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In this paper, different macroscopic electrochemical techniques are applied to study the corrosion inhibitor efficiency, protection
mechanism and stability of a calcium aluminum polyphosphate silicate hydrate inhibitor on hot-dip galvanized steel in the time-
domain. Potentiodynamic polarization (PP) measurements are applied to study the anodic and cathodic mechanistic behavior as well
as inhibitor efficiencies at discrete and single times of exposure. Open circuit potential (OCP) with superimposed linear polarization
resistance (LPR) measurements are applied as a faster, non-invasive alternative to PP, characterizing the overall performance of the
system in terms of the polarization resistance. Electrochemical impedance spectroscopy (EIS) measurements are applied to detail
both the overall performance of the system as well as the corrosion inhibition mechanism related to the electrochemical system’s
physicochemical representation over time. Electrochemical noise (EN) measurement are used to evaluate the inhibition efficiency
as a function of exposure time, represented by the electrochemical noise resistance. Odd random phase electrochemical impedance
spectroscopy (ORP-EIS) is selected as the electrochemical tool to study the system’s instability, by evaluation of the non-linearities
and non-stationarities over time. The non-stationarities present in the inhibitor-containing electrochemical system are shown to cause
the overall instability of the system and should be taken into account when interpreting results from the different techniques over
time.
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Corrosion protection by the application of inhibitor doped organic
coatings or the addition of inhibiting species to aqueous corrosive
solutions is amongst the most common means of corrosion control
strategies for metal applications in aggressive environments. While
the use of hexavalent chromium (Cr(VI)) based corrosion inhibitive
chemistries has been common practice for many decades, strict in-
ternational health and safety legislation including the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH)
regulation of the European Union adopted in 2007, aims to create
a new legal framework for the use of hazardous chemical substances.
Multiple Cr(VI) containing compounds, added as active corrosion in-
hibitors in many polymer formulations because of their exceptional
performance, have been or are prone to be phased out in the near
future even for demanding applications because of their toxic and car-
cinogenic nature.' The replacement of these Cr(VI) based inhibitors
by eco-friendly, Cr(VI)-free inhibitors is challenging, since there is a
significant performance ‘gap’ between them.”? Different alternatives
to the hexavalent chromium technology have been studied, including
rare-earth-, vanadate- and lithium- based inhibitors but are not univer-
sal and experience some technical constraints, such as upscaling and
cost adjustments, to date.’

These corrosion protective substances or mixtures, added in low
concentration, prevent or minimize the corrosion rate of a variety of
metal substrates. Apart from their chemical nature, they can also be
classified according to their working principle as anodic, cathodic or
mixed type corrosion inhibitors.**> Anodic inhibitors typically form or
facilitate the formation of a protective oxide film on the metal matrix
and consequently shift the corrosion potential into the passive range.
Cathodic inhibitors either slow down the cathodic reactions them-
selves or form precipitates on cathodic areas, reducing the diffusion
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of electrolyte, oxygen and water to the surface. Mixed corrosion in-
hibitors impact both the anodic and cathodic reactions. In all cases, the
presence of corrosion inhibitors changes the overall electrochemistry
and reduces the corrosion reaction kinetics over time.*

Up to now, multiple studies applying a variety of electrochemi-
cal characterization techniques exist to study Cr(VI)-free corrosion
inhibitors and investigate their performance for a given metallic sub-
strate. However, few works are dedicated to the comparison between
stationary and non-stationary techniques to study electrochemical
systems.’

Potentiodynamic polarization (PP) experiments describe the ki-
netic behavior of an inhibitor-containing electrochemical system by
decoupling the anodic and cathodic reactions on the surface under
investigation. Zin, Pokhmurs’kyi et al. studied the synergistic effect
of phosphate and calcium-containing pigments on the corrosion re-
sistance of galvanized steel with PP to distinguish between anodic,
cathodic or mixed control at discrete immersion times.®° Deflorian et
al. used PP measurements to study the anodic and cathodic corrosion
mechanism separately for the corrosion protection performance of
primers containing polyphosphate-based ion-exchange pigments for
galvanized steel.' Kartsonakis et al. screened six possible corrosion
inhibitors for hot-dip galvanized steel with PP experiments and dif-
ferentiated between anodic and cathodic inhibitors in terms of anodic
and cathodic current density and by a shift in the open circuit potential
(OCP).!! Hernandez-Alvarado et al. studied a chromate-free organic
inhibitor for galvanized steel with PP to identify the oxidation and
reduction reactions and the related increase and decrease in corrosion
current density.'?

The polarization resistance method or Stern-Geary method is a
well-established technique for the determination of corrosion rates.'?
Through linear polarization resistance (LPR) measurements using a
small amplitude excitation potential and measuring the current density
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response, the polarization resistance (R;,) can be calculated from the
slope of the potential versus current density slope around the corrosion
potential (E..). Subsequently, the corrosion current density and the
corrosion rate can be determined through the Stern-Geary coefficient
(B).'*"15 Moreover, LPR measurements could be applied as such to
determine the corrosion protective properties of inhibitor-containing
systems over time. Kartsonakis et al. applied the LPR technique for
the characterization of different corrosion inhibitors for hot-dip gal-
vanized steel after 168 h to compare their inhibition performance.'!
Hernadez-Alvarado et al. used the R, method to evaluate the pro-
tective properties of a chromate-free organic inhibitor for galvanized
steel at discrete times over a period of 140 days. These observations
were coupled to the protective mechanism through anodic and ca-
thodic polarization measurements.'>!® However, complications may
occur regarding the potential scan rate as well as with non-linear and
non-stationary behavior of the system under investigation since this
method de facto assumes linear and time-invariant electrochemical
behavior, '3!3

Electrochemical impedance spectroscopy (EIS) has manifested it-
self as a powerful technique to screen and study the corrosion protec-
tive properties of corrosion inhibitors over time both qualitatively and
quantitatively. The former refers to the comparison of the magnitude
of the impedance modulus at low frequencies over time.!” The latter
corresponds to the fitting of the impedance data to a physicochemical
sound equivalent electrical circuit so that the individual contributions
to the overall system’s performance can be quantified.®*!

However, since corrosion processes are intrinsically non-linear and
non-stationary,'® trustworthy EIS measurements can only be carried
out if it is proven that the inhibitor-containing electrochemical system
is linear and time-invariant within the timeframe of the measurement.?
A number of possible solutions have been proposed lately. Application
of the Kramers-Kronig (K-K) transforms provide verification criteria
with respect to the linearity and stationary conditions. Nevertheless
it has been illustrated that the conformity with the condition of time-
invariance is difficult to deal with.?'~>* Generally, in other works, EIS
measurements are only performed after stabilization of the OCP with a
small amplitude of the excitation signal, supposing the respective con-
ditions to be fulfilled. Hamlaoui et al. waited for 30 minutes prior to
performing an EIS measurement, using an signal amplitude of 10 mV
when monitoring the corrosion of galvanized coatings and presum-
ing linearity and stationarity during measuring.>* Kartsonakis et al.
studied the corrosion protective mechanisms of inhibitors for hot-dip
galvanized steel with a signal amplitude of 10 mV root mean square
(RMS) but first allowing the system to stabilize for one hour.!' Deflo-
rian et al. studied cerium oxides as corrosion inhibitors for galvanized
steel using EIS with a signal amplitude of 5 mV starting from one hour
after immersion.'> Consequently the initial, rapidly evolving stages of
corrosion inhibitor-containing electrochemical processes prior to the
first EIS measurement cannot be described adequately.?

