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A B S T R A C T   

The impact of the pH on the corrosion of microporous nickel-chromium coatings has been explored at localised 
scale by Scanning Electrochemical Microscopy and validated by potentiodynamic polarisation measurements. 
Results not only reveal the correlation between both techniques but also enables to identify the different 
corrosion rate after increasing the electrolyte aggressiveness varying the pH. However, independently of the pH, 
a similar corrosion mechanism was determined: the cross-section micrographs (by Field Emission-Scanning 
Electron Microscope) have revealed an isotropic growth of the actives sites at early-stage corrosion as well as 
the attack of different nickel layers during the corrosion propagation.   

1. Introduction 

In general, corrosion resistance is a prerequisite for functional 
coatings exposed to aggressive environments in order to ensure their 
proper operation. On the other hand, there are also coatings devoted to 
decorative applications [1–4] which not only have to maintain its 
attractive appearance during aging but also have to provide enhanced 
corrosion resistance capabilities. This requirement is imposed on deco
rative nickel-chromium multilayer coatings for outdoor applications (e. 
g. automotive industry) [5]. Usually, these types of coatings posse a 
multilayer configuration based on a polymeric substrate (not exclu
sively) having an electroless deposited copper layer followed by several 
nickel layers and finally, a plated chromium layer on the top. In general, 
one or two types of nickel layers have been used in the past [6–8]. 
However, to provide enhanced corrosion performance at least three 
layers are needed [9–11]. Therefore, the most common configuration for 
outdoor applications is based on: a thin topmost microporous plated 
chromium layer (usually around 250 nm thickness [12]) and three un
derneath nickel layers consisting of a microporous layer (MP Ni), an 
intermediate bright nickel layer (B Ni) and a semi-bright (SMB Ni) one at 
the bottom. 

In our previous works [9–11], the corrosion behaviour of these sys
tems (3 nickel layers) has been studied during exposure to acidified 
chloride-based electrolyte containing cupric ions (aggressive environ
ment used on copper-accelerated acetic acid-salt spray (CASS) test [13]). 
All nickel layers have a different corrosion potential with the bright 
nickel being the layer with less noble potential [10]. Such a design aims 
to preserve the aesthetic of the chromium layer (acting as cathode 
thanks to the passive oxide layer [12]), guiding the corrosion front to
ward the intermediate nickel layer which is acting as anode. Since this 
layer is located between the other two nickel ones with more noble 
potential, it is ensured that the corrosion only occurs in there, main
taining the pristine appearance of the topmost chromium layer [14–16]. 
In general, either micro-pores or micro-cracks are intended to decrease 
the ratio cathodic (top-chromium layer): anodic (nickels underneath) 
area. In this way, a homogenous current distribution is provided by the 
defects which are acting as localised spots for the initiation of the 
galvanic corrosion all around the surface [15]. However, the 
above-mentioned corrosion mechanism seems to only be maintained 
when cupric ions are present in the electrolyte as was observed by 
Ganborena et al. [10]. This work indicated that the design of the 
multilayer configuration fails in absence of a strong oxidant (e.g., cupric 
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ions) due to the galvanic coupling between nickel layers is not pre
served. The morphology and propagation of the corrosion attack with 
time in a chloride-based electrolyte are not yet fully understood. In fact, 
from the industrial point of view, only the aesthetic damage of the 
topmost surface is evaluated after specific periods of exposure to the 
CASS test [13]. Limited investigations have been done focusing on the 
early-stages of the corrosion and corrosion propagation inside the nickel 
layers with time. In addition, little attention has been given to the 
impact of the pH without cupric ions (i.e., non-acidified/acidified 
electrolyte at pH = 3.1) on the corrosion mechanism of these multi
layer systems. 

The corrosion phenomena at localised scale cannot be neglected for 
these systems due to the presence of micro-discontinuities. Conventional 
electrochemical methods such as potentiodynamic polarisation and 
electrochemical impedance spectroscopy (EIS) cannot provide infor
mation on the processes taking place on the surface with localised (or 
spatial) resolution. Under this scenario, localised techniques can over
come this limitation. As an example, Scanning Vibrating Electrode 
Technique (SVET) is able to provide information at localised scale about 
the impact of Cu in the microstructure and corrosion behaviour of Ni- 
based coatings [17]. Regarding this type of coatings, Scanning Kelvin 
Probe (SKP) was able to reveal localised cathodes for this system [9], 
and different operation modes of the Scanning Electrochemical Micro
scope (SECM) have been used to study galvanic corrosion phenomena (e. 
g., potentiometric SECM, dual microelectrode to simultaneously detect 
metallic cations and pH, etc.) [18–23]. In our previous work [11], the 
versatility of the SECM technique to identify the different corrosion 
reactions taking place on multi-layer nickel-chromium coatings was 
demonstrated while immersed in CASS electrolyte (i.e., acidic pH 3.1 
chloride-based solution containing cupric ions). Two SECM operation 
modes, redox competition and surface generation/tip collection were 
employed to reveal the role of the cupric ions on the corrosion mecha
nism of the multi-layer coatings. Therefore, SECM is a powerful method 
to investigate electrochemical (corrosion) activities with high spatial 
resolution [24]. However, as mentioned above, the corrosion mecha
nism differs in the absence of cupric ions, and the local activity (cathodic 
reactions) in chloride-based electrolytes without cupric ions has not 
been explored yet for these coatings. Moreover, a dynamic corrosion 
process lasting for days needs to be studied in detail at localised scale. 

