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ABSTRACT: The viability of carbon nanofiber (CNF) composites in cement matrices as a self-heating mate-
rial is reported in this paper. This functional application would allow the use of CNF cement composites as a
heating element in buildings, or for deicing pavements of civil engineering transport infrastructures, such as
highways or airport runways.

Cement pastes with the addition of different CNF dosages (from 0 to 5% by cement mass) have been pre-
pared. Afterwards, tests were run at different fixed voltages (50, 100 and 150V), and the temperature of the
specimens was registered. Also the possibility of using a casting method like shotcrete, instead of just pouring
the fresh mix into the mild (with no system’s efficiency loss expected) was studied.

Temperatures up to 138 °C were registered during shotcrete-5% CNF cement paste tests (showing ini-
tial 10 °C/min heating rates). However a minimum voltage was required in order to achieve a proper system
functioning.
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RESUMEN: Funcion de calefaccion en pastas de cemento con adicion de nanofibras de carbono. En este articulo
se estudia la viabilidad del uso de matrices cementicias con adicion de nanofibras de carbono (NFC) como
elementos calefactores. Esto permitiria aumentar la temperatura de estancias en edificacion o el deshielo de
pavimentos en obras civiles.

Se han fabricado pastas de cemento con distintas dosificaciones de NFC (0, 1, 2 y 5% respecto masa del
cemento) y sometidas al paso de corriente continua a distintos potenciales fijos (50, 100 y 150 V), mientras se
controlaba la temperatura en distintos puntos. Se ha estudiado la viabilidad de utilizar la proyeccion de la pasta
fresca como método de puesta en obra, sin perjudicar la eficiencia del sistema.

Se consiguieron temperaturas de hasta 138 °C (con velocidades iniciales de 10 °C/min) para pasta proyectada
con 5% NFC. Ademas se ha detectado la necesidad de un potencial minimo para que la densidad de corriente
resultante sea suficiente para producir el efecto esperado.
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1. INTRODUCTION

Concrete’s main application is as a structural
material. Despite cement’s dielectric properties,
which make it a bad electrical conductor, the addi-
tion of conductive admixtures (carbon fibers, nano-
fibers or nanotubes, graphite powder, steel fibers,
etc.) can transform concrete into a good electrical
conductor (1-2). And so, new functional applica-
tions are available, besides just the structural, so
regular concrete becomes a multifunctional con-
ductive concrete (3—4). These functional properties
are related to self-heating (e.g. for deicing or room
heating) (5-15), strain or damage sensing (16-17),
EMI shielding (18-20), or as an anode in the elec-
trochemical chloride extraction technique (21-23)
or cathodic protection (24-25).

The self-heating application is directly related to
the increase of the composite’s thermal and electri-
cal conductivities (8). Just like any electrical resis-
tance, if a constant electrical current is applied to
multifunctional cement composites (which electrical
resistivity has been diminished due to conductive
admixtures) a part of the energy is transformed into
heat; hence the specimen’s temperature increases
due to Joule effect (7). This property would be very
useful if these conductive composites were used as
heating or deicing elements (5-6, 15).

In the late 90’s early studies regarding the thermal
applications of cement pastes and mortars with car-
bon fibers addition can be found, e.g. temperature
sensors (paste acting as a thermistor) or Seebeck
effect. Furthermore the electrical resistivity and spe-
cific heart of these materials were reported. Both
parameters are essential to develop heating elements
or heat accumulators respectively (7-9, 11).

Other researchers focused their investigation,
regarding self-heating concrete, on the optimization
of concrete’s dosages with the addition of carbon
fibers and steel fibers (5-6). This group even built a
road bridge’s deck using conductive concrete with
carbon admixtures, which was later used success-
fully as a deicing device during several snowstorms,
showing a mean power consumption of 452 W/m?
(12). This application removing the ice layer on trans-
port infrastructures (e.g. highways, road bridges or
airport runways) will definitely improve transport
safety, without endanger the structural durability,
as other usual deicing chemicals do. Several deic-
ing methods that are currently being used are based
on chemical agents that are aggressive to concrete
or steel in civil infrastructures (bridges, tunnels,
airports).

