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Abstract This study highlights the relationships
between some transfer properties of cement-based
material, which coats reinforcing steel and its imped-
ance response in High Frequency domain. Transfer
properties are mainly represented by the coating
thickness, its chloride diffusion coefficient and its
porosity. The diffusion coefficient and the porosity are
linked to the w/c ratio. Results have shown that the
impedance spectroscopy is a pertinent non-destructive
tool to characterize the cement-based materials coat-
ing. For reasons of long time consuming, tests were
limited to coatings made of cement pastes with low
thickness. It seems desirable to extend the study to
concrete coatings that are more representatives of real
structures. Indeed, the closed relationships highlighted
by the results make this methodology possible to be
implemented on the case of concrete structures in
order to optimize the monitoring with a non-destruc-
tive way of the maintenance and the repairs of working
concrete structures.

Introduction

The corrosion of reinforcing steel in cement-based
materials is a worldwide problem. This phenomenon
has high economic costs related to maintenance and
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repairs of concrete structures damaged by corrosion.
According to a report of the Organization for Eco-
nomic Cooperation and Development (OECD) [1], the
reinforced concrete corrosion is the major cause of
deterioration of buildings. In USA, costs generated by
the corrosion of reinforced concrete were valued at
1 billion $ per year [2]. For a given structure, this
corrosion is mainly caused by chloride penetration
through the reinforced steel coating because this phe-
nomenon concerns not only structures in marine
environment, but also other structures, which could be
affected by deicing salts [3].

Since the initiation of corrosion depends widely on
the chloride concentration at the steel surface [4], it
is clearly established that the transfer properties of
the coating, such as diffusion coefficient and poros-
ity, control the chlorides flux. These transfer proper-
ties characterize the porous structure of the coating
[5-7].

In the objective of predicting the corrosion of rein-
forced concrete structures over aging process, various
studies were performed by using the electrochemical
impedance spectroscopy (EIS) as a non-destructive
tool. The general aim was to monitor corrosion of
reinforcing steel embedded in cement-based materials.
This method, introduced in 1980’s in reinforced con-
crete studies [8], allows determining the specimen
response on a large frequency domain. Indeed, the EIS
was used to study both:

— the low frequency domain (LF) of the impedance
response to characterize the reinforcing steel
behavior in relation to the corrosion [9-13],

— the high frequency domain (HF) to monitor the
hydration process of cement-based materials [14-17].
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In addition, the HF arc can be related to the rebar
surface adsorbed species such as CI” and OH™ in the
case of chloride corrosion.

Correlating the microstructure parameters with a
non-destructive test such as impedance spectroscopy
would be of great interest in monitoring maintenance
of structures and repairing in civil engineering field.
However, there is a lack in literature works of focusing
on the interaction between the transfer properties of
reinforcing steel coating and the impedance response
according to long-term durability tests.

Therefore, the present work deals with the electrical
properties characterizing the microstructure of the
cement-based material coating. The aim is to establish
the connection between diffusion coefficient and
porosity variations and that of the translation along the
real axis of the impedance response in high frequency
domain (10 Hz-1 MHz). The study is specially focused
on the determination of the evolution of the real part in
the impedance response and its relationships with the
transfer properties of cement-based materials coating
in relation with chloride diffusion through this coating.

Note that this study is a part of a program which
general objective was the monitoring by non-destruc-
tive methods the durability of reinforced concrete in
chloride environment [4]. The goal was to characterize
in the same time by one type measurement either the
response of the cementitious coating and that of the
passivation condition of the reinforcing steel.

Background aspects

The principles of Alternating Current (AC) impedance
spectroscopy are described in details elsewhere [18].
The impedance is a complex function, having both real
and imaginary components. For a given system, the
impedance is usually plotted in the Nyquist diagram, as
imaginary part versus real part, providing a convenient
tool for determining various electrical response
behaviors of the system. The typical diagram for an
electrochemical cell is presented in Fig. 1. The salient
features highlighted by the spectrum are labeled as
follows:

— the resistance R is given by the high frequency limit
of the diagram,

— the resistance R; and the capacitance C; are given by
the diameter of the high frequency loop,

— the charge transfer resistance Rcr and the double
layer capacitance, contributing to the surface elec-
trode phenomena, are given by the low frequency
limit.
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Fig. 1 Typical diagram of an electrochemical cell with its
equivalent circuit model for impedance simulations

In case of systems associating cement-based material
coating and reinforced steel, the high frequency loop
(10 Hz-1 MHz), referred to the Ry, R; and C;
parameters, seems to be linked to the microstructure of
the coating.

