office without being double checked by one of the
partners who was not directly responsible for its
preparation. This highly-commendable practice
symbolizes GCC’s careful, independent and
efficient approach to corrosion problems, which
has enabled the partnership to achievé its

to combat the effects of corrosion wherever it
occurs,

The assistance of the partners in GCC in the
preparation of this review of their activities is
gratefully  acknowledged. Global _Corrosion
Consultants can be contacted on 0932-462777 (fax
no: 0952-462903).
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The influence of clay addition
electrochemical corrosion beha
mild steel in concrete

by Dr C.A.Loto and A.Okusanya

Department of Metallurgical and Materials Engineering, Obafemi Awolowo University, lle-ife, Nigeria
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HE CORROSION BEHAVIOUR of mild steel embedded in concrete containing various proportions of clay and
Tpartial]y immersed in sea water, sodium chloride and sodium sulphite solutions respectively, has been studied in
this investigation by potential measurements using a digital voltmeter and a Cu/CuSOs electrode. A reduction in
corrosion behaviour in all the corrosive test media was obtained when increasing proportions of the total Concrete mix
(Portland cement) were being replaced with increasing percentages of clay additions. This has been anributed 10 the
reduction in porosity of the concrete matrix due to the addition of fine clay, which hinders the mobility of chloride,
sulphide. sulphate and other ions in the sea water. The clay additions also provide increasing bonding strength and
causes a reduction in the carbonation process. Corrosion reactions in sea water were found to be more than in NaCl
solution. and sodium sulphide solution has the lowest tendency towards corrosion. The addition of clay to the concrete

miix was found to be beneficial 10 an extent towards corrosion prevention or control.

Introduction

The desire to gain more knowledge about
corrosion phenomena and their prevention or
control in steel reinforced concrete structures has
been of utmost contern and interest. in particular
to corrosion scientists and engineers. for quite some
time. The prevention of metallic corrosion in
structures. and the consideration of its effects in
initial design and fabrication or later during in-
service inspection 2nd retrofit, is vital in ensuring
the -expected longevity of the structure. A

consideration of the ramifications of corrosion and -

its prevention in different types of structures such
as modern high-rise buildings, multi-storey car
parks. stadia, bridges and other specialized
structures has been mentioned|l].

Various means have been derived to control
corrosion in structures. Among these means are
cathodic protection, applying barrier coatings on
the embedded steel to resist corrosion, and
application of similar barriers to the concrete
surface to resist penetration of the constituents
contributing to corrosion. It is believed that
addition of other fine mineral particles or dusts to
concrete mixes could protect or aggravate corrosion
by either enhancing the passivity of the embedded
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steel or by contributing to its breakdown. Therefore.
an investigation has been carried out to determine
the effects of addition of micro-silica or condensed
silica fume to cement pastes on the durability of
reinforcing steel in concrete, particularly under
circumstances in which chloride-contaminated
concreting  materials  are  liable to  be
encountered[2].

The objective of this current work is to look at the
effect of fine clay particle additions to cement paste
on the corrosion behaviour of embedded steel in
concretes. In addition to other factors, the results
obtained will help to determine the suitability of
clay as an addition to a concrete mix.

The general term ‘clay’ refers to a group of
minerals in which the chiéf constituent is hydrated
silicate of alumina. This group occurs as aggregates
of minute flakes, the chemical structures of which
consist of sheets of atoms, the nature and detailed
arrangements of which determines their bonding
characteristics[3]. The two major forms of clay are
kaolinite (Al203.2S8i02.2H:0) and bentonite (with a
general formula Al205.45102xH20). The clay used
in this work consists more of kaolinite mineral than
montmorillonite - the major mineral in the
bentonites as observed from x-ray diffraction(4).
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Fig.2. Schematic diagram of the expsrimental set up.

used for mixing the clay with the cement, sand and
gravel.

