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A B S T R A C T

The effect of sodium molybdate in inhibiting galvanic corrosion of Zn coating and mild steel is addressed. The
inhibitor's performance was appraised by Zero Resistance Ammeter on HDG/mild steel galvanic coupling model
in 0.05M NaCl (+5mM Na2MoO4) media. The effectiveness of Na2MoO4 was evaluated on HDG substrate
mechanically scratched to reach the steel. Scanning Vibrating Electrode Technique was employed for assessing
the distribution of j from scribed HDG surfaces. This local electrochemistry approach was repeated in NaCl
solution to examine the behaviour of HDG when the Zn-coating is partially removed. Surface analysis supported
all electrochemical results.

1. Introduction

Zinc is extensively used as a sacrificial coating in the case of the
corrosion protection of steel in a wide range of applications such as
automotive, building and household appliance industries. However, the
degree of protection provided by the zinc layer is not uniform across the
entire steel surface, as the coating is susceptible to localised attack
when exposed to chloride-containing media [1]. In the last twenty
years, in parallel to the progressive regulations of Cr(VI), new families
of protective compounds have been tested to improve the life-span of
zinc coatings with no need for thickness increase [1–5]. Nonetheless,
there is still a great need to identify (or develop) corrosion inhibitors
that behave efficiently when the steel substrate is locally exposed upon
(electro) chemical dissolution or mechanical removal of the Zn-rich
coating. Such a situation is not only encountered during application but
often during transportation and storage of the material as well.

Hot-dip galvanised steel (HDG) is produced by dipping a steel sheet
into a bath of molten zinc. After cooling of the zinc-coated steel strip,
skin-pass rolling is usually applied to define the final coating texture.
The peaks on the surface of the working rolls are pressed into the zinc
strip, creating depressions covering about 50 % of the original surface
[6]. Skin-passed surfaces have increased roughness, which is an es-
sential parameter for promoting more contact area for mechanical in-
terlocking with the primer or lubricants [7]. Such surface roughening is
also reported to contribute to the chemical adhesion of the primer

(increased number of functional groups per unit surface area), which
explains why this treatment is widely used in the automobile industry
[6]. This procedure was reported to affect the corrosion properties of
galvanised steels by altering the zinc surface activity in comparison to
its as-coated state [7]. The skin-passed structure of HDG comprising
"summits" and "valleys" can be visualized in Fig. 1 (roll marks are in-
dicated by black arrows in Fig. 1 (b), (c) and (e)). Therefore, in this
work, it was decided to preserve the skin-passed structure of industrial
HDG as much as possible; on the contrary to of studies in which the top-
surface of HDG (or zinc) specimens were ground prior to corrosion
testing [1,8–11].

In the first part of this article, the inhibitive effect of sodium mo-
lybdate towards a hot-dip galvanised steel/mild steel galvanic coupling
model was evaluated in 0.05M NaCl solution, using the Zero Resistance
Ammeter (ZRA) technique. The model was designed to test the inhibitor
performance under critical conditions – such as a defective Zn coating
associated with a considerably exposed steel surface. Hence, the HDG
and the steel electrodes presented an area ratio equal to 1. In this case,
despite the cathodic protection of the steel provided by zinc, the intense
galvanic corrosion process would lead to significant local consumption
of the Zn coating. Hence, the interest is to apply environmentally-
friendly corrosion inhibitors to minimise the dissolution rate of sacri-
ficial Zn, which is particularly high in chloride-containing electrolytes.
While the majority of modelling investigations used either bi-electrodes
comprising pure Zn [4,12–15] or single-electrode industrial samples
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[1,2,12], the ZRA model considered in this work consists of HDG and
mild steel electrodes presenting industrially treated surfaces.

The choice of sodium molybdate as an inhibitor was based on a
preliminary screening study which indicated the high inhibition effi-
ciency of Na2MoO4 towards the same HDG/mild steel galvanic coupling
model here employed. Moreover, different authors have considered
sodium molybdate as a non-toxic [16] or a green inhibitor [1].

After evaluating the performance of sodium molybdate through the
galvanic coupling model/ZRA approach, further studies were carried
out to understand its inhibition mechanism towards severely scribed
HDG. The Scanning Vibrating Electrode Technique (SVET) was em-
ployed to locally monitor the anodic and cathodic activities over
scribed HDG surfaces, whose underlying steel substrate was revealed,
immersed in 0.05M NaCl with or without 5mM Na2MoO4. Previous
investigations using the SVET carried out on galvanised steel systems,
have contributed significantly to achieving a deeper comprehension of
the underlying corrosion and inhibition phenomena [12,17,18].

Furthermore, the severity of the defect (whether the underlying Fe
substrate is exposed or not) on the resulting corrosion behaviour of
scratched HDG in NaCl medium was also evaluated by SVET and
complementary SEM-EDX analysis. Although a constant probe-to-
sample distance is commonplace for SVET measurements, the experi-
mental approach here addresses the applicability of the technique on
scribed coated-systems presenting difference in height before corrosion
testing.

2. Materials and methods

2.1. Hot-dip galvanised steel and mild steel samples

Industrial hot-dip galvanised steel (HDG) plates (Extragal Z100,
∼0.4mm thick, ArcelorMittal - France) were employed for both ZRA
and SVET analyses. The skin-passed Zn coatings were about 15 μm thick
(weight of approximately 57.5 g/m²) and comprised Al and Fe (0.36
and 0.25 wt.%, respectively). Additionally, commercial mild steel plates
(cold rolled SAE 1009, ∼0.5mm thick, Masson's Steel - France) con-
stituted the HDG/mild steel galvanic couple model for ZRA testing. This
low alloyed carbon steel is typically employed in the automotive

industry. All surfaces were degreased by acetone under ultrasonic
cleaning, washed with distilled water and dried with compressed air
before electrochemical testing [19] (mild steel coupons were also
etched for 30 s in acidic solution (Ridoline C72, Henkel - Belgium)
before the washing step).