Electrochemical noise (EN) measurements have proven to be a
suitable technique for in-depth corrosion analysis. When two identical
working electrodes are connected through a zero resistance ammeter
(ZRA) and with a potentiometer to a reference electrode, one can dif-
ferentiate between different types of corrosion processes. Moreover,
through alternative transient analysis methods, non-stationary electro-
chemical processes can be described.?® Homborg et al. successfully
identified localized corrosion of stainless steel, corrosion inhibition on
AA2024-T3 by Ce ions and microbiologically influenced corrosion of
carbon steel using EN.27-%

Odd random phase electrochemical impedance spectroscopy
(ORP-EIS) is a multisine EIS technique providing information about
the linearity and time-invariance of electrochemical systems. Here,
the system is excited with a multisine signal over the entire frequency
range instead of exciting the electrochemical system at each subse-
quent frequency. This periodic broadband signal comprises harmoni-
cally related sine waves whereof only the odd harmonics are excited
and one out of three consecutive harmonics is randomly omitted.*
The linearity and time-invariant information is then obtained through
a dedicated data analysis procedure. The concept of ORP-EIS has al-
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ready been demonstrated to be a successful tool to study non-linear
and particularly non-stationary electrochemical systems. Ferndndez
Macia et al. studied the electron transfer inhibition on a charged self-
assembled monolayer modified gold electrode and the time-varying
characteristics of the electron transfer of the ferri/ferrocyanide reac-
tion on gold.?'3? Alvarez-Pampliega et al. investigated the initial non-
stationary corrosion process of aluminum rich metal coated steel.’
Hauffmann et al. used ORP-EIS to study the growth of self-assembled
monolayers on aluminum oxides in-situ, which is essentially non-
stationary.*** By the detection of non-linearities and especially non-
stationarities, the onset of corrosion on coated steel was studied by
Breugelmans et al.’® Recently Ji et al. studied the corrosion behav-
ior of hot dip galvanized steel wires in sodium chloride solution.
The initial, non-stationary corrosion behavior was linked with the mi-
crostructural properties of the steel wires.?” In earlier work we already
highlighted the time-dependent behavior of inhibitor-containing elec-
trochemical systems. The presence of non-stationarities in a certain
frequency range was linked to the trends in the evolution of the equiv-
alent electrical circuit (EEC) parameters and the unstable behavior
of the electrochemical processes could be related to the associated
morphological changes.”

Beyond the scope of the present study, the macroscopic study
of corrosion inhibitors is often coupled to dedicated surface analy-
sis measurements or alternatively, the study of corrosion inhibitors is
approached from a local electrochemical point of view.

In this paper, different macroscopic electrochemical techniques are
applied to study corrosion inhibitor efficiency, protection mechanism
and stability of a calcium aluminum polyphosphate silicate hydrate
inhibitor on hot-dip galvanized steel in the time-domain. While the
search for optimized inhibitor performance in itself was out of scope
of this work, a phosphate based inhibitor was chosen as the corro-
sion inhibitor of study as in its basics and chemistry it represents an
industrially and commonly applied inhibitor class. PP is used to de-
termine the inhibitor working principle and efficiency at a single time
of exposure. The application of repetitious LPR measurements super-
imposed on a continuous OCP measurement is used as a non-invasive
alternative to measure the corrosion inhibitor performance over time.
EIS is applied to study also the working mechanism of the corrosion
inhibitor over time. EN measurements are applied to identify the cor-
rosion inhibition efficiency as a function of exposure time, represented
by the electrochemical noise resistance. ORP-EIS is used to quantify
the stability of the corrosion inhibitor over time. Initially, the mecha-
nistic, efficiency and stability information obtained from the different
techniques is discussed separately. Finally, a comparison between the
information obtained with the different electrochemical techniques is
made in the time-domain, in order to evaluate the complementarity of
the macroscopic electrochemical techniques used in this study.

Experimental

Materials and sample preparation.—Hot-dip galvanized steel
was obtained from Tata Steel, IJmuiden The Netherlands, with an av-
erage coating mass of 275 g-m~2 and nominal composition of the steel
substrate and galvanized coating as listed in Table 1. The galvanized
steel samples were cut to 30mm by 50mm, with a circular exposed
area of 2.01 cm? for PP, LPR, EIS and ORP-EIS and 0.28 cm? for EN
measurements. However, all results are surface area corrected. The
samples were then alkaline cleaned according to ASTM D 6386- 99:
the samples were cleaned with acetone for 5 minutes in the ultrasonic
bath. Then, the samples were immersed in a 1 M NaOH solution, ad-
justed to pH 12 with H3POy, for 30 seconds. Finally, the samples were
rinsed with distilled water and dried.

Heucophos CAPP, a calcium aluminum polyphosphate silicate hy-
drate provided by Heubach, Langelsheim Germany, was used as a
zinc-free phosphate corrosion inhibitor for hot-dip galvanized steel.*®
The reference solution used for all measurements was 0.05 M NaCl,
relevant for building construction steel applications. Moreover, this
concentration is preferred for future local electrochemical research.
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Table I. Nominal composition of the hot-dip galvanized steel substrate and the galvanized coating.

steel substrate C Mn Si Al N P
(ppm) 440 2120 120 460 27 70
coating Al Fe Mg Zn
(Wt%) 0.36 0.25 0 rest

Based on this, a 0.5 mM solution of the corrosion inhibitor was pre-
pared.

X-ray Fluorescence (XRF) analysis was carried out to determine
the molar mass of the corrosion inhibitor and to make the correct
corrosion inhibitor solution. The measurements on the pressed pow-
ders were performed with a Panalytical Axios Max WD-XRF spec-
trometer and the data evaluation was done with SuperQ5.0i/Omnian
software. XRF analysis on Heucophos CAPP revealed the presence
of silica (34.46 wt%), phosphorous pentoxide (29.40 wt%), calcium
oxide (25.89 wt%) and alumina (8.83 wt%) as main components.

Electrochemical techniques.— Potentiodynamic polarization.—
A typical three electrode set-up was used for the PP experiments with
an Ag/AgCl 3 M KClreference electrode, a graphite bar as the counter
electrode and the hot-dip galvanized steel as the working electrode.
PP curves after 1.5 hours, after stabilization of the OCP, and after
24 hours were acquired by measuring the anodic and cathodic branch
separately, using different hot-dip galvanized steel samples and for at
least three times per system with or without corrosion inhibitor. The
cathodic branch was measured starting from +30mV to —500 mV rel-
ative to the OCP and the anodic branch was measured from —30 mV
to +500 mV relative to the OCP ensuring a small overlap between
both branches around the OCP. The scan rate applied was 1 mV/s and
a measurement point was taken every 0.2 s. The Tafel extrapolation
procedure has been applied to determine the corrosion potential (E.o,;)
and the corrosion current density (icor). The Eq value was then com-
pared versus the OCP value to evaluate the quality of the extrapolation
and the i.,,, value was used to calculate the inhibitor efficiency n (%).
All results presented in this work are rounded according to the two-
digits rule: the standard deviation is rounded to two significant digits,
and the mean is then matched accordingly to the decimal places of the
standard deviation.*#°

Open circuit potential with superimposed linear polarization
resistance.—A typical three electrode set-up was used for the OCP
with superimposed LPR experiments with an Ag/AgCl 3 M KClI ref-
erence electrode, a graphite bar as the counter electrode and the hot-dip
galvanized steel as the working electrode.

