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ARTICLE INFO ABSTRACT

Keywords: Additions of 1 wt.% Ca were made to Zn (Zn-1Ca) to generate favourable chemical conditions during corrosion
Zinc for enhanced performance of phosphate inhibitors. Zn-1Ca displayed a reduced corrosion rate in 0.17 M NaCl
Caleium measured using the Scanning Vibrating Electrode Technique and polarisation. In-situ timelapse microscopy and
f;ﬁ:ﬁte SEM-EDS demonstrated that intermetallic CaZn; 3 preferentially corroded releasing Ca®* that increased corrosion
SVET product precipitation, cathodically deactivating the system. 1 x 10~% mol dm~2 phosphate additions to 0.17 M

Time-lapse Microscopy

NaCl decreased the corrosion rate of Zn and Zn-1Ca. Inhibition was greater for Zn-1Ca where uniform precipi-

tation of mixed metal phosphates produced anodic and cathodic inhibition.

1. Introduction

Organically coated galvanised steel is widely used in sectors such as
automotive, white goods and construction. The metallic coating layer
provides sacrificial protection and is over-coated with an organic layer
that acts as a barrier between the metallic coating and the environment.
The duplex coating system (organic + metallic layers) provides superior
corrosion protection than when metallic or organic coatings are used in
isolation [1]. Zinc and its alloys applied via continuous hot-dip galva-
nising are the dominant metallic coating used on steel. The organic
layers consist of pre-treatment, primer, and topcoat. Corrosion in-
hibitors are usually incorporated into the pre-treatments and the primer
layer in the form of pigments that provide further corrosion protection
to the system. The inhibitors function by releasing ionic species conse-
quently altering the local electrolytic conditions. These ionic species can
produce insulating films either at anodic or cathodic sites by precipita-
tion or by involvement in the electrochemical process [2].

Zinc (Zn) applied via hot-dip galvanising (HDG) to steel corrodes
10-20 times [3] slower than the steel substrate. Further improvements
have been achieved through binary (Zinc-Aluminium) (Zn-Al) and
ternary (Zinc-Magnesium-Aluminium) (ZMA) alloying additions. The
latter has proven to provide improved corrosion resistance over stan-
dard Zn and binary Zn-Al due to pH changes induced by the initial attack
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on MgZn; rich phases promoting alkaline pH values [4,5] that stabilises
zinc phases [6,7] and promote the formation of stable double layered
hydroxide corrosion products [8-11]. We have previously shown that
further quaternary additions of Germanium (Ge)[12] can enhance the
performance further through the preferential release of Mg2+ from the
microstructure without the concurrent release of hydrolysable Zn?" thus
maintaining alkaline pH conditions across the surface of the alloy. These
findings provide further opportunities for other elemental additions that
may modify the surface electrolyte pH.

Traditionally, HDG systems using Chromium-based hexavalent (Cr
(VD) CrO%’ or Cry07 inhibitors have proven to be very effective due to
the presence of Cr®' ions. However, these systems have been dis-
continued due to toxicity and carcinogenicity toward human health and
the natural environment [13-16]. Therefore, there is a need for
eco-friendly and safe alternative inhibitors. A promising alternative to
chromates is phosphate compounds. However, there are some issues due
to the inappropriate or extensive use of phosphate such as eutrophica-
tion leading to harmful algal blooms, dead zones and death of fish. The
phosphate coatings are inexpensive, reasonably hard, highly adherent
and electrically non-conductive [17,18]. Typically, in the presence of
oxygen, phosphates behave as an anodic inhibitor [1,2,19-21]. How-
ever, under certain conditions, such as in presence of divalent metal
ions, Ca%", phosphates may also act as cathodic inhibitors by forming a
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surface film that impedes oxygen diffusion to the metal surface [22,23].

In this investigation, we aimed to design a new Zn alloy system
through an understanding of its microstructural corrosion mechanisms
and subsequent dynamic chemical environment that will provide
enhanced performance between the metallic and inhibitor systems. A
bulk alloy consisting of 99 wt,% Zn and 1 wt.% Calcium (Zn-1Ca) alloy
was produced using Zn ingots obtained from an industrial HDG bath as
an initial analogue of a coating to screen successful candidate alloys
before upscaling to a coating system. Calcium (Ca) was chosen as it has a
more negative standard reduction potential than Zn and thus could be
released from the alloy preferentially through Galvanic effects to pro-
vide suitable chemical conditions in the electrolyte for increased inhi-
bition efficiency. In Europe commercially available state of art metallic
coating system, Zinc magnesium aluminium (ZMA), contains 1-2 wt,%
of magnesium and 1-2 wt.% of aluminium hence 1 wt.% of calcium was
used as an initial trial in this investigation. Phosphate in the form of
Sodium phosphate has been selected as a corrosion inhibitor because of
its widespread use in industry. The effects of alloying Zn with Ca in
terms of microstructural and electrochemical properties, along with the
effects of phosphate addition to the electrochemical properties of Zn and
Zn-1Ca were investigated using a range of techniques. Scanning
Vibrating Electrode Technique (SVET) was utilised to resolve corrosion
features and evaluate relative corrosion performance and Time-lapse
Microscopy (TLM) was used to understand the aqueous in-situ corro-
sion mechanism. The investigation was supported by open-circuit po-
tential, potentiodynamic and linear polarisation resistance
measurements.

