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Moisture and frequency dependent conductivity
as an obstacle to determining electrical percolation
thresholds of cementitious nanocomposites made
with carbon nanotubes
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Abstract Impedance spectroscopy was applied to

Portland cement and its carbon nanotubes (CNT)

composites to measure and describe the electrical

conductance phenomena and their dependency on the

moisture. Two series of composites were prepared,

one with multi-walled, and the other with single-

walled CNTs. The percolation concentration was

reached only with the single-walled CNTs between

0.10 and 0.25 wt%; it was therefore possible to

compare a percolative and a non-percolative system.

The kinetic of the drying process was measured in the

range of 24 h and described by a decay model with a

stretched exponential to be correlated with the com-

posite composition. The polarization phenomena

occurring in the materials before and after the moisture

removal were modelled with logistic sigmoid and

explained by the morphology. In particular, the three

found sigmoid were correlated to the polarization

phenomena occurring at well-defined structural levels

of the specimens. Their mathematical definition was

shown to be fundamental for a correct interpretation of

the Cole-plots of the real conductivity. Such phenom-

ena presented a peak of intensity at a well define

frequency but their effects spread across a broad range

of Hertz. Moreover, over the AC frequency of 10 Hz,

the conductive effect of the moisture overlapped the

conductivity increase caused by the percolative net-

work of the CNT. A dry sample is therefore necessary

for accurately evaluating the source of the conductiv-

ity, a distinction which is crucially important for

sensing applications.

Keywords Nanocomposites � Dielectric properties �
Ordinary Portland cement � Carbon nanotubes �
Sensing applications

1 Introduction

For many years, the introduction of electrically

conductive carbon nanofillers, such as carbon nan-

otubes (CNT) or graphene and their derivates have

been of high scientific interest for developing multi-

functional nanocomposites with a wide range of

mechanical, thermal and electrical properties [1, 2].

The characteristic CNT high aspect ratio is
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particularly attractive [3], since it may increase

flexural strength, young’s modulus, toughness, and

fracture energy [4] with very low filler concentration.

With slightly higher nanofiller concentration the

electrical percolation threshold is reached [5] enabling

the creation of multifunctional cement/CNT

nanocomposites which can be used for sensing applied

mechanical loads [6], inducing electrical heating

properties [7], or thermal energy harvesting properties

[8]. Finally, cement/CNT sensors were also found to

be capable of measuring dynamically varying strains

in concrete structures [9]. However, for such applica-

tions it must be considered that the CNTs influence not

only the resistivity of the material itself but also the

conductive mechanism of the composite which is

additionally influenced by moisture. In fact, the CNTs

increase the electrical conductivity of cementitious

composites but also reduce the ionic conductivity [10].

Dielectric cement/CNT composites belong to the

field of the heterogeneous material, whose properties

were well introduced by Asami and colleagues [11]. In

cement/CNT composites the matrix permittivity (e0) is
not negligible, unlike most polymer composites, and

thus requires more sophisticated interpretative models

[12]. Various parameters influence the composite

properties beside the concentration, such as the form

factors of the filler and the size of the particles [13].

Moreover, the temperature has a complex effect on e0,
which decreases from room temperature to 100 �C and

then increases rapidly while the dielectric loss due to

temperature (e00) had an even more complicated trend

[14]. The influence of the applied stress on the

dielectric properties is also fundamental for sensing

application. It was observed that the sensibility of

properties like impedance on the mechanical stress has

a maximum at an optimized filler concentration and is

proportional to its degree of dispersion [15]. These

studies apply electrochemical impedance spec-

troscopy to the piezoelectric properties of cement

composites to observe the correlations between water

content and piezoresistive performances [16]. Specif-

ically, the impedance spectroscopy allows to separate

the contributions of the ionic and electric conductivity

and their dependency on the hydration time, which

also influences the porosity of the cement matrix [17].

Moreover, Dı́az and colleagues used impedance

spectrometry to show the correlation between the

pore diameter and distribution, and filler geometry.