This work aims to provide new insights about the corrosion mecha
nism (at early-stage and during the corrosion propagation) of micro
porous nickel-chromium coatings in chloride-based electrolytes as a 
function of the pH. Two chloride-based electrolytes have been used: a 
non-acidified and the acidified one (at pH 3.1). SECM experiments 
operating in competition mode were carried out to monitor the evolu
tion with time of the possible cathodic reactions during the corrosion 
process. Additionally, potentiodynamic polarisation curves and the FE- 
SEM micrographs were obtained to validate the SECM observations 
and to postulate the corrosion mechanism of the multi-layer nickel- 
chromium coatings in chloride-based solution. 

2. Experimental details 

2.1. Materials 

Microporous nickel-chromium multilayer coatings were obtained 
from trivalent chromium baths following the procedure described else
where [10], using acrylonitrile butadiene styrene (ABS) as the substrate 
with an intermediate copper layer able to promote the adhesion with 
bottommost nickel layer. 

The thickness of the Cr layer was measured by using the Fischerscope 
XDV-SDD Energy Dispersive X-ray Fluorescence spectrometer (XRF). 
The thickness of each nickel layer and the relative potential difference 
between them was determined by Simultaneous Thickness and Elec
trochemical Potential (STEP) test according to ASTMB764. Before 
testing, samples were cleaned with acetone, rinsed with deionized water 

and dried with a compressed air gun. 
A schematic representation of the multilayer system is shown in  

Fig. 1(a). The complete multilayer system was formed from top to bot
tom with the following metallic layers: i) microporous chromium (200 
± 20 nm), ii) microporous nickel (MPS Ni, 1.4 ± 0.2 µm), iii) bright 
nickel (B Ni, 10.7 ± 1.4 µm), and iv) semibright nickel (SB Ni, 12.2 ±
1.7 µm). The following potential difference was found: 103 ± 11 mV 
between MPS/B Ni layers and 189 ± 23 mV between SB/B Ni layers. 
This difference was achieved having Ni layers with different concen
tration of S (i.e., B Ni layer has the largest content of S). 

Two different electrolytes have been used, varying the pH: i) 5% wt. 
NaCl at the natural pH of the solution (labelled as “Cl-N electrolyte”) and 
ii) 5% wt. NaCl adjusted at pH 3.1 (labelled as “Cl-H electrolyte”). All 
solutions were prepared with analytical grade reagent and 18.5 MΩcm 
deionised water and the resistivity was around 45 Ω⋅cm at 25ºC. The 
solution pH was adjusted with the addition of Glacial acetic acid. 

2.2. Surface and cross-section characterisation 

Field emission scanning electron microscope (FE-SEM) Gemini 
Ultraplus from Zeiss was employed to characterise the samples. Fig. 1(b) 
shows a micrograph with the typical morphology of the surface, having 
a micropore as discontinuity created by an Al2O3 particle. Cross-section 
of the samples after different exposure times (from 3.5 h to 92 h) to the 
different electrolytes (under OCP). Samples were cut and embedded in 
an epoxy cold mounting resin. Metallographic preparation was per
formed using SiC papers up to FEPA P4000 grit, followed by polishing 
with polycrystalline diamond water-based suspension up to 1 µm. 

2.3. Electrochemical measurements 

Electrochemical tests were performed at least by triplicate in a flat- 
cell using a three-electrodes cell configuration at 49ºC. This value was 
chosen to mimic the typically used temperature (the most aggressive 
ones) under CASS tests [13]. 

A sample area of 1 cm2 as the working electrode was exposed to 
250 mL of quiescent electrolyte. The cell was completed with a saturated 

Fig. 1. Microporous nickel-chromium multilayer coating (a) cross section 
scheme, and (b) Detailed top view of the surface obtained by FE-SEM, where a 
single micropore (created by the presence of Al2O3 particle in the microporous 
nickel layer) and surrounded by microcracks is observed on the top chro
mium layer. 
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calomel electrode (SCE, saturated KCl) and a platinum mesh as the 
reference and the counter electrodes, respectively. Two types of mea
surements were carried out using the same VSP-300 Biologic potentio
stat: i) single open circuit potential (OCP) measurements with time in 
naturally aerated electrolytes, and ii) potentiodynamic tests using both 
naturally aerated (O2) and deaerated (N2 atmosphere) electrolytes. The 
electrochemical test consists of three steps: (1) 1.5 h at OCP measure
ment, (2) a linear polarisation resistance (LPR) measurement in the 
potential range ± 10 mV (vs EOCP) at 0.167mVs− 1 scan rate, and (3) 
potentiodynamic polarisation scans (also 0.167mVs− 1 scan rate). The 
cathodic and anodic branches of the curves were obtained separately: 
starting from OCP to − 300 mV in the cathodic direction and to 300 mV 
in the anodic one. The pH, conductivity and O2 content was measured by 
a Meter from VWR pHenomenal®. 