2.2. Chemicals

The reference and inhibitor-containing electrolytes were the 0.05M
NaCl (pH=6.3) [1] and the 0.05M NaCl +5mM Na2MoO4

(pH=6.4), respectively. All chemicals were purchased from Alfa Aesar
and presented a degree of purity of 99.9 % at least. It is important to
emphasize that the Na2MoO4 compound does not meet any of the ha-
zard criteria established by REACH [20] nor OSHA [21] regulations.

2.3. ZRA monitoring

A HDG/mild steel galvanic coupling model was designed for ZRA
testing. Rectangular coupons of both materials (2× 7 cm²) were pro-
tected using tape for corrosion testing (3M™ Scotchrap™ 50). Each tape
strip was previously pierced with a 1.4mm diameter punch tool,
thereby generating samples with ∼1.5 cm² of exposed area. The area
ratio of the electrodes was equal to 1. A schematic representation of the
HDG/mild steel galvanic coupling configuration for ZRA testing is
presented in Fig. 2.

The AMETEK Parstat 2273 and the Powersuite® were used as po-
tentiostat and programming interface, respectively. HDG coupons, mild
steel coupons and an Ag/AgCl/KClsat (+197mV/SHE) electrode were
respectively employed as working, counter and reference electrodes.
The 3-electrode set-up was fixed inside a home-built cell (poly-
propylene) by forming an equilateral triangle of ∼3 cm side (placed
inside a Faraday cage). Taking advantage of the fact that the electrode
area ratio was equal to 1, the computed galvanic currents were con-
verted into galvanic current density (jgalv) for plotting purposes.

2.4. Potentiodynamic polarisation measurements

Potentiodynamic polarisation curves were obtained for the HDG

Fig. 1. (a, d) Optical and (b, e) Scanning Microscopy (secondary electron) analyses of galvanised steel surfaces from the HDG/mild steel galvanic pair after ZRA
testing in (a, b) 0.05M NaCl or in (d, e) 0.05M NaCl +5mM Na2MoO4. (c) SEM image from a reference HDG surface. The white arrows in (b), (c) and (e) indicate roll
marks from the skin-passing treatment. Inset in (e) shows a zoom of a region covered by Mo-based precipitates.
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electrode (anodic branch) and the mild electrode (cathodic branch) in
0.05M NaCl. In both cases, Plexiglass cells were fixed on the surface of
5cm×5cm plates, leaving exposed areas of ∼7.1 cm². Starting from
OCP, the polarisation was conducted at a scan rate of 0.5 mV s−1 for
anodic/cathodic branches. Prior to testing, the OCP was followed for
30min, and steady potentials were attained.

An Ag/AgCl/KClsat (+197mV/SHE) was used as reference elec-
trode and a platinum coil as auxiliary electrode. Such as for ZRA testing,
experiments were performed inside a Faraday cage using the AMETEK
Parstat 2273 potentiostat.

2.5. Scanning vibrating electrode technique (SVET) analysis

SVET was employed to investigate localised corrosion processes
over scratched HDG samples exposed to 0.05M NaCl solution in the
absence and presence of 5mM of inhibitor (sodium molybdate).

The surfaces of the HDG specimens (cleaned as previously de-
scribed) were entirely covered by protective insulating tape (3M™
Ruban Polyester 8402) except on test areas of 0.78 mm² (1mm dia-
meter window). Next, the exposed surfaces were manually scribed
using a scalpel prior to testing. The resulting scratches were about
0.5 ± 0.1mm in length and ∼12 or ∼18 μm in depth (the scribing
procedure is described in detail in the topic below). The defects of
∼12 μm depth partially removed the Zn-rich layer without reaching the
steel substrate while those with ∼18 μm depth completely revealed the
steel substrate. Both types of analysed scratches are schematically il-
lustrated in Fig. 3(a).

The equipment and corresponding software were supplied by
Applicable Electronics™ (AE) and Science Wares™, respectively. The
current density was continuously recorded on a 41×41 grid (scanned
area of ∼1360 μm x ∼1360 μm (on average), spatial resolution of
∼34 μm) whose centre was placed on the centre of the exposed area of
the sample. An insulated Pt-Ir probe (Microprobe™) with a Pt-black
deposit (ø = ∼20 μm) was used (probe-to-sample
distance= 80 ± 5 μm). The SVET system was calibrated in each
working electrolyte (2 mL) following the AE system manual (resistivity
values were 342 and 153 O.cm for the reference and molybdate-con-
taining electrolytes, respectively). This calibration method is a common
practice among researchers working with the AE device and is de-
scribed in detail elsewhere [22]. The SVET peak-to-peak voltage signal
was converted to values of current flux density along the axis of probe
vibration [23]; in the vertical direction (jZ), in this case. The probe
vibration frequency was 80 Hz and the peak-to-peak vibration

amplitude was 40 μm. The current density was calculated as shown in
Eq. 1 (jZ is the current density in the Z-axis, ρ is the solution resistivity,
ΔV is the potential gradient in the solution measured between two
points at a distance Δr (vibration amplitude)).