[18] An advanced analysis and modelling of the

conductivity in cementitious composites containing

conductive fillers therefore enables a fast and deep

exploration of the morphology of the bulk. [19] Since

the morphology is strictly connected to the thermal

conductivity but easy to monitor, conductivity

becomes a useful tool to track the preparation of the

material [20]. This is particularly crucial in novel

curing processes like the Ohmic heating which is

noticeably influenced by the filler presence [7, 21].

Often, theoretical models are applied to describe

both nanostructures and macro properties of cemen-

titious composites. Bending behaviour of composites

with carbon fillers was recently interpreted with the

Mori–Tanaka model, to predict the distribution and

geometry of the carbon filler and macro properties like

hardness and modulus [22], while the strain sensing

response of the composites was simulated with a finite

element model [23]. For the elaboration of the

electrical conductivity in composites, simple parallel

and series or the more elaborated cube model, usually

reserved to ceramic fillers, were used [24]. The

isothermal dependence of the conductivity on the

frequency was interpreted by Funke K. and colleagues

using the MIsmatch Generated Relaxation for the

Accommodation and Transport of IONs (MIGRA-

TION) concept, to define the slope in the log–log plot.

[25] This method proved to be inefficient in describing

the composite transition from direct to alternate

regime observed in this work. A more appropriate

model was the interpolation with a simple logistic

sigmoid, applied to the logarithm of the conductivity

as a function of the logarithm of the frequency. The

total curve was the result of the composition of 2 or 3

sigmoid (named a, b, and c in order of crescent

frequency) attributed to the different polarization

effects appearing at various levels of the specimen

structure [26].

log r0ð Þ ¼ log DCð Þ þ
X

i¼a; b; c

D log rð Þi
1� e�Rg;i log fð Þ�log Pf;ið Þð Þ

ð1Þ

where r0 is the real part of the conductivity, f is the

frequency in Hertz, DC is the direct current,

DðlogðriÞÞ is the height of the sigmoid, Rg is the

growth rate of the function, and Pf is the flexural point

that defines the position of the sigmoid on the x-axis.

For f ! 0, r0 is equal to the DC while for f ! 1, r0

becomes:
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log r0ð Þ ¼ log DCð Þ þ
X

i¼a;b;c

DðlogðriÞÞ ¼ log ACð Þ

ð2Þ

where AC is the alternate current. The choice of

logistic sigmoid model was motivated by the obser-

vation of the evolution of r0 plot passing from the ideal

to the real case. An ideal resistor in an ideal circuit

would provide a constant r0, independent on the

frequency, in which the AC would be always equal to

the DC. An ideal resistor in a real circuit would

provide a r0 plot in three sections. A central section in

which r0 is directly proportional to the frequency,

surrounded by two sections of constant conductivity,

caused by the junction at the electrodes. The value at

low frequency would be assumed to be the DC value,

as mentioned in the previous paragraph, while the

value at high frequency would be assumed to be the

AC. Finally, the r0 of a real resistor in a real circuit

would show a smoother transition, which is more

similar to a sigmoid than to a broken line graph

(Fig. 1). Moreover, the electrodes are not the only

interphases present in a real resistor, especially a

composite, which suggested the sum of multiple

sigmoid. This approach allowed us to disaggregate,

quantify and provide a physical description for the

contributions to the r0 graph.

2 Experimental

2.1 Materials and sample preparation

Nanocomposites with 0.01 wt%, 0.10 wt%, 0.25 wt%

and 0.50 wt% were prepared. A CEM I 42.5R from

Schwenk, Germany was used as binder matrix. Single-

walled carbon nanotubes (SWCNT) TUBALLTM from

OCSiAl EUROPE, Luxembourg were used. Multi-

walled carbon nanotubes (MWCNT) ‘‘SMW210’’