The embedded cylindrical reinforcing steel bar
used was of type ST-60 mild steel obtained from
Oshogbo Steel Rolling Mill Co Ltd. Nigeria. It had
a chemical composition of 0.35%C, 0.30%Si.
1.6%Mn. 0.04%P. 0.04%S. 0.23%Cu. 0.1%Cr. 0.1%Ni.
0.11%N. the remainder being Fe. The 120-mm
diameter stee! bars were each cut into 160-mm
lengths,

Before embedding in the concrete. mill scale was
removed using silicon carbide 120 and 240 abrasive
paper: 140mm of each steel bar sample was
embedded in each concrete. while the remaining
20-mm portion outside was used for electrical
connection to a voltmeter. The outside portion. with
the exception of the point of wire connection. was
painted with epoxy paint to prevent its corrosion by
moisture.

pH measurement

10gm of the fine clay particles were dissolved in
S0ml of distilled water. Its pH was measured with a
pH meter.

SEM analvsis
A scanning electron microscope (SEM) equipped

with energy dispersive spectrophotometer (EDS)
was used qualitatively to analyse the chemical
composition of the clay (Fig.1).
Test solutions
The solutions used as corrosive media in this work
were:

sea water:

IM NaCl solution:

0.2M Na:SO:s solution.

Potential measurements

The experimental set up in this work (Fig.2)
follows the same procedure as has’been previously
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Fig.3. Variation of corrosion potentiai with time for mild steel in concrete
without clay content. Note: x = 0.3M Na:S0a solution; = » 1M NaC{ solution;
a = sea watefr.

described]5]. Each of the steel-reinforced concrete
slabs with and without different percentages ot clay
addition was placed. in turn. in a rectangular
plastic vessel. and one of the three above test media
added. A copper/copper sulphate electrode was
then placed on the concrete slab and firmly
clamped. The Cu/CuSOs electrode was connected
to the voltmeter by an insulated flexible wire, and
the voltmeter was similarly connected to the outside
portion of the reinforcing steel bar to complete the
circuit. Readings were taken at five-day intervals.
and this procedure was repeated for every test
medium used. The readings thus obtained were
used to plot mean-corrosion-potential vs time-of-
exposure curves.

Results and discussion

The clay's pH of 4.2 shows that it is acidic,
indicating that its chemical composition is rather
more influenced by calcium ions than sodium ions.
At this pH value the clay was viscous due to the
flocculation{9] of the clay platelets.

Though a previous chemical analysis has shown.
in part. that the chemical composition of the clay
was as shown in Table 1, the SEM/EDS analysis
(Fig.1) did not indicate the presence of sodium ions.

0% clay addition

Fig3 shows the curves of mean corrosion
potential vs time of exposure (in days) for the steel
reinforced concrete slab specimens without clay
addition. and partially immersed in sea water,

sodium chloride and sodium sulphite solutions.
The Na:803: medium showed very little corrosion.
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Fig.4. Variation of corrosion potential with time for mild stest! in concrete with
5% clay content. Note: x = Na:S0s soiution; « = 1M NaC! sofution; = = sea
water.

Though the curve indicates an active corrosion
reaction throughout the whole experimental period.
corrosion did not start-until about the 40th day of
the experiment, when the potential was about
350mV. With reference to a Cu/CuSQs electrode. a
potential within a range of 0-200mV indicates no
corrosion occurrence and a passive corrosion
reaction. and the range 200 to 330mYV indicates an
active or passive condition|8]. The modest
corrosion reaction in Na:80s is due to the weak
nature of the sulphurous acid produced by the
reaction of the solution with water:

Na:S03; + 2H:0 - 2NaOH + H:SO:
which could not depassivate with ease the passive
film on the embedded steel bar caused by the
alkaline nature of the deposit.

In the first 10 days of the experiment, the NaCl
solution has a passivating effect on the embedded
steel in the concrete, as does the sea water in the
first five days. The reacting ion species, particularly
the CI” ion, could not depassivate the hydroxyl
passivating film on the steel bar within these
periods. However, from the 10th day of the
experiment, there was an increasing corrosion of
the steel bar in the NaCl solution right up to the
end of the experiment on the 30th day. It was
observed, though. that very little corrosion occurred
during the period between the 15th and 40th days,
which was undoubtedly as a result of the ‘stifling’
nature of the corrosion deposits on the corrosion
reactions. The sodium chloride solution was far
more corroding than the Na:SO; solution due to
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the chloride ions which could more easily penetrate
the passivating film.