= −j
ρ

V
r

1 Δ
ΔZ (1)

After a run-in immersion period of ∼10min, 4 scans of ∼35min
started each 45min, leading to a total testing time of ∼180min. All
SVET measurements were repeated twice, and reproducibility was as-
serted (the location of anodes and cathodes varied but always corre-
sponded to the scribe-related regions accordingly).

2.6. Scribing procedure and estimation of defect depths

Preliminary 3D profile analysis (VHX 5000 Keyence digital
Microscope) indicated that the variability of the scribing procedure was
relatively high in terms of whether the underlying mild steel substrate
was reached or not. Therefore, several exposed regions (1 mm diameter
window) were created on each covered HDG specimen used for SVET
analysis. The exposed surfaces were either manually scribed using the
scalpel (area reserved for local electrochemistry) or indented with
controlled load using a microhardness testing (Vickers 110 MV1
equipment). Produced Vickers indents were either ∼12 or ∼18 μm
depth (ISO 6507). Then, based on 3D profile analysis, the distances
between the indent bottoms and their top-surfaces (∼12 or ∼18 μm)
were used as a reference for determining the scratch depths. Thereby,
only scratches presenting ∼12 or ∼18 μm were selected for SVET
testing, and the remainder of the surface was covered by insulating
tape. This method for estimation of defect depths is schematically il-
lustrated in Fig. 3(b). It must be stressed that, as the scribing procedure
is user-dependent, this "reverse engineering" method for selecting
scribes with a target depth is relatively time-consuming.

2.7. Microscopy analysis

Optical microscopy analysis was performed using the VHX 5000
Keyence Digital Microscope. Scanning Electron Microscopy coupled to
an Energy Dispersive X-ray (SEM-EDX) Spectrometer analysis was em-
ployed after electrochemical testing. Before inserting samples in the
Hitachi SU8020 microscope, their surfaces were rinsed with distilled
water and dried with compressed air. It is important to mention that the
detection limit of the employed EDX was ∼0.1 %.

3. Results and discussion

3.1. ZRA analysis of the HDG/mild steel galvanic coupling

Fig. 4 presents the evolution of the jgalv and Egalv curves recorded for
180min in 0.05M NaCl in the absence and presence of sodium mo-
lybdate. First, an apparent increase of Egalv, from ∼−940mV to
∼−870mV Vs Ag/AgCl, was depicted when molybdate was present in
the electrolyte (anodic inhibitor [1]). More importantly, the change in
potential was accompanied by a considerable decrease of jgalv passing,
on average (triplicate tests), from 20.9 ± 2.3–11.4 ± 1.9 μA/cm².
These results highlighted the beneficial effect of Na2MoO4 on the gal-
vanic corrosion of the galvanised steel/mild steel pair.

It was interesting to note that while the obtained Egalv values were
quite steady and reproducible, the jgalv curves presented a lower re-
producibility and a spikier behaviour. This behaviour was related to the
dynamic nature of this galvanic coupling, and different factors might
have contributed to it, namely: bulk precipitation of corrosion products
temporarily covering the active surfaces; progressive consumption of a
heterogenous Zn-rich layer (from its top surface down to the Al-Fe in-
termetallic phases at the interface with the substrate); and the eventual
exposition of the steel substrate (of HDG) upon local dissolution of the

Fig. 2. Schematic representation of the HDG/mild steel galvanic coupling
configuration for ZRA testing. The area ratio of the exposed surfaces (∼1.5 cm²)
was equal to 1.
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Zn coating, introducing micro-cathodes on the (mainly) anodic HDG
electrode. As galvanised steel electrode was barely polarised when
galvanically coupled to mild steel (as revealed by potentiodynamic
polarization analysis (Fig. 5)), small variations in Egalv could lead to
significant variation in jgalv.

The resulting HDG surfaces after ZRA experiments performed in

0.05M NaCl or 0.05M NaCl +5mM Na2MoO4 solutions were com-
pared through optical and scanning microscopy analyses (Fig. 1). First,
the surface changes induced by corrosion testing were observed in the
circular exposed areas delimited by protective tape (Fig. 1(a) and (d)).
Secondly, in both cases, the "summits" of the skin-passed structured
remained rather unaltered, and the "valleys" were preferentially

Fig. 3. (a) schematic illustration of the two types of scribed HDG surfaces analysed by SVET: scratches with∼12 or∼18 μm in depth (partial or complete removal of
the Zn-rich layers, respectively) (b) schematic representation of the optical microscopy method employed for estimating defect depths: the distances between Vickers
indent bottoms and their top-surfaces (∼12 or ∼18 μm) were used as references for selecting scratches with ∼12 or ∼18 μm in depth.

Fig. 4. ZRA curves (Egalv and jgalv evolutions) obtained from the HDG/mild steel model during 180min of exposure in 0.05M NaCl solution with and without 5mM
Na2MoO4.

L.B. Coelho, et al. Corrosion Science 175 (2020) 108893

4



affected (Fig. 1(b) and (e)). Nonetheless, while these depressions
seemed corroded after immersion in NaCl solution (Fig. 1(b)), they
appeared extensively covered by precipitates upon exposure to mo-
lybdates (Fig. 1(e)). As a reference, a HDG surface before corrosion
testing is also displayed (Fig. 1(c)).