The OCP has been monitored for 168 hours, while performing
a superimposed LPR measurement every hour with an amplitude of
+5 mV relative to the OCP at a scan rate of 0.1667 mV/s on at least
three samples per system with or without corrosion inhibitor. The R,
was calculated from the slope from the potential versus current graph
at the corrosion potential E . *!

Electrochemical impedance spectroscopy.—A typical three elec-
trode set-up, placed in a Faraday cage, was used for the electrochemical
experiments with an Ag/AgCl 3 M KCl reference electrode, a stainless
steel grid as the counter electrode and hot-dip galvanized steel as the
working electrode with an area of 2.01 cm?.

The EIS measurements on at least three samples per system with
or without corrosion inhibitor were performed with a Biologic VMP-
300 multichannel potentiostat in a frequency range from 102 Hz to
10° Hz, with 7 points per decade. The amplitude of the excitation signal
was set to 10 mV, relative to the OCP. Measurements were performed
every 30 minutes, while the OCP was monitored in between, for a total
duration of 168 hours. The impedance data were fitted with different
equivalent electrical circuits using Zview from Scribner Associates
Inc.
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Electrochemical noise.—A conventional three electrode set-up was
used for the EN experiments with two identical hot-dip galvanized
steel working electrodes and an Ag/AgCl 3 M KCl reference elec-
trode, under open-circuit conditions. A well-defined area of 0.28 cm?
of each working electrode was exposed to the electrolyte. The electro-
chemical cells were placed in a Faraday cage to avoid electromagnetic
disturbance from external sources. Potential and current signals were
recorded using a Compactstat from Ivium Technologies working as
potentiometer and ZRA on at least three samples per system with or
without corrosion inhibitor. The sampling frequency was set to 20 Hz.
A low-pass filter of 10 Hz, which is the Nyquist frequency at this
sampling rate, was applied during data recording. The minimum and
maximum ranges of the ZRA were automatically determined during
the measurements, depending on the dynamic range of the electro-
chemical current noise signal locally, with a lower limit of 1 nA and
an upper limit of 100 pA. The range of the potentiometer was set at
40 mV with the removal of the initial DC drift component. The data
were processed using Matlab from Mathworks. 234243

0dd random phase electrochemical impedance spectroscopy.—A
typical three electrode set-up was used for the electrochemical experi-
ments with an Ag/AgCl 3 M KCl reference electrode, a stainless steel
grid as the counter electrode and the hot-dip galvanized steel sample
as the working electrode. The set-up was placed in a Faraday cage.
Measurements were recorded immediately after immersion in both the
reference and corrosion inhibitor solution and continued for 24 hours.
In both cases, a measurement was taken every 15 minutes. The mea-
surements on each system, with or without corrosion inhibitors, was
repeated at least once for consistency.

The ORP-EIS measurements were performed with a MATLAB
controlled set-up comprising of a Bio-Logic SP-200 potentiostat and
a National Instruments PCI-6110 DAQ card. The frequency range was
from 1072 Hz to 2-10° Hz. The amplitude of the excitation signal was
set to 3 mV (2.12 mV root mean square (RMS)) in the case of hot-dip
galvanized steel without corrosion inhibitor and 5 mV (3.54 mV RMS)
in the case of hot dip galvanized steel with corrosion inhibitor, applied
relative to the OCP, to have a good signal-to-noise ratio while keep-
ing the non-linearities confined. The MATLAB software to build the
odd random phase multisine excitation signal, record the impedance
measurements and perform the modelling was developed at the Vrije
Universiteit Brussel. A more detailed description of this technique can
be found elsewhere. 204

Results and Discussion

Potentiodynamic polarization.—PP measurements were per-
formed to obtain information about the corrosion inhibitor’s working
mechanism and efficiency. In Figure la, the PP curves for hot-dip
galvanized steel with and without corrosion inhibitor after 1.5 hours
and 24 hours are presented. The system with corrosion inhibitor af-
ter 1.5 hours shows lower cathodic current densities as compared
to the system without corrosion inhibitor after 1.5 hours, but only
marginal anodic inhibition. After 24 hours, the system with corrosion
inhibitor demonstrates similar behavior, while the system without in-
hibitors shows a significant increase in cathodic current density. These
observations suggest a cathodic inhibition behavior, in agreement with
an earlier study of calcium-aluminum-polyphosposilicahydrate pig-
ments for the protection of galvanized steel by Deflorian et al.'’

In Figure 1b, the corrosion current density, obtained through Tafel
extrapolation,® after 1.5 hours and 24 hours is plotted for the hot-dip
galvanized steel with and without corrosion inhibitor. In the case of
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Figure 1. Potentiodynamic polarization diagram (a), corrosion current density (icorr) (b) and corrosion inhibitor efficiency (n) (c) of hot-dip galvanized steel
without (0.05 M NaCl) and with corrosion inhibitor (0.5 mM Heucophos CAPP) after 1.5 h and 24 h.

the reference solution, the corrosion current density increased from
12.50 £+ 0.71 pA cm™2 after 1.5 hours to 28.5 + 1.1 WA cm~? after
24 hours. The = values represent the standard deviation on each mea-
surement. In the case of the corrosion inhibitor containing solution,
icon decreased from 8.28 + 0.20 WA cm™2 after 1.5 hours to 7.20 +
0.43 WA cm? after 24 hours. This shows the active corrosion pro-
cess of the hot-dip galvanized steel without corrosion inhibitor and
the effective corrosion inhibition of the hot-dip galvanized steel with
0.5 mM of corrosion inhibitor.

In order to assess the effectiveness of corrosion inhibitor, the cor-
rosion inhibitor efficiency (1) is calculated from the corrosion current
density of the inhibited system (icomnny) and the reference (icor) ac-
cording to:4®

1 (%) — icorr _ icorr(inh) % 100 [1]
Leorr

In Figure 1c, the corrosion inhibitor efficiency is plotted after 1.5 hours
and 24 hours. The corrosion inhibitor efficiency approximately dou-
bles from 33.8 + 2.5% to 74.7 & 2.7% after 1.5 hours and 24 hours,
respectively. However, this increase in efficiency can be attributed
primarily to the relatively large increase (4+128%) of the corrosion
current density of the reference system rather than the minor decrease
(—13%) of the corrosion current density of the inhibited system.

It can be concluded that PP measurements can provide detailed
mechanistic information in terms of the anodic and cathodic stationary
behavior at discrete times of immersion. However, obtaining time-
resolved information on inhibitor performance and efficiency is time
intensive.

Open circuit potential with superimposed linear polarization
resistance.—In order to characterize the performance of the system
in the first 168 hours after immersion with and without the presence
of corrosion inhibitors, continuous OCP measurements with coupled
LPR measurements every hour were carried out. From the slope of the
potential versus current plot for every hour, the R;, can be calculated
and as such monitored every hour.

