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Abstract

A CFA cement from Lafarge prepared at 20°C, 100% relative humidity, and with water-to-cement weight ratio (W/C) = 0.4, has been
tested electrically between 10 Hz—1 MHz and 1 MHz—1 GHz. The samples have been measured at 20°C and 50% relative humidity from 8 h
up to 150 h after mixing the water with the cement. For the first frequency range, the results presented here focus on the effect of the chemical
nature of the electrode on the electrical response of the cement. Different electrode materials, namely, silver, gold or an indium—gallium mix,
have been investigated. Silver leads to a major contribution of the cement—electrode interface to the global electrical response. This effect is
less pronounced with gold and indium—gallium. Concerning the higher frequency range, measurements between 1 MHz and 1 GHz enable
the evolution of the interface between cement and water during hydration to follow. An analysis of electrical data, namely, the permittivity
and the conductivity, has been carried out using a procedure based on a continuous distribution of time constants. The corresponding
relaxation frequencies are presented and related to the state of water inside the cement material. A comparison of the electrical behaviour
between a cement and a silico -aluminous ceramic, in which water is not as reactive as in a cement, is also discussed. © 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Electrical measurements as a function of frequency is
an experimental approach which is used to characterize
the response of ceramic materials such as ionic conduc-
tors [1], capacitors [2], semiconductors [3] or cements
[4-20]. One of the methods reported in the literature is
based on impedance spectroscopy, usually in the Hz-—
MHz range. For a typical ceramic, which consists of
grains separated by grain boundaries, coated with electro-
des, this technique permits assessment of the various
contributions to the global electrical response of the tested
material [21]. More recently, high frequency measure-
ments (1 MHz-1 GHz) have been successfully carried
out to characterize the solid—liquid interfaces in concen-
trated ceramic suspensions [22]. In this case, it is possible
to follow how the adsorption of molecules such as
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ligands or dispersants operates at the scale of the powder
surface. The dielectric behaviour of hardened cementitious
materials after 1 year immersion in a saturated lime
solution has also been examined by high frequency
measurements [7,8,12,16].

In this paper, we discuss the electrical behaviour in the
10 Hz—1 GHz range of aluminous cement samples at the
early age. We wish to show how it is possible to identify
either the electrical response of interfaces between cement
and electrodes or the dielectric signal of water, which
reacts with the cement. For comparison, we also present
the electrical response of a porous silico-aluminous
material, which does not react chemically with water
as a cement does, and in which pores have been filled
with water.

2. Experimental procedure

In order to cover from 10 Hz to 1 GHz, two different
apparatus have been used. In the 10 Hz—2 MHz frequency
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range, measurements are carried out with an impedance
analyser (apparatus: SOLARTRON 1260 from SCHLUM-
BERGER). It involves applying a sinusoidal voltage, V(?),
to the sample, previously coated with electrodes, and
recording the flowing current, /(f), which has a phase
difference with respect to the voltage. V(f) and I(f) are
related by Ohm’s law as in Eq. (1):

V(e) =1()Z" () (1)

where Z*(w) is the frequency dependant complex impe-
dance. From Z*(w), it is possible to deduce the admittance
Y*(w), since:

A p— )

W) =——.
*(w)

The complex dielectric permittivity, e*(w), of the specimen
under test is given by:

r'w)

W

=" (WK = oK (e'y — ie"R) (3)

where K is a geometrical factor; ¢ is the permittivity of
vacuum; and €'g, €”g, the real and imaginary parts of the
relative permittivity, respectively. The real part of the
conductivity, o/, is calculated as follows:

Y/
o' = I(;)) =egoejw. (4)

Y'(w) corresponds to the real part of the admittance. The
plots presented in this paper are €' and o’ as a function of
frequency.

For measurements between 1 MHz and 1 GHz, the
technique is different from the vector—voltage—current
ratio. It consists of measuring the reflection coefficient of
an electromagnetic wave sent on the tested sample (appara-
tus: 4291 A from HEWLETT-PACKARD). It should be
noted that this technique does not imply electrode coverage
of the sample under test. It only requires that the specimen
presents mirror like faces. The apparatus applies a mea-
surement frequency test signal to the sample, which is
terminated at the test port and detects the vector—voltage
ratio of the reflected wave, Vs, to the incident wave, Vi,.
From this ratio, the complex reflection coefficient, I'*(w),
is defined as in Eq. (5):

Vre' R
(W) = L= +,T,. (5)
IM*(w) is related to Z*(w) by Eq. (6):
ey, 1T (W)
Z"(w) =Zo T—T"(w) (6)

where Zg is the characteristic impedance of the coaxial line
(50 Q). Knowing the impedance of the sample, it is possible
to deduce €'r and o’ from Eqs. (2)—(4).