To further investigate these surface modifications, SEM-EDX ana-
lyses were performed on both surfaces (Fig. 6 and Fig. 7). After testing
in the NaCl reference solution, the HDG surface appeared considerably
attacked, as illustrated in the secondary electron image presented in
Fig. 6(a). From the corresponding EDX elemental maps obtained from
the same location, it was confirmed that corrosion took place in a lo-
calised manner. From a defect of about ∼50 μm of diameter is was
possible to apprehend that corrosion of the Zn-rich layers was intense
enough to reach the underlying steel substrate (Fig. 6(c)). Many authors
consider the Zn layer so is susceptible to pitting corrosion in Cl− so-
lution [3,17,24]: partial hydrolysis of Zn2+ could induce localised
acidification and drive pitting propagation [11,25]. The signals of Al
were also higher at this location (Fig. 6(d)), which was reflective of Al-
Fe intermetallic phases mainly present at the coating-substrate interface
[26].

Moreover, the presence of corrosion products was preferentially
assigned in association with the Fe-rich regions from HDG (Fig. 6(e, f)).
It is important to note, however, that only a limited amount of pre-
cipitates was detected on the corroded HDG surface - which accorded
well with preliminary optical microscope analysis (results not dis-
played). In fact, during galvanised steel/mild steel galvanic corrosion,
the hydrolysis of zinc ions controls the pH slightly below a neutral value
[12,14,15,27] (Eq. 2 and Eq. 3) and Zn hydroxides are soluble under
near-neutral conditions (up to pH ∼8) [8,28].

+ → +
+ + +Zn H O ZnOH H2

2 (2)

+ → +
+ +ZnOH H O Zn(OH) H2 2(aq) (3)

Although the exposed steel regions on the HDG substrate most likely
acted as local cathodes, white corrosion products of Zn were barely
detected, indicating that developed pH was not high enough to allow
stable precipitation [12,14,29,30]. According to different works on
zinc/steel galvanic coupling [15,27], sufficient high pH enabling the
development of Zn(OH)2 (Eq. 4) occurs solely on regions of the steel
relatively distant from the anolyte emerging from zinc. As addressed in
the following sections, the high intensity of chloride ions on the loca-
lised attacked areas (Fig. 6(f)) also resonates a limited local alkalini-
sation effect.

+ →
+ −Zn 2OH Zn(OH)2

2(s) (4)

Concerning the mild steel electrode ∼3 cm distant from the HDG
(Fig. 2), it was uncorroded until completion of the test, which asserted

the cathodic protection effect. Local EDX analysis could not detect Zn
on the remote mild steel surface (Fig. 6(g)). As a result of the con-
siderably high mild steel/HDG area ratio and intense alkalinisation of
the catholyte [14,15,31], the Zn2+ cations probably reacted with OH−

ions relatively far from the cathode (Eq. 4) [13,30], likely resulting in
bulk precipitation of Zn(OH)2 [27].

On the other hand, in the presence of molybdates, the SEM-EDX
analysis showed that the HDG surface was significantly protected,
without visible traces of corrosion (Fig. 7). Instead, the presence of a
fine Mo/O-rich phase was identified. The intensity of molybdate pre-
cipitation was not equal across the surface, as further precipitation
seemed to have occurred on the recesses of the skin-passed topography
(Fig. 1(e)). It might be the case that the "valleys" of the roughened
surface acted as a site for more intense anodes than the "summit" re-
gions, due to their more intense local oxygen-depletion conditions.
Considering molybdate as an anodic inhibitor (Fig. 4), the formation of
the Mo-based precipitates would preferentially occur on these anodic
regions. More importantly, the apex of the Zn surface remained quite
protected. Furthermore, the signals related to Fe and Al were homo-
geneously distributed throughout the surface, suggesting no localised
corrosion attack (Fig. 7); contrary to that observed in the absence of
inhibitor (Fig. 6). The detection of Fe and Al signals did not necessarily
mean that the Zn-rich layers dissolved, as the X-radiation has a mi-
crometric penetration depth in the matter. Finally, it is worth noting
that Mo was not detected on the surface of the mild steel counter
electrode (EDX spectra not presented).

These results pointed out the formation of a protective molybdate-
containing film. In neutral aqueous molybdate solution, MoO4

−2 ions
condense into heptamolybdate polyanion ([Mo7O24]−6), Eq. 5 [1]),
which is particularly voluminous and able to protect Zn surfaces [32].
The polymolybdate ion can adsorb onto the positively charged surface
of HDG, resulting in protection towards chloride penetration [32]. This
mechanism helps to illustrate why the molybdate film appeared in the
electrode preferentially working as an anode (HDG) (Eqs. 2 and 3) and
not in the cathodic one (mild steel).

+ ↔ +
− + −7[MoO ] 8H [Mo O ] 4H O4

2
7 24

6
2 (5)

Although the ZRA/model method constituted a valuable tool for
asserting the effectiveness of the inhibitor, a local electrochemical
technique approach was envisaged for evaluating its performance to-
wards more realistic configurations. Therefore, for the proceeding
work, corrosion activities related to scratched HDG surfaces were
monitored by SVET in the presence (and absence) of sodium molybdate.

3.2. SVET analysis on scratched HDG

3.2.1. 0.05M NaCl – evaluation of defects
First, HDG samples presenting ∼12 μm-depth defects (partial re-

moval of the Zn-rich layers) were tested. Fig. 8 shows SVET maps ob-
tained between 10−45min and 145−180min of immersion in 0.05M
NaCl solution. The scratch was located at x equal to ∼600 μm and y
between ∼550 and ∼950 μm. The SVET plots present the time-de-
pendent distribution of current density (μA/cm²), with anodic and
cathodic activities displayed in red and blue, respectively.