Figure 2 shows the R, values and their standard deviation of the hot-
dip galvanized steel with and without corrosion inhibitor over time. It
can be seen that in the case of the reference solution, the R, is 1.65 &
0.14 kQ cm? after 1 hour, decreasing rapidly in the first 10 hours to
0.99 £ 0.12 kQ cm? and eventually continuing to decrease slowly to
0.61 £ 0.11 kQ cm? after 168 hours of immersion. In the case of hot-
dip galvanized steel with corrosion inhibitor, the R, is 1.51 4= 0.48 kQ
cm? at the start and decreases gradually in the first 8 hours to 1.274 +
0.064 kQ cm?. Afterwards a gradual increase is noticeable to 1.56 4
0.19 kQ cm? after 168 hours, which is more than two times higher
compared to the reference solution.

The R, value for the sample without corrosion inhibitor after 1 hour
is in good agreement with the value of 2.049 kQ cm? obtained by
Kartsonakis et al. after 1 hour of immersion in 0.05 M NaCL!!

0 24 48 72 96 120 144 168
time/h

Figure 2. Polarization resistance (R;,) results and their standard deviation ob-
tained from linear polarization resistance measurements of hot-dip galvanized
steel without (0.05 M NaCl) and with corrosion inhibitor (0.5 mM Heucophos
CAPP) for 168 h.
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Table II. Tafel Parameters from PP and R, from LPR for the determination of icor using Stern-Geary.

time R, (k@ cm?) std. dev. (k2 cm?) Ba (V/dec) Be (V/dec) icorr (WA cm™2) std. dev. (WA cm™2)
no inh 1.5h 1.58 0.12 0.059 0.084 15.1 1.1
24 h 0.93 0.11 0.11 1.2 46.8 55
inh 1.5h 1.57 0.90 0.045 0.21 10.2 5.8
24 h 1.35 0.12 0.079 0.16 16.9 1.5

In order to be able to compare these LPR results with the results
obtained through PP measurements earlier, the i is calculated from
the R, and the anodic and cathodic slopes of the Tafel plot (B, and B,
respectively) according to the Stern-Geary equation: '

. Ba . Bc
= —2 ° 2
Leorr 23 (Ba +6(‘) Rp [ ]

For comparison, an LPR value after 1.5 hours is calculated as the
average from the R, values after 1 and 2 hours, respectively. The
necessary parameters for the calculation of i, are summarized in
Table II. It can be seen that the resulting i, values are 15.1 £ 1.1 pA
cm? and 46.8 + 5.5 LA cm? for the hot-dip galvanized steel without
corrosion inhibitors and 10.2 £ 5.8 WA cm? and 16.9 £ 1.5 pA cm?
for the hot-dip galvanized steel with 0.5 mM of corrosion inhibitor in
0.05 M NaCl, after 1.5 hours and 24 hours respectively.

Comparison of these i o, values with the previously obtained icor
values through PP measurement reveals that there is a good agreement
between the values after 1.5 hours for both the system without and
with corrosion inhibitor, although the standard deviation on the latter
is considerable. In the case of the results after 24 hours, a remarkable
difference can be observed in both cases. However, it is important
to remark that for the determination of i, from LPR using Stern-
Geary, values determined from the Tafel extrapolation need to be used,
making an independent comparison impossible.

4
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It has been shown that the application of OCP with superimposed
LPR measurements with a small amplitude of the excitation signal
every hour allows multiple measurements on the same sample over
time to be performed. Consequently, they present a faster, non-invasive
alternative to the PP technique, although, any mechanistic information
about the cathodic and anodic behavior is lost.

Electrochemical impedance spectroscopy.—The electrochemical
characteristics of the hot-dip galvanized steel with and without corro-
sion inhibitor were evaluated with EIS. Figure 3 shows the Bode plots
of the different systems every day up to 1 week after immersion. The
Bode plots of the hot-dip galvanized steel without corrosion inhibitor
(Fig. 3a) show a remarkable decrease in the impedance modulus of
the middle frequency (103-10° Hz) and a gradual decrease in the low
frequency (10°-10~! Hz) region over time. The associated phase plot
clearly shows two time-constants, one in the middle frequency re-
gion and one in the lower frequency region. The former is associated
with corrosion activity, related to the effect of the ionic double layer
capacitance.*’*® The latter is related to the diffusion of the zinc ox-
idation products to the bulk solution or to oxygen reduction.!'!#8-50
Associated with the decrease in impedance modulus in mid- and low-
frequency regions is a decrease and shift of the phase angle of the first
time-constant toward lower frequencies and a decrease of the phase
angle of the second time-constant. This can be related to the decreased
corrosion resistance of the reference system.
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Figure 3. EIS Bode plots for hot-dip galvanized steel (a,c) without corrosion inhibitor (0.05 M NaCl) and (b,d) with corrosion inhibitor (0.5 mM Heucophos

CAPP) every 24 h for 168 h.
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Figure 4. Polarization resistance (R}) results and their standard deviation ob-
tained from electrochemical impedance spectroscopy measurements of hot-dip
galvanized steel without (0.05 M NaCl) and with corrosion inhibitor (0.5 mM
Heucophos CAPP) for 168 h.

The Bode plots of the hot-dip galvanized steel with corrosion in-
hibitor (Fig. 3b) show an initial decrease in the magnitude of the
impedance modulus at 10 mHz during the first day of immersion.
Afterwards the magnitude of the impedance modulus increases again
over time. The Bode phase plot reveals again two time-constants. The
first time-constant, in the mid-frequency region, decreases slightly
with time, but shifts to higher frequencies, revealing the occurrence of
corrosion protective action on the surface. The second time-constant,
in the low-frequency region, increases over the course of 168 hours,
indicating an increased corrosion protection.!”->!

To evaluate the consistency between the results obtained from dif-
ferent electrochemical techniques, the R,, values of the EIS measure-
ments are calculated. For the LPR measurements, the R,, values were
directly available, while for the EIS measurements the R, values can
be determined from the real component of the impedance at 100 kHz
and 10 mHz according to:>

R, =2'(0) — Z' (c0) 3]

Figure 4 shows the evolution of the R,, with their standard deviation
obtained from EIS measurements for the system with and without
corrosion inhibitor as a function of immersion time. It can be seen
that, for the system without corrosion inhibitors, the R, is 1.87 £
0.31 kQ cm? after 1 hour and decreases strongly in the initial hours
after immersion. After 10 hours, a R;, value of 0.75 & 0.13 kQ cm?
is reached. Subsequently, the R, decreases more slowly, reaching a
value of 0.475 £ 0.041 kQ cm? after 168 hours.

The R, of hot-dip galvanized steel with corrosion inhibitoris 2.85 &+
0.42 kQ cm? after 2 hours of immersion and decreases rapidly in the
first 12 hours after immersion, reaching a value of 1.71 £ 0.16 kQ cm?.
Afterwards, the R;, value starts increasing gradually with time for the
remaining duration of the measurement. After 168 hours of immersion,
the R, value has reached a value of 2.43 + 0.47 kQ cm?.