The sea water was the most corrosive of the three
corrosive media. Though with little fluctuation
between the 15th and 30th days. the medium
showed  active corrosion  throughout the
experimental period after the first five days. The
corrosive nature of the sea water is not unexpected
considering the various anions and cations it
contained. including the aggressive CI” ions.
Further comments on the effect of the sea water will
be given later in this discussion.

5% clay addition

The addition of 5% clay to the concrete mixture
caused some changes in the corrosion behaviour as
shown in Figd. All the corrosion potentials
recorded increased in the positive direction when
compared with those of Fig.3. except for the sea
water medium on the 30th day, which maintained
the same potential of -600mV.

All the initial potentials increased: that is. they
became more passivating when compared with
those in Fig.3. The curve for the sodium sulphide
medium, though showing an active corrosion
reaction after the 25th day, did not reach the
corrosion range until after the 45th day when the
recorded potential fell below -300mV. Also. the
active corrosion in NaCl solution started after the
30th day and continued to the end of the
experiment, with a potential of -470mV compared
with -575mV recorded for the specimen without
clay addition. The sea water shows a fluctuating
curve of active and passive corrosion reactions for
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A comparison of the corrosion behaviour of the
specimens with differing clay contents was made in
sea water (Fig.7). Sea water was chosen as it was the
most aggressive media used: it also combines
differént reacting ions such as Cl-, SO42-, Br-, etg.
Sea salt is known to be particularly aggressive to
steel, due to the fact that it contains substantial
concentrations of magnesium chloride in addition
to the chlor™ ™ jorct  ituent-'sea  t,
sodium chloric .. ... cuffect of NaCl on the
conductivity of the liquid film and its destruction of
protective corrosion {ilms makes it deleterious to
the corrosion behaviour of steel. In addition. MgCla
acts to acidify the liquid film, and by its
deliquescent action. to increase the time of wetness.
The most negative potentials and hence the greatest
corrosion of the embedded steel bar in concrete.
were obtained in the order 0% clay > 5% clay > 10%
clay > 15% clay additions. Except for the specimen
that had no clay addition, the above order became
very clear only after the 20th day. In addition to the
above discussion. the decrease in corrosion
reactions and’ in the corrosion of the embedded
steel bar in concrete. as indicated by the potential
values, can further be explained on the basis of the
nature of the clav chemistry. A strong clay-water-
silica-cement bond can be formed. in addition to
the fine clay particles blocking the interstices, that
could both hinder the free movement of chloride
and sulphite ions. and the penctration and
diffusion of atmospheric CO: into the concrete
matrix. This will limit the number of reacting ions
getting to the steel. as well as the occurrence of
carbonation resulting from CO: penetration.

As mentioned above. the lgbokoda clay has a
greater mineral kuaolinite content than that of
montmorillonite and others minerals. as shown in
Fig.1 and Table 1. The pH of the clay 1s 4.2. making
it acidic and wviscous. Clay particles, in general,
possess a surface charge either due to rupture of the
bonds (in keolinite) or because of lack of electrical
neutrality (in montmorillonite). In both cases.
exchangeable ions such as Na~ may be adsorbed to
provide neutrality{10]: this attracts water molecules
either to the edge, as in kaolinite, or between the
plates. as in sodium montmorillonite. Surface
attraction also exists between water and quartz
{sand) because of an unequal balance of charges at
the fractured quartz surface. A linkage. quartz
(sand)-water-clay- is therefore set up. and this in
combination with cement will form a very strong
bond.

The interaction of the sodium ion content of the
sea water, the NaCl and NazSOs respectively could
activate the clay and thereby replace its calcium
content and. in part. the calcium content of the
cement. This will lead to the precipitation of a
calcium salt (CaClz). When chloride is present in
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the concrete mix, the tricalcium aluminate of the
concrete can ‘insolubilize” a certain portion of the
chloride during the curing process{l]. This fact
possibly accounts for the insoluble salt {CaCly/
NaCl) observed forming on top of the concrete after
some time during the period of the experiment.
CaCl: has been known to be deliberately added 10
the concrete mixture (approx. 2% by we™ it of
<t it) to accelerate the set|1].