Evident cathodic activity (oxygen reduction reaction
[11,15,17,27,33]) could be perceived on the Zn coating around the
defect while anodic activity was depicted directly over the Zn-rich
defect area. The lack of cathodic activity on the defect area was ex-
pected, as the steel substrate was not supposed to be revealed in this
case. However, the fact that the scratch played the role of the anode
during the entire test duration (∼180min) was somewhat surprising
for two reasons: first, as the entire exposed surface was Zn-rich, a
random-like distribution of anodes/cathodes was expected; secondly,
the appearance of cathodic activity related to the steel substrate was
expected to occur during the testing period (based on the outcomes
from the 3 h-ZRA tests), as a consequence of the thinned Zn layer in the

Fig. 5. Potentiodynamic polarisation curves obtained from mild steel (cathodic
branch) and HDG (anodic branch) in 0.05M NaCl solution.
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defect region. Scribing the outer layer of the HDG sample removed the
oxide layer present on the industrial galvanised steel surface [30].
Thereby, the generated defective surface preferentially acted as an
anode while the non-scribed, surrounding Zn-rich surface, constituted
the cathode of the galvanic pair. It should likewise be noted that the
scribe would be oxygen-deficient and would, therefore, more likely act
as an anode. Also employing SVET, Montemor et al. [33] observed
exclusive anodic activity over scratches produced on HDG/sol-gel
coating systems.

The distribution configuration of anodic/cathodic cells remained
similar throughout the test. An evident decrease in the magnitude of
both anodic and cathodic reactions was registered from the first to the
last scan (Fig. 8(a) and(b)). As the intensity of the cathodic current
density also decreased, the suppression of anodic activity could not be
only related to changes over time of the probe-to-sample distance upon
dissolution of the anodes [27]. The achieved current density values
were similar to those presented by Taryba et al. [2] working on de-
fective primer-coated HDG using SVET-SIET.

Fig. 6. SEM-EDX analysis of the galvanised steel surface from the HDG/mild steel galvanic pair after ZRA testing (180min of immersion in 0.05M NaCl electrolyte).
(a) Secondary electron image. (b, c, d, e, f) Corresponding EDX elemental maps of Zn, Fe, Al, O and Cl. (g) Local EDX analysis of the mild steel electrode from the
model after galvanic corrosion test.
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Fig. 7. SEM-EDX analysis of the HDG surface from galvanic couple model after ZRA testing (180min of immersion in 0.05M NaCl +5mM Na2MoO4 electrolyte). (a)
Secondary electron image. (b, c, d, e, f) Corresponding EDX elemental maps of Zn, Fe, Al, O and Mo.
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The scratched and corroded HDG surface was examined employing
SEM-EDX after the SVET tests. The backscattered electron image dis-
played in Fig. 9(a) highlights evident precipitation of white corrosion
products around the scratch, in concentric rings centred on the defect -
as often observed for cut-edge HDG systems [34]. The location of these
products (region limited by dashed lines in Fig. 8(c)) mainly corre-
sponded to the frontier between regions presenting anodic and cathodic
activity (Fig. 8(a) and (b)). Similar frontier regions exhibiting intense
precipitation of products and absence of activity have been reported
[2]. The minor occurrence of white corrosion products directly over the
anodic sites is supported by Salgueiro et al. observations [35]: pre-
cipitation requires a sufficiently intense associated cathodic process.
Furthermore, partial hydrolysis of Zn2+ prevents the anolyte pH from
increasing (Eqs. 2 and 3) [14,15,30,36], resulting in conditions not
alkaline enough to promote precipitation of Zn(OH)2 [13,14].

The observed attenuation in the electrochemical activities
(Fig. 8(b)) could be related to the precipitation of a protective film
which progressively placed anodic and cathodic sites further apart from
each other. According to Taryba et al. [2], the locations of formation of
whitish corrosion products match with areas presenting decreased
cathodic current density. In the present case also, the precipitation and
associated current decrease (Fig. 8(b)) occurred on a region which had
presented cathodic activity at the beginning of immersion (region
limited by the dashed lines, Fig. 8(a)). The protective nature of zinc
(hydr)oxides is a matter of debate and it certainly depends on the local
pH and chemistry conditions [3,8,9,11,15,30]. Nonetheless, different
authors [12,27,35] have reported the formation of a thin and dense
protective film of zinc oxide on cathodic sites distant from an active Zn
surface. For instance, the barrier effect of Zn coatings is also often
credited to the formation of stable corrosion products [30,35,37].

Concerning the elemental maps presented in Fig. 9 from (b) to (f), a
few points should be addressed. First, proper EDX signals could not be
detected from the upper side of the scratch. This artefact (indicated by a
circle in Fig. 9(b)) was related to the topographic features combined
with the position of the X-radiation detector. Except for this relatively
inaccessible portion of the defect, the EDX signals arising from the other
regions could be appropriately detected. Secondly, the precipitates lo-
cated far from the scribed surface (concentric rings) most likely con-
stituted Zn (hydr)oxides (corresponding high intensities of Zn and O
signals).