Yehia and Tuan (5) reported a comparison be-
tween different traditional deicing methods (either
chemicals or heating devices) and a steel fiber con-
crete used for the same purpose. Amongst the availa-
ble chemical products, sodium chloride (the cheapest
salt used nowadays) can be used in temperatures over

—10 °C, while calcium chloride can be used up to
=25 °C (but it is ten times more expensive). Other
products such as calcium magnesium acetate, urea,
magnesium chloride, formamide or tetrapotassium
pyrophosphate do not improve the former’s effec-
tiveness and their costs are also higher. However, the
main problem associated with chloride salts is steel
rebars corrosion, one of the main concrete’s patholo-
gies and an environmental issue too.

The alternative technique of mechanically re-
moving the ice results obviously in a harder, more
expensive and slower work. Especially compared to
electrical deicing of self-heating materials, which is a
continuous and simple method. Heating techniques
come as an alternative to deicing chemicals. The
first possibility would be infrared lamps, which is a
low cost system but with poor durability and higher
maintenance requirements in structures like bridges
or airports. Electrical heating cable is another alter-
native with durability issues and higher power con-
sumption, but cheaper than infrared solutions. Hot
water or heating gas systems come both at higher
power consumption, besides their problems to be
used in isolated structures, such as road bridges.
Finally, the energy requirements of a conductive
concrete overlay are similar, and the total costs,
considering maintenance and construction, will be
lower than the other heating systems (5).

Over the last decades several reports have been
focused on conductive admixtures in different ma-
trices (1-36). Recently carbon nanotubes (CNT)
and carbon nanofibers (CNF) have shown very
good mechanical, thermal and electrical perfor-
mances (28-33). Carbon materials have a high
thermal conductivity (however not as much as
metals), a low thermal coefficient (lower than met-
als) and they are also very resistant to corrosion
(8). All these properties are desirable in multifunc-
tional cement composites, and carbon materials are
therefore suitable as conductive admixtures. The
new generation of carbon nano-filaments show
excellent mechanical, electrical and thermal prop-
erties, and have been used successfully in polymer
matrices (29-32). These filaments, either CNF or
CNT, could be an alternative or a complement to
traditional carbon fibers. Furthermore, they can be
also the foundation of the next generation of smart
structures and multifunctional high performance
cement composites.

A recent study reported a deicing system, in which
a CNF polymeric composite was used as heating
source and combined with a CNT cement compos-
ite as thermal conductor (15). However, there is a
lack of studies with CNF cement composites acting
simultaneously as heating element and as thermal
conductor. If a conductive concrete overlay was used
in a conventional concrete structure, strain could be
monitored (and implemented in a service life con-
trol system) (34), rooms could be heated, undesired
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electromagnetic waves could be avoided (19, 20),
and electrochemical chloride extraction (ECE) or
cathodic protection could be applied (22, 23). All
these functional applications could be achieved at
once with only one composite.

Another breakthrough in this field would be the
use of shotcrete as casting method for these materi-
als. There are several studies confirming that most
functional applications are not affected by this cast-
ing alternative method, e.g. strain sensing (3) or ECE
anode (23). CNF cement composites could be a real
alternative once the dosage and energy consumption
have been optimized, as they show good durability
and good mechanical performance (3, 28, 33, 35).

This research is the first work on the capacity
of CNF cement pastes as heating element. Cement
paste has been selected as matrix in order to avoid
other elements (aggregates) which can difficult the
phenomenon analysis. Moreover, the possibility of
a shotcrete like casting method is studied (due to the
good results obtained previously in strain sensing
and ECE researches).

2. EXPERIMENTAL PROGRAM AND
MATERIALS

Cement pastes with different CNF additions were
prepared in order to study their heating capacity. The
materials used to prepare the pastes were: Portland
cement type I (EN 197 CEM 1 52.5 R), distilled
water and carbon nanofibers (CNF) stacked-cup
GANF4 type supplied by Grupo Antolin-Irausa,
S.A. (Burgos, Spain), which main properties are
included in Table 1.

In order to guarantee a proper CNF disper-
sion in the mix two different treatments were
applied. First of all CNF were mechanically dis-
persed in the mix water using a high shear laboratory
mixer. Afterwards an ultrasound treatment was
applied using an ultrasound device model Hielschier
UP200S. Finally all the components were mixed
for 5 minutes. After 24 hours all specimens were

TABLE 1. Main properties of carbon

nanofibers GANF4 type
Properties Unit GANF
Fiber diameter (TEM) nm 20-80
Fiber length (SEM) um >30
Bulk density glem’ >1.97
Apparent density g/em’ 0.060
Surface energy mJ/m’ =100
Specific surface area BET (N,) m’/g 150-200
Graphitization degree Yo =70
Electrical resistivity ohm'm 1-107°
Metallic particles content Yo 6-8
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demolded and kept for curing at controlled ambient
room (100% RH and 20 °C) for 28 days until speci-
men’s testing.