The R, values of the hot-dip galvanized steel without corrosion
inhibitor in this work are similar to the results obtained by Kartsonakis
et al.'' R, values of 0.77, 0.63 and 0.86 kQ cm* were obtained after
3 h, 72 h and 168 h in 0.05 M NaCl, while values of 0.969 + 0.011,
0.524 £ 0.012 and 0.475 + 0.041 kQ cm? were obtained in this work.
A comparison with the R,, values obtained from LPR measurements
will be made at a later stage.

Ithas been demonstrated that EIS measurements provide both qual-
itative and quantitative information about the performance of the elec-
trochemical system over time. Compared to PP and OCP with super-
imposed LPR measurements, EIS provides also frequency-resolved
information about the corrosion inhibition mechanism, related to the
presence of different time-constants, while assumingly working in the
stationary regime of the electrochemical process.
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Figure 5. Noise resistance (R,) results and their standard deviation obtained
from electrochemical noise measurements of hot-dip galvanized steel without
(0.05 M NaCl) and with corrosion inhibitor (0.5 mM Heucophos CAPP) in the
first 24 h after immersion.

Electrochemical noise measurements.—EN measurements were
carried out continuously for 24 hours after immersing the hot-dip gal-
vanized steel in the electrolyte with or without corrosion inhibitor.
In order to make a useful comparison with other stationary and non-
stationary electrochemical techniques, the electrochemical potential
(EPN) and current noise (ECN) are divided into windows of 1 hour.
For each of these windows the DC drift component is removed through
a discrete wavelet transform (DWT) procedure.*? The noise resistance
(R,) is then calculated by dividing the standard deviation of the EPN
by the standard deviation of the ECN according to:3

std (EPN)
R, = ———— (4]
std (ECN)
Afterwards, the R, is normalized by the area of the working electrode,
0.28 cm? in this case.* This electrochemical quantity is selected be-
cause of its equivalence to the polarization resistance R,.% In Figure 5,
the R, of the hot-dip galvanized steel with and without corrosion in-
hibitor in the first 24 hours after immersion is presented. The time
indicated corresponds to the starting time of each respective window.
It can be seen that the R,, and its standard deviation is 8.3 4.3 kQ cm?
and 3.68 % 0.53 kQ cm? right after immersion for the system without
and with corrosion inhibitors, respectively. The R, of the hot-dip gal-
vanized steel without corrosion inhibitors after 2 hours of immersion
is 2.18 £ 0.47 kQ cm? and remains just at around 2 kQ cm? for the rest
of the measurement. In the case of the hot-dip galvanized steel with
corrosion inhibitor, the R, increases gradually toward 5.5 £ 1.1 kQ
cm? after 10 hours of immersion before decreasing again to reach a
value of 2.45 4= 0.56 kQ cm? after 24 hours of immersion, comparable
to what is obtained for the system without corrosion inhibitor.

It can be concluded that EN measurements can quantitatively de-
scribe the electrochemical system in terms of the R, averaged over a
specific time frame. Additionally, EN measurements are able to present
non-stationary information, while the previous techniques assumingly
work in a stationary regime.

Odd-random-phase electrochemical impedance spectroscopy
measurements.—Qualitative interpretation of ORP-EIS noise
distortions.—In order to examine the evolution of the system toward
a ‘stable’ electrochemical system, i.e. meeting the three requirements
needed for a valid EIS spectrum,?® both hot-dip galvanized steel with
and without corrosion inhibitor were intensively monitored (a mea-
surement was performed every 15 minutes) for 24 hours after immer-
sion in the electrolyte. In Figure 6, the ORP-EIS results of the hot-dip
galvanized steel after 15 min, 1 h, 2 h, 5 h, § h and 10 h in 0.05 M
NaCl are presented. The black line and the gray line represent the
magnitude of the impedance modulus, labelled as ‘experiment’, and
the phase angle, respectively. The characteristics of the ORP-EIS data
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Figure 6. Bode plots of hot-dip galvanized steel without corrosion inhibitor after 15 min (a), 1 h (b), 2 h (c), 5 h (d), 8 h (e) and 10 h (f) in 0.05 M NaCl with the

experimental impedance and noise distortion curves.

are presented by the curves representing the noise, the noise plus the
non-linearities (NL) and the noise plus the non-stationarities (NS).
The ORP-EIS data interpretation can be described in the following
way: in order to have a fully linear system, the noise curve and the
noise + non-linearities curve have to overlap, indicated by an equal
amount of points above and under the noise curve; in order to have a
fully time-invariant system, the noise and noise + non-stationarities
curve have to overlap.?>3!

For the hot-dip galvanized steel after 15 min in the reference elec-
trolyte (Fig. 6a), neither the noise + non-linearities nor the noise +
non-stationarities overlaps the noise curve. This indicates the pres-
ence of non-linearities and non-stationarities in the system. After
1 hour of immersion (Fig. 6b), the noise + non-linearities curve over-
laps with the noise curve, suggesting the system has evolved toward
a linear system. Nevertheless, the noise + non-stationarities curve
does not overlap with the noise curve in the middle and higher fre-
quency regions (10° — 103 Hz), meaning that the overall system is still
behaving in a non-stationary way because the electrochemical pro-
cesses with characteristic time-constants corresponding to the middle
and high frequency regions are still ‘unstable’. After 2 hours of im-

mersion (Fig. 6c¢), the noise + non-stationarities curve overlaps the
noise curve in the low frequency (10~ — 10° Hz) and high frequency
(10 - 2-10° Hz) regions indicating that the electrochemical processes
with corresponding time-constants are behaving stable. However, the
noise + non-stationarities curve is not overlapping the noise curve
in the middle frequency region (10° — 102 Hz). After 5 hours of im-
mersion (Fig. 6d), the noise + non-stationarities curve approaches
the noise curve in the middle frequency region, almost fulfilling the
condition of time-invariance. After 8 hours of immersion (Fig. 6e), the
noise + non-stationarities curve also overlaps the middle frequency
region from 10' — 10? Hz, but in the middle frequency region from 10°
— 10° Hz the noise + non-stationarities curve is not completely over-
lapping the noise curve yet. After 10 hours of immersion (Fig. 6f) the
noise + non-stationarities curve overlaps completely with the noise
curve and the system is behaving fully linearly and stationary.
Comparison of the situation after 1.5 hours from EIS (Fig. 3a and
Fig. 3c) with the situation after 1 hour and 2 hours from ORP-EIS
(Fig. 6b and Fig. 6¢) shows good agreement in the phase angle plots
in terms of the number of time-constants and the shape and position
of the respective time-constants. The same goes for the magnitude of
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Figure 7. Bode plots of hot-dip galvanized steel with 0.5 mM Heucophos CAPP corrosion inhibitor after 15 min (a), 1 h (b), 2 h (c), 3 h (d), 5Sh (e) and 6.5 h (f)

with the experimental impedance and noise distortion curves.

the impedance modulus plots apart from the low-frequency behavior,
however, difficult to observe because of the log-log scale. This can
be explained as follow: any discrepancies between the values from
point to point observed from EIS and ORP-EIS in the magnitude of
the impedance modulus need to be interpreted taking into account the
contribution of the noise, the non-linearities and non-stationarities on
these points.?* The contribution of these noise distortions are correct-
ing for any non-linear and non-stationary behavior. In this case, only
the contribution of the noise and the non-stationarities has to be taken
into account since it has been shown that the system without corrosion
inhibitor behaves in a non-stationary way at these times.