Let Ryp be defined as the sum of the resistances Ry
and R;.

Although this typical behavior is not accurately
checked experimentally, researchers have agreed to
describe the impedance spectra in three distinct fea-
tures over a large frequency domain (1 mHz-1 MHz):
high, intermediate and low frequencies [2, 18].

Equivalent circuits more complexes were proposed
in literature to describe the combined system coating-
reinforcing steel. However, the equivalent circuit,
presented in Fig. 1, highlights the main behavior of this
system.

Tests and Materials
Chlorides electrodiffusion tests

As the chloride diffusion coefficient is one of the
parameters that describe the cementitious microstruc-
ture, electrodiffusion tests were performed to measure
the diffusion coefficient of the cement-based material,
which coats the reinforcing steel. A classical electro-
diffusion cell was used (Fig. 2). A potentiostat applies
a constant electrical field across the cement-based
material specimen to accelerate the chloride transport.
A four-point configuration was used: two platinum
mesh and two reference electrodes, applied against the
specimen faces to control the difference of potential
imposed between these two faces. The downstream

@ Springer



J Mater Sci (2006) 41:6006-6014

6008
Reference Reference
Electrode Electrode
Potentiostat
Upstream
~
Platinum Thermostated Cement-based
mesh bath materials Platinum
mesh

Fig. 2 Schematic view of the electrodiffusion cell

compartment contains a simulated pore solution
(0.025 M NaOH and 0.083 M KOH). The upstream
compartment is filled with a similar solution with an
imposed chloride concentration (0.5 M NaCl). The
experimental procedure was described in details by
Ait-Mokhtar et al. [19]. Potentiometric titration tests
with silver nitrate were performed in the downstream
compartment after the NaCl addition. The measure-
ment of the ionic flux in steady state allows deducing
the diffusion coefficient from Eq. (1) [20]

RT L ACV, ar
== (1 —e =Y 1
2o F UAtACO( ¢ ) (1)

where V, (m?®) is the downstream compartment
volume; A (m?) is the cross-section area; AC (mol.m™)
is the variation of chloride concentration in the
downstream compartment during a time range At (s); L
(m) is the specimen’s thickness; Cy (0.5 M) is the
chloride concentration in the wupstream cell; R
(J.mol '.K™") is the gas constant; 7 (K) is the reference
temperature; Zc the chloride ion valence; F
(J.V"'.mol ™) is the Faraday constant and U (V) is the
difference of potential applied between the two sides
of the specimen.

Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimetry (MIP) tests were per-
formed by mercury injection measurements with a
Micromeritics porosimeter, whose range of pressure
reached more than 400 MPa. This pressure allows the
mercury to penetrate pores of approximately 3 nm of
diameter, according to Laplace’s law.

@ Springer

Electrochemical Impedance Spectroscopy (EIS)
measurements

Impedance spectra measurements were carried out by
using a device composed by a Solartron potentiostat
connected to a Frequency Response Analyzer (FRA)
(Fig. 3). An alternating signal (DC field) of 20 mV is
applied to ensure the linearity of the response. This
value was checked experimentally [18]. The impedance
measurements were performed at rest potentials. A
three-point configuration was used: a counter electrode
(large platinum mesh), a working electrode (reinforc-
ing steel coated by a cement-based material) and a
reference electrode (Saturated Calomel Electrode
(SCE)). To cancel some artifact measurements in
impedance response at high frequencies, a specific
device was developed, which description is given in a
previous work [21] (Fig. 3). The impedance data were
recorded logarithmically down in the frequency range,
from 1 MHz to 10 Hz.

Materials and conservation

Four types of coatings were manufactured: three types
of cement pastes and a standard mortar (Table 1). The
cement used was an ordinary Portland cement (OPC)
of type of CEM-I 52.5 according to European stan-
dards EN 197-1. Its chemical composition is given in
Table 2.

In addition, deionized water was used for the mixing
in order to get a homogenous composition of the
coating; i.e. without dissolved ions. The composition
and preparation of the mortar comply with the Euro-
pean standards EN 196-1 (Table 1).