Corrosion current density (jcorr) values were calculated using the 
Stern-Geary relation [25], given in the following equation: 

jcorr =
βaβc

2.3Rp(βc − βa)

where ᵝa and ᵝc are the anodic and cathodic Tafel slopes and Rp is the 
polarisation resistance obtained from the LPR measurement. 

2.4. Scanning electrochemical microscope (SECM) experiments 

An M470 electrochemical workstation (Bio-Logic) was used to 
perform the SECM measurements using as a probe a 15 µm diameter 
platinum microelectrode with RG-value (glass to electrode diameter 
ratio) of approximately 14.5. The electrochemical cell was completed 
with a platinum foil and a SCE were employed as counter and reference 
electrodes, respectively. 

Microporous nickel-chromium samples were exposed to the different 
electrolytes. An area of 0.2 cm2 was delimited by an insulator (adhesive 
tape) to perform the SECM experiments. SECM was operated in the 
competition mode for the detection of dissolved O2 and H+ ions, by the 
oxygen reduction reaction (ORR) and the hydrogen reduction reaction 
(HRR) at the ultra-microelectrode (UME), respectively. The potential to 
polarise the UME for each reaction are identified elsewhere ([11,26]), 
having the following values: (i) ORR: − 0.600 V in the Cl-N electrolyte 
and − 0.250 mV in the Cl-H electrolyte, and (ii) HRR: − 0.700 V ([27, 
28]). 

2.4.1. Approach curves 
The approach curves were performed in two different locations: over 

the adhesive tape (insulating) and over the coatings (active). The curves 
were obtained after 1 h of immersion to the electrolyte. The SECM probe 
was placed at a distance close to 200 µm above the surface using a 
camera. The probe was moved towards the surface by 5 µm steps at a 
rate of 10 µm/s. The measurements were run at room temperature and 
repeated at least three times for reproducibility. 

The approach curves were carried out using the dissolved O2 and 
dissolved H+ as the redox mediators, applying the potential values 
mentioned before. The approach curves were normalised by dividing the 
tip current by the limiting current (inorm = i/ilim), and the position 
dividing the distance by the radius of the UME (Lnorm=d/a). 

2.4.2. Area scans 
Surface area scans of 500 µm x 500 µm dimension were carried out 

with the sample under OCP conditions, using a scan rate of 10 µm/s with 
a probe step distance of 25 µm. The tip-sample distance was fixed at 
30 µm to monitor both reactions (O2 and H+ reduction) which mini
mizes the impact of the pH at local scale (i.e., in the corrosion process 
under study) when ORR is monitored in the UME [29]. The scans were 
carried at room temperature and repeated at least three times for 
reproducibility. 

3. Results and discussion 

3.1. Potentiodynamic polarisation experiments 

Potentiodynamic polarisation curves (Fig. 2) were obtained for 
microporous nickel-chromium coatings exposed to both electrolytes in 
naturally aerated and deaerated conditions, respectively. The different 
electrochemical parameters are listed in Table 1. Fig. 2(a) shows the 

Fig. 2. Potentiodynamic polarisation curve under (a) naturally aerated condi
tions for Cl-N and Cl-H electrolytes, and comparison of aerated and unaerated 
conditions for (b) Cl-N electrolyte, and (c) Cl-H electrolyte. 
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polarisation curves under aerated conditions for both electrolytes. An 
active region with a monotonic increase of current during approximately 
the first 100 mV of anodic overpotential can be observed for the two 
anodic branches. Considering that the topmost chromium layer always 
acts as a cathode during exposure to NaCl solutions (having a similar 
multilayer configuration) [15,30], this behaviour suggests uniform 
corrosion related to nickel oxidation which is characterised by an anodic 
slope (ᵝa) of ≈ 58–81 mVdec− 1. At potentials above 100 mV of anodic 
overpotential, the current increased with a higher rate (smooth change 
in the slope of the curve) which may be due to the activation of more 
active corrosion sites favouring the dissolution of the B Ni layer. The 
main difference between non-acidified (Cl-N) and acidified electrolytes is 
the shift to higher current values of the latter (Table 1). Regarding the 
cathodic branches of the curves, different trends can be observed under 
aerated conditions. Although a single slope can be observed for both 
electrolytes, the sample exposed to the Cl-H one shows higher cathodic 
current values (jcorr 4.51 µA⋅cm− 2 instead 0.09 µA⋅cm− 2), and higher 
value of the cathodic slope (536 mV dec− 1, Table 1). Finally, the Ecorr 
values show a shift to more negative values from − 245 ± 17 mV (Cl-N) 
to − 300 ± 15 mV (Cl-H) that might indicate a larger aggressiveness of 
the electrolyte due to the lower pH value (3.1). These differences 
observed in the polarisation curves (Fig. 2) confirm that the ORR is 
influenced by the type of the electrolyte. 

On the other hand, the polarisation curves were also measured under 
deaerated conditions to understand the solely impact of the pH (Fig. 2(b) 
and (c)). In general, the curves show a shift to more negative Ecorr po
tentials (around 15–25 mV). The main differences observed from the 
curves are regarding the jcorr values. The curve obtained (Fig. 2(b)) in 
the Cl-N (N2) electrolyte showed smooth variations: a decrease of the 
current density (from 0.09 to 0.05 µA⋅cm− 2) and a more negative Ecorr 
(from − 245 ± 17 to − 270 ± 26 mV) compared to the aerated one. 
Independently of the presence of oxygen, this electrolyte is showing the 
lowest jcorr values (i.e., lowest aggressiveness). However, if the polar
isation curve is obtained in an acidified electrolyte at pH = 3.1 (Cl-H) 
under deaerated conditions (N2), the impact of O2 on the corrosion rate 
seems to be more evident (Fig. 2(c)). In fact, jcorr decreases one order of 
magnitude (from 4.51 to 0.28 µA⋅cm− 2) under N2. 