The validity of the two measurement techniques has been
checked with two dense ceramic materials, namely, 98%

dense alumina (AL23 from DEGUSSA) and 98% dense
titanium oxide (TT 603200 from GOODFELLOW). The
tested samples are under the form of disks (diameter: 20
mm; thickness: 5 mm for measurements between 10 Hz and
2 MHz, and 2.5 mm for measurements between 1 MHz and
1 GHz). Prior to electrical characterization, the disks are
polished down to 1 um with alumina powder in order to
obtain mirror like surfaces. For low frequency measure-
ments, the two opposite flat faces of the disk are coated with
silver paste. The values for €'z deduced from electrical
characterization are constant between 10 Hz and 1 GHz for
both samples and equal to 8.5 and 85 for alumina and
titanium oxide, respectively. These figures are in accordance
with literature data [23] and are truly representative of the
specimen under test. No stray effects due to the electrodes,
for instance, at low frequencies, or coming from multiple
reflections of the electromagnetic waves at high frequencies
[22] perturb the measurements.

Concerning the aluminous cement, it is a CFA product
from Lafarge. It is mixed with distilled water, with a
water-to-cement weight ratio, W/C, equal to 0.4. After
mixing the adequate amounts of cement and water for 1
min with a blender, the paste is simultaneously vibrated
and de-aerated under very low pressure (10~ atm) for 2
min. This duration is sufficiently low and the quantity of
paste large enough so that no significant water evaporation
occurs during this air removal step. The fresh paste is cast
in cylindrical moulds, which have mirror like faces. The
diameter of the mould is 20 mm. The samples are left to
cure at 20°C for #, = 8 h and in 100% relative humidity.
The height of the obtained cylinder is at least equal to 6
mm for measurements between 10 Hz and 2 MHz and
ranges from 2.5 to 3 mm for measurements between 1
MHz and | GHz. The electrical tests are carried out at
20°C, 50% relative humidity and different times, ¢.
Though these experimental conditions can induce a moist-
ure gradient in the specimen, it should not dramatically
affect the electrical response. In fact, free water relaxes at
20 GHz [16] and this relaxation should only slightly affect
the electrical signal around 1 GHz. The times reported on
the various figures refer to the total time, #, + #; after
mixing. Prior to characterization at low frequencies, the
cement cylinders are coated with either silver electrodes, or
gold (deposited by sputtering) or a eutectic mix of 25 wt.%
indium—75 wt.% gallium [24]. Gold and indium-—gallium
mix have been chosen because they are used as electrode
materials in microelectronics and are known to give better
electrical contacts than silver electrodes [25].

A silico-aluminate ceramic which has 31 vol% of
porosity has also been characterized in the high frequency
range. The experiment we wish to conduct with this sample,
which does not react with water as cement does, is to partly
fill up the pores with controlled amounts of water and
measure the corresponding dielectric response at high fre-
quencies. The sample is a disk with the following dimen-
sions: thickness 2 mm and diameter 20 mm.
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3. Results and discussion

Fig. 1 shows the variations of €' (Fig. 1a) and o’ (Fig.
1b) as a function of frequency in the 10 Hz—2 MHz range
for the aluminous cement where ¢, + ¢t; = 150 h. The fol-
lowing comments can be made: (i) the variations of €'y and
o’ are clearly dependent on the chemical nature of the
electrode; (ii) for Au and In—Ga coated surfaces, ¢’ remains
fairly constant up to 10 kHz and starts raising afterwards. In
the case of the Ag coated material, o’ always increases (Fig.
1b); (iii) €'r decreases regularly with frequency (Fig. 1a);
(iv) the value of €'y especially at the lowest frequency end is
very high compared to what has been recorded on systems
such as wetted rocks. For instance, in basalt, whose porosity
is partly filled with physically adsorbed water, the remainder
being filled with air, e'r measured at 10 Hz has values which
increase between 6.9 and 8.8 when the water content goes
from 0 to 0.15 wt.% [26]. Another illustration is given by
sandstone [27]. When the number of water layers adsorbed
in the porosity goes from 0 to 4, which corresponds to
approximately 1-nm thick, €'g at 105 kHz raises from 6 to
28 and remains fairly constant up to the saturation of pores
(i.e. 30 adsorbed layers).