It was interesting to note that the Zn signal remained particularly
high almost on the entire surface of the scratch. This was a confirmation
that the underlying substrate was indeed not revealed upon scribing in
this case. The only exception was the region on the left side of the
scratch, which presented particularly low Zn signals and corresponding
high intensities of Fe and Al (Fig. 9 (c) and (d)). This site was coincident
to the centre of anodic activity depicted in the SVET maps (Fig. 8). As

evidenced in the elemental maps, the anodic attack also partially en-
compassed a nearby region outside the defect region (the darkened
region in Fig. 9(a)). The anodic activity which started on the scribed
surface most likely triggered a further dissolution of Zn on neigh-
bouring zones due to slight acidification effect induced by hydrolysis
[15,31]. Corrosion products based on Cl other than O also appeared as
stable phases on the focal points of anodic attack. Furthermore, the
particularly high Cl concentration on these areas (Fig. 9(f)) accords well
with the pit-like defects that reached the steel substrate of the Zn
coating from the HDG/mild steel pair (Fig. 6(f)). Indeed, several au-
thors have reported the precipitation of Cl-containing corrosion pro-
ducts over anodic spots on zinc surfaces [2,33,38]. For example, si-
monkolleite (Zn5(OH)8Cl2) is usually stable in a pH range between 6
and 8 [11,34,39] (Eq. 6 [12]).

+ + →
+ −4Zn(OH) Zn 2Cl Zn (OH) Cl2(aq)

2
5 8 2(s) (6)

A modelling study on the galvanic coupling of zinc/steel pointed out
to the correlation of Zn and Cl distribution on the steel surface [30].
Hence, the progressive exposition of steel – and the corresponding in-
crease of the area supporting oxygen reduction reaction (ORR) - might
also have contributed to the enhanced local concentration of Cl on
defective spots (Eq. 7) [35,38] – such as previously observed in
(Fig. 6(f)). Although the exposed steel had certainly supported cathodic
reactions, the overall electrochemical activity on this location remained
anodic, as measured by SVET.

+ + + →
+ − −4Zn(OH) 5Zn 8OH 2Cl Zn (OH) Cl2(aq)

2
5 8 2(s) (7)

Despite insoluble hydroxychlorides being often associated with
passivity breakdown [10], a few investigations have paid attention to
their potential ability to protect zinc [3,40]. Although the formation of
thin and dense zinc (hydr)oxides might indeed explain the decrease of
corrosion rate depicted over time by SVET, the local precipitation of
Zn5(OH)8Cl2 could also have played a role. Finally, as illustrated in
Fig. 9, the progressive exposition of Al/Fe intermetallic phases present
at the coating/substrate interface might also have contributed: the ki-
netics of corrosion on Al-rich intermetallics or on Fe–Zn alloy layer are
clearly lower than on zinc coating or on steel [41,42]. The exact reason
for the decrease of corrosion activity remains unclear to date and fur-
ther analyses will be envisaged in the future.

Fig. 10 shows SVET maps obtained in 0.05M NaCl solution from a
HDG sample whose introduced scratch (∼18 μm-depth, located at x
equal to ∼550 μm and y between ∼300 and ∼900 μm) exposed the
steel substrate. Contrarily to the previous case, here, an evident
cathodic activity could be directly detected over the scratch, from the
first (10−45min) to the last (145−180min) obtained SVET maps
(Fig. 10(a) and (b), respectively). The anodic activity mainly developed
on the surrounding outer surface, over non-scribed Zn-rich layers. In

Fig. 8. Current density (μA/cm²) maps obtained by SVET from HDG presenting a partially scribed Zn coating exposed to 0.05M NaCl solution. Scans were obtained
between (a) 10-45min and (b) 145-180min of immersion. The scratched zone is represented by white dots in (a). (c) the corresponding optical micrograph taken
after 180min. The dashed lines in (a), (b) and (c) delimit the region with intense precipitation of white corrosion products.
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Fig. 9. SEM-EDX analysis of the moderately scribed HDG surface (∼12 μm-defect depth) after 180min of immersion in 0.05M NaCl electrolyte. (a) Backscattered
electron image electron image. (b, c, d, e, f) Corresponding EDX elemental maps of Zn, Fe, Al, O and Cl.
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this case, the sacrificial role of scratched galvanised steel was un-
doubtedly demonstrated: anodic activity on the Zn coating and ORR on
steel (Eq. 8 and Eq. 9, respectively) [8,9,14,33]. The distribution of
anodic/cathodic activity remained practically unaltered over time.
However, the intensity of the anodic reaction presented a pronounced
increase, indicating the progressive dissolution of Zn in the regions
external to the defect.

→ +
+ −Zn Zn 2e2 (8)

+ + →
− −O 2H O 4e 4OH2 2 (9)

By comparing the total currents obtained from integrating SVET current
densities [43] for both types of scribed surfaces (Fig. 11), it could be
seen that, in the first half of the tests, the anodic activity was higher for
the partially removed Zn layer. Nonetheless, as a function of time, the
anodic currents presented opposing trends: the total anodic activity
remained increasing for the completely scribed Zn coating, while it
showed a pronounced decrease for the partially scribed one, finally
reaching lower, steady values. This trend could be explained by the
following reasons: in the first case, anodic activities on the external
surfaces around the cathodic defect would be entirely detected, driven
by the continuous exposition of the substrate; whereas in the second
case, the anodic dissolution of Zn in the defect area would progressively
occur in deeper (or more hidden) regions of the defect, hampering the
detection by the SVET probe.

On the other hand, the total cathodic currents from both scribed
surfaces were relatively similar and remained relatively constant

throughout the tests. This outcome seemed unexpected, as the rate of
ORR, which limits the rate of the anodic reaction of Zn, was expected to
be higher on steel than on zinc [8,44]. Nevertheless, one should con-
sider that the cathode/anode area ratio for the exposed steel sample
was much lower than for the partially scribed coating. Indeed, in the
latter case, a larger area of intact zinc coating was demonstrated to
support reduction reactions (Fig. 8). Moreover, by considering the same
reasoning as for the anodic currents, the cathodic activities would most
likely be underestimated for the completely scribed Zn layer, as the
probe would miss part of the activity occurring on the steel substrate.