were obtained from SWeNT company (Norman, OK,

USA). For all nanocomposites a water to cement ratio

of 0.4 was chosen. Samples preparation is based on

previous studies by the author [7, 8]. Before preparing

the nanocomposites, the CNTs were mixed in deion-

ized water (DI water) via ultrasonication in an iced

bath for 5 min at 70% amplitude using a Bandelin

Sonopuls 3100 instrument with a VS70T Sonotrode

from Bandelin, Germany. To assist the dispersion of

the CNT in the DI water, sodium dodecylbenzenesul-

fonate (SDBS) was used as a surfactant. For all

specimen a CNT:SDBS ratio of 1:1 was chosen. After

pre-dispersing the CNTs via ultrasonication, the

obtained slurries were shear mixed with the cement

at room temperature by using a laboratory shear mixer

IKA 200 P4 with a R 1381 propeller stirrer for 5 min at

300 rpm. For the dielectric characterization, cylinders

(10 mm height 9 20 mm diameter) were casted in

oiled moulds and preserved in plastic bags to prevent

cracking induced by shrinkage. Two days after the

preparation, the samples were demoulded and kept in

sealed plastic bags until testing.

2.2 Characterization

The dielectric properties of the samples were analysed

at an age of 28 days using an impedance spectrometer

Alpha- Analyser from Novocontrol Technologies,

Montabaur, Germany. Dielectric spectra were mea-

sured in a frequency interval of 10-1–107 Hz in air at

room temperature (* 20 �C). Time dependence was

analysed at 60 �C, under N2 in the range of 24 h every

30 min, in the same frequency range. Data analysis

and extrapolation of the function parameters was made

with R-language in RStudio software. The method

used for the sigmoid deconvolution was iterative,

starting from the pristine cement, and then proceeding

in order of increasing filler concentration. Conse-

quently, the process was repeated excluding the

Fig. 1 Schematic representation of the proposed sigmoid model

derived from Eq. (1) showing the three sigmoid. The parameter

Rg, i, which is the mathematical derivative of conductivity in the

point Pf, i, was omitted for the sake of clarity
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incoherent or physically meaningless solutions and

monitoring the Residual Sum of Squares (RRS) to

determine quality of the fitting. The results were

considered acceptable only with RRS\ 0.1. Values

under 0.01 were reached for most of the samples

(Table S.I. 1).

Morphological analysis was carried out by con-

ducting optical microscopy (OM) and scanning elec-

tron microscopy (SEM). OM was used to assess the

macro dispersion states of the different fillers. There-

fore, small pieces of selected samples were impreg-

nated in Epoxy resin and a thin section of 30 lm
thickness was prepared. Light transmission analyses

were carried out by using a Keyence digital micro-

scope VHX-6000. SEM was performed on fractured

surfaces of the nanocomposites by using ESEM,

Quanta 250 FEG, FEI, The Netherlands in high

pressure mode (4–10 kV: spot 2, 5).

3 Results and discussion

3.1 Morphological analysis

Optical microscopy (OM) was used to assess the

macro dispersion states of carbon fillers in the

cementitious matrix (Fig. 2). The images clearly

reveal common morphological features as well as

significant differences in the investigated materials

(Fig. 2a, b). Both types of nanocomposites with

0.50 wt% showed a considerable amount of non-

dispersed CNT agglomerates which were

homogenously distributed throughout the matrix. A

content of 0.50 wt% CNT could be considered rela-

tively high, in particular for studies on mechanical

properties, but still adequate for electrical applications

where a high conductance was desired [27]. The

dispersion states of both fillers might be improved

with longer ultrasonication times, but the reduction of

the agglomerate dimension would be compensated by

the ruptures of CNTs reducing their aspect ratio and

broadening the statistical distribution of their size [28].

Considering the shape of the CNT agglomerates

clear differences could be seen between MWCNT and

SWCNT. The MWCNT agglomerates showed a

typical spherical shape [29, 30] with diameters of up

to 600 lm. For the SWCNT nanocomposites more

agglomerates with rather irregular shapes and larger

sizes were found [31]. This worse macro scaled CNT

dispersion was traced back to a less effective SWCNT

dispersion during the applied ultrasonication process

in aqueous suspension with SDBS compared to the

MWCNTs and indicated a poorer interaction of the

SWCNT with the SDBS.

