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Optical Interferometry as Electrochemical
Emission Spectroscopy of a Carbon Steel in
5-20 ppm RA-41 Inhibited Seawater
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In the present investigation, holographic interferometry was utilized for the first time to determine the rate
change of the number of the fringe evolutions during the corrosion test of carbon steel in blank seawater
and with seawater with different concentrations of a corrosion inhibitor. In other words, the anodic dissolution
behaviors (corrosion) of the carbon steel were determined simultaneously by holographic interferometry,
an electromagnetic method, and by the Electrochemical Impedance (E.I) spectroscopy, an electronic method.
So, the abrupt rate change of the number of the fringe evolutions during corrosion test, (E.I) spectroscopy,
of the carbon steel is called electrochemical emission-spectroscopy. The corrosion process of the steel samples
was carried out in blank seawater and seawater with different concentrations, 5-20ppm, of RA-41 corrosion
inhibitor using the E.I spectroscopy method, at room temperature. The electrochemical emission spectra
of the carbon steel in different solutions represent a detail picture of the rate change of the anodic dissolution
of the steel throughout the corrosion processes. Furthermore, the optical interferometry data of the carbon
steel were compared to the data, which obtained from the E. 1. spectroscopy. Consequently, holographic
interferometric is found very useful for monitoring the anodic dissolution behaviors of metals, in which

the number of the fringe evolutions of the steel samples can be determined in situ.
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1. Introduction

In recent works conducted by the author,""® an optical
transducer was developed for materials testing and evalua-
tion of different electrochemical phenomena. The optical
transducer was developed based on incorporating methods
of holographic interferometry for measuring microscopic
deformations and electrochemical techniques for determin-
ing electrochemical parameters of samples in aqueous so-
lutions. In addition, the optical transducer was applied not
only as an electrometer for measuring different electroche-
mical parameters but also, the optical transducer was app-
lied as a 3D-interferometric microscope for detecting di-
fferent micro-alterations at a metal surface in aqueous so-
lution, at a microscopic scale. Initially, the optical trans-
ducer was used to determine the mechanochemical beha-
viors of metals in aqueous solution, i.e., stress corrosion
cracking, corrosion fatigue, and hydrogen embrittlement.”

The determination of the mechanochemical behaviors
of metals in aqueous solutions, were based on detecting
micro-deformations and measuring the corresponding cur-
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rent density by the optical transducer. Further more, the
optical transducer was applied as an optical corrosion-
meter”™ for measuring cathodic deposit and anodic dis-
solution layers of metals in aqueous solutions. Also, the
optical corrosion-meter was utilized to determine the ca-
thodic and anodic current densities, which correspond to
the cathodic deposit and anodic dissolution layers, res-
pectively. The cathodic and anodic current densities were
measured electromagnetically by the optical transducer,
rather than electronically by one of the classical methods,
i.e, an Ammeter, of measuring the flow of the electronic
current in a conductor. In addition, the optical transducer
was applied to measure uniform corrosion and localized
corrosion on metal surfaces and on substrates covered by
organic coatings or under crevice assemblies.*'” The opti-
cal transducer also, was used to document adsorption and
desorption phenomena of chemical species on metal sur-
faces in aqueous solutions.'” Finally, the optical trans-
ducer was applied as an electrometer for measuring the
double layer capacitance, the alternating current impe-
dance and the corresponding oxide layer thickness of me-
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tals in aqueous solution.'”"”

The objective of the present work was to determine the
rate change of the number of the fringe evolutions during
the corrosion test of a carbon steel in blank seawater and
seawater with different concentrations of a corrosion inhi-
bitor. In other words, the anodic dissolution behaviors
(corrosion) of the carbon steel were determined simult-
aneously by holographic interferometry, an electromag-
netic method, and by the Electrochemical Impedance (E.I)
spectroscopy, ¥ an electronic method. So, the abrupt rate
change of the number of the fringe evolutions during
corrosion test, (E.I) spectroscopy, of the carbon steel is
called electrochemical-emission spectroscopy.