2. Materials and method
2.1. Materials

The production of Zn and Zn - 1 wt% Ca (Zn-1Ca) samples were
completed using a MTI Corporation manufactured KSL-1100X-SV
compact crucible melting furnace. Zn ingots which contain 0.2 wt% Al
and supersaturated with 0.01 wt% Fe were provided by TATA Steel
direct from the HDG bath. Calcium was acquired from Sigma Aldrich
and was heated to 600 °C in a crucible before stirring into the HDG melt.
After stirring, the melt was further heated to 850 °C and held for 2 min.
The melt was then cooled to 600 °C and held for 2 min within the cru-
cible before being splat cast onto a copper plate. The temperature of the
melt was measured using the inbuilt temperature controller with + 1 °C
accuracy. Chemicals used; ethanol (CpoHsOH), sodium hydroxide
(NaOH), hydrochloric acid (HCI), nitric acid (HNO3) and monobasic
sodium phosphate (NaH2PO4) were supplied by Sigma-Aldrich Chemical
Co. and were of analytical grade purity. Aqueous HCl or NaOH was used
to adjust the pH of bulk 0.17 mol dm ™2 NaCl electrolyte.

2.2. Methods

2.2.1. Microstructural analysis

The samples were hot mounted in non-conductive phenolic resin
(Metprep Limited), ground to a European P grade P4000 grit using sil-
icon carbide (SiC) paper, polished with aqueous 1 pm diamond slurry,
etched using 3 wt% Nital acid and rinsed with distilled water followed
by ethanol. Hitachi TM3000 Scanning Electron Microscope (SEM) with a
Bruker Energy Dispersive X-ray Spectroscopy (EDS) module was used to
obtain images and conduct EDS analysis. The electrical connection was
obtained using carbon tape. The area fraction of Zn-1Ca was determined
by image analysis of three SEM images. A Bruker D8 Discover X-ray
Diffractometer (XRD) with a copper point source (40 kV and 40 mA) was
used to identify the phases present within the alloy and the corrosion
products. XRD scans were carried out in true parallel beam mode using a
goebel mirror, 0.6 mm slit, 1 mm collimator and equatorial soller.
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2.2.2. Scanning Vibrating Electrode Technique (SVET)

SVET was utilised to investigate the relative corrosion performance
and the localised corrosion characteristics such as the intensity of anodic
and cathodic sites. The samples were prepared in the same way as for the
microstructural analysis however they were not etched. An area of 36
mm? was exposed to the electrolyte, masked using PTFE tape, and 29
measurements were made along both x and y-direction generating 841
data points for each scan. One scan was taken every hour for 24 h and
three repeat tests were carried out for each material. All experiments
were performed in 0.17 M NaCl at pH 7. The dissolved oxygen con-
centration within the bulk electrolyte was presumed to be equal to the
equilibrium concentration value for air-saturated water i.e., 2.8 x 10™*
mol dm 3 [1 2,24]. SVET has been used comprehensively to understand
the surface and cut-edge corrosion of metallic coatings and also the
effectiveness of phosphate inhibitors [4,25-29]. A strong relationship
has been observed between SVET-derived corrosion inhibition efficiency
values calculated using EIS and those obtained from gravimetric mass
loss and polarisation data [30].

The SVET measurements were performed using a micro-tip probe
with 125 um diameter platinum wire enclosed in a glass sheath. The
probe vibrates perpendicularly at a constant frequency of 140 Hz and an
amplitude of 25 pym at 100 um above the corroding surface. The
equipment detail description, operating procedure and calibration pro-
cedure can be found in detail elsewhere [12,24,31-33]. During corro-
sion, potential fields are set up in the electrolyte due to the movement of
ionic current flux between anodes and cathodes. As the SVET probe
intersects these fluxes an alternating potential is recorded that is pro-
portional to the potential gradient in the direction of vibration that in
turn is directly proportional to the ionic current flux thus providing a
means of spatially and temporally resolving anodic and cathodic fea-
tures and their intensity.

2.2.2.1. Manipulation of SVET data. SVET is a semi-quantitative metal
loss measurement technique as several estimations are made during the
calculation process. It is assumed that the corrosion activity remains
constant in between the scans and Zn ions (Zn>") are released during the
corrosion process. Metal loss is calculated by the integration of positive
current followed by the application of Faraday’s law. SVET measured
potentials (V) are converted to A m~2, j,, by multiplying them by the
calibration factor and the following integration is performed to get total
anodic current (7).

i= / / J(x, )dxdy &
0 0

Where x and y are the length and breadth of the scan area. As corrosion
activity is assumed to be constant between hourly scans and multiplying
the current, i, by time, t, i.e 3600 s charge, Q, is calculated as shown in
Eq. (2).

O=i-t 2

Finally, the mass loss is calculated by entering the value of Q and the
relevant information concerning the corroding material into the Faraday
equation as shown in Eq. (3). Total mass loss can be estimated by simply
summing the total number of scans.

0
Mass loss(m) = n.F.Ar 3)
Where,
Q = charge.

F = Faraday’s constant (96,487 C mol ™).
n = number of electrons (2 for Zn).
A, = atomic weight (65 g for Zn).

2.2.2.2. Limitations of SVET. SVET assumes a constant corrosion rate in
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between scans whereas, in reality, the rate could fluctuate. The SVET
measures only the normal component of the current flux and only
resolved the anodic and cathodic sites separated by 150 ym [33].
Despite these limitations, the SVET-derived mass losses have been
shown to be comparable with those obtained from external Zn runoff
tests [29] and an accurate predictor of the relative corrosion perfor-
mance of Zn coating materials produced under systematically varying
conditions [27].