In order to understand the general shape of the curves on
Fig. 1, one possible approach is to schematically represent
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Fig. 1. Variations of €'z (a) and o’ (b) as a function of frequency in the 10
Hz-2 MHz range for the aluminous cement (¢, + #; = 150 h).
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Fig. 2. Variations of s(7) as a function of frequency in the 10 Hz—2 MHz
range for the experimental data presented in Fig. 1.

the specimen under test by an equivalent circuit network
composed of several resistors and capacitors in parallel
[18,20], or R;—C; cell, each being characterized by a
relaxation time, T, in Eq. (7):

Ti = 27TR,‘C,‘. (7)

The difficulty with such an approach is to be able to
define the number of cells and the values of R; and C; for
each of them. In a heterogeneous material such as cement,
the starting powder is not chemically homogeneous and has
a wide grain size distribution. Moreover, as soon as the
reaction with water proceeds, the hydrates have a chemical
composition which depends on various parameters such as
setting time, temperature or water partial pressure. With so
many variables, it becomes tricky to assess the importance
and the value of each contribution to the global electrical
response. However, such an approach has already given a
very good first insight into the interpretation of electrical
data [20].

In our case, we have used an approach based on the
largest possible distribution of relaxation times [28,29]. On
the basis that the observed data are linear integral trans-
forms of the quantities to be estimated, Provencher pro-
poses the use of a constrained regularization method in
order to find the simplest (most parsimonious) solution that
is consistent with the experimental data. For a heteroge-
neous material such as cement, its complex permittivity can
be obtained as follows:

.00 * s(T)dr
e [T :
o/ o 1+jwr ®)
For a given distribution of relaxation times, s(T) represents
its weight fraction. g, is the material conductivity at the low

frequency end and e, is the permittivity at high frequency.
From Eq. (8), ¢’ and o’ can be derived as:

gf:sm+/0°°M (9)

1 4 w272
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s(T)dr

—_— 10
14 w?t? (10)

o0
o' = 0g + W /
0
¢'r can be calculated from €’ since €’ =¢'ge, where ¢ is the
dielectric constant of vacuum. s(t), o, and €., can be
deduced from a specific procedure, involving a least square
approximation of data with an added quadratic form, the
regularizor, which ensures that the calculated values are the
most representative of the system under test. In order to
restrict the complexity of the problem, Provencher advises
the replacement of the linear integral by a sum of 100
discrete elements, which is still an adequate solution for a
one-dimension problem.

Using Egs. (9) and (10), it is possible to obtain a very
good fit of our experimental data points (Fig. 1). Fig. 2
presents the variations of s(T) as a function of frequency.
There are two distributions of time constants. The first one
is centered between 10 and 100 Hz, and the frequency at the
top increases from 20, 30, and 40 Hz when the electrode is
Ag, Au, and In—Ga. The second peak starts beyond 63 Hz.
It has the largest area and s(7) reaches its highest value (5.2
10~°%) when the contact electrode is Ag. In order to under-
stand the origin of this contribution, measurements have
been carried out at 100 Hz on samples with increasing
thicknesses and coated with Ag electrodes. The values of
the capacitance deduced from relative permittivity measure-
ments at 100 Hz are reported in Table 1. The capacitance
values are in the nanoFarad range. If we estimate from Fig.
1 that for a cement which is 150 h old €'y is equal to 25
(value measured at 1 MHz on samples coated with In—Ga
electrodes), the calculated capacitance ranges from 11.9 to
4.1 pF when the thickness increases from 6.4 to 18.4 mm.
These calculated values are three orders of magnitude lower
than the experimental ones. If we refer to the work by
Christensen et al. [13], it could be attributed to the “di-
electric amplification factor.” It could be a combination of a
bulk effect mixed with an electrode effect. To summarize,
given the €'y values (Fig. 1a), the large weight of the peaks
for s(T) when using Ag electrodes (Fig. 2), the dielectric
response corresponds to the electrode—cement interface and
is not specific of the material alone. This result is in
accordance with other measurements on cement-based
materials carried out in this frequency range [13]. Different
groups have shown that this range is quite suitable for
studying the interface phenomena between the contact

Table 1

Capacitance values as a function of sample thickness. Case of an aluminous
cement, which is 150 h old, coated with Ag electrodes. The experimental
values are deduced from €'r data at 100 kHz. The calculated values are
estimated for the same material with €'y =25

Thickness (mm) 6.4 9.4 12.4 15.4 18.4

Experimental capacitance 4.8 34 2.5 1.9 1.5
(x 10° F)

