 100 °C. In order to favour a more homogeneous nanotube
distribution, oxidized MWCNTs have been used [18].

2 Experimental

2.1 Sample Preparation

High-density polyethylene (HDPE0390) (Qenos) with an average molecular weight of
Mw ~ 58.886 g/mol and polydispersity of 5.8 was chosen as matrix. Multi-walled
carbon nanotubes (MWNTs) were synthesized by chemical vapor deposition at CSIRO
(Commonwealth Scientific and Industrial Research Organization, Australia) with an
average diameter of 50 nm. Non-functionalized (MWNTSs) and functionalized (OXI
MWNTSs) carbon nanotubes were used. The functionalization treatment consists of
oxidative treatment in a tube furnace at 500 °C for 1 h, in a 95% nitrogen and 5%
oxygen atmosphere.

Nanocomposites with different nanotube concentrations (between 0.5 and 7 wt%)
in the HDPE matrix (named MWNT/HDPE and OXI MWNT/HDPE) were prepared by
melt mixing in a micro-twin screw extruder (Haake MiniLab Rheomex CTWS).
Thanks to a re-circulating channel, this extruder is capable of cycling the melt, ensuring
a good mixing and making good-quality samples from a limited amount of material.
Each nanocomposite was mixed for 10 min, with a screw speed of 50 rpm. Finally
coplanar gold electrodes have been evaporated on the top of the samples. In this work
we report exclusively on the samples with a CNT concentration of 2.5 wt%.

2.2 Structural Sample Characterization

In order to analyse the dispersion of the filler in the polymeric matrix, the samples were
investigated by means of scanning electron microscopy (SEM). A typical SEM images
of the etched fracture surface of the HDPE/CNT composite with 2.5 wt% oxidized
MWCNTs is shown in Fig. 1. The image demonstrates a homogeneous dispersion of
the carbon nanotubes in the sample.

It should also be mentioned that rheological and electrical measurements have
shown that the HDPE/MWCNT nanocomposites with 2.5 wt% carbon nanotube con-
tent are above the percolation threshold, independently of the surface treatment of the
nanotubes [19].
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Fig. 1. Scanning electron microscopy image, showing the morphology of the etched fracture
surface of the HDPE/CNT composite with 2.5 wt% oxidized MWCNTs

2.3 Measurement Setup for the Temperature Dependent
Electrical Characterization

The electrical measurements of the HDPE/MWCNT composites, reported in this paper,
have all been performed in a 2-point contact geometry using a Keithley model “2400”
Source-Measurement-Unit (SMU). For the temperature dependent conductivity mea-
surements, the samples have been subjected to slow temperature cycles in an elec-
tronically regulated oven. The oven temperature has been measured using a thin-film
thermo-element, positioned on top of the composite sample, to be characterized.

In a previous work it has been shown, that these composite type has a percolation
threshold of the electrical conduction and of the rheological properties between 1 and
2.5 wt% addition of CNTs to the polymer matrix [19, 20]. In the case of highly
conducting samples of this kind of composites (CNT concentrations of 5 and 7 wt%)
have been shown to have a variety of interesting applications for low temperature
sensing [21], current limiting [22] and microwave shielding [23].

Here we investigated the temperature sensing properties above room temperature
up to 100 °C of a low CNT concentration composite sample (2.5 wt% of MWCNTs)
with oxidized nanotubes. It has been shown, that the oxidation lowers the conductivity
by some orders of magnitude as compared to the samples with non-oxidized CNTs.
Often it is found that low-conductivity polymer/CNT composites have rather instable
characteristics due to the low number of percolation paths involved in the conduction.
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Fig. 2. Current-voltage characteristics of HDPE/MWCNT composites with 2.5 wt% oxidized
MWCNT’s

3 Results and Discussion

The current-voltage characteristics of the investigated HDPE/CNT composite sample
with 2.5 wt% oxidized MWCNTs (see Fig. 2) is not linear, as shown earlier for the
case of the high conductance samples [5], but after an initial burn-in procedure rather
stable. Typically we found conductivity values of about 1 x 107® S/cm for the samples
with 2.5 wt% of non-oxidized MWCNTSs and values of about 5 x 10~° S/cm for the
samples with 2.5 wt% of oxidized MWCNTs.

Measuring the sample current and temperature (applied voltage: 100 V) during
multiple temperature cycling above room temperature for a sample with non oxidized
and a sample with oxidized multi walled carbon nanotubes with the same concentration
of 2.5 wt% (see Fig. 3), we observed a very unstable characteristics in the case of the
sample with non-oxidized CNTs (Fig. 3a). In particular for this sample during the
cooling period a non-monotonic behaviour, sharp switching and a successively with
increasing cycle number decreasing sensitivity has been found.

For the sample with the oxidized CNTs, however, a rather stable characteristics, as
it can be seen in Fig. 3b, was obtained. Only after the first cycle we see a small
decrease of the conductivity, that remains further on stable. In this latter case, during
the cooling periods a monotonic increase of the conductivity with increasing temper-
ature can be observed.

Because the cooling process, however, was very slow, it can be assumed that the
sample is in thermal equilibrium during cooling and hence sample and thermo-element
temperature coincide. A good reproducibility of the current-temperature traces during
cooling for all the cycles is observed. This confirms that not only the current-voltage
characteristics, but also the sample resistance-temperature characteristic has a good
stability.

The same monitoring has been also performed for smaller voltages. In Fig. 4 the
temperature-conductivity relation of the nanocomposite, as measured during the last
cooling cycle has been plotted for different applied voltages of 100 and 10 V. For
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Fig. 3. Current and temperature monitoring during 4 slow thermal cycles for HDPE/CNT
samples with a non oxidized and b oxidized MWCNTs with a concentration of 2.5 wt%

comparison, the conductivities have been normalized to their value at 30 °C. We see a
very smooth characteristics for the 100 V curve and a much more noisy characteristics
with slightly different behaviour for the curve, taken at 10 V. This has been most
probably to be attributed to interface problems either between nanotubes and the
metallization or to noisy intertube connections. As it is also seen in the inset of Fig. 4
the characteristics, measured at 100 and 10 V, can be nicely fitted by 3rd order
polynomial fits. The sensitivity of the sample is higher than the one previously reported
for highly conductive epoxy/CNT [5].
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Fig. 4. Comparison of the temperature dependence of the conductance (normalized to the value
at 30 °C) of a HDPE/MWCNT composite sensor, measured during the last cooling cycle with
different applied voltages (10 and 100 V) and 3rd order polynomial fits of the characteristics
(Insets)

4 Conclusions

It has been shown that stable temperature sensors for the temperature range up to 100 °C
can be realized with low-conductance high density polyethylene/carbon nanotube
composites, realized with oxidized multi-walled carbon nanotubes with a
filler-concentration of 2.5 wt% and evaporated gold contacts, whereas composites with
the same filler-concentration of non-oxidized carbon nanotubes a higher conductivity
could be achieved but no stable temperature sensing was possible.
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