CNF dosages were 0, 1, 2 and 5% by cement
mass. In order to achieve the same level of work-
ability in the fresh mix without using plasticizers the
water/cement ratio (w/c) was adjusted previously by
measuring the slump according to standard UNE
83258-05. All dosages showed deviations lower than
10% with respect to the control specimen with no
CNF and a wic ratio of 0.5.

Testing specimens with 0, 1 and 2% CNF were
fabricated pouring the fresh paste in a mold of
internal dimensions 10X 10x 1 cm?. 5% CNF pastes
were casted as shotcrete, method which required
higher amount of water in the paste (w/c=1). In pre-
vious studies these pastes with 5% CNF addition and
w/c=1 were casted by the traditional method (just
pouring into the mold) and showed severe shrinkage
problems that made impossible their testing. Table 2
summarizes all the dosages that were prepared,
including their CNF addition, w/c ratio and casting
method.

Figure 1 includes the main dimensions of the
specimens and the experimental setup. Tests con-
sisted on applying a constant voltage between two
end sides of each specimen (10x 1 cm?), which had
been previously painted with conductive silver paint
(Pelco conductive silver 187, from Ted Pella Inc.,
USA) in order to improve electrical contact between
the primary electrode (stainless steel mesh 0.9 mm
thick) and the composite. Changes in the surface
temperature of the specimens were continuously
registered by RTD temperature sensors type Pt100,
distributed as shown in Figure 1, and connected to
a data logger (model DAS-8000, Desin Instruments,
Barcelona).

A digital Consort EV231 direct current source was
used to fix the testing voltage, while current intensity
was measured with a digital multimeter (Keithley
2002, National Instruments Inc.).

Testing voltages were fixed to 50, 100 and 150V.
All specimens were kept in controlled environment
until testing (20 °C and 100% RH). However, 3 spec-
imens with 5% CNF were kept in laboratory con-
ditions (20 °C and 55% RH, approximately) until
constant weight, repeating the same experimental
tests afterwards.

TABLE 2.  Water/cement ratio (w/c) and casting method
corresponding to each CNF dosage

CNF (% by cement mass) wlc Casting method
0% 0.35 Poured

1% 0.42 Poured

2% 0.50 Poured

5% 1.00 Shot
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FIGURE 1.

The following parameters were analyzed once the
experimental tests were completed:

» Temperature change of the specimen’s surface,
temperature field homogeneity.

» Effect of CNF dosage and the testing voltage in
the mean temperature increment.

*  Maximum heating rates of the mean temperature.

*  Electrical current behavior, i.e. changes during
each test.

*  Power consumption for 10 °C increase in the
center point of the specimen’s upper side, for
different voltages.

3. RESULTS AND DISCUSSION

Pt-100 distribution, as included in Figure 1,
allowed to automatically control the temperature
gradients between points in the upper side of the
specimens. One sensor was located in the center of
the surface, another two were close to each electrical
contact and the fourth one close to the lateral side.
Moreover, this temperature distribution was com-
pared to the images taken with a FLIR E30 thermo-
graphic camera.

A pattern was detected in the temperature’s distri-
bution, as the maximum value was measured in the
center of the specimens. However heating generation

Temperature
and Current
Intensity
Monitoring

Data Logger

(1) Specimen
(2) Silver paint coated end side

(3) Stainless steel mesh

(A) Specimen’s geometry and location of temperature sensors, Pt100. (B) Experimental set up for a self-heating test.

was quite uniform in the specimens, heat losses were
higher in the lateral sides due to the experimental
setup. Moreover, no damage was detected in any
electrode during tests.

Figure 2 shows two termographies taken dur-
ing different tests. The temperature field is quite
homogeneous and therefore the previous discus-
sion using discrete temperature measures may be
extended to all the specimens. The temperature
differences between sensors were small, compared
to the maximum temperatures achieved, hence the
following discussion during this paper will focus on
the mean temperature value (calculated with the 4
sensor’s data).