The quantitative comparison of current densities between samples
presenting clearly distinct configurations (resulting in a distinct dis-
tribution of anodic and cathodic sites) is often a difficult task. In the
present cases, meaningful activities from the corrosion processes would
occur at a certain distance (down to ∼12 or ∼18 μm) below the de-
fined surfaces of analysis.

Although the ideal condition of constant scan height sought for
SVET analysis is often undermined due to surface evolution processes
inherent to corrosion, the major drawback of the scribing approach
here proposed is that the difference in height of the scribed region/
intact surface would be higher than any disparity in height resulting
from the in-situ dissolution of anodes during SVET testing. Nonetheless,
different investigations [45–50] have made use of SVET for studying
scribed coated systems of various nature/thicknesses, particularly for
self-healing purposes [2,51,52]. Accurate quantification of this artefact
would be hardly obtained, and, in the authors' knowledge, no attempts
have been made in this direction. An alternative and more accurate way
for measuring local galvanic current densities would be to mount sec-
tions of the HDG and mild steel surfaces side-by-side, ensuring electrical
connection from the back. Meanwhile, the capability of scanning at a
constant height over rough surfaces, with the probe following the sur-
face topography is an emerging technology [53].

The SEM-EDX investigation (Fig. 12) revealed that much higher
amounts of corrosion products were generated for this HDG sample
presenting a deeper scratch. Moreover, intense Fe signals were assigned
to the entire scribed surface (except on the upper side of the scratch
subjected to detection artefacts) and to the surrounding external re-
gions as well (Fig. 12(c)). The final distribution of corrosion products
was similar to the two-region pattern often observed for cut-edge cor-
rosion [15,27,31], in which visible white precipitates only partially
cover the more active (anodic) zones. According to different studies
that addressed the distribution of corrosion products and corresponding
pH stability ranges, precipitation of Zn cations as insoluble species
[13,31] often occurs at intermediate pH zones between the increased
OH− and Zn2+ concentrations produced by the cathodic and anodic
reactions, respectively.

Fig. 10. Current density (μA/cm²) maps obtained by SVET from HDG presenting a completely scribed Zn coating (∼18 μm-depth defect) exposed to 0.05M NaCl
solution. Scans were obtained between (a) 10-45min and (b) 145-180min of immersion. (c) corresponding optical micrograph taken after 180min. The scratched
zone is represented by white dots in (a). The r-r' line in (b) indicates the direction used for constructing jZ line profiles.

Fig. 11. Total currents obtained from integrating SVET current densities for
both types of scribed HDG surfaces (partial or complete removal of Zn-rich
layers) tested in 0.05M NaCl for 180min.
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Fig. 12. SEM-EDX analysis of the severely scribed HDG surface after 180min of immersion in 0.05M NaCl electrolyte. (a) Secondary electron image. (b, c, d, e, f)
Corresponding EDX elemental maps of Zn, Fe, Al, O and Cl.
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The coincident depletion of Zn and enrichment in Fe (Fig. 12(b) and
(d), respectively) confirmed the hypothesis of increased Zn dissolution
nearby the cathodic defect. The direct exposition of the steel substrate
seemed responsible for the enhanced corrosion products precipitation
over and around the defect. The composition of these compounds was
mainly based on Zn, O and Cl, as indicated by the respective elemental
maps.

Here clearly, the corrosion products formed could not attenuate
corrosion rates over time (Fig. 10(a) and (b)). The white precipitates
comprised loose/flocculent particles that were not effective in covering
the surface (Fig. 12(a)) [17,27,36]. In the case of cut-edge corrosion, Zn
products have been considered either as protective [17] or as non-
protective phases [14]. Anyway, the alkalinity produced in the present
case was expected to be lower than in the case of HDG cut-edge, as a
result of the considerably higher cathode/anode area ratio of the latter
[12,17,27,31,34,38,54].

3.2.2. Severely scribed HDG in 0.05M NaCl +5mM Na2MoO4

Sodium molybdate performed as a promising inhibitor on a HDG/
steel model designed to mimic a scratched HDG sample whose steel
substrate would become exposed entirely. The effectiveness of the in-
hibitor towards severely scribed HDG surfaces was investigated through
the same SVET/SEM-EDX approach employed in the reference solution.
Fig. 13 presents the SVET maps obtained from a scratched HDG surface
(∼18 μm-depth defect, located at x equal to ∼600 μm and y between
∼400 and ∼1000 μm) exposed to 0.05M NaCl +5mM Na2MoO4

electrolyte between 10−45, 100−135 and 145−180min.
At the beginning of immersion, only minor cathodic activity

emerged from the scratch region (Fig. 13(a)). Next, as shown in
Fig. 13(b), the cathodic response from the same location became rela-
tively more pronounced, while an anodic process with low intensity
spread out around the defect. By the end of the test (Fig. 13(c)), a larger
area seemed to support cathodic activity, and anodic reactions ap-
peared more concentrated closer to the scratched zone.