2. Theoretical analysis

In a mathematical relationship derived by the author
elsewhere 7&8), one can measure the corrosion current
density (J) of metallic samples in aqueous solutions accor-
ding to the following mathematical model 7&8):

J= F|Z| DU )
MT
Where J is the corrosion current density of the based metal.

F is Faraday's constant.

|Z]  is the absolute number of electron charge.

M is the atomic weight of the sample material.

T is the time of the anodic current.

D is the density of the based metal.

U is the orthogonal displacement of metal surface due to
corrosion, where

U = NV (sin ¢ + sin ) (2)
Where
N  is the number of fringes.
A is the wavelength of the laser light used in the ex-
periment.
a is the illumination angle.

B is the viewing angle, both @ and 8 can be obtained
from the set up of the experiment.

A details derivation of equation No.1 and equation No.
2 is given elsewhere in literature 7&8).

Equation No.l describes the relationship between the
corrosion current density, J, and the orthogonal displace-
ment of metal surface due to corrosion, U. In other words,
one can measure the corrosion current density of the based
metal by knowing the thickness of the orthogonal displace-
ment of metal surface due to corrosion. Since the thickness
of the orthogonal displacement, U, can be measured by
holographic interferometry from equation No.2. Therefore,
one can correlate the number of the fringe evolutions, N,
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to the corrosion current density, J.

By applying equation No.1, one can detect the elec-
trochemical emission-spectroscopy of the carbon steel in
the blank seawater and seawater with the addition of the
corrosion inhibitor by holographic interferometry. This can
be achieved by plotting dN Versus the elapsed time of
the experiment, where dN is the difference between the
number of the fringe evolutions of two subsequent rea-
dings of the number of fringe evolutions. By plotting AN
versus time, this will definitely reflect the abrupt rate ch-
ange, electrochemical emission-spectroscopy, of the ano-
dic dissolution behaviors of the steel samples as a func-
tion time of the corrosion test.

3. Experimental work

Metallic samples of a carbon steel, UNS No. 1020, were
used in this investigation. The chemical composition of
the carbon steel is 0.18-0.23%C, 0.3-0.6%Mn, and Bal-
anced Fe. The carbon steel samples were fabricated in a
rectangular form with dimensions of 5cm X 10cm X
0.15cm. Then, all samples were covered by a black epoxy
(polyamide tar) except one side of the samples. The reason
behind covering the samples by the black epoxy is to
isolate the surface area of the samples from contacting
the seawater, while testing the bare side of the samples
to corrosion in seawater. At the beginning of each test,
the carbon steel sample was immersed in an aqueous

solution for nearly 45minutes. While the sample was in
the solution the corrosion potential was monitored by a
potentiometer with respect to the Saturated Colomel Elec-
trode (SCE), a reference electrode, until the steady state
potential reached. The carbon steel samples were tested
in blank seawater, seawater with an addition of 5-20 ppm
RA-41 corrosion inhibitor. The PH of the blank seawater,
seawater with Sppm RA-41, seawater with 10ppm RA-41,
and seawater with 20ppm RA-41 is 8.24, 8.23,8.22, and
8.2, respectively. Then, a hologram of the sample was
recorded using an off axis holography, see Figure 1 for
the optical set up. In this study, a camera with a thermopla-
stic film was used to facilitate recordings of the real time-
holographic interferometry of the samples during the cor-
rosion test. The camera is HC-300 Thermoplastic Recor-
der made by Newport Corporation. For more details on
the procedures of the experiment, the reader is encouraged
to refer to literature elsewhere 7&8). In the mean time,
The alternating current({A.C)-impedance measurements were
recorded simultaneously with the optical holographic mea-
surements by using the same sample. The A.C-impedance
measurements were conducted by using the ACM Gill
8AC impedance system. The obtained data of the A.C-
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Fig. 1. Optical setup of an off axis holographic interferometry.

impedance measurements were basically Nyquest plots
18), plot of the real alternating current impedance (z')
versus the imaginary alternating current impedance (z").
By using Nyquest plots, a number of electrochemical para-
meters of the carbon steel samples in different solutions
of seawater can be determined. But the most significant
parameter for this investigation is the polarization resis-
tance of the carbon steel samples in different solutions
of seawater. This is because from the polarization resis-
tance values ,the corrosion current density can be deter-
mined from the linear polarization method.'” It is worth
mentioning that in each experiment, the holographic inter-
ferograms were recorded as a function of time, in which
each test lasted for less than 30 minutes, the duration of
the A.C-impedance test. Then, the difference between the
number of the fringe evolutions of two subsequent num-
bers of the fringe evolutions, dN, were plotted as a func-
tion of time in order to show the abrupt rate change of
electrochemical emission-spectroscopy of the samples in
different solutions. The abrupt rate change of electroche-
mical emission-spectroscopy was recorded each consecu-
tive minute of the elapsed time of the experiment.

4. Results and discussion

Figure 2 a,b shows an example of progressive interfero-
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grams of a carbon steel sample in seawater with Sppm
RA-41 corrosion inhibitor as a function of time. Figure
2a represents a real-time interferogram of the sample after
1 minute of the elapsed time of the corrosion test, where
7 fringes appeared on the photograph. This indicates that
the carbon steel sample has oxidized right away after the
sample immersion in seawater. This behavior is well
known about the carbon steel in seawater.”” Figure 2b
is the same interferogram after 3 minutes of elapsed time
of the corrosion test, where 18 fringes detected on the
photograph. It is obvious from this photograph that there
is a general chemical oxidation, depicted by the uniform
interferometric patters. It is worth mentioning that each
fringe in figure 2 (dark line) accounts to an orthogonal
displacement equivalent to 0.3um according to mathema-
tical models reported elsewhere 7&.8). In other words, ho-
lographic interferometry can be used as a powerful tool,
interferometric microscope, in the field of electrochemis-
try.

By using data from interferograms such as those in
Figure 2, one can develop a relationship between the di-
fference of the number of the fringe evolutions of two
subsequent fringe numbers and the elapsed time of the
experiment. Figures 3-6 show plots of the difference bet-
ween the number of the fringe evolutions of two subse-
quent fringe numbers and the elapsed time of the experi
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Fig. 2. Progressive interferograms of a carbon steel sample in seawater with Sppm RA-41 corrosion inhibitor as a function of

time. (a) after 1 minute. (b) after 3 minutes.

ment of the carbon steel in the blank seawater, seawater
with Sppm RA-41, seawater with 10ppm RA-41, and sea-
water with 20ppm RA-41, respectively. From figures 3-6,
it is ready to determine the abrupt rate change of elec-
trochemical emission-spectroscopy of the carbon steel sam-
ples in different solutions. For instance, Figure 3 shows
the rate change of the difference between the number of
the fringe evolutions of carbon steel in the blank seawater.
It obvious from Figure 3 that the rate change of elec-
trochemical emission-spectroscopy of the carbon steel was
observed to increase gradually from dN=1 fringe to dN=13
fringes per minute, from the beginning to the end of the
test. This behavior of the electrochemical emission- spec-
troscopy of the carbon steel in blank seawater indicates
that the corrosion rate of the steel samples was continu-
ously increasing as a function of time. On the contrary
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Fig. 3. The Electrochemical emission-spectra of the carbon steel

in blank seawater as a function of the elapsed time of the
experiment.
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to the observation of the electrochemical emission-spec-
troscopy of Figure 3, the electrochemical emission- spec-
troscopy of carbon steel samples in seawater with additions
of the RA-41 inhibitor were different. Figure 4-6 show
the electrochemical emission-spectroscopy of carbon steel
samples in seawater with Sppm, 10ppm, and 20ppm of
the RA-41linhibitor, respectively. It is clear from figures
4,5, and 6, that the rate change of the number of the fringe
evolutions was observed to vary between dN=2-8 dN=1-5,
and dN=0-3 (steady state ranges)respectively. This be-
havior of the electrochemical emission-spectroscopy of the
carbon steel in figures 4,5,and 6 indicates that the corro-
sion rate of the steel samples was in general decreasing
as a function of the addition of the RA-41 corrosion
inhibitor. In other words, the addition of Sppm RA-41 to
the seawater is found less effective inhibitor amount to

a2 O~
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Fig. 4. The Electrochemical emission-spectra of the carbon steel
in seawater with Sppm AR-41as a function of the elapsed time

of the experiment.
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protect the carbon steel from the seawater corrosion than
the 10ppm and 20 ppm additions to the seawater. In fact
the addition of 20 ppm of RA-41 is found the most effec-
tive inhibitor amounts than the rest addition of RA-41
amount to the seawater. But, in general, the difference
between the number of the fringe evolutions of carbon
steel among figures 4,5,and 6 is considered small (6,4,and
2 fringes), respectively as compared to the difference
between the number of the fringe evolutions of carbon
steel between figure 3 and figures 4,5, and 6, (10 fringes).
This difference is due to the inhibition effect of the addi-
tion of RA-41 inhibitor on the corrosion behavior of the
carbon steel in seawater. Furthermore, several abrupt chan-
ges of the electrochemical emission-spectroscopy were
recorded in Figures 4,5, and 6, from the steady state val-
ues. For instance, two abrupt changes were observed in
figure 4, at 4 minutes and 13 minutes, and in figure 5,
at 4 minutes and at 20 minutes. In contrast, only one ab-
rupt change was observed in figure 6, at 24 minutes. For

S

~n

Number of Fringes Evolution
w

—

1 6 1 16 2t
Time Intervals (minutes)

Fig. 5. The Electrochemical emission-spectra of the carbon steel
in seawater with 10ppm RA-41 as a function of the elapsed
time of the experiment.
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Fig. 6. The Electrochemical emission-spectra of the carbon steel

in seawater with 20ppm RA-4las a function of the elapsed
time of the experiment.
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the sake of the comparison between measurements of the
electrochemical emission-spectroscopy (By holographic
interferometry) and the E.I. spectroscopy (electronic mea-
surement), the corrosion current density of the same car-
bon steel sample in blank seawater, seawater with 5ppm,
seawater with 10ppm, and seawater with 20 ppm of RA-
4lwas determined J=0.138 mA/cm’, J=0.0229 mA/cm’,
J=0.0283 mA/cm’, J=0.0175 mA/cm’, respectively, by the
A.C. impedance measurements. It is obvious that there is
an agreement between measurements of the electroche-
mical behaviors of the carbon steel samples in blank
seawater, seawater with 10ppm, and seawater with 20 ppm
of RA-41 by both methods, the electrochemical emission-
spectroscopy (By holographic interferometry) and the E.L
spectroscopy (electronic measurement). In other words, the
high value of the corrosion current density, J=0.138 mA/
cm’, of the carbon steel sample in blank seawater cor-
responds very well with the high rate change of the number
of fringe evolutions, dN=13, which observed in Figure 3.
In addition, the low value of the corrosion current density
of carbon steel sample in seawater with 20ppm (J=0.0175
mA/em’) of RA-4lcorrosion inhibitor corresponds very
well with the low rate change of the number of fringe
evolutions, dN=3, which observed in Figure 6. In fact the
observations in this investigation agree very well with the
Henry's law for dilute solution, in which the corrosion cur-
rent density, J, and the difference of the rate change of
the number of fringe evolutions ,dN, of carbon steel sam-
ples were observed to decrease in a proportional linear
manner with respect to the addition the RA-41 corrosion
inhibitor to the seawater.
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