Results clearly reveal the impact of the pH in the corrosion perfor
mance of these coatings. 

3.2. Monitoring the reduction reactions by SECM 

The early-stage and evolution of the corrosion process were moni
tored by SECM experiments under OCP conditions for both electrolytes, 
Cl-N and Cl-H. The SECM experiments aimed to monitor different reduc
tion reactions that might take place (e.g., ORR and HRR) as a function of 
the electrolyte with time. In that sense, the SECM was operated in 
competition mode, and the microelectrode is polarised at the corre
sponding potential of the reduction of O2 and H+. The currents measured 
at the UME are associated with the concentration of the species available 

in the sample/electrolyte interface. Corrosion processes (cathodic re
actions) occurring on the surface will locally decrease the availability of 
these species to be reduced by the UME. 

3.2.1. SECM approach curves 
Normalised approach curves were obtained for each electrolyte over 

(i) the microporous nickel-chromium surface, and (ii) over the insulator 
tape delimiting the sample (as inactive substrate). Fig. 3 shows the 

Table 1 
Electrochemical parameters obtained for microporous nickel-chromium coat
ings in Cl-N and Cl-H electrolytes. Data are expressed as mean with standard 
deviation.  

Electrolyte Ecorr 

(mV vs 

SCE) 

Rp 

(kohm⋅cm2) 
ᵝa 

(mV⋅dec− 1) 
-ᵝc 

(mV⋅dec− 1) 
jcorr 

(µA⋅cm− 2) 

Cl-N (O2) -245 
± 17 

215.5 
± 62.7 

58 ± 6 192 ± 8 0.09 
± 0.04 

Cl-N (N2) -270 
± 26 

560.0 
± 110.8 

81 ± 10 386 ± 3 0.05 
± 0.01 

Cl-H (O2) -300 
± 15 

6.3 ± 2.9 74 ± 12 536 ± 77 4.51 
± 0.70 

Cl-H (N2) -315 
± 15 

102.2 
± 12.5 

80 ± 4 346 ± 25 0.28 
± 0.01  

Fig. 3. Approach curves were measured on the insulating substrate (black line) 
and microporous nickel-chromium sample (red line) immersed in (a) Cl-N 
electrolyte, (b) and (c) in Cl-H electrolyte. The UME was polarised using: (i) O2 
as redox mediator at (a) − 0.600 V and (b) − 0.250 V, (ii) H+ as redox mediator 
at (c) - 0.700 V. 
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approach curves of the microelectrode polarised to monitor the different 
redox species O2 in Cl-N and Cl-H electrolytes, and H+ in Cl-H. The 
approach curves obtained on the insulator (tape) showed negative 
feedback response for all electrolytes, with a clear transition between 
the limiting current (plateau at Lnorm > 5) and the sharp decrease. This is 
the typical response of an inactive surface. In this case, the current is 
only influenced by the geometrical blockage of the substrate limiting the 
access of the redox species to the probe [29]. The approach curves 
measured on the microporous nickel-chromium surface showed 
different behaviour depending of the solution and the redox species 
reduced at the probe. In the case of the Cl-N electrolyte (Fig. 3(a)) for O2 
reduction, the curve showed exactly the same behaviour as on the 
insulator substrate. The sample seems not active, and the probe current 
only decays at the very proximity of the substrate (Lnorm < 5) as a result 
of the limited diffusion of oxygen. In this case, the dissolved oxygen is 
purely acting as a redox mediator. The normalised currents close to 1 
correspond to the limiting current value, which is related to the con
centration of redox species (oxygen) in the bulk. 

The response of the probe changed when the approach curve was 
carried on the sample immersed in the acidified Cl-H electrolyte (Fig. 3 
(b)). Although there is still an abrupt decay of the current (Lnorm < 5), a 
constant limiting current is not attained (Lnorm > 5). It indicates that 
there is less dissolved oxygen available in the solution to undergo the 
reduction at the probe (already at positions far from the substrate) and 
therefore, the consumption of oxygen (due to corrosion) from the sample 
has already started. Then, if the electrolyte is acidified (pH 3.1), the 
aggressiveness is increased which is in agreement with its largest jcorr 
previously obtained (Table 1). 

A similar response occurs in the acidified electrolyte (Cl-H) when HRR 
is the reaction selected at the probe. The approach curve over the sample 
(Fig. 3(c)) shows a decay of the current already at locations far from the 
substrate (Lnorm > 5). This confirms that there is consumption of H+ ions 
by the substrate as a result of a cathodic reaction due to corrosion. 

In summary, the approach curves results demonstrate that the 

acidification of the chloride-based electrolyte increases the aggressive
ness, where early onset of corrosion occurs compared to the neutral 
electrolyte. For the same immersion time (approx. 1 h), a consumption 
of the redox species was detected only in the case of Cl-H electrolyte. 
Furthermore, it is possible to confirm that both, O2 molecules and H+

ions are involved in the cathodic processes taking place during 
corrosion. 