A study of the fractured surfaces via SEM revealed

more differences between SWNCT and MWCNT in

terms of agglomeration and embedding in the cemen-

titious matrix (Fig. 3). For the MWCNT a densely

felted agglomerate well embedded in the cementitious

matrix was observed (Fig. 3a). Connected pores were

also visible at the surface, especially close to the CNT

clusters. It is well accepted that their volume increases

with filler content [32, 33]. Both the number of pores

and size distribution may increase by the addition of

Fig. 2 Optical micrographs of cementitious nanocomposites with 0.50 wt% MWCNT (a) and 0.50 wt% SWCNT (b). The

agglomerated nanomaterial shows as black
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nanofillers [34]. Moreover, curing conditions effect

pore dimensions [35].

At higher magnification, highly entangled CNTs

were also found (Fig. 3c). In particular, for the

nanocomposites containing SWCNT, the irregular

shaped agglomerates appeared relatively porous and

spread longitudinally (Fig. 3b). Within these agglom-

erates of densely aligned CNTs even clusters longer

than 5 lm were found (Fig. 3d). In general, the

alignments were observed in short range but no

preferential orientation directions were observed in

the overall samples; this allows us to assume that the

measured specimens were prevalently anisotropic.

3.2 Dielectric analysis

Three specimens were prepared for any sample. All

the specimens were stored in air-tight plastic bags at

room temperature and measured after 28 day from

production. Subsequently, one specimen for any

sample was dried in an oven at 60 �C for 24 h and

then measured again. This made it possible to measure

them all on the same day. Another specimen was used

for the time dependency test. Since the usage of the

analyser would have lasted 24 h for each single

sample, only 5 samples out of 9 were measured to

reduce the time gap between the first and the last

measurement. In particular, it was decided to measure

the pristine cementitious matrix and the composites

with the lowest and highest concentration: cement,

cement/MWCNT(0.01 wt%), cement/

MWCNT(0.50 wt%), cement/SWCNT(0.01 wt%),

cement/SWCNT(0.50 wt%). More precise technical

details about the EIS measurements were provided in

Sect. 2.2.

3.2.1 Monitoring of the drying process

The real part of the conductivity (r0) was used to track
the moisture reduction directly in the impedance

spectrometer (Fig. 4). In fact, Wang and colleagues

observed an exponential relationship between

Fig. 3 Scanning electron micrographs of cementitious nanocomposites with 0.50 wt%MWCNT (left) and 0.50 wt% SWCNT (right),

at different levels of magnification: overall morphology (top) and detail of the filler (bottom)
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electrical resistance and water contents in carbon

nanofiber cement mortar. [16] As expected, exposed at

60 �C and in a nitrogen flow, r0 consistently decreased
over time. Close to the end of the measurement no

plateaus were observed, meaning that the process did

not stabilize after 24 h. The trend was clearly neither

linear nor logarithmic, but a satisfying fitting of the

data was found using a decay to base 10 function with

the exponential parameter k expressed as a linear

function of the time:

r0 tð Þ ¼ rt¼010
�kt ð3Þ

k ¼ at þ b ð4Þ

where r0 is the real part of the conductivity, rt¼0 is the

initial conductivity, t is the time, and k is the decay

parameter expressed as a linear function of t, charac-

terized by the parameters a and b. The values

extrapolated from the fitting are given in Table 1.

The higher the module of a, the higher is the deviation

from the ideal decay process. The sign of a determines

if k increases (a[ 0) or decreases (a\0) in time. The

values of b provide a quantitative estimation of the

speed of the initial phase of the conductivity-loss

process, which tend to be more marked at low

frequency and for lower filler content. The trend of a

as a function of the composition was less clear, but it

seems to follow the same pattern of b. In time

resolution, the faster initial loss was compensated by a

faster tendency to the stabilization.

Observing the overall data, it was possible to

conclude that a higher filler concentration resulted in a

lower sensibility of the conductivity to moisture

variations, in particular at low frequency. This already

suggested that the moisture reduction on the one hand

suppressed the ionic conductivity reducing the mobil-

ity of the electrolytes [7] while on the other hand the

stripping out of water reduced the distances between

the CNT and removed the veil of water wrapped

around the fillers and filler agglomerates that pre-

vented direct contact between the conductive particles

as observed by the microscopes [8]. Such progressive

concentration of the electrolytes in moisture was

evidently the reason for the deviation from the ideal

decay case. The level of dispersion of the filler clearly

influenced log rt¼0ð Þ. SWCNTs formed clusters with

higher aspect ratio than MWCNT, which provided a

higher conductivity despite the worse dispersion, a

characteristic observed also with other carbon fillers

[36, 37]. The difference in dispersion of the fillers and

Fig. 4 Time dependency of the conductivity of the pristine

cement and its CNT composites with various contents during

24 h of drying at 60 �C in air. Two frequencies are shown:

1.357 Hz (low frequency) and 1.317 9 106 Hz (high

frequency). The dots show the experimental data, the colour

lines define the concentration of filler while the shape of the dot

or line shows its type
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the morphology of their agglomerates did not show a

significant effect on the trend of the conductivity loss

as a function of time. The morphology of the samples

created an indirect effect because of the formation of a

percolative network, which was only observable in the

sample with 0.50 wt% SWCNT. The presence of a

percolative network was connected to the higher

aspect ratio of the clusters and caused a reduction in

the influence of the water loss on the overall

conductivity.

A higher dispersion of the CNTs in a matrix would

have reduced the percolation concentration for both

composites but not necessarily increased the r0. As a
matter of fact, once the percolation network is formed,

a further increase of the filler dispersion does not

significantly improve the conductivity [38]. The

highest conductivity is usually achieved at a specific

optimized dispersion degree, because when the pri-

mary particles are fully dispersed, they are completely

surrounded by the matrix and the percolative paths are

interrupted [36]. The use of defoamers and especially

conductive dispersants partially prevents this trade off

[39].

3.2.2 Difference between wet and dry states

By observing the conductivity of the samples as a

function of the frequency (Fig. 5) it was possible to

obtain more information on the role of nanofillers and

moisture content with regard to the single phe-

nomenon occurring in the conduction process. The

introduction of the nanofillers did not just raise the

curves (increase the conductivity) but also changed

their shape. Moreover, the loss of humidity caused an

evident change in the proportions. For the MWCNT

composites it was not possible to observe a percolation

threshold. The values suggested the absence of any

percolative network, since the conductivity remained

low at lower frequency ranges. On the contrary,

SWCNT composites showed a possible percolation

threshold between 0.10 and 0.25 wt%. This transition

was particularly evident in the dried composites since

differences in conductivity were observed over several

magnitudes. In fact, within the investigated range of

frequency, only the two sample with the highest

SWCNT loadings were presenting a region in which

the conductivity was almost independent of the

frequency, approaching the value of the DC. All other

samples presented a transition region between AC and

DC, with strong dependency of conductivity on the

frequency. The higher percolation concentration of the

MWCNT composites compared to the SWCNT might

also be caused by the rounder shape of the agglom-

erates. Moreover, SWCNT agglomerates also showed

a certain degree of alignment (Fig. 3) which was

demonstrated in literature to influence the percolation

concentration [40].

The complexity of these curves suggested that it

was not possible to fit them with a single sigmoid like

an ideal solid-state material. The fitting operation of

these plots (Eq. 1) revealed the presence of three

phenomena generating three different sigmoid, these

were named a, b, and c according to the position of

their Pf (Eq. 1) on the frequency axis, proceeding

from the lowest to the highest value. To verify this, the

Pf of the found sigmoid was plotted as a function of the

filler concentration for both SWCNT and MWCNT, in

both dry and wet states (Fig. 6). Not all the sigmoid

were present in all samples but they were clearly

apparent in three sets. The Pf position was not

Table 1 Parameters

extrapolated from the decay

functions used for the fitting

of the time dependency plot

of r

Frequency (Hz) Filler (wt%) a b log rt¼0ð Þ

1.357 9 100 – – - 0.891 5.76 - 7.19

MWCNT 0.01 - 0.511 5.94 - 7.28

MWCNT 0.50 - 0.082 4.29 - 5.84

SWCNT 0.01 - 0.800 5.47 - 7.18

SWCNT 0.50 - 0.161 0.60 - 3.00

1.317 9 106 – – - 0.320 2.35 - 4.61

MWCNT 0.01 - 0.573 2.23 - 4.51

MWCNT 0.50 - 0.476 2.45 - 4.06

SWCNT 0.01 - 0.128 2.06 - 4.25

SWCNT 0.50 - 0.397 1.30 - 2.81
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constant, but a linear proportionality over concentra-

tion was observed.