2.2.3. Time-lapse Microscopy (TLM)

Sample surfaces were first prepared in the same way as for the
microstructural analysis described in Section 2.2.1. A sample area of
0.785 mm? was exposed to electrolyte with the help of 3M non-
conductive polytetrafluoroethylene (PTFE) tape and the sample was
securely affixed to the base of the petri dish. A Meiji Techno 7100 optical
microscope together with an Infinity 2 digital camera was used to cap-
ture images under immersion conditions. The detailed methodology has
been described previously [5,12,24]. TLM is a simple and effective
technique that enables capturing images of corroding surfaces at a
microstructural level under immersion conditions at room temperature.
The prepared sample was immersed in 250 ml of 0.17 M NacCl electro-
lyte at pH 7 and an image was captured every two minutes for up to 24 h.
The time-lapse video was compiled using Microsoft Movie Maker with
each image having a frame rate of 0.05 s

2.2.4. Electrochemical measurements

Open circuit potential (OCP), potentiodynamic polarisation and
linear polarisation resistance (LPR) measurements were performed
using a Solartron 1280 potentiostat. Standard calomel electrode (SCE)
and platinum-plated electrode were used as a reference and counter
electrode respectively. The OCP measurements were conducted for 24 h
using a 2-electrode setup. Potentiodynamic and LPR measurements were
conducted using a 3-electrode set-up. Potentiodynamic scans were
initiated at 150 mV below the OCP scanning in the positive direction for
the anodic curve and 150 mV above the OCP scanning in the negative
direction for the cathodic curve, both at a rate of 0.166 mV s~'. Anodic
and cathodic sweeps were measured independently on fresh samples and
the data were merged for analysis. During LPR the samples were
polarised by &+ 15 mV from open circuit potential (OCP) at a scan rate of
0.166 mV s~!. The samples were finished to European P grade P1200
using SiC paper and rinsed using deionised water and ethanol. An area of
0.78 cm? area was exposed to 250 ml of 0.17 M NaCl electrolyte at pH 7.
Measurements were initiated in the shortest time possible after the
introduction of the electrolyte unless stated. All the electrochemical data
presented are the mean values of 2 experiments.

3. Results
3.1. Materials characterisation

The chemical compositions obtained after EDS analysis of the pro-
duced samples under investigation are presented in Table 1. The Zn alloy
(Zn) was composed of 99.34 + 0.16 wt.% of Zn, 0.55 + 0.13 wt.% of
Aluminium (Al) and 0.11 + 0.03 wt.% of Fe. The Zn-1Ca was composed
of 98.50 + 0.26 wt.% of Zn, 0.73 + 0.15 wt.% of Ca, 0.60 + 0.17 wt.%
of Al and 0.17 + 0.21 wt.% of Fe.

A microstructural image of Zn and Zn-1Ca captured using optical
light microscopy is presented in Fig. 1(a & b). SEM images of Zn and Zn-
1Ca alloys captured using a Scanning Electron Microscope (SEM) are

Table 1

Compositions in wt% of the Zn and Zn-Ca alloys.
Sample Zn (wt.%) Ca (wt.%) Al (wt.%) Fe (wt.%)
Zn 99.34 +0.16 / 0.55 £+ 0.13 0.11 £ 0.03
Zn-1Ca 98.50 & 0.26 0.73 £0.15 0.60 £ 0.17 0.17 £0.21

Corrosion Science 213 (2023) 110956

presented in Fig. 1(c & d). Fig. 1(b & d) shows the changes within the
microstructure due to the addition of 1 wt% of Ca. The Zn sample has a
single-phase microstructure whereas the addition of Ca into the Zn
system led to the formation of small, needle-like, dark dendrites as
observed in the optical and SEM images shown in Fig. 1(b) & Fig. 1(d).

Energy Dispersive X-Ray Spectroscopy (EDS) was utilised to identify
the distribution of elements within the Zn-1Ca alloy. Colour maps
identifying the elements Zn and Ca were produced using SEM/EDS
software and are presented in Fig. 2b—d. EDS analysis (Fig. 2e) and XRD
analysis (Fig. 3) confirm that the new phases formed due to Ca additions
were intermetallic CaZn;3. Previous investigations on the Zn alloys
containing Ca have also demonstrated the formation of intermetallic
CaZnjs [34-36]

The average surface area fraction of CaZns, calculated from 3
different areas of alloy Zn-1Ca, is shown in Table 2. The surface area
fraction of the Zn phase was 82.44 4+ 1.62 % and 17.56 + 1.62 % for the
CaZni3 phase.

3.2. Study of corrosion behaviour of Zn and Zn-1Ca alloys

3.2.1. Investigation of corrosion behaviour using Scanning Vibrating
Electrode Technique (SVET)

The SVET was used to investigate the surface corrosion performance
of Zn and Zn-1Ca samples over 24 h in an aerated 0.17 M NaCl pH 7
solution. The SVET results include surface normal current density maps,
estimated metal loss over 24 h and average hourly estimated metal loss.
As Zn was the predominant element in both samples, Zn was selected
during the metal loss calculations. Although during the corrosion of Zn-
1Ca, both Zn (Zn?") and Ca (Ca?™") are likely to participate it is difficult
to determine the contribution of individual species to metal loss. How-
ever, due to the identical charge associated with both ions type the
relative metal loss value would be directly comparable across the sam-
ples irrespective of the element selected. The SVET-derived metal loss in
this investigation was used to compare the relative corrosion perfor-
mance among samples however the metal loss does not represent an
exact metal loss for the experiment period. Besides metal loss, SVET data
was used to plot normal current density maps which provide a visual
representation of the time-resolved location and intensity of anodic and
cathodic activities as recorded by the SVET probe. Red and blue colours
are indicative of anodic and cathodic activities respectively.