For all tests (electrodiffusion, MIP and EIS), the
specimens manufactured had a prismatic form
(100 x 100 x 200 mm?). Twenty-four hours after man-
ufacturing, the specimens were demoulded and then
cured during 28 days in an alkaline solution, which is
identical to that of the tests. This solution simulates the
pore solution of cement-based materials (0.083 M
KOH and 0.025 M NaOH). This curing was carried out
in order to ensure the specimens saturation and to
reduce leaching phenomena.

For electrodiffusion tests, prisms of 100 mm side
and 200 mm length were cast. After a same conserva-
tion than that of EIS specimens, core samples were
taken from these prisms: disks of 75 mm diameter and
10 mm thickness. The external surfaces of these disks
were covered with epoxy resin to limit the chloride
transfer to one-dimensional direction (Fig. 3).
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Fig. 3 Schematic view of (a) the electrochemical cell for EIS
measurements (b) the sample (dimensions are in mm) and (c) the
experimental device

For MIP measurements, samples were appropriated
from the interior of the prisms described above and
then dried during 24 h at 70 °C before tests.

Table 1 Composition of the cement-based materials coatings

Material Designation Water/ Cement/
Cement (w/c) Sand (c/s)
Cement P0.3 0.3 -
pastes P0.5 0.5 -
P0.7 0.7 -
Mortar MO.5 0.5 0.33

For the EIS measurements, the cement-based
material (paste or mortar) was cast on a circular rein-
forcing steel disc (60 mm-diameter, type: Fe E240).
After being sand-blasted and rinsed with deionized
water, the steel disc is covered on one face with the
cement-based material whose composition and manu-
facturing are described above (Table 1).

To cancel wall effects, samples were obtained by
a technique of core sampling on the initial prisms in
order to have a cylindrical form with 65 mm diam-
eter. The electrically connected face and the side
faces of the cement-based material/reinforcing steel
system were covered with a polyurethane resin to
ensure a unidirectional chloride transfer (Fig. 3b).
The required thickness is obtained by sawing and
polishing the cement coating just before the EIS
tests: from 10 to 1 mm for cement pastes samples
and only 1 cm for the mortar ones. Coatings thick-
ness was then measured accurately on nine points
by using a sounding lead. Table 3 gives an overview
of the samples characteristics.

Results: transfer properties
Diffusion coefficient measurements

Chloride titration allows getting the cumulated con-
centration in the downstream cell over time for the
tested materials (Fig. 4). The diffusion coefficients are
then calculated from Eq. (1) (see Table 4). Results
obtained are in agreement with those given in litera-
ture [22]. In addition, they confirm that more the
water/cement ratio is important; the more the diffusion
coefficient is high.

Mercury intrusion porosimetry measurements

The pore size distributions for the samples tested are
given in Fig. 5. Global porosities are obtained from
these pore size distributions (Table 4).

Table 4 shows that the porosity obtained from MIP
tests do not reflect the common values observed for
these classical cement pastes according to Powers
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Table 2 Chemical

» Oxides
composition of the cement

CaO SIOZ A1203 F6203 MgO Kzo Na20 803 T102 MnO SrO P205

used Composition (wt.%) 64.02 19.81 519 238 0.9

1.11 006 35 028 005 0.15 0.16

works [23]. Explanations can be done. As noticed in
the literature [24], MIP tests do not investigate all
pores in cement-based materials since a part of the
porosity (micro-pores with size < 3 nm) is due to
interstitial space in hydrated calcium silicates. This
hydrate represents about 70% of the hydrated species
in case of OPC. In addition, samples drying at 70 °C
during 24 h before tests could be insufficient for the
complete drying of the sample. However, this tem-
perature was chosen in order to avoid disturbing of the
microstructure arrangement of the sample before MIP
test. Given these considerations, the porosity taken
into account in the following discussions is that
obtained from Powers model [23].

Table 3 Characteristic of cement-based material samples used
in EIS measurements

Material Sample Average coating Standard
no. thickness (mm) value (mm)
P0.3 6] 0.975 0.02
2) 1.060 0.02
3) 1.120 0.02
P0.5 (1) 0.600 0.02
2) 0.975 0.02
3) 1.090 0.05
4) 1.400 0.02
5) 10.0 -
P0.7 @) 0.520 0.02
2) 0.650 0.10
3) 1.110 0.01
MO.5 10.0 -
0,06 1
*P0.3 xP0.5
~ 0,05 R
g AP0.7 =wMO0.5
= 0,04 4
- A
)
3 0,03 N X
i'; 0,02 X u
g A .
8 X
0,014 4 X .
0 ! XXX ' i i o °° . ’ |
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Fig. 4 Cumulative chloride concentration in the downstream of
the electrodiffusion cell
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Results and discussion: relationships
EIS - microstructure properties