In Figure 7, the Bode plots of hot-dip galvanized steel with cor-
rosion inhibitor are presented. After 15 minutes of immersion in the
electrolyte (Fig. 7a), neither the noise + non-linearities curve nor the
noise + non-stationarities curve completely overlaps the noise curve,
indicating that the system did not reach the linearity and stationarity
condition yet. After 1 hour of immersion, the noise + non-linearities
curve overlaps the noise curve in the high frequency region and starts
overlapping the noise curve in the middle and low frequency region.
The noise 4+ non-stationarities curve does not overlap the noise curve.

Overall the system is still behaving in a non-linear and non-stationary
way. After 2 hours of immersion (Fig. 7c), the noise + non-linearities
completely overlaps the noise curve, indicating that the system has
fulfilled the linearity condition. At the same time, the noise + non-
stationarities curve starts approaching the noise curve in the high fre-
quency (10% —2-10° Hz) region but not yet in the low frequency (1072 —
10° Hz) and middle frequency (10° — 10? Hz) regions. After 3 hours of
immersion (Fig. 7d), the noise 4 non-stationarities further approaches
the noise curve over the entire frequency range, almost fulfilling the
stationarity condition. After 5 hours of immersion (Fig. 7e), the noise
+ non-stationarities completely overlaps the noise curve in the low
frequency (1072 — 10° Hz) and high frequency (10> — 2-10° Hz) re-
gions, indicating that the electrochemical processes with characteris-
tic time-constants corresponding to the low and high frequency region
are stable and that, equivalently, the electrochemical processes with
characteristic time-constants corresponding to the middle frequency
region are ‘unstable’ and cause the overall system’s instability. Af-
ter 6.5 hours of immersion (Fig. 7f), both the noise + non-linearities
curve and the noise + non-stationarities curve overlap the noise curve,
meaning that the system behaves in a fully linear and stationary way.
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Similarly to the system without corrosion inhibitor, a comparison
between the results from EIS after 1.5 hours (Fig. 3b and Fig. 3d) and
ORP-EIS after 1 hour and 2 hours (Fig. 7b and Fig. 7c¢) can be made
for the system with corrosion inhibitor. Here again, the phase angle
plots show good agreement in terms of the number of time-constants
and the shape and position of these time-constants and apart from the
low frequency region, also the magnitude of the Bode impedance plots
show good agreement. These discrepancies can again be explained by
the presence of non-stationarities.

This qualitative interpretation signifies that for the system without
and with corrosion inhibitor, it takes 10 hours and 6.5 hours respec-
tively, to reach a stationary behavior and to fulfil the time-invariance
condition. These periods of time correspond to the duration to reach
a stable electrochemical process and designate the time the system
needs to stabilize enabling a reliable EIS measurement to be obtained.
The frequency dependent non-stationary behavior requires further in-
vestigation in terms of a quantitative interpretation of the non-linear
and non-stationary noise distortions.

Quantitative interpretation of ORP-EIS noise data.—The qual-
itative interpretation of the ORP-EIS noise distortions data for the
hot-dip galvanized steel with and without corrosion inhibitor presents
an idea of the ‘stabilization time’ the respective system requires to
meet the requirements of linearity and time-invariance. However, in
order to draw a parallel between the morphological changes, the sta-
bility of electrochemical processes and the parameter evolution of the
electrochemical parameters describing the electrochemical processes,
the ORP-EIS information concerning the noise, non-linearities and
non-stationarities present in the system is quantified.?’

By numerical integration through interpolation over the frequency
domain using the trapezoidal rule, and subtraction of the noise curve
from the noise + non-linearities curve and noise 4 non-stationarities
curve, the individual contributions of the noise, non-linearities and
non-stationarities were calculated.’® Expressing this information rel-
ative to the magnitude of the impedance modulus (N/|Z|; NL/|Z|;
NS/|Z)), also quantified by a numerical integration through interpola-
tion, yields the relative contribution of the noise, non-stationarities and
non-linearities as a function of immersion time. In Figure 8, the curves
representing the relative contribution of the noise, non-linearities and
non-stationarities as a function of immersion time are presented for
hot-dip galvanized steel with and without corrosion inhibitor.

For the hot-dip galvanized steel without corrosion inhibitors
(Fig. 8a), it can be noticed that the non-stationarities have the highest
relative contribution of the three right at the start after immersion in
the electrolyte, with a relative contribution only more than one order
of magnitude lower than the magnitude of the impedance modulus,
corresponding to 4.89%. The contribution of the noise is two orders of
magnitude lower compared to the magnitude of the impedance modu-
lus, corresponding to 1.03%, and the contribution of the non-linearities
more than two orders, accounting for only 0.17%.

In the following hours, the contribution of the non-stationarities
decreases over time. The relative contribution of the noise and the
non-linearities remains equal over the course of the measurement.
The contribution of the non-stationarities decreases strongly in the
first hour, reaching a relative contribution of 3-10~* or less (Fig. 8a).
Afterwards, the relative contribution of the non-stationarities keeps
decreasing and after 2 h, the contribution reaches a stable value of
approximately 2-10~*. This contribution remains stable for the rest of
the measurement time.

It needs to be noted that this does not correspond completely with
what was observed during the qualitative interpretation at longer times
where a non-stationary behavior in the mid frequency regions was
observed for 8 up to 10 hours. For that reason, and to examine the
contribution of the different electrochemical processes to the overall
system instability, the data regarding the non-stationarities was also
quantified per frequency decade.?® Therefore, the impedance data were
divided into 6 frequency decades. The first frequency decade, ranging
from 10 mHz to 100 mHz, and the last frequency decade, ranging from
1kHz to 10 kHz, were not taken into account because the former only
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Figure 8. Evolution of the contribution of the noise, non-linearities and non-
stationarities relative to the impedance modulus for hot-dip galvanized steel
(a) without corrosion inhibitor (0.05 M NaCl) and (b) with corrosion inhibitor
(0.5 mM Heucophos CAPP) for the first 24 h of immersion, respectively. The
blue, red and green line represent the trend line of the noise, non-linearities
and non-stationarities, respectively.

contains three data points and the latter comprises only data of one
tenth of the frequency decade. The relative contributions (NS/|Z|) are
calculated for each frequency decade and presented in Figure 9.

It can be observed that the contribution of the non-stationarities
(Fig. 9a) decreases for every frequency decade with time. For the
lowest and highest frequency decades (Il and V), ranging from 10~! Hz
to 10° Hz and from 10> Hz to 10* Hz, respectively, the contribution
decreases more rapidly and stabilizes after 2 hours. For the middle
frequency decades (IIl and IV), ranging from 10° Hz to 10! Hz and
from 10" Hz to 10? Hz, respectively,the contribution decreases more
slowly and stabilizes only after 10 hours and 8 hours, respectively.
Therefore the system needs to be considered as a non-stationary system
for the first 10 hours.

It needs to be remarked that the non-stationarities observed in the
qualitative interpretation were not reflected in the overall quantitative
interpretation but only in the quantitative interpretation per decade.
Consequently, when studying the evolution of an electrochemical sys-
tem, and in particular the stabilization of different electrochemical
processes with different characteristic time-constants, it is important
to consider the quantitative interpretation per frequency decade.