3.2.2. SECM area scans 
SECM area scans were performed to monitor the cathodic process 

under both electrolytes, Cl-N and Cl-H Fig. 4 shows the SECM maps by 
operating in competition mode to monitor with time the oxygen 
depletion due to the cathodic reaction in the neutral Cl-N electrolyte. 
There is no sign of oxygen consumption in early times of exposure (1 h, 
Fig. 4(a)) as well as after 5 days (Fig. 4(b)). Currents values are in the 
magnitude range expected for the tip-sample distance used in the ex
periments (30 µm). The small variation may be associated with the tilt of 
the sample. After 8 days of exposure, there is a considerable change in 
the magnitude of the current to lower values (< 10− 9 A, Fig. 4(c)). This is 
related to less dissolved oxygen available for the reaction at the 
microelectrode, indicating that corrosion processes are taking place. 
Furthermore, the map showed zones (upper part and bottom-left part) 
with more pronounced depletion of oxygen (current scale into the range 
of 8.4 – 9.9 10− 10 A) which can be first evidences of localised cathodic 
areas. The presence of these localised cathodes became more evident 
after 12 days of exposure (see circles in Fig. 4(d)). Well-defined cathodic 
sites are detected at two different spots (1) X = 400 µm, Y = 200 µm; 
and (2) X = 250 µm, and Y = − 150 µm, respectively. 

In overall, under Cl-N electrolyte there is no evidence of corrosion 
process on the microporous nickel-chromium coatings during the first 
days after immersion. It is only after between 8 and 12 days that sig
nificant depletion of oxygen related to the cathodic process is detected. 
The activity showed a localised behaviour. The slow corrosion kinetic is 
associated to the low aggressiveness of the solution, especially at room 

Fig. 4. SECM maps monitoring oxygen in competition mode during exposure to Cl-N electrolyte: (a) 1 h, (b) 5 days, (c) 8 days, and (d) 12 days. The UME was 
polarised at − 0.600 V. Current scale: Amperes (A). 
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temperature, as was also observed from the potentiodynamic polar
isation results (Fig. 2, Table 1). The observation that no activity is 
detected on the first day of immersion explains that there are no dif
ferences between the approach curves measured on the sample and the 
insulating tape (Fig. 3). 

Similar SECM scan measurements monitoring oxygen depletion were 
carried out in the Cl-H electrolyte. SECM maps obtained after 1 h and 
24 h of exposure (Fig. 5(a) & (b)) did not show localised activity but the 
current values seem to decrease more rapidly between those instants. 
This indicates that there is a decay of dissolved oxygen in the solution 
and also corroborate the results from the approach curves in Fig. 3(b). 
Localised cathodic activity is detected after 48 h of exposure in an 
acidified environment (the upper-left part of the SECM map in Fig. 5(c)) 
and remained after 72 h of immersion (Fig. 5(d)). As expected, the 
corrosion propagation in the acidified electrolyte (Cl-H one) was much 
faster according to the higher current density values obtained from the 
potentiodynamic polarisation experiments (Table 1). 

In order to confirm H+ reduction (acidified medium) is also 
contributing to the corrosion process (Fig. 2, Fig. 3), SECM maps (Fig. 6) 
were obtained by competition mode monitoring the HRR at the probe. 
Fig. 6(a) was recorded immediately after obtaining Fig. 5(c). It shows 
strong and localised depletion of H+ ions in the same location the oxygen 
depletion was detected (Fig. 5(c)). With longer immersion time (72 h) 
the site showed still activity (Fig. 6(b)). These results confirm the 
presence of well-defined and localised cathodic sites after approximately 
48 h of exposure and that O2 and H+ species are involved in the cathodic 
reduction reactions during corrosion. 

In summary, SECM area scan experiments allowed monitoring the 
corrosion processes at localised scale once it has started. In agreement 
with the potentiodynamic tests (Fig. 2), a much shorter time was 
required to detect early-stage corrosion for the electrolytes with higher 
aggressiveness (Table 1) obtaining the same classification in terms of 
aggressiveness: Cl-N < < Cl-H. 

3.3. Cross-section characterisation 

3.3.1. Non-acidified electrolyte (Cl-N) 
According to the different aggressiveness of the electrolytes, samples 

were exposed for a period of 22 h to the Cl-H electrolyte and 92 h to the 
Cl-N electrolyte, both at 49ºC. The corrosion damages underneath the 
chromium layer have been studied (cross-section micrographs) by FE- 
SEM. In our previous work [10], only the average height and width of 
the active sites detected at that particular time (i.e., 22 h) was quanti
fied. In this current research, a more detailed analysis has been carried 
out by selecting different exposure times for each electrolyte (Fig. 7 and  
Fig. 8). It is important to notice that the terminology “active sites” has 
been used rather than the term pits (already used for similar decorative 
nickel-chromium systems) [31,32] to avoid misunderstanding with the 
“pitting” phenomena studied in passive metals and their alloys [33]. 