The SVET-derived metal losses for both Zn and Zn-1Ca after im-
mersion on pH 7 0.17 M NaCl for 24 h are shown in Table 3. The errors
shown are based on the standard deviation of three measurements. The
derived metal loss for Zn-1Ca was 4.32 + 1.67 g m~2 compared to 9.83
+ 0.75 g m~2 for Zn. The alloying of Zn with Ca exhibited a decrease in
the measured metal loss by 56 % compared to that of Zn. Therefore, it
appears that the addition of Ca has significantly improved the corrosion
resistance of Zn-1Ca compared to Zn.

The SVET-derived hourly metal losses (average of three measure-
ments) as a function of time for both Zn and Zn-1Ca during immersion
on pH 7 0.17 M NaCl for 24 h are presented in Fig. 4. The errors shown
are based on the standard deviation of three measurements. For both
samples, the metal loss was ~ 0.10 g m 2 for the initial (0 Hr) scan. For
Zn, a steep increase in metal loss was then observed from O h to 1 h.
However, from 1 h onwards up to 20 h, a gradual linear increase with a
less steep gradient in metal loss occurred up to a maximum of
~ 0.47 g m~2. Despite the similar metal loss for Zn and Zn-1Ca for the
initial scan, in contrast to Zn, the Zn-1Ca hourly metal loss increased
with a much lower gradient peaking at a maximum of ~ 0.20 g m 2.
This difference in the extent of hourly metal loss suggests that Zn-1Ca
had a greater corrosion resistance compared to Zn throughout the 24 h.

Fig. 5 shows the SVET-derived normal current density maps
measured above the surface of the Zn and Zn-1Ca samples freely
corroding in pH 7 0.17 mol dm 3 NaCl for 1 h,6h,12h,18 hand 24 h.
In both the samples, anodic (red) and cathodic (blue) activities were
detected during the initial scans (1-h scans for both Zn and Zn-1Ca).
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Fig. 1. Optical microscope images showing the surface of (a) Zn and (b) Zn-1Ca. SEM images showing (c) Zn and (d) Zn-1Ca.

However, a difference in corrosion mechanism was observed between
the Zn and Zn-1Ca samples. In the Zn, multiple point anodes were
established across the sample surface whereas for Zn-1Ca the exposed
surface is approximately diagonally separated into bulk areas of anodic
and cathodic activity.

For Zn, the intensity and size of anodes established varied with time.
The anodes formed from the onset grew in intensity and radially in size
with time. It is also observed that some of the individual anodes
passivate with time and new active anodes are formed. In the case of Zn-
1Ca, on the contrary, no individual multiple-point anodes are observed
during the initial hours. The normal current densities contour maps
suggest one-half of the surface exposed is acting as an anode and the
other half as a cathode. However, with time a small number of indi-
vidual point anodes were formed towards the bottom of the scan area
and by 24 h of exposure, these were the dominant anodic features on the
sample (Fig. 5). It is also observed that the intensity of anodic sites (ii
marked on 6-h SVET counter map, Fig. 5) for Zn-1Ca was much lower
compared to Zn (i marked on 6-h SVET counter map, Fig. 5). This aligns
with Fig. 4 where it was observed the average hourly metal loss for Zn-
1Ca was significantly lower compared to Zn. Therefore, these contour
maps in Fig. 5 indicate that the corrosion activity occurring on the Zn-
1Ca surface was, in general, lower in comparison to the Zn surface
throughout the experimental time consequently indicating better
corrosion resistance. The change in the morphology of the anodes from
point anodes in Zn to a more generalised attack for Zn-1Ca might also
indicate a lower rate of through-coating penetration if this alloy were to
be used as a metallic coating.
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3.2.2. Investigation of corrosion mechanism using Time-lapse Microscopy
(TLM)

The improvement in corrosion resistance and the change in the
corrosion mechanism of Zn due to 1 wt% of Ca addition were further
investigated using TLM. The corrosion mechanism occurring at the
microstructural level was observed using TLM. Fig. 6 shows optical
microscope images of the Zn surface at various times of immersion in
0.17 M NaCl pH 7. Fig. 6 presents the images captured at 2 min, 2 h, 4 h,
6 h, 8 h and 10 h. Anodic attack, presenting as a dark region, developed
from the onset in the upper right quadrant of the exposed sample area,
and concurrently darkening of the grain boundaries was also observed
(see Video V1). The anode grew in size with respect to time and its
growth was seemingly constrained once a grain boundary was reached
(see Fig. 6(c—f) and Video V1). As an anode grew in size, corrosion
products were precipitated in a form of a semi-circle/ring at a certain
distance away from the anode. It has been suggested this ring indicates
the boundary between ionic counter currents where the metal ions
produced at the anode and hydroxide ions produced at the cathode
encounter each other and exceed the solubility product required for
precipitation of the corrosion product [19]. The corrosion product ring
thickened and was observed to be mobile with time. As the anode grew
in size, the corrosion product ring dissolved and re-precipitated away
from the anode (see Video V1 and Fig. 6(c) and Fig. 6(f)). This occur-
rence of re-solubility and precipitation was due to the reduction in local
pH at the anodic front. This phenomenon of change in local pH was also
observed for ZMA and ZMA-Ge alloys [5,12]. It is also worth noting that
the cathodic site (opposite side to the anodic site) where oxygen
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(e)

Fig. 2. (a) SEM image of Zn-1Ca, (b-d) Colour maps for EDS elemental analysis for Zn-1Ca, (e) EDS analysis for Zn-1Ca.

reduction occurs remained clear and no corrosion product precipitation
occurred.

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2022.110956.