For the hot-dip galvanized steel with corrosion inhibitor, it can be
observed from the quantitative interpretation (Fig. 8b) that the relative
contribution of the noise and non-linearities are the highest right after
the start of immersion, only 1 order of magnitude lower compared to
the magnitude of the impedance modulus, corresponding to 6.02% and
6.30%, respectively. All three contributions decrease over time. The
relative contribution of the noise decreases to 3-10~3 after 30 minutes
of immersion and remains stable for the rest of the measurement.

Downloaded on 2019-10-28 to IP 131.180.112.212 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (11) C3220-C3232 (2019)

10°

Y]
<

-1
107 4 107 10" 10° 10' 10° 10° 10
freq/ Hz

1024

1024

10

| relative contribution |

0% . = 3 .t

10° ; . .
0 4 8 12 16 20 24

time/h

10°

(o

1074

10° 10" 10* 10° 10°
freq/ Hz

102440

10°4

-4 N
104 e  ——
7 N

| relative contribution |

10°4

10-6 T T T T T T T T T
0 4 8 12 16 20 24
time/h

Figure 9. Evolution of the relative contribution of the non-stationarities for the
different frequency decades for hot-dip galvanized steel (a) without corrosion
inhibitor (0.05 M NaCl) and (b) with corrosion inhibitor (0.5 mM Heucophos
CAPP) for the first 24 h of immersion, respectively. The blue, red, green and
black lines represent the trend line of the non-stationarities in the respective
frequency decades.

The contribution of the non-linearities decreases rapidly in the first
30 minutes and reaches a value of 3-10~ or less which remains the
same for the rest of the measurement. The contribution of the non-
stationarities decreases more gradually. After 1 hour of immersion,
the relative contribution is around 4-1073, after 2 hours around 2-103
and after 3 hours around 8-107*. Only after 6.5 hours, the relative
contribution of the non-stationarities stabilizes around 2-10~* or less,
indicating a fully stationary electrochemical system.

Similarly to the hot-dip galvanized steel without corrosion in-
hibitor, the same quantification per decade was carried out for the
system with corrosion inhibitor. From the quantification of the non-
stationarities per decade (Fig. 9b), it can be seen that the contribution
of the non-stationarities decreases with time for all frequency decades.

The relative contribution the non-stationarities of the lowest (II)
and highest (V) frequency decades decrease more rapidly and reach
a stable value after 5 hours. The relative contribution of the non-
stationarities of the middle frequency (III and IV) region decrease
more slowly and stabilize after 6.5 hours of immersion. This trend
is in good agreement with what was observed earlier in a qualitative
and quantitative way, with a higher non-stationary behavior in the mid
frequency region. This indicates that the electrochemical processes
with characteristic time-constants corresponding to the mid frequency
region take the longest time to stabilize and dominate the overall in-
stability of the electrochemical system.

Here it can be concluded that the qualitative behavior of the non-
stationarities is reflected in both the overall quantitative interpretation
and the quantitative interpretation per decade. Moreover, it can be
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Figure 10. Overview of the results obtained through linear polarization resis-
tance (LPR), electrochemical impedance spectroscopy (EIS) and electrochem-
ical noise (EN) measurements for hot-dip galvanized steel without (0.05 M
NaCl) and with corrosion inhibitor (0.5 mM Heucophos CAPP) after (a) 1.5 h
and (b) 24 h.

concluded that ORP-EIS measurements are able to detect and quantify
stationary and non-stationary behavior of electrochemical processes
and consequently describe the stability of an electrochemical system
over time.

Overview of the electrochemical results after 1.5 hours and
24 hours.—The objective of this work was to compare the results ob-
tained from different macroscopic electrochemical techniques. Before
discussing the overall behavior over time, we can discuss the results
obtained after 1.5 hours and 24 hours, since a PP measurement was
only performed at these two times. For comparison reasons, a LPR
value after 1.5 hours is calculated as the average from the polariza-
tion resistance values after 1 and 2 hours, respectively, and the noise
resistance of the noise measurements between 1 hour and 2 hours is
selected. In Figure 10, the R, obtained from LPR, EIS and EN mea-
surements after 1.5 hours and 24 hours is presented, as well as the
absolute errors in the respective resistances.

It can be seen that for the hot-dip galvanized steel after 1.5 hours
(Fig. 10a), the R,, values obtained from LPR, EIS and EN measure-
ments are 1.58 £ 0.12 kQ cm?, 1.57 £ 0.12 kQ cm? and 0.92 +
0.70 kQ cm?, respectively. For the hot-dip galvanized steel with cor-
rosion inhibitor after 1.5 hours, the R, values are 1.57 4= 0.90 kQ cm?,
3.5+ 1.7 kQ cm? and 4.7 + 3.4 kQ cm?, respectively.

For the hot-dip galvanized steel after 24 hours (Fig. 10b), the R,
values obtained from LPR, EIS and EN measurements are 0.93 £ 0.11
kQ cm?,0.720 £ 0.053 kQ cm? and 2.47 4 0.26 kQ cm?, respectively.
In the case of hot-dip galvanized steel with corrosion inhibitor, the R,,
values are 1.35 £ 0.12 kQ cm?, 1.63 + 0.18 kQ cm? and 2.45 +
0.56 kQ cm?, respectively.
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First of all, it needs to be remarked that the errors on the EN mea-
surements are significantly high, especially for the measurements after
1.5 hours. For the other two electrochemical techniques, all errors are
below 15%, except for the R, values obtained from LPR and EIS
measurements after 1.5 hours, which are 57% and 47% respectively.
It has been observed that the results after 1.5 hours suffer from non-
stationary behavior, causing an overall unstable electrochemical sys-
tem after 1.5 hours, as observed from the ORP-EIS experiments. This is
reflected in unstable R;, values after relatively short immersion times.
For the LPR and EIS technique, which assume stationarity during
measurement, this is evident. For the EN technique, which measures
non-stationarity behavior, the DWT procedure applied for DC drift re-
moval suffers from the presence of non-stationarities. Despite the high
effectiveness of this procedure, the effect of the non-stationarities is
never eliminated completely, causing the spread of the first EN mea-
surements. Also the uncertainty related to electrode asymmetry when
performing an EN measurement is worth mentioning, since this is not
applicable for an LPR or EIS measurement and could lead to misin-
terpretation of the EN data. This has already led to the conclusion that
EIS provides a better estimate of the impedance than EN does.>*

In general, the results obtained through LPR and EIS are more
in line with each other than with the EN measurement results after
similar immersion times. When interpreting the results obtained after
1.5 hours, it is important to consider that both the systems with and
without corrosion inhibitor were still behaving in a non-stationary
fashion. As a result, the basic conditions necessary for successful ap-
plication of the EIS technique are not fulfilled, which is reflected in
the large scatter of values.

In the case of EN measurements and the calculation of the noise
resistance as a function of time, it needs to be remarked that the sys-
tem is not polarized and as such the spontaneous corrosion process
is measured. Any non-stationarity behavior in the corrosion process
will manifest itself as DC drift in the EN signal, which has a large
influence on the determination of standard deviation and, as a result,
on the noise resistance. Consequently, the accuracy of the calculated
noise resistance relies heavily on the effectiveness of the applied DC
drift removal procedure. Although this is interesting from a scientific
point of view, the different nature of the EN technique as compared to
the active electrochemical techniques investigated in this paper makes
comparison with the R, values from the other techniques rather diffi-
cult.