The b-sigmoid was absent in the pristine cement

suggesting a correlation to a polarization at the

interface between the cement matrix and insulated

CNT. This phenomenon was observed in carbon

nanofiber composites at similar frequencies [35] and

has also been attributed to a dual layer polarization

effect too weak to be detected in the pristine cement

[27]. Interpolations of the pristine cement curves with

Fig. 5 Frequency dependent conductivity obtained from impedance spectroscopy before (top) and after (bottom) drying. On the left

(top and bottom) is shown the pristine cement, in the centre and right its composites

Fig. 6 Dependency of the flexural point frequency of the three sigmoid used in the fitting model on the concentration of CNT. On the

left plot is shown the pristine cement, in centre and right its composites where the trends are highlighted with a linear interpolation line
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three sigmoid were tested but their RRS never showed

an improvement over that obtained with only two

sigmoid, suggesting that apparent bumps in the

intermediate frequency range could be attributed to

the overlap of the other phenomena (see Supporting

information for the interpolation plots). A confirma-

tion of the direct involvement of the carbon fillers was

provided by the composites with 0.25 and 0.50 wt% of

SWCNT. They showed a formed percolative network

(Fig. 4), but the b-sigmoid was still present in the wet

status, indicating a small but significant presence of

insulated particles. The b-sigmoid only disappeared

after drying, when the stripping of water from the

inner volume of the specimen caused a shrinking of the

sample with consequent reduction of the distances

between the filler particles and then a reduction of the

insulated SWCNT [41].

The a-sigmoid was attributed to the polarization

phenomena occurring at the electrodes [42]. They

were absent only in the dry sample with the highest

concentration of SWCNT, where the direct contact

between the electrode and the percolation network was

more probable. In the wet corresponding sample, in

fact, a layer of moisture could separate the exposed

filler from the electrode [8]. The presence of moisture

consistently moved the electrode polarization at

higher frequencies, which can be explained by the

introduction of an interphase layer between the

electrode and the specimen.

The c-sigmoid was attributed to the polarization

phenomena between the cement particles, it was

present in each sample without exception. [43] As

with the a-sigmoid, the c-sigmoid was shifted at

higher frequency in the wet samples, confirming the

presence of water in the volume of the samples, which

was partially stripped out during the drying process.

The position of c-sigmoid was mostly independent of

the filler content, which could indicate that interphases

between CNTs and cement particle were relatively

low in the bulk composite, as also seen in the

microscopic analysis above. Moreover, this observa-

tion proved to be particularly true for the MWCNT

where the surface contact between the filler and the

matrix was significantly lower than in the SWCNT

composite.

The contribution of the three sigmoid to the

conductivity is represented in Fig. 7. Each bar is the

mono-dimensional projection of the r/f plots. The

coloured sections into which each bar is divided

represent the intensity of the change in conductivity

caused by the specific polarization phenomenon.

Mathematically, the length is the height of the sigmoid

(Eq. 1). The reciprocal position of the sections was

consistent: a at the bottom, b in the middle, and c on
the top. The bottom edge of the bars corresponds to the

DC of the sample, while the AC is indicated by the top

edge, as deduced by Eq. (2). All these values were also

reported in Table 2.

In the pristine sample the AC conductivity was not

influenced by the drying process and the polarization

at the electrodes remained of almost the same

intensity. However, the polarization at the bulk cement

interfaces became more intense. One of the causes

could be the reduced ion mobility as a consequence of

the reduction of the aqueous conductive medium in the

cementitious matrix. Another cause was the formation

of micro voids, in addition to the voids already visible

by the microscope, where water has evaporated.

Overall, the main characteristic that distinguished

the composites with CNTs from the pristine cement

was the b-sigmoid, which was related to the polariza-

tion effect at the interface matrix-filler. Only the fully

insulated CNTs and CNT-agglomerates are involved

in this phenomenon while those involved in a

percolative net would quickly be discharged. For this

reason, the b-sigmoid was not growing systematically

in proportion to the CNT concentration. In fact, its

intensity was influenced by the filler dispersion and

which percentage of it was involved in the percolation.