3.1. Effect of cnf dosage and voltage

First of all, the effect of CNF dosage was con-
sidered. As an example, Figure 3 includes the results
of self-heating tests for every dosage (0, 1, 2 and 5%
CNF by cement mass) at 150V fixed voltage and all
specimens in 100% RH conditions. Each graphic
includes temperature at the center point and current
intensity, versus time.

Three different phases can be distinguished: a
first stage where ambient temperature was mea-
sured; after a few seconds the power source was
connected to the corresponding voltage; and finally
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FIGURE 2. Thermography images obtained during self-heating tests of a 5% CNF cement paste specimen.

the power source was disconnected after a variable
period of time depending on the particular condi-
tions of each test. Temperature monitoring did
not stop until ambient temperature was reached
again. All 4 sensors measures and current inten-
sity were continuously monitored. A first conclusion,
according to Figure 3 is that pastes with higher
amount of CNF reached higher temperatures.
Figure 4 shows the same variables (i.e. current inten-
sity and temperature) for 5% CNF specimens kept
in laboratory conditions (20 °C and 55% RH) until
constant weight. It can be observed that the mois-
ture loss resulted in a higher maximum temperature
in the laboratory conserved specimens with respect
to its 100% RH counterpart (Figure 3D), when
150V were applied.

Figure 5 summarizes the temperature tests results
registered at the center point of the specimens
(Pt100-1 in Figure 1). Three different behaviors can
be observed: first of all, specimens without CNF
addition, in which no temperature increase was
measured; second, all 100% RH specimens with any
CNF dosage showed similar behavior; and finally
5% CNF specimens kept in laboratory conditions
showed much higher heating rate and the maximum
temperature achieved (actually these tests were
stopped for safety concerns, in order to avoid high
temperature system deterioration).

The effect of the voltage was studied repeating
tests at 50, 100 and 150V, for all five dosages. Figure
6 includes the mean temperature increment (using
all four Pt100) for each CNF dosage versus the fixed
voltage during each test. As a general rule, higher
voltages led to higher temperatures, and obviously
to higher current intensity levels.

The range of temperatures reached during this
research (up to 138 °C) is far beyond those reported
in prior work with cement pastes and different
conductive fibers (9), in which the maximum tem-
peratures were 60, 56 and 24 °C for cement pastes
with 0.7vol% steel fibers, 1vol% carbon fibers and
37vol% graphite powder respectively. The 138 °C
of the current research is actually similar to a con-
tinuous carbon fiber mat in organic conglomerate

(11). Other cement materials with 22.5% volumetric
fraction of nickel particles reached 70 °C, but only
needed 20V (36).

Analyzing each series individually, first of all,
control specimens (without CNF) could not increase
their temperature whichever voltage was applied (only
3 °C increase was registered with 150V). Electrical
resistivity was so high that the current intensity was
so low that the current density was not enough to
heat the material due to Joule effect.

On the other hand, whichever voltage was se-
lected the behavior regarding temperature increase of
pastes with 1 or 2% CNF was very similar. Both of
them showed higher temperature increases for higher
voltages applied. But this temperature changes were
almost imperceptible for 50V and very low for 100V
(around 11 °C). However, if 150V were applied these
composites showed temperature increases of +50 °C
and + 60 °C with respect to ambient temperature, for
1% and 2% CNF dosages, respectively. These max-
imum temperature values were reached after 3100
and 2100 seconds, respectively, i.e. heating rate was
faster as CNF dosage was higher. Once this maxi-
mum was surpassed temperature began to decrease
slightly, always 30 °C beyond ambient conditions, and
was capable of maintaining it for more than one hour.

Considering only 5% CNF pastes specimens,
when a 50V voltage was applied, temperature was
increased by 10 °C, for all conservation conditions
(100% RH or laboratory conditions). Temperature
increases of specimens kept in laboratory conditions
were always higher than its 100% RH counterparts.
This difference was small if only 50V was applied, but
increased significantly for 100V (+49 °C vs+33 °C)
and even more for 150V (+96 °C vs+71 °C). It is
worth mentioning that the +96 °C increase corre-
sponds to a mean specimen’s temperature of 119 °C
and a maximum 138 °C value, and then the current
was cut off for safety concerns.