Fig. 7 shows optical microscope images of the Zn-1Ca surface at
2 min, 2h,4h, 6 h, 8 hand 10 h of immersion in pH 7 0.17 M NaCl. In
contrast to Zn (Fig. 6), multiple anodes were observed at the onset and
along with concurrent darkening of the intermetallic metallic phase
CaZn; 3 (see Video V2). The 4-minute optical image of Zn-1Ca presented
in Fig. 7(a) and video V2 indicates that the anodes appeared to initiate
from the intermetallic CaZn;3 phase. The anodes grew in size with time
preferentially via the intermetallic phase CaZn, 3 leaving behind islands
of Zn. This preferential attack phenomenon could be observed in video
V2 and Fig. 8(b). Similar to Zn, precipitation of corrosion products ring
was also observed for Zn-1Ca at a certain distance away from the anodes
which grew thicker and denser with time. However, for Zn-1Ca disso-
lution and re-precipitation of corrosion product ring were not observed
instead, the corrosion products continued to precipitate inward, towards
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(d)

Element | Atom. C [at.%]
Zinc 93.43 £ 1.41
Calcium 6.57 £1.41

the anode and over the cathodic site (Fig. 7).
Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2022.110956.

3.2.3. Electrochemical measurements

A series of electrochemical experiments; open circuit potential,
potentiodynamic polarisation and linear polarisation resistance were
performed to further investigate the influence of the addition of 1 wt%
Ca into Zn. The experiments commenced immediately after the intro-
duction of the electrolyte. Fig. 9(a) shows the OCP measurements of Zn
and Zn-1Ca immersed in pH 7 0.17 M NaCl over 24 h time period. The
initial potential was ~ — 1.04 V vs SCE for Zn and ~ — 1.02 V vs SCE for
Zn-1Ca after which a shift to more negative potential was observed. The
relatively more positive initial potential of Zn-1Ca suggests the oxides
films covering the metal surface were much nobler than the oxides films
covering the Zn surface. A shift to more negative potential was observed
for both Zn and Zn-1Ca. A shift of potential ~ — 0.046 V vs SCE was
observed for Zn-1Ca that continued for ~ 2 h whereas, for Zn, the shift
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Fig. 3. XRD analysis of Zn and Zn-1Ca alloys.

Table 2
Area fraction of phases present in Zn-1Ca.
Phase Area (%)
Zn 82.44 +1.62
CaZn;3 17.56 + 1.62
Table 3

SVET derived metal loss for Zn and Zn-1Ca after im-
mersion in pH 7 0.17 M NaCl for 24 h.

Sample Metal loss (g m~2)
Zn 9.83 + 0.75
Zn - 1Ca 4.32 +£1.67

0.40 +

0.30 4

Hourly metal loss (g.m?)

Time (Hours)

Fig. 4. SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca
after immersion in pH 7 0.17 M NaCl solution for 24 h.

was ~ — 0.016 V vs SCE lasting ~ 0.5 h.

For Zn, after the initial shift from ~ — 1.04 V vs SCE to ~ — 1.056 V
vs SCE, the potential gradually increased to ~ — 1.03 V vs SCE. From
~ — 1.03 V vs SCE, the potential again shifts to more negative potential
consequently obtaining some degree of stabilisation after ~ 6 h at
~ — 1.048 V vs SCE. A similar fluctuation of potential after the initial
potential drop was also observed for Zn-1Ca too but at a lower
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magnitude. The potential gradually increased from ~ — 1.066 V vs SCE
to ~ — 1.062 V vs SCE. Zn-1Ca stabilised at ~ — 1.064 V vs SCE after
4 h, 18 mV lower than that of Zn. This reduction in potential was most
likely due to the presence of Ca in the alloy that has a low standard
reduction potential of — 2.84 V vs SHE compared with — 0.76 V vs SHE
for Zn. Thus, the mixed potential of the system becomes more negative
reflecting the low wt% Ca addition to the material and suggesting that
the CaZn; 3 corroded preferentially due to galvanic coupling with the Zn
matrix.

Anodic and cathodic potentiodynamic polarisation measurements
performed separately on both Zn and Zn-1Ca samples immersed in
0.17M NaCl pH 7 are presented in Fig. 9(b). The experiments
commenced immediately after the introduction of the electrolyte. The
polarisation curves demonstrate that there are no obvious changes on
the anodic branch due to the addition of 1 wt% of Ca. However, on the
cathodic branch, a significant decrease in current was measured for
cathodic overpotentials up to 250 mV less than Eq. At — 1.20 V vs SCE,
the values of the current density (I) showed a large drop (~ 4 times)
between the Zn and Zn-1Ca. The current at — 1.20 V vs SCE reduced
from 2.1 x 10™% A cm™2 for Zn to 8.3 x 10~ A cm™2 for Zn-1Ca.

In order to further understand the relative corrosion rate of Zn and
Zn-1Ca, linear polarisation resistance (LPR) measurements were per-
formed. Polarisation resistance (R;,) values measured immediately after
the introduction of electrolyte are presented in Table 4. The R}, value of
Zn-1Ca was 2.5 times greater than Zn. Therefore, indicating Zn-1Ca
provides superior corrosion resistance as iz @ 1/Rp.