Calculated capacitance 11.9 8.1 6.2 4.9 4.1
(% 10 F)

B 40 —
35 £ ~8h
30 £ |~24h
E sk ~50h
< E
20 F - 150 h,
15 ¢
10 £
0
6 7 8 9

LOG,, {FREQUENCY (Hz)}

Fig. 3. Variations of €'y (a) and o’ (b) in the | MHz— 1 GHz frequency range
for different setting times of the aluminous cement.

electrode and the cement. In this respect, Mason [30] reports
results on steel electrodes immersed in cement paste and has
demonstrated how it allows to specifically follow corrosion
phenomena at the steel—cement interface. Using gold or
indium—gallium mix permits reduction of this electrode
contribution to the global electrical response.

Fig. 3 shows the variations of €'y and ¢’ in the 1 MHz—1
GHz frequency range and for different setting times. By
applying Provencher’s approach, it is possible to get a very
good fit of our data points. The corresponding distribution
of relaxation times are given in Fig. 4. Peaks at the two ends
of the frequency range have been plotted with dotted lines.
They should not be considered as truly representative of
relaxation phenomena at the cement—water interface for the
following reasons: (i) at the high frequency end, multiple
reflections of the electromagnetic waves can occur [22], and
(ii) at the low frequency end, the peak for s(7) can be due to
interface effects between the cement disk and the sample
holder. Nevertheless, at this low frequency end, the older the
cement, the less marked the effect and it has completely
disappeared at 7o+ ¢, =150 h. In the rest of the frequency
range, the other peaks of s(7) are truly representative of the
phenomena occurring at the interface between cement
particles and water. At #{y+¢ =8 h, there is one peak
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Fig. 4. Variations of s(7) as a function of frequency in the 10 Hz—2 MHz range for the experimental data presented in Fig. 3. #, + ¢#; = 8 h (a), 24 h (b), 50 h (¢)

and 150 h (d).

centered at 34 MHz. At ty + t; equal to 24 and 50 h, there are
two peaks whose position and area depend on the setting
time. All these peaks are related to the relaxation of water
molecules in different environments: free water, water
molecules bound via hydrogen bonds to the anhydrous
grains, water involved in the formation of crystallized or

25
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Fig. 5. Variations of ¢’y in the 1 MHz—1 GHz frequency range for the
silico-aluminous material containing increasing quantities of water (0 to
3.8 wt.%).

amorphous hydrates [8,12,16]. Lastly, for the cement
which is 150 h old, there is no obvious relaxation
phenomenon in this particular frequency range because
the water is probably very strongly bound and can no

longer relax above 1 MHz.
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Fig. 6. Variations of s(7) as a function of frequency in the 10 Hz—2 MHz
range for the silico-aluminous material containing 3.8 wt.% of water.
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With respect to the variations of €' as a function of
frequency for the silico-aluminous material containing in-
creasing quantities of water, its dielectric response is plotted
in Fig. 5. When the water content increases from 0 to 3.8
wt.%, the value of €’y at 1 MHz rises from 4.6 to 22.4. It is
worth noting that thanks to high frequency measurements, it
is possible to track very low amounts of adsorbed water. The
distribution of relaxation frequencies for the sample contain-
ing 3.8 wt.% of water is plotted in Fig. 6. The distribution is
spread between 12 and 50 MHz. These frequencies corre-
spond to the relaxation of the water molecules, which are
physically adsorbed at the surface of the pores [26]. The
maximum intensity of s(t) is of the order of 103, which is
lower than what is observed in a cement (between 10~ and
5.1072, see Fig. 4). Therefore, one can assume that in a
cement, even if the physical adsorption of water molecules
participates to the global dielectric response, its contribution
or more precisely its weight in the distribution of s(T) is
weak compared to the response of water involved into
hydrates for instance.

4. Conclusion

Electrical measurements have been carried out on an
aluminous cement (CFA from Lafarge) after different setting
times (8, 24, 50 and 150 h). An analysis of the data has been
carried out using Provencher’s approach. In the low fre-
quency range (10 Hz—2 MHz), the electrical response for a
material which is 150 h old corresponds to interface
phenomena at the cement—electrode interface. At high
frequencies (1 MHz—1 GHz), the dielectric behaviour dur-
ing the first 50 h is characteristic of relaxation of water
which is trapped in different environments such as hydrogen
bonding to the anhydrous grains, water inside amorphous or
crystallized hydrates. Experimental work on pure hydrates is
currently in progress and should enable clear separation of
these different contributions.
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