Finally the linear change in temperature func-
tions with respect to the applied voltage was verified
for the 5% CNF specimens, for both 100% RH and
laboratory conservation. According to equation 1
the power consumption is directly proportional to
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FIGURE 3. Temperature and current intensity versus time for 150V self-heating tests of CNF cement paste
specimens kept in 100% RH: (A) 0% CNEF, (B) 1% CNF, (C) 2% CNEF, (D) 5% CNF.
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Temperature measured at the center point of different CNF cement paste specimens.

(*Specimens conserved in laboratory conditions until constant weight).

100

75 1
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Voltage (V)
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FIGURE 6. Temperature increase versus voltage for each different CNF dosage tested.
(*Specimens conserved in laboratory conditions until constant weight).

V2, hence it would be necessary to make voltage
as low as possible. If linear regressions are con-
sidered, 65V will be enough to increase 20 °C the
material’s temperature in a real application, lim-
iting therefore the energy cost. The real break-
through that has been achieved by using 5% CNF

pastes is their lower electrical resistivity, in com-
parison to other dosages and casting methods also
studied (3).

P=VI= [1]
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TABLE 3. Initial heating rate for all CNF dosages for 150V
tests, corresponding to a temperature increase from 20 °C
to 60 °C. (*Specimens conserved in laboratory
conditions until constant weight)

Heating rate Time to increase

CNF dosage (°C/min) +40 °C (min)
0% CNF - -

1% CNF 1.6 25.2

2% CNF 2.8 14.4

5% CNF 6.4 6.3

5% CNF* 10.7 3.7

3.2. Maximum heating rates

In order to study the heating rate, Figure 7
shows Pt100-1 temperature (Figure 1) up to 60 °C
(corresponding to +35 °C and +40 °C tempera-
ture increments) versus time, for all dosages and
150V tests. Obviously control specimens, without
CNF, were almost unable to increase the tempera-
ture, so only about 20 min time have been plotted.
Additionally a linear regression function was calcu-
lated, whose characteristic parameters are sum-
marized in Table 3. Both heating rates and time
necessary to achieve the desire temperature incre-
ment are included. Once again, control specimens
showed negligible heating rates, in contrast to the
10 °C/min heating rate showed by a 5% CNF cement
paste kept at 100% RH (casted as shotcrete). Just
like in the previous analysis CNF content can be
directly related to the heating rate of CNF pastes.
If only 5% CNF pastes are considered, the better
results (faster heating rate) were shown by the labo-
ratory conserved pastes instead of the 100% RH con-
served composites. The values included in Table 3
are equal to or even higher than other examples
found in prior works (9, 36), in which the compos-
ites with higher heating rates were: 1) cement pastes
with 0.7vol% steel fibers, 3.4 °C/min (9); ii) cement
pastes with 1vol% carbon fibers, 4.6 °C/min (9);

i) cement pastes with 37vol% graphite powder,
1.6 °C/min (9); iv) cement pastes with 12vol% nickel
particles, 1.5 °C/min (36).

3.3. Current intensity behavior

The following considers the different electrical
current behavior, as they were introduced in Figures 3
and 4, and their relation to CNF dosages. During
self-heating tests three different behavior patterns
were detected. Figure 8 summarizes all different pos-
sibilities in this regard. The particular testing condi-
tions are gathered in the figure’s legend, but only a
few examples of each behavior are shown.

Behavior type 1, according to Figure 8, was ob-
tained for all control specimens whichever voltage
conditions were selected, as well as 1% and 2% CNF
pastes tested at 50V; in other words, non-conductive
or low conductive composites, tested at low voltages.
When the power source, which controlled the fixed
voltage, was connected, a peak on the intensity was
detected. After this initial peak (around 30 mA), due
to the high resistivity of the material, the current
intensity rapidly decreased and stabilized at 10 mA
approximately. Thus the current density (i.e. intensity
per area unit) was not enough to increase tempera-
ture by Joule effect.

The second behavior, type 2, showed a higher ini-
tial current peak between 40 and 100 mA, which led
to temperature increases around + 12 °C and + 30 °C
respectively. The main difference is the stability of
this test, i.e. both intensity and temperature were
quite stable during tests. Cement pastes with 1% and
2% CNF at 100V, and 5% CNF composites at S0V
(for all conservation conditions) showed this behav-
ior type. Hence type 2 is characteristic of low conduc-
tive pastes at medium voltages and more conductive
pastes at low voltages. Temperature increments were
not very high anyhow.