Theoretically, the higher form factor could affect the

b-sigmoid in two opposite directions. On one side, a

higher contact surface would have increased the

polarization intensity, on the other side, it would have

promoted the percolation network. Experimentally, it

was observed that the second effect was dominant,

since the SWCNT composites where the filler had a

higher form factor, presented a b-sigmoid with lower

intensity.

In the presence of CNTs, the c-sigmoid decreased,

which could also be attributed to two effects. One

reason could be the influence of conductive fillers

during the cement matrix preparation, causing the

formation of fewer, bigger cementitious particles, with

smaller interface extension. [44] Another reason could

be the electron traps that conductive fillers exert on the

surrounding matrix. [45] The drying process increased

the c-sigmoid height of the composites as already

observed for the pristine cement.
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Fig. 7 One-dimensional projections of the Cole-plots of the pristine cement and its composites at various filler concentration, before

and after drying, with the contributions of the sigmoid indicated by the colours

Table 2 Data extrapolated from the fitting of r0 as a function of the f with a three sigmoid system

Status Filler Conc. (wt%) DðlogðriÞÞ DC (S/cm) AC (S/cm)

a (log (S/cm)) b (log (S/cm)) c (log (S/cm))

Dry – 0.00 1.79 – 6.72 1.58 9 10-10 5.11 9 10-2

MWCNT 0.01 1.48 1.81 4.15 2.51 9 10-10 6.91 9 10-3

0.10 0.99 1.98 4.16 3.16 9 10-10 4.26 9 10-3

0.25 0.99 1.84 4.62 3.98 9 10-10 1.12 9 10-2

0.50 0.58 0.93 5.52 3.16 9 10-9 1.24 9 10-2

SWCNT 0.01 1.13 3.15 2.37 1.58 9 10-10 7.06 9 10-4

0.10 0.53 1.64 4.14 5.01 9 10-9 1.02 9 10-2

0.25 0.03 – 1.95 3.16 9 10-5 3.02 9 10-3

0.50 – – 0.73 1.00 9 10-3 5.37 9 10-3

Wet – 0.00 1.87 – 3.38 2.51 9 10-7 4.46 9 10-2

MWCNT 0.01 2.44 0.19 1.8 3.16 9 10-7 8.51 9 10-3

0.10 2.08 0.88 1.61 3.98 9 10-7 1.48 9 10-2

0.25 2.2 0.86 1.2 3.98 9 10-7 7.24 9 10-3

0.50 2.41 0.72 0.88 3.98 9 10-7 4.07 9 10-3

SWCNT 0.01 2.71 0.11 1.46 3.16 9 10-7 6.02 9 10-3

0.10 1.50 0.42 1.76 3.98 9 10-6 1.90 9 10-2

0.25 0.47 0.55 1.03 7.94 9 10-5 8.91 9 10-3

0.50 0.18 0.36 0.88 7.94 9 10-4 2.09 9 10-2

The order of magnitude of the contribution of each phenomenon and the current, direct and alternate (Eq. 1 and 2) for each sample is

given
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Compared to the pristine cement, the a-sigmoid

height tended to decrease, moderately in the wet

composites and more drastically after drying. This

behaviour could be explained by the fact that the

humidity veil prevented direct contact between the

electrodes and the filler. Once removed, the charge

accumulated could be more easily be discharged

through the filler. In fact, the conductivity of the

humidity layer was much lower than that of the gold of

the electrode and of the CNTs in the composites,

causing the formation of local capacitors between the

electrode and the fillers, which were carrying a higher

electron density then the matrix around [46]. After

drying, this veil was removed, and the capacitors

mostly disappeared.