Fig. 7 shows micrographs at 22, 36 and 92 h of exposure to the Cl-N 
electrolyte. In addition, Table 2 lists the values of parameters such as 
width, height their ratio (width/height) for all electrolytes. Fig. 7(a) 
shows an active site with a hemispherical shape (around 4.0 µm width 
and 3.2 µm height, Table 2), indicating an isotropic growth after 22 h of 
exposure. As expected, it seems that the corrosion front went throughout 
the MPS Ni layer before reaching the B Ni layer. Apparently, only a few 
sites were developed (hemispherical shape) due to corrosion. They seem 
to be located in the B Ni layer preserving the integrity of the MPS Ni 
layer. If the exposure time increases up to 36 h, the corrosion front has 
dissolved the B Ni layer, reaching the SB Ni one (Fig. 7(b)). At this stage, 
the isotropic growth is getting lost (width:height = 1.77 at 36 h instead 
of 1.25 at 22 h, Table 2) and the corrosion progresses laterally 
throughout the B Ni layer (elliptical shape). Moreover, the MPS Ni layer 
seems to be partially corroded in the central part of the active site. 
Considering a thickness value of B Ni layer is around 10.7 ± 1.4 µm, the 
height (11.7 µm, Table 2) of this active site may indicate that certain 
corrosion has also occurred in MPS Ni layer. However, this active site is 
still considered as “closed one” (terminology previously used [10]) 
because it is maintaining the integrity of the thin chromium layer. 

In order to promote larger damages under this Cl-N electrolyte, the 

Fig. 5. SECM maps monitoring oxygen in competition mode during exposure to Cl-H electrolyte during: (a) 1 h, (b) 24 h, (c) 48 h, and (d) 72 h. The UME was 
polarised at − 0.250 V. Current scale: Amperes (A). 
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exposure time was increased up to 92 h (≈4 days), where two types of 
active sites were observed. Fig. 7(c) indicates a clear transition from an 
elliptical shape (Fig. 7(b)) to a rectangular one, where not only the 
active site shape has changed, but also the MPS Ni layer is completely 
attacked. Here, the active site can be classified as “open” (76.7 µm width 
and 14.0 µm height), where the chromium layer has also disappeared 
due to the corrosion of the MPS Ni layer. On the other hand, Fig. 7(d) 
also shows other typical active sites after 92 h of exposure. In this case, 
an elliptical shape merged with rectangular can be observed, having 
width values of 121.7 µm and height of 17.5 µm. This latter large value 
in depth indicates that the corrosion of the SB Ni layer has occurred 
which is confirmed visually due to the elliptical shape of the cross- 
section (see dot line). It seems that the SB Ni layer is prone to be 
corroded if the width of the active site is above a certain threshold (at 
least beyond 76.7 µm, Fig. 7(c)), whilst independently of the width, the 
MPS Ni layer is always corroded (Fig. 7(c) & (d)). 

3.3.2. Acidified electrolyte (Cl-H) 
Fig. 8(a) shows an active site with a hemispherical shape after 3.5 h 

of exposure to Cl-H electrolyte. Although it is larger (around 9.6 µm 
width and 6.9 µm height, Table 2) than the one created after 22 h of 
exposure to Cl-N electrolyte (4.0 µm width and 3.2 µm height, Fig. 7(a)), 
both have a similar shape. Then, it can be assumed that both active sites 
underwent an isotropic growth (width:height ratio between 1.25 and 
1.39) but at different corrosion rates. If the time of exposure is increased 
up to 8 h (Fig. 8(b)), not only the shape but also the width/height ratio 
are maintained (1.52, Table 2), indicating homogeneous progress of the 
corrosion front. Finally, there is an abrupt change in the shape that goes 
from hemispherical to elliptical after 22 h of exposure (Fig. 8(c)). Once 
the penetration depth reaches the SB Ni layer, the corrosion of the MPS 
Ni layer occurs together with the lateral corrosion of the B Ni layer and 
certain (as well as certain corrosion of the SB Ni layer). At this time, the 
width/height ratio is still maintained (1.80) which is typical of isotropic 
growth. Therefore, despite having higher corrosion rate at pH = 3.1 (Cl-H 

Fig. 6. SECM maps monitoring H+ in competition mode during exposure to Cl-H electrolyte during: (a) 48 h, and (b) 72 h. The UME was polarised at − 0.700 V. 
Current scale: Amperes (A). 

Fig. 7. FE-SEM micrographs showing the evolution with time of active sites after exposure to aerated Cl-N electrolyte: (a) 22 h, (b) 36 h, (c) & (d) 92 h (≈ 4 days).  
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electrolyte), a similar corrosion mechanism is observed in both elec
trolytes, where the three nickel layers were attacked. Theoretically, the 
MPS Ni layer was supposed behave as cathode versus B Ni one [34] but 
independently of the electrolyte (Cl-N or Cl-H), it has been extensively 
corroded. In order to explain it, samples were exposed during 22 h under 
deaerated conditions in the Cl-H electrolyte (Fig. 8(d)). The cross-section 
images reveal much lower damage under N2 than under O2 (Fig. 8(c)) 
which is in agreement with jcorr values (0.28 µA⋅cm− 2 instead 
4.51 µA⋅cm− 2, Table 1). A typical hemispherical shape can be observed 
(12.6 µm width and 8.9 µm height, Fig. 8(d)) due to an isotropic growth 
(1.41 ratio width:height, Table 2). Interestingly, the MPS Ni layer has 
already been corroded here, in contrast to active sites of similar di
mensions (16.6 µm width and 10.9 µm height) but obtained under 
aerated conditions after 8 h of exposure in the same electrolyte (Fig. 8 
(b)). This finding is in agreement with the hypothesis that considers 
oxygen depletion (e.g. deaerated scenario) inside of the active site [5, 
33] as one of the main reason to trigger the polarity reversal between Ni 
B and MPS Ni layers, favouring the corrosion of the latter under this 
scenario. 