Comparison uncoated—coated reinforcing steel

Impedance measurements were carried out on
uncoated and coated reinforcing steel. Results of the
comparisons, plotted in the Nyquist diagram, are given
in Figs. 6, 7. In these figures, the frequency decreases
from left to right along the impedance curve. Figure 6
illustrates the influence of the w/c ratio and Fig. 7
shows the impedance response for cement paste and
mortar. One can observe that

— for the uncoated steel immersed in the alkaline
solution, only one loop with a large size describes the
impedance response,

— for the samples having a thin thickness coating
(about 1 mm), the impedance response has also one
loop with a large size, but it has a translation along
the Re-axis;

— the impedance response of the samples with a larger
thickness coating (1 cm) is described by two well-
distinguished loops: a small one in the HF domain
and a larger one in the LF domain.

The diameter of the HF Arc (HFA) is obtained
from the intersection between the low and high fre-
quency curves with the real impedance axis, which
corresponds to Ryp, as defined in Section 2. The
comparison between the different cement pastes coat-
ings; i.e. P0.3, P0.5 and P0.7; shows that this HFA
diameter, i.e. RgF, increases from 2 to 30 Ohms as the
w/c ratio decreases (Fig. 6). This result agrees those
suggested in literature [10, 12].

Some studies consider that the impedance response
in the high frequency domain depends on the two
phases of the cementitious material. These two phases

Table 4 Total porosity from MIP tests and from Powers, and
diffusion coefficients of the tested samples

Material Porosity Porosity Diffusion
MIP (%) Powers coefficient x 107"
(%) (m*s7h
P0.3 17.76 14.5 1.36
P0.5 18.22 273 5.95
P0.7 27.90 47.3 13.40
MO.5 15.42 - 3.11
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are the solid phase [25, 26] and the ionic mobility in the
interstitial solution, which fills the pores of the material
[27]. As the ionic conductivity of the interstitial solu-
tion can be considered constant, the variations of HFA
diameter can be attributed to the reduction of the
cross-sectional area induced by the coating. This
reduction is linked to the porosity of the cementitious
material: the section available for the ionic transfer
increases in proportion with the porosity. This point is
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highlighted below in the Section
EIS - w/c ratio and porosity”.

“Relationship

Relationship EIS — Coating thickness

The thickness influences the HFA diameter (along the
real axis Ryr). Figure 8 gives the impedance spectra
for different thickness of cement paste coatings with
w/c ratios of 0.3, 0.5 and 0.7, respectively. The figure
shows a translation of the impedance response along
the Re-axis versus the thickness of the coating: larger is
the thickness; the more impedance response is shifted
in the positive values of the real axis. Figure 9 depicts
the variation of HFA diameter (along the real axis
Ryr) versus the thickness of the three cement pastes.

Comparison between Fig. 8a, and c shows that they
give not the same evolution of real impedance trans-
lation according to the coating thickness. While these
differences are not very significant in relative terms
(relative evolution of Ry versus relative evolution of
the coating thickness), these differences mean that
coating properties would be reflected on R, + Rcoating.

In addition, the type of evolution of Ryg versus the
thickness coating is highlighted for the P0.5 sample
coating in Fig. 10. This evolution seems to follow a
logarithmic curve (Eq. 2) with a correlation coefficient
of 0.988:

Ryr = 15.961n(e) 4+ 10.36 (2)
where Ryr is expressed in (Ohms) and e is the coating
thickness in (mm).

Relationship EIS — w/c ratio and porosity

Figure 8 highlights that the transfer properties of the
cement-based material influence the impedance
response in the HF domain. Note that the differences
in the lower frequencies are due to some microscopic
electrochemical phenomena that occur at the rein-
forcing steel surface.