Finally, behavior type 3 showed initial currents of
100 mA approximately, which progressively increased
up to a maximum 200 or 300 mA value. Temperatures

40
e 0% CNF
& 30 1% CNF
T 2% CNF
g 5% CNF
S 20 / 5% CNF*
S /
S 4
©
g 101 [/
Q.
Y
I~
0 v T T T T T
0 5 10 15 20 25
Time (min)

FIGURE 7.

Initial temperature increase during the first test minutes for each CNF dosage and 150V.

(*Specimens conserved in laboratory conditions until constant weight).
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FIGURE 8.

Current intensity vs time behavior patterns, monitored during self-heating tests.

Three different types have been distinguished.

increased almost +50 °C or +70 °C this time, and
showed similar decreasing rates afterwards. Obviously
temperature curves tend to match their current inten-
sity counterparts, i.e. their increases and decreases,
with some delay due to the material’s thermal inertia.
This behavior was only detected for the 150V tests
with 1% and 2% CNF pastes and for 100 and 150V
with 5% CNF composites kept in 100% RH ambient.

The main differences between each behavior type
can be summarized as follows:

» If pastes’ electrical resistivity was high, the con-
sequent electrical intensity was low and unable
therefore to increase the specimen’s temperature.

* Increasing the applied voltage between elec-
trodes or decreasing composite’s resistivity (with
higher CNF dosage) produced higher current
intensities, and in this way temperature could be
increased. However, energy was initially wasted
to heat the pore interstitial solution in the
matrix. Therefore in the cases in which moder-
ate temperatures were reached (around 50 °C)
both current and temperature remained stable.
If the power source’s voltage or the specimen’s
resistivity were enough to increased tempera-
ture beyond 50 or 60 °C, most of the intersti-
tial water would evaporate, and the electrical
resistivity would therefore be increased, hence
reducing the intensity and temperature.

*  The water content was lower for 5% CNF cement
paste kept in laboratory conditions, and so almost
all the energy could therefore be transformed into
heat in these composites.

To sum up this section, specimen’s water content
is a very important parameter that should be conse-
quently studied in depth in future researches.

3.4. Power consumption analysis
finally a brief study regarding the power con-

sumption differences was made. Figure 9 includes
the energy consumption in kWh that was necessary

to increase 10 °C the initial specimen’s temperature
for every voltage and CNF dosages tested in this
research. Those cases that were unable to heat at
least 10 °C have not been included (0% CNF at all
voltages, and 1 and 2% CNF at 50V). 5% CNF com-
posites kept in laboratory conditions (and casted
as shotcrete) showed very low energy requirements
slightly higher than 60 Wh.

The low energy consumption of these 5% CNF
pastes (after being kept in laboratory conditions)
whichever voltage applied, makes them the most suit-
able cement paste for thermal applications, among
all dosages tested in this study.

Voltages used in this research are especially high
anyhow. A very strict set of safety measures would
be necessary to avoid personal or material damages.
Another future line of work should be designed
to improve composite’s conductivity, hence reduc-
ing the voltage necessary in the system, and con-
sequently the current intensity, which is even more
dangerous.

4. CONCLUSIONS

Cement pastes with different CNF dosages were
fabricated, and three different DC fixed voltages
applied for testing. After all results have been dis-
cussed, the following conclusions can be drawn:

*  Control specimens, without any conductive ad
mixtures, were incapable of transforming elec-
trical energy into heat, as expected. This material is
therefore unsuitable for any application requiring
self-heating properties, due to Joule effect, in order
to act as heating or deicing elements.

* 1% and 2% CNF cement pastes are capable of
obtaining high temperature increases but high
voltages are required (around 150V). Besides
both CNF dosages showed similar behavior in
all tests.

* Cement pastes with 5% CNF addition (by
cement mass), casted as shotcrete, were capable
of highly increasing their temperature when at
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FIGURE Y. Energy consumption versus voltage when the temperature of the center point of each specimen was increased
from 20 °C to 30 °C. (*Specimens conserved in laboratory conditions until constant weight).

least 65V voltages were applied, due to Joule
effect. This fact makes this material suitable for
thermal applications such as heating element in
room conditioning or as a civil infrastructures
deicing method. Heating rates up to 10 °C/min
have been measured, and improvements were
observed for lower moisture contents.
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