3.2.3.1. Comparison of SVET and LPR measurements. In Fig. 1 the
intermetallic CaZn;3 was spread uniformly (separated by < 100 um)
throughout the Zn-1Ca alloy microstructure and it was observed that the
multiple anodes initiated at this intermetallic phase (Fig. 7 and Video
V2) before growing into the Zn phase. However, in SVET contour maps
(Fig. 5) no focal anodes were established until the 18M hour with a more
generalised anodic attack occurring over the surface. As illustrated in
Section 2.2.2.2 SVET is only able to resolve individual localised features
separated by a distance greater than 150 pm as the SVET scan height is
100 um. Therefore, for Zn-1Ca the spacing between the cathodic and
anodic sites may be less than 150 um and the lines of current flux be-
tween anode and cathode may not intersect the SVET scan plane.
However, SVET has resolved the net corrosion activities on the Zn-1Ca
surface. By itself, there is a potential the SVET-derived metal loss in
Table 3 has been underestimated for Zn-1Ca. However, the linear
polarisation resistance measurement suggests that the corrosion kinetics
of Zn-1Ca are similarly reduced in comparison to Zn as the R}, value of
Zn-1Ca is 2.5 times greater than Zn. This aligns with the SVET measured
mass loss reduction of x 2.2 and therefore provides confidence that the
corrosion rate of Zn-1Ca is over 2 times lower compared to Zn.

3.2.4. Post-corrosion analysis

In order to understand the contribution of CaZn;3 to the corrosion
resistance afforded by the Zn-1Ca, the corrosion of CaZn;3 was investi-
gated by completing EDS analysis prior to and following immersion in
0.17 M NaCl pH 7 for 15 min and is presented in Table 5. The errors
shown are based on the standard deviation of two measurements. The
average weight percentage of Ca calculated using EDS prior to immer-
sion was 4.36 + 0.32 wt.%. The average weight of Ca in CaZn;s in-
termetallics has dropped to 2.24 + 0.71 wt.% after 15 min of immersion
indicating that the intermetallic phase was being preferentially corroded
during the initial exposure to the electrolyte. This preferential corrosion
of CaZn;3 in Zn alloys containing Ca has also been reported previously
[37,38]. This preferential attack was likely due to galvanic effects as
shown by the reduction in the mixed potential for Zn-1Ca in the OCP
measurements due to the presence of calcium in the intermetallic.

Furthermore, the corrosion products formed on the surfaces of Zn
and Zn-1Ca after anodic polarisation by + 1.5 V vs SCE from OCP in pH
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Fig. 6. Time-lapse Microscope images of Zn taken in-situ under immersion conditions in pH 7 0.17 M NaCl. The images (a—f) shown were taken at 2 min, 2 h, 4 h,

6 h, 8 h and 10 h respectively.

7 0.17 M NaCl were analysed using EDS and presented in Table 6. The
errors shown are based on the standard deviation of three measure-
ments. For Zn corrosion products, the average weight percentage of Zn
and oxygen (O) calculated using EDS was 70.47 + 8.21 and 29.53
+ 8.21 respectively. Thus, indicative of the formation of Zn(OH),.
Whereas for Zn-1Ca corrosion products, the average weight percentage
of Zn, O and Ca calculated using EDS was 86.92 + 2.21, 10.46 + 2.77
and 2.62 + 0.56 respectively. Hence for Zn-1Ca, EDS analysis suggested
the formation of a small quantity of Ca corrosion products in addition to
Zn corrosion products.

3.3. Study of the inhibition effects of phosphate during corrosion of Zn
and Zn-1Ca alloys

A further investigation was conducted to evaluate the performance
of phosphate ions on the inhibition of corrosion of Zn and Zn-1Ca. So-
dium phosphate (NagPO4) was used as a source of phosphate ions. The
0.17 M NaCl was dosed with 1 x 10~ mol dm 3 sodium phosphate and
was adjusted to pH 7. The inhibitor concentration of 1 x 10~ mol dm ™2
was selected because of its proven inhibition efficiency previously of
92 % on ZMA coatings [24].
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Fig. 7. Time-lapse Microscope images of Zn-1Ca taken in-situ under immersion conditions in pH 7 0.17 M NacCl. The images (a-f) shown were taken at 2 min, 2 h,

4h, 6h, 8h and 10 h respectively.

3.3.1. Investigation of inhibition effect of Phosphate using Scanning
Vibrating Electrode Technique (SVET)

The SVET was utilised to investigate the effect of sodium phosphate
(Na3PQy) as an inhibitor on Zn and Zn-1Ca. The SVET-derived metal loss
for both Zn and Zn-1Ca after immersion on pH 7 0.17 M NaCl containing
1 x 10 > mol dm 3 Na3POy4 for 24 h and 48 h are shown in Table 7. The
errors shown are based on the standard deviation of three measure-
ments. The derived metal loss for Zn-1Ca was 1.19 g m~2 compared to
5.12 g m 2 for Zn for 24 h. The addition of sodium phosphate had a
significant impact on SVET-derived metal loss. For both Zn and Zn-1Ca,
a reduction in metal loss of 48 % and 72 % was observed respectively

(Table 3 and Table 7). Although the metal loss for both Zn and Zn-1Ca
had significantly decreased with the addition of sodium phosphate,
the effectiveness to inhibit corrosion was much higher in Zn-1Ca
compared to Zn. Zn-1Ca alloy in pH 7 0.17M NaCl containing
1 x 1072 mol dm® sodium phosphate provided a 91 % reduction in
metal loss compared to Zn in pH 7 0.17 M NaCl. The metal loss of Zn and
Zn-1Ca with/without NagPO4 was in the order Zn (9.83 g m 2>
Zn + NagPO4 (5.12 g m™2) > Zn-1Ca (4.32 g m~2) > Zn-1Ca + NasPO4
(1.19¢g m~2) (Table 3 and Table 7). Therefore, it is reasonable to assume
that the significant enhancement of the effectiveness of NagPOy4 in Zn-
1Ca could be due to the presence of Ca.
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Fig. 8. Time-lapse Microscope images of Zn-1Ca taken in-situ after (a) 4 min and (b) 8 h under immersion conditions in pH 7 0.17 M NaClL.
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Fig. 9. (a) The time-dependent OCP for Zn and Zn-1Ca immersed in pH 7
0.17 M NacCl for 24 h (b) Polarisation curves for Zn and Zn-1Ca immersed in pH
7 0.17 M Nacl solution.