In summary, different aggressiveness it has been observed as a 
function of the electrolyte (Cl-N << Cl-H), where opened ones (without 
top chromium layer) are usually developed with the time of exposure. 
An isotropic growth (hemispherical shape) occurs at the beginning of the 
corrosion process and later on, the active site evolves to an elliptical 
shape due to: (i) the widening of the active site by the lateral dissolution 
of B Ni layer, (ii) the corrosion of the MPS Ni layer, and (iii) the partial 
attack of the SB Ni layers. Indeed, larger exposure time (e.g., 92 h in Cl-N 
electrolyte) facilitates the formation of rectangular active sites (or 
elliptical merged with rectangular). 

3.4. Corrosion in Cl-H electrolyte: impact of the pH 

It has been observed that O2 and H+ are involved in the corrosion 
process of microporous nickel-chromium coatings under an acidified 
electrolyte (Cl-H, Fig. 2(c)). The O2 reduction in a neutral electrolyte 
(Cl-N) usually proceeds along with one, or both, of the following two 
pathways [35,36]: 

(i) two consecutive two-electron steps to hydrogen peroxide species:  

O2 + H2O + 2e- → HO2
- + OH- ESHE = − 0⋅065 V                              (1)  

HO2
- +H2O + 2e- → 3OH- ESHE = 0.867 V                                         (2) 

or (ii) with a direct four-electron step:  

O2 +2 H2O +4e- → 4OH- ESHE = 0.401 V                                          (3) 

In contrast, the following pathways can occur under an acidic me
dium such Cl-H electrolyte [37]:  

O2 +4 H+ +4e- → 2 H2O ESHE = 1⋅229 V                                          (4)  

O2 +2 H+ +2e- → H2O2 ESHE = 0.695 V                                           (5) 

where the two-electron pathways generate unstable peroxides as prod
ucts. These species can further be reduced to water in the acidic medium: 

Fig. 8. FE-SEM micrographs showing the evolution with time of active sites after exposure to Cl-H electrolyte in aerated conditions (a) 3.5 h, (b) 8 h, and (c) 22 h, and 
(d) deaerated one after 22 h. 

Table 2 
Features of the active sites created in microporous nickel-chromium coatings 
after different times of exposure in both electrolytes, including deaerated con
ditions for Cl-H electrolyte.  

Electrolyte Time 
(h) 

Width 
(µm) 

Height 
(µm) 

Ratio Width: 
Height 

Cl-N (O2) 

(Fig. 7)  
22  4.0  3.2  1.25  
36  20.7  11.7  1.77  
92  76.7  14.0  5.47  
92  121.7  17.5  6.95 

Cl-H (O2) 

(Fig. 8(a), (b) & 
(c))  

3.5  9.6  6.9  1.39  
8.0  16.6  10.9  1.52  

22  28.5  15.8  1.80 
Cl-H (N2) 

(Fig. 8(d))  
22  12.6  8.9  1.41  
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H2O2 +2 H+ +2e- → 2 H2O ESHE = 1⋅776 V                                      (6) 

or it decomposes by a disproportionation:  

2 H2O2 → 2 H2O + O2                                                                     (7) 

Considering that an acidic pH is used, the following reduction re
action can also occur (HRR, Eq. 8):  

2 H++ 2e- → H2 ESHE = 0.0 V                                                         (8) 

Although it seems that the ORR (following Eqs. (4), (5)) may be 
controlling the corrosion rate according to the standard electrode 

potential values, there are certain contribution of the pH to the overall 
corrosion phenomena. In order to estimate it, semi-quantitative analysis 
was made from the polarisation curves comparing the jcorr values (Fig. 2 
(c), Table 1). The synergy between H+ and O2 provides large jcorr values 
(4.51 µA⋅cm− 2). The impact of oxygen can be estimated from the curve 
under deaerated conditions (jcorr = 0.28 µA⋅cm− 2), indicating a differ
ence above one order of magnitude. On the other hand, in order to 
isolate the hypothetical contribution of the pH without the effect of O2 
(to avoid the reactions from Eq. (4) & (5)), the jcorr under deaerated 
conditions for both electrolytes (Cl-N and Cl-H,) can be compared 
(0.05 µA⋅cm− 2 vs. 0.28 µA⋅cm− 2). Once again, the current density values 

Fig. 9. Schematic representation of the corrosion mechanism of microporous nickel-chromium coatings exposed to chloride-based electrolytes (independently of the 
acidified pH): (a) intact multilayer system, (b) corrosion goes throughout the B Ni layer, (c) an isotropic growth occurs once the active site is located in the B Ni layer, 
(d) the active site reaches the SB Ni layer (e) the corrosion mechanism is modified and the MPS Ni layer is being attacked, and (f) widening of the corrosion site, 
triggering also the corrosion attack of the SB Ni layer. 
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differ five times which confirms the impact of the pH in terms of 
corrosion rate for these decorative coatings. Then, this finding can 
justify the large attack obtained under deaerated conditions (no influ
ence of O2) in the Cl-H electrolyte after 22 h of exposure (jcorr =

0.28 µA⋅cm− 2, 12.6 µm width, and 8.9 µm height, Fig. 8(d)) compared to 
the one obtained in the Cl-N electrolyte under aerated ones (jcorr =

0.09 µA⋅cm− 2, 4.0 µm width, and 3.2 µm height, Fig. 7(a)) at the same 
time of exposure (22 h). 