The comparison between MWCNT and SWCNT

composites evidenced the pivotal role of the formation

of a percolative network. While the sample with 0.01

and 0.10 wt% filler content showed a similar beha-

viour independently of the CNTs, concentrations over

the SWCNT percolation threshold created a complete

differentiation between the two series of samples. The

main effect of the percolation in the wet samples was a

drastic reduction of the polarisation at the electrodes

and at the matrix particles interface, because the

charges that would have previously accumulated,

could now be dissipated. On the contrary, almost no

effect was observed on the matrix-filler interface,

because of the contribution of residual insulated CNT

particles. After drying, all the described effects

intensified, so much so that the matrix-filler polariza-

tion completely fell under the detection limit. This

behaviour suggests that the water stripped from inside

the volume of the sample caused a shrinking of the

composite and a consequent reduction of the distances

between the filler particles. This also resulted in a

progressive increase of the DC which reached a

maximum of 10-3 S/cm in the sample with 0.50 wt%,

where the only detectable sigmoid was caused by a

residual polarization of the matrix particles.

These results showed that a variation of conduc-

tivity in a sensing device can have different causes: a

variation of the moisture as a consequence of the

atmospheric conditions, a crack in the structure that

interrupts the CNT percolative network, a deteriora-

tion of the surface of the electrodes in the device or the

measurement instrument, and more. These issues will

have different effects on the conductive phenomena

observed with the three sigmoid, some more

predictable, other less. Being able to distinguish the

specific cause of an emerging problem would simplify

and shorten the process of resolving it.

4 Conclusions

Classical OPC and its composites with SWCNT and

MWCNT were prepared and measured with impe-

dance spectroscopy to define the phenomena of

electrical conduction. The measurements were per-

formed before, after, and during a drying process to

examine the effect of the moisture and to quantita-

tively describe the kinetics of the process itself by

observing the change in conductivity. This work

provided the basis for applying these multifunctional

materials for sensing mechanical loads, moisture,

temperature etc. In fact, profiling the conductivity

variation as a function of time and frequency, has

shown them be characteristic of different causes. By

disaggregating and quantifying change in conductiv-

ity, it would be possible to speed up the identification

and resolution of root causes in eventual applications.

It was found that a simple decay model could not

adequately describe the drying process since the initial

decay process slowed down proportionally with the

time. This behaviour was attributed to the fact that in

the beginning the water was mostly removed from the

external surface of the specimen, since the internal

water needed more time to be stripped out. Subse-

quently, the process gradually slowed down. Within

the investigated time, this change could be efficiently

described by a stretched exponential factor. In 24 h

this process did not reach any plateau.

In the pristine cement sample two polarization

phenomena were observed, one at the electrode-

specimen interface and the second at the interfaces

between the cement phases, clearly visible via the

microscope. In the composites, a third polarization

effect appeared at the interface between the filler and

the matrix and disappeared again in the samples with a

fully formed percolated network: dried samples with

0.25 and 0.50 wt% SWCNT.

The insulating effects of humidity veils between the

specimen and the electrodes were easily removed by

drying. In particular, these veils were observable in the

presence of CNTs, since the carbon filler and the gold

electrode had a much higher conductivity than the

humidity layer in between. The electrode polarization
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was the phenomenon most affected by the drying

process, because the water involved was at the surface

of the specimen, where it was more easily removed. In

the bulk specimen instead, the polarisation increased

at the cement phase boundaries, probably due to the

formation of microcavities. The moisture reduction

caused a shift of these two phenomena to a higher

frequency due to the reduction of the mobility of the

electrolytes. No evident effect was observed on the

matrix-filler interface.

The electrical percolation had the effect of decreas-

ing all the polarization phenomena, since the conduc-

tive net could dissipate the accumulated charges. The

removal of the moisture enhanced this effect to the

point that only a small polarization effect at the

cementitious particle–particle interfaces remained. In

fact, the transition between non-percolative and per-

colative systems became more defined after the

conductive effect of the moisture disappeared.

To conclude, the two kinds of binary materials

investigated, percolative and non-percolative, seemed

to be useful for different applications. The percolative

material was more suitable to the detection of

mechanical failures, since the electrical percolation

overlaid the other conductive phenomena. The non-

percolative material seemed more appropriate for

corrosion and chemical alteration detection. This

study was limited to classical OPC, but the obtained

results might be generalised to other classes of

matrices like geopolymers or other alkaline activated

materials, while other kinds of fillers or ternary

composites will require a separate study. Furthermore,

studies of the calibration, detection limits, and

ecological and financial impacts of the sensing device

must be performed for specific applications.
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