@ Springer



J Mater Sci (2006) 41:6006-6014

6012
(a) » [=0.975 mm x L=1.06 mm ¢ L=1.12 mm 304
1 g
] g
~ P 257 =
E -30 4 X o ] —
= L] o ]
S 25 R . 207 g E
. o @ E g —
5 -20 4 . x 0 g E E 2
=9 LI S 151 £ g g &
> -15 - : 59 = ] £ E] I °
g F 5 F = ] E " 2
£ -10 A £ ®o] g = 5
%0 ] g E = =
E S ] ES
0 - 51 @82
0 10 20 30 40 50 60 i
Real part (Ohms) 01 : : |
w/c=0.7 w/c=0.5 w/c=0.3
(b) 40 - + L=0.6 mm s L=1.09 mm o L=1.4 mm
) . Fig. 9 Ry values versus the thickness of cement paste specimen
. : o (the thickness is noticed in the caption)
g 230 + 0%
5 ++ %o
+ b
é -20 4 PR 60
& o8
.g P 50 -
éﬂ -10 if 3 +
— . 40 1
0 A 1 1 1 1 1 J E
0 10 20 30 40 50 60 70 o 309
<%}
Real part (Ohms) & 20
) s L=052mm  L=0.650mm © L=1.05mm wd £
40 -
4 A 0 T T T T T T T T T T T 1
0 2 4 6 8 10 12

[
(=]
I

Imaginary part (Ohms)
= B

20 30 40 50 60
Real part (Ohms)

Fig. 8 Impedance response versus thickness for cement pastes
with different w/c ratios (a) 0.3 (b) 0.5 and (c) P0.7

The variation of Rygg value in function of the w/c
ratio of the material that embeds the reinforcing steel
is given in Fig. 11. Figure 12 illustrates the relationship
between Ryxr value and the porosity of the cement
pastes coating calculated from Powers model [23]. It is
well known that the w/c ratio governs the materials
porosity: the higher the w/c ratio, the higher is the
porosity value. However, the comparison between
Figs. 11 and 12 shows that this relationship is not lin-
ear. This would be due to the electro-capillary
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Fig. 10 Ryr evolution vs. thickness for w/c ratio = 0.5

adsorption that occurs between ions and the solid
interface in the interstitial space of the material, known
as electrical double layer and highlighted in chloride
electrodiffusion in cementitious materials [19].
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Fig. 11 Evolution of Ryg versus w/c ratio of cement pastes
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Fig. 12 Evolution of Ryr versus porosity, according to Powers
model [23]

Relationship EIS — Diffusion coefficient

In the same way as it was done for the porosity, Fig. 13
highlights the relationship between the diffusion coef-
ficient of chloride and the impedance response in the
high frequency domain.

One can observe that the evolution of Ryg versus
the diffusion coefficient seems to be similar to its
evolution versus the porosity given by Powers
(Fig. 12). This can be explained by:

— on one hand, the Powers mode of calculation of
porosity: the model takes into account all the water
introduced in the cement paste, except the strictly
necessary water for the cement hydration. There-
fore, the obtained value of porosity is the maximum
that the material can reach. In addition, the mate-
rial’s shrinkage is not taken into account in the cal-
culation, whereas this later reduces the porosity,

— on the other hand, by the electrical double layer
mentioned above, which the main effect is to slow

20 -
18
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12

RHF (Oth)
)

o N A O
PR S R

0 2 4 6 8 10 12 14
DxI10" (m2s™)

Fig. 13 Evolution of Ryg versus the diffusion coefficient

down the ionic transfer, particularly chloride ions on
which the diffusion coefficient depends [19].

Conclusion

Although monitoring of the rebar corrosion activity by
impedance spectroscopy is more important than the
concrete coating monitoring, this paper highlights the
close relationships between the AC impedance
response in high frequency domain (translation of
HFA along the real axis) and some transfer properties
of cement-based material coating, in which reinforcing
steel is embedded. These transfer properties concerns
mainly the chloride diffusion coefficient and the
porosity. In case of cement pastes, we have seen that
both of these two parameters are directly linked to the
water to cement ratio and express the microstructure
properties of the material.

It remains that a longer time results and analyses is
necessary for carrying out correctly this qualitative
evaluation, and other techniques for the coating
investigation remain necessary to get an accurate
quantitative evaluation.

As a first approach, this study concerned only the
case of cement pastes as coating. This case is not rep-
resentative of the really structures in concrete. There-
fore, it would be desirable to extend the study to
concrete coating with the real thickness (some centi-
meters) even if our previous results [4, 21] have shown
that the case of concrete would need a much longer
laboratory experiments.

However, this extending to the concrete coating
would be necessary to make the methodology pre-
sented in this work easier to be implemented in the
case of concrete structures in aggressive environment.
Going by these results, the objective is to carry out a
non-destructive methodology for the monitoring of the
coating and reinforcing steel conditions of working
structures in the aim of planning the monitoring of
diagnosis, maintenance and repairs.
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