On the other hand, the SECM maps have shown the consumption of 
different redox species (i.e., H+ and O2) by the sample in the Cl-H elec
trolyte. The impact of the pH was also proven by SECM approach curves, 
where lower current values than expected (compared to Fig. 3(a) in Cl-N 
electrolyte) were measured in the UME: larger consumption of O2 
occurred at Lnorm = 4 (Inorm = 0.57, Fig. 3(b)) by the sample for ORR and 
larger consumption of H+ at same distance (Lnorm = 4, Inorm = 0.70, 
Fig. 3(c)) for HRR. 

As a summary, H+ can be consumed in several reactions (Eqs. 4, 5, 6 
and 8) and the impact of the pH in the corrosion rate has been confirmed 
either by SECM (maps and approach curves) or potentiodynamic 
polarisation measurements. However, it seems that such an impact does 
not affect the corrosion mechanism of microporous nickel-chromium 
coatings as has been described below. 

3.5. Corrosion mechanism of microporous nickel-chromium coatings 

In general, microporous nickel-chromium systems (also having 
microcracks) are designed to guide and maintain the hidden corrosion 
front, minimising the visual impact on the surface. Theoretically, those 
three nickel layers were chosen for having different electrochemical 
potentials and once the galvanic coupling occurs, the less noble layer (i. 
e., B Ni) is anodically polarised if a chloride-based electrolyte using 
cupric ions is used [38]. However, this theoretical scenario is not 
maintained for Cl-N and Cl-H electrolytes, where the corrosion not only 
occurs in the B Ni layer but also in the other two: it was mainly affecting 
the MPS Ni layer but not exclusively because SB Ni layer was also 
attacked in a lower extent. Therefore, according to the findings of this 
paper and independently of the pH, the following corrosion mechanism 
can be established for both electrolytes despite having different corro
sion rates (Fig. 9):  

(i) The initiation of the corrosion occurs throughout micro- 
discontinuities such as micropores but not exclusively (e.g., the 
microcracks are also the preferential pathway to the access of the 
electrolyte, Fig. 9(a)).  

(ii) Once the B Ni layer has been reached by the corrosion front, the 
progress of corrosion remains located in this single layer (Fig. 9 
(b)), maintaining almost an isotropic growth (width/height ratio 
< 2) along with this layer Fig. 9(c).  

(iii) The isotropic growth is maintained until the corrosion front 
reaches the surface of the SB Ni layer (Fig. 9(d)). At this moment, 
independently of the aggressiveness of the electrolyte, there is a 
change in the corrosion mechanism and the active site is forced to 
grow in a different direction. It is due to the isotropic growth 
being hindered in depth by the presence of the SB Ni layer (not 
corroded yet). 

(iv) From now on, the corrosion starts to occur in the opposite di
rection, i.e., the MPS Ni layer is attacked (Fig. 9(e) and becomes 
to behave as the anode for both, Cl-N and Cl-H electrolytes. 
Therefore, to temporarily maintain the isotropic growth, Fig. 9(e) 
not only shows the attack of the MPS Ni layer but also certain 
lateral corrosion of the B Ni layer.  

(v) At certain point, the SB Ni layer is also corroded but to a much 
lower extent (Fig. 9(f)). Finally, in addition to the attack of the 
MPS and SB Ni layers, the lateral corrosion of the B Ni layer 
promotes the anisotropic growth of the active site. 

4. Conclusions 

The corrosion of nickel-chromium systems has been explored using 
conventional and localised electrochemical techniques at different pH. 
The main findings are the following:  

• SECM approach curves and maps were carried out to monitor the 
species (i.e.,O2 and H+) involved in the cathodic reactions governing 
the corrosion process at localised scale. Localised cathodic sites were 
distinguished after 48 h for Cl-H electrolyte and 192 h (≈8 days) for 
Cl-N electrolyte, respectively. 

• Potentiodynamic polarisation curves (at 49ºC) were crucial to vali
date the SECM results at room temperature in terms of aggressive
ness, showing that the impact of the pH was solely affecting to the 
corrosion rate rather than to the corrosion mechanism. 

• The corrosion mechanism has been elucidated at early-stage corro
sion and during the corrosion propagation. Initially, corrosion solely 
occurred into the B Ni layer under isotropic growth. Once the active 
site reached the boundary with the SB Ni layer, the corrosion 
mechanism was modified and MPS Ni layer was also attacked. The 
widening of the active site (i.e. lateral corrosion of the B Ni layer) and 
the attack of the SB Ni layer took place during the propagation of 
anisotropic active sites. 
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