Further experiments were performed using SVET for 48 h to assess if
the inhibition effect persisted. After 48 h with NasPO4 additions, the
SVET-derived metal loss for Zn-1Ca was reduced by 51 % to 7.01 g m ™2
compared to 14.57 g m ™2 for Zn. Therefore, Zn-1Ca was providing twice
the resistance compared to Zn. After the 48-h SVET experiments, the
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Table 4

Linear polarisation resistance measurements obtained for Zn and Zn-1Ca
where the samples were polarised by +15mV at a scan rate of
0.166 mV s~! in pH 7 0.17 M NaCl.

Sample Polarisation resistance, Rp, (Ohms cm )
Zn 4438.6
Zn - 1Ca 12,141.0

Table 5

EDS analysis of intermetallics CaZn; 3 prior to and after 15 min of immersion in
0.17 M NaCl pH 7 solution.

Element Prior immersion After immersion
Zinc (wt.%) 95.65 + 0.32 97.30 + 0.92
Calcium (wt.%) 4.36 + 0.32 2.24 +0.71

Table 6
EDS analysis of corrosion products formed on the surfaces of Zn and Zn-1Ca after
anodic polarisation by + 1.5 V vs SCE from OCP in pH 7 0.17 M NaCl.

Element Zn Zn-1Ca

Zn (wt.%) 70.47 + 8.21 86.92 + 2.21

Oxygen (wt.%) 29.53 + 8.21 10.46 + 2.77

Calcium (wt.%) / 2.62 + 0.56
Table 7

SVET-derived metal loss for Zn and Zn-1Ca after immersion in pH 7 0.17 M NaCl
containing 1 x 10~3 mol dm® sodium phosphate for 24 h and 48 h.

Sample Metal loss for 24 h (g m~2) Metal loss for 48 h (g m™2)
Zn 5.12 +£1.27 14.57 £1.74
Zn-1Ca 1.19 + 0.42 7.01 +£2.84

metal loss from the 25 h to the 48™ h with NasPO, additions as
compared to the metal loss for 1-24 h without NagPO4 additions for Zn
and Zn-1Ca is presented in Table 8. These data suggest that the NagPO4

Table 8
SVET-derived metal loss for Zn and Zn-1Ca after immersion in pH 7 0.17 M NaCl
with and without 1 x 10~ mol dm® sodium phosphate addition.

Sample  Metal loss from 25th h to 48th h with ~ Metal loss for 24 h without
phosphate (g m?) phosphate (g m?)

Zn 9.45 +1.94 9.83 £0.75

Zn-1Ca 5.82+3.21 4.32 +1.67
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had a reduced inhibition effect after 24 h as the metal loss values were
similar to those recorded over 24 h when no phosphate was added.

To further explore the time-resolved mass loss kinetics from SVET,
the SVET derived hourly metal loss (average of three measurements) as a
function of time for both Zn and Zn-1Ca during immersion on pH 7
0.17 M NaCl containing 1 x 10 mol dm™ NasPOy for 24 h and 48 h are
presented in Fig. 10 and Fig. 11 respectively. The addition of 1 x 107
mol dm™ NagPO, significantly reduced the rate of hourly metal loss
from the onset for both Zn and Zn-1Ca and Fig. 10 shows that NazPO4
was much more effective in presence of Ca. Considering these data for
both Zn and Zn-1Ca with NagPOy, the hourly mass loss values began to
increase towards those of the uninhibited systems after 24 h. With
further time the effect of Ca and NagPO4 reduced as the hourly metal loss
plots for Zn + NasPO4 and Zn-1Ca + NasPOj started to converge after
42 h as shown in Fig. 11.

Fig. 12 shows the normal current densities measured above the
surface of the Zn freely corroding in pH 7 0.17 mol dm™® NaCl containing
1 x 10" mol dm™ NazPO, for 1 h, 6 h, 12 h, 18 h and 24 h. The addition
of NagPOy led to the passivation of the exposed surface for a short period
as no anodic or cathodic features were present for the 1°* h. However,
from 6 h onwards multiple-point anodes were established. The addition
of NagPOy4 also significantly reduced the number and intensity of the
established anodic features. The SVET contour maps for 12 h, 18 h and
24 h indicate that the established anodes did not grow radially as was
observed for Zn without NagPO,4 (Fig. 5) but new anodic features
developed around the already established anodic site.

Fig. 13 shows the normal current densities measured above the
surface of the Zn-1Ca freely corroding in pH 7 0.17 mol dm™ NaCl
containing 1 x 103 mol dm™ NagPO4 for 1 h, 6 h, 12 h, 18 h and 24 h.
The presence of Ca and NasPO,4 had a significant impact on the
measured current densities and led to an extended period of passivation
of the exposed surface as no anodic or cathodic features were present for
up to 12 h. The anodic features were established within 18 h and grew in
intensity and size with time. The mechanism observed for Zn-1Ca, i.e.
~ half the exposed surface behaving as an anodic site and the other half
as a cathodic site, was not observed with NagPO4 additions as focal
anodes are present on 18 h and 24 h scans.

3.3.2. Investigation of inhibition effect of phosphate using Time-lapse
Microscopy (TLM)

To assess the behaviour and role of NagPO4 on the enhancement of
corrosion resistance observed during SVET experiments further inves-
tigation was conducted utilising TLM. Fig. 14 shows optical microscope
images of the surfaces of Zn after various times of immersion in pH 7
0.17 M NaCl containing 1 x 10°® mol dm™® NagPOy. Fig. 14 features the
images captured at 2min, 2h, 6 h, 12h, 18 h and 24 h. It can be
observed that two anodes developed from the onset, concurrently
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Fig. 10. SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca
after immersion in pH 7 0.17 M NaCl with and without 1 x 10 mol dm™
NasPO, addition for 24 h.
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Fig. 11. SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca

after immersion in pH 7 0.17 M NaCl containing 1 x 10 mol dm™ Na3PO,
for 48 h.

darkening the grain boundaries similar to Zn without NasPO4 (see Video
V1). The addition of NazPO4 has drastically altered the corrosion
products precipitation phenomenon. For Zn, precipitation of corrosion
products occurred at a certain distance away from the anode (Fig. 6 and
Video V1) however in the presence of phosphate ions corrosion products
were precipitated on top or in the vicinity of the anode (Fig. 14 and
Video V3). It is also observed that the precipitation of these corrosion
products restricted the growth of the anodes. However, with time the
initiated anodes grew in diameter and eventually led to the formation of
a corrosion product. Throughout the experiment, the cathodic region
remained free from corrosion product precipitation (left-hand side of
images in Fig. 14).

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2022.110956.

Fig. 15 shows optical microscope images of the surface of Zn-1Ca at
2min, 2h, 6 h, 12 h, 18 h and 24 h of immersion in pH 7 0.17 M NaCl
containing 1 x 10" mol dm™ NasPO,. The presence of phosphate ions
drastically altered the corrosion behaviour of the Zn-1Ca (Video V4 and
Fig. 15). Contrary to Zn where the formation of anodes at the Zn phase
was observed at the onset, no such activity was observed for Zn-1Ca.
However, with time darkening of the intermetallic CaZn;3 was
observed. The darkening of intermetallic started from the periphery of
the exposed area and then proceeded inwards. As the darkening of the
intermetallic continued it led to the formation of a precipitate that
generally covered the exposed surface with some small patches of un-
covered areas. For the experimental time of 24 h, the bulk Zn phase was
protected from anodic attack as no focal anodes as seen for Zn samples
were observed for Zn-1Ca.

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2022.110956.

3.3.3. Electrochemical measurements

Open circuit potential measurements were performed to assess the
behaviour of Zn and Zn-1Ca in pH 7 0.17 M NaCl containing 1 x 103
mol dm™ NagPOy,. The results obtained are presented in Fig. 16. In the
presence of phosphate ions, there was a steep increase in potential from
the onset for both Zn and Zn-1Ca. The gradient of the potential incre-
ment was higher in Zn-1Ca compared to Zn. Zn-1Ca took ~ 1.5h to
reach its maximum potential of ~ — 1.01 V vs SCE whereas Zn took
~ 3.5 h to reach its maximum potential of ~ — 1.02 V vs SCE.

From the highest positive potential for both samples, there was a
similar shift towards more negative potentials with both materials
obtaining some degree of stabilisation at ~ 1.05 V vs SCE for Zn and
~ 1.04 V vs SCE for Zn-1Ca. However, Zn took ~ 8 h from the onset of
the experiment to obtain this stabilisation compared to Zn-1Ca taking
12 h. Also, in contrast to Zn, Zn-1Ca obtained some degree of
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Fig. 12. SVET false colour maps representing normal current density measured above Zn immersed in pH 7 0.17 M NaCl containing 1 x 10" mol dm™ NazPOy.

12



A.D. Mdlla et al. Corrosion Science 213 (2023) 110956

Zn-1Ca Zn-1Ca+ Na,PO,
~
5
St 4
2
3
=
— 2
1
0 1 2 3 4 5 6
mim
6
5
E 4
2 3
= 2
N-)
1
: J,
0 1 2 3 4 5 6 A2
.m
. (. )
s 14
4 4 12
g 10
3
= 8
o~ 2 6
o
1 4
0 2
0 1 2 3 4 5 6 o
mm >
5
wn
= 4
3
3
-
) 2
o
1
0 1 2 3 4 5 6
p mm
@ 5
—
= 4
o
= 3
-~ 2
1

1 2 3 4 5 6 01 2 3 4 5 6
mm mm

Fig. 13. SVET false colour maps representing normal current density measured above Zn-1Ca immersed in pH 7 0.17 M NaCl containing 1 x 10" mol dm™ NaPO,.

13



A.D. Mdlla et al.

Corrosion Science 213 (2023) 110956

Cathodic site

Corrosion
products

(d)

Fig. 14. Time-lapse Microscope images of Zn taken in-situ under immersion conditions in pH 7 0.17 M NaCl containing 1 x 10 mol dm™ NasPO,. The images (a-f)

shown were taken at 2 min, 2 h, 6 h, 12 h, 18 h and 24 h respectively.

stabilisation at ~ 1.026 V vs SCE after 4 h before final stabilisation at
~ 1.045 V vs SCE after 12 h.

The mechanism of corrosion product deposition observed in Fig. 14,
the rise in OCP for both alloys in comparison with their respective
controls, along with the literature [19,39] indicates that phosphate may
act as an anodic inhibitor. Therefore, further anodic and cathodic
polarisation experiments were performed to gain more insight into this
behaviour. The samples were allowed to corrode freely for 135 min to
gain a stable OCP in the electrolyte (with and without phosphate addi-
tions) before conducting polarisation experiments. This procedure was
adopted because the OCP measurements (Fig. 16) for Zn and Zn-1Ca in
the phosphate-containing electrolyte indicated that after approximately
2 h, Zn and Zn-1Ca obtained their most positive potentials, hence sug-
gesting maximum phosphate deposition after this time.

14

In