The acidic nature of the cluy s an indication that
excess H* ions are bonded 1o the clay panicles. The
Na* (from the NaCl. sea water. etc.) which
‘activates’ the clay by ion exchange/adsorption) will
make the clay basic by replacing the excess H-. in
addition to the contribution from the very basic
composition of the vement. As the pH changes
towards the basic value, viscosity will also
change[9]. thereby enhancing optimun
distribution of clay particles within the concrete
mixture. A good distribution is expected in order to
make a contribution to good bonding in the
concrete, blocking the interstices and hence
reducing porosity and free chloride movement.
This will also hinder CO: penetration into. and
diffusion  within. the concrete matrix. A
combination of these factors should lead to a
decrease of corrosion of the embedded steel bar in
the concrete.

Conclusions

1. The addition of clay to the concrete mixture
reduces the corrosion of mild steel bar embedded
in it. The greater the quantity of clay added. the less
the corrosion reactions. This has been attributed 10
the bonding effect of the clay. and its blocking of
the concrete interstices and consequent reduction
in the porosity and hindering of the free movement
of chloride and other ions. Blocking the interstices
also reduces the penetration into and diffusion
within the concrete matrix of the atmospheric CO2
which causes carbonation.

2. Sea water was found to be most corrosive.
followed by the sodium chloride solution. with the
sodium sulphite solution being the least corrosive.
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SUIENCE

strongly protected by the presence of a-phase, compared to its
uncoupled corrosion rates. SAF 2205 is thus found to have a
much betier corrosion resistance than corresponding austenitic
stainiess steels on this case. These tendencies are verified by the
comparison of the active curves of SAF 2205, «- and y-alloys. Al-
though these curves show real dissolution rates and are free from
any influence from the cathodic reaction, their shape is influenced
by the modifications of the specimens surface during the dissolu-
tion process of duplex steels.

P> An ex 1ation of the variatior he 1odic current of SAF
2205 with time within the active range shows a difference in the
shape of the curves depending on whether one or two phases are
involved in the dissolution process. A combined effect of surface
alteration due to selective dissolution and the local variation of the
solution composition is believed to be the reason for this behavior.

P> A reduced dissolution rate at the corrosion potential of SAF
2205 has been achieved by increase of the anode/cathode area
ratio through heat treatment. However, a secondary peak of very
high dissolution rate appeared on the active curve, which was at-
tributed to the above-mentioned local variations.
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Electrochemical Noise Generation
during SCC of a High-Strength Ca bon Steel *

R.A. Cottis® and C.A. Loto™

ABSTRACT

INTRODUCTION

:Stress-corrosion cracking experiments have been performed on a
high-strength carbon steel exposed to acidified sodium chloride
solution poisoned with sodium sulfide. The electrochemical poten-
tial of the specimen was monitored during the experiment, and
this paper reports the observed electrochemical noise. The analy-
sis was performed using both the maximum entropy method and
the discrete Fourier transform. A consistent noise behavior was
observed throughout the experiment, with the only perturbation of
any significance being associated with major transients that oc-
curred when the specimen actually failed. The average noise
power measured over a period of the same order as the duration
of the transients has been found to be an effective method of de-
tecting them, but it is expected that this will be much more diffi-
cult in service conditions.

KEY WORDS: electrochemical, frequency, noise generation,
power spectra, stress corrosion, time record.
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Noise is a general term used to describe the fluctuating behavior
of a physical variable with time. For an electrochemical process
one may measure either the voltage noise (i.e., the fluctuation in
the electrochemical potential with time) or the current noise (e.g.,
the fluctuation of gaivanic current flowing between two specimens
or the fluctuation in applied current in a potentiostatic experiment).
For this work the voltage noise has been studied, and this intro-
duction will concentrate on this mode of measurement, although it
will be appreciated that current noise measurements are similar in
most respects.

The phenomenon of electrochemical noise and the informa-
tion that it may provide on corrosion processes has received con-
siderable attention in recent years."® The analysis of electrochem-
ical noise is now considered to give useful information about the
rate and nature of electrochemical processes taking place at the
electrode, although the theoretical basis of much of the interpreta-
tion is somewhat limited. For a pure activation-controlied process
the source of the noise is thought to be the stochastic fluctuation
of the rates of the forward and reverse reactions. in the more
common case (for corrosion) of reaction at filmed interfaces the
source of the noise is somewhat less clear, but it tends to be at-
tributed to the breakdown and repair of the film. Other processes
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