The time-resolved inhibition effect of molybdate was highlighted
from 4 consecutive SVET scans. Line profiles of current density were
constructed crossing the active surfaces exposed to 0.05M NaCl or
0.05M NaCl +5mM Na2MoO4 (Fig. 14). The directions of the line
profiles (respectively indicated by the lines r-r' and i-i' in the SVET maps
for the reference (Fig. 10) and inhibitive media (Fig. 13)) were chosen
to maximise the information of the collected jZ. The magnitudes of jZ
related to the cathodic defects were quite similar in both cases, but
considerably more spatially confined in the molybdate electrolyte.
Furthermore, the intensities of anodic jZ from the Zn-rich outer surfaces
were visibly higher in the NaCl than in the NaCl+Na2MoO4 solution,

over the entire testing duration.
Although Mo-rich films are claimed to be stable in pH values up to

12 [32], some works mentioned that reduced molybdate species tend to
redissolve in solution [3,55]. In comparison to the results achieved on
severely scribed HDG in 0.05M NaCl solution (Fig. 10), molybdate
species were shown to considerably decrease the corrosion process –
either in terms of intensity of the anodic/cathodic j or in terms of ex-
tension of the active areas. Contrary to the present case, in the reference
medium, SVET had not detected anodic activity occurring on the intact
Zn-coating regions immediately close to the defect (Fig. 10). In that
case, the extensive corrosion products build-up nearby the scratch
(Fig. 12) probably shifted the anodic spots to farther locations – which
reflected the increased anodic activity depicted over time on the per-
iphery of the precipitation process (Fig. 10(b)).

Fig. 15 presents a SEM image (and corresponding elemental maps)
of the resulting HDG surface after exposure to the NaCl/Na2MoO4

electrolyte. According to the secondary electron image (Fig. 15(a)), the
galvanised steel seemed considerably protected, including both scribed
and non-scribed regions. The Fe signal appeared particularly intense
over the scratch, testifying the mechanical removal of the Zn-rich layers
(Fig. 15(b)). In addition, precipitate layers appeared associated with the
defect region. These products consisted of a molybdate-based film, as
the associated locations were depleted in Zn and enriched in O and Mo
(Figs. 15 (b), (e) and (f), respectively). The distribution of the O and Mo
signals was closely related to each other. By taking Eq. 5 into account,
some acidity is needed for the formation of the molybdate polyanion;
which might be a reason for the preferential precipitation of the pro-
tective layer directly over the spots of the Zn surface subjected to
anodic dissolution. Most importantly, the molybdate was able to pre-
vent the process of local dissolution of Zn from the regions neigh-
bouring the scratch – as opposed to that observed in the inhibitor-free
medium (Fig. 12(b)).

The presence of Cl was not detected on the exposed surface, sug-
gesting the protective behaviour of the molybdate film concerning
chloride-induced corrosion attack (and eventual formation of insoluble
zinc chloride hydroxides). The mismatch between the distributions of
Fe and O is also worth mentioning: this fact suggested that dissolution
of the steel substrate did not take place. This is an essential point be-
cause inhibitive species of Zn might eventually extinguish its sacrificial
character and in turn, drive corrosion of steel [2,17]. Nevertheless, the
patchy and heterogeneous character of the molybdate film was not
ideal for extended protection [4] – which might explain the increase of
corrosion activities eventually depicted after 3 h of immersion
(Fig. 13(c)).

Fig. 13. Current density (μA/cm²) maps obtained by SVET on severely scratched HDG (∼18 μm-depth defect) exposed to 0.05M NaCl +5mM Na2MoO4 solution
after (a) 10-45 min, (b) 100-135min and (c) 145-180min of immersion. The j scale is the same for all maps. The scratched zone is represented by white dots in (a).
The i-i' line in (b) indicates the direction used for constructing jZ line profiles.
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4. Conclusions

This work highlighted the promising performance of sodium mo-
lybdate as a corrosion inhibitor of hot-dip galvanised steel presenting a
severely scribed surface (steel substrate exposed) immersed in 0.05M
NaCl. The industrial surface state (skin-passed) of the HDG plates was
maintained for all testing specimens.

The effectiveness of Na2MoO4 was attested on a HDG/mild steel
model constructed to simulate a pessimistic galvanic coupling scenario
(1:1 cathode/anode area ratio). This scenario was an unfavourable re-
lative to HDG scribed to the substrate, in which the exposed cathode
would be much smaller than the anode. By employing ZRA and SEM-
EDX analysis, the compound was demonstrated to behave as an anodic
inhibitor for HDG coupled to mild steel, preventing the localised attack
of the Zn coating.

The effectiveness of the molybdate salt was investigated towards a
configuration close to galvanic corrosion conditions typically en-
countered in practice for HDG, namely on a defective Zn coating pre-
senting a scratch revealing the steel substrate. Based on SVET analysis,
the inhibitor was shown to considerably decrease (up to 3 h) the in-
tensity and extension of the anodic/cathodic activities related to the
external Zn-rich layers/exposed steel surface. A molybdate-rich film
was detected onto anodic sites located on the Zn-rich areas surrounding
the scratch, limiting the dissolution of Zn on these peripheral regions.

This study also showed that the severity of the defect is a critical
factor on the resulting corrosion behaviour of the HDG system, as the
underlying steel substrate might be revealed or not. In case of partial
removal of the Zn coating, a local anodic attack appeared associated
with the scratched region, while the cathodic activity spread around the
defect. Conversely, this situation was reversed when the steel substrate
was completely exposed: the cathodic reaction was mainly assigned to

the defect region while the anodic reaction was depicted on the external
Zn-rich surface. The fact that the scan height was not constant for the
scribed surfaces was a drawback of the localised approach here de-
scribed. Nonetheless, the use of SVET is still a powerful approach for
investigating scribed coated systems whose coating/substrate present
clearly different electrochemical responses.
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