Overview of the electrochemical results over time.—In Figure 11,
the R,, values of the hot-dip galvanized steel with and without corro-
sion inhibitor obtained through LPR, EIS and EN measurements, to-
gether with the relative contribution of the non-stationarities from the
ORP-EIS measurements over the course of 24 hours, are presented.
The deviation of the R, obtained from EN measurements compared
with the other electrochemical techniques was already discussed in
the previous paragraph.

It can be seen that for the hot-dip galvanized steel without corro-
sion inhibitor (Fig. 11a) the R, values obtained from LPR and EIS
measurements, measured every hour and every 30 minutes, respec-
tively, show a similar trend over the course of the measurement. After
1 hour, the R,, values obtained from LPR and EIS are 1.65 & 0.14 kQ
cm? and 1.87 £ 0.31 kQ cm?, respectively. Both decrease strongly in
the first 10 hours, reaching a R,, value of 0.99 =+ 0.12 kQ cm? for the
LPR and 0.75 £ 0.13 kQ cm? for the EIS measurement, respectively.
Afterwards, the R;, values remain stable. This time corresponds to the
time needed until the system is fully stationary and can be considered
as ‘stable’, as indicated by the gray lines representing the relative con-
tribution of the non-stationarities of frequency decade III and IV. In
the quantitative interpretation per decade, it has been observed that
the electrochemical processes with characteristic time-constants cor-
responding to these frequency decades were the last to stabilize and
cause the overall system instability during the first 10 hours after im-
mersion.

After 10 hours, the electrochemical system is ‘stable’, since the
relative contribution of the non-stationarities are minimal and remain

Journal of The Electrochemical Society, 166 (11) C3220-C3232 (2019)

e LPR 10

a = )

@ Eglzm =10
34 NS/Z IV|f =
Re)
o 5
L1 =
> 24 ] s 5
g | Lil 8
Q ]
[0 ‘ 2
14, ©

O T T T T T 10

0 4 8 12 16 20 24
time/h

8 10

b iz |
T e ﬁg/zm : 10 .
6 T NS/Z IV =
107 8
S
pe]
-10° €
o
5]
F10* 2
5
-10° 2

0 T T T T T T 10

time/h

Figure 11. Overview of the results obtained through linear polarization resis-
tance (LPR), electrochemical impedance spectroscopy (EIS), electrochemical
noise (EN) and odd random phase electrochemical impedance spectroscopy
(ORP-EIS) measurements for hot-dip galvanized steel (a) without corrosion
inhibitor (0.05 M NaCl) and (b) with corrosion inhibitor (0.5 mM Heucophos
CAPP) for 24 h.

stable for the rest of the measurement. This is reflected in the stable
R, values in the same timeframe.

In Figure 11b, the R;, of the hot-dip galvanized steel with corrosion
inhibitor obtained through LPR, EIS and EN measurements, together
with the relative contribution of the non-stationarities from the ORP-
EIS measurements over the course of 24 hours, are presented.

Initially the system is behaving in a non-stationary fashion, as ob-
served from the high relative contribution of the non-stationarities in
the mid frequency (III and IV) ranges. This is reflected in the unsta-
ble R, values obtained from EIS experiments and the high absolute
errors on the R, values obtained from both EIS and LPR experiments
initially. After 2 hours of immersion, the fluctuations in the R;, values
from EIS disappear, reaching a value of 2.85 + 0.42 kQ cm?. At the
same time, the R, value from LPR reaches a value of 1.50 £ 0.47
kQ cm?. In the following hours the R, value follow a similar trend
and decrease toward a stable value of 1.32 & 0.12 kQ cm? in the
case of LPR measurements and 1.84 £ 0.23 kQ cm? in the case of
EIS measurements after 6.5 hours of immersion. At the same time,
the relative contribution of the non-stationarities in the mid frequency
regions reaches a minimum, almost four order of magnitude lower
compared to the magnitude of the impedance modulus. At this mo-
ment, the electrochemical system with corrosion inhibitor is behaving
fully stationary. At a later stage, the electrochemical system is consid-
ered stable, reflected in stable values of R, from both LPR and EIS
measurements.
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Conclusions

Comparison of the characteristic information obtained from the
electrochemical techniques applied in this work makes it possible to
position the electrochemical techniques in the time-domain. A dis-
tinction between three different characteristic factors of time can be
made. Firstly the measurement time, i.e. the time to perform the elec-
trochemical measurement. Secondly the possibility to provide time-
resolved information, i.e. electrochemical information in the time
domain. Thirdly the possibility to provide frequency-resolved infor-
mation and consequently differentiation between different electro-
chemical processes with different characteristic time-constants.

PP measurements provide mechanistic information of the anodic
and cathodic stationary behavior of an inhibited electrochemical sys-
tem after specific periods of immersion, basically a snapshot in time.
These measurements, taking approximately 10 minutes for the evalua-
tion of a potential range of [—30, +500] or [+30, —500] mV versus the
OCP at a scan rate of 1 mV/s, are time intensive if also time-resolved
information on inhibitor performance is of interest.

The approach of applying LPR experiments every hour superim-
posed on a continuous OCP measurement provides a non-invasive and
faster alternative to the PP technique, due to the small amplitude of the
excitation signal (= 5 mV versus the OCP). This provides the possibil-
ity to characterize the electrochemical system in terms of the R;, over
time. However, no frequency-resolved information can be obtained.
Compared to the PP measurements, any mechanistic information is
lost.

EIS measurements can both characterize the overall performance of
the electrochemical system over time as well as provide details about
the corrosion inhibition mechanism and the related time-constants.
However, the presence of non-linearities and non-stationarities may
cause problems in the interpretation of EIS data since fulfilment of
the linearity and stationarity is assumed de facto by applying only an
excitation signal with a small amplitude in the stationary regime of
the electrochemical process.

Characterization of the electrochemical system through EN mea-
surements provides non-stationarity information about the electro-
chemical system over time. Conversion of this information into the
calculation of the R, provides semi-quantitative information about
the inhibition of the electrochemical system averaged over a certain
time frame but is unsuccessful in quantitatively describing the elec-
trochemical system at specific discrete times of exposure.

ORP-EIS measurements were applied to provide information about
the time-invariance (stationarity) of inhibitor containing electrochem-
ical processes over time. The differences in polarization resistance
obtained from the other techniques after 1.5 hours of immersion can
be attributed to the presence of non-stationarities and a consequently
‘unstable’ electrochemical system. In terms of stability it needs to be
remarked that the addition of corrosion inhibitors in the electrolyte
stabilizes the electrochemical interface as compared to the system
without corrosion inhibitors.

Comparison of all results revealed that there is a relation between
the R; values from LPR and EIS on the one hand and the relative
contribution of the non-stationarities from ORP-EIS on the other hand.
The presence of non-stationarities in the initial stages after immersion
and the related unstable behavior of the electrochemical processes is
linked to the fluctuations and the scatter in the R;, values from LPR
and EIS measurements. When the non-stationarities disappear, and the
system can be considered as a stable electrochemical system, also the
R,, values become stable as a function of time. However, no agreement
was found with the polarization resistance values obtained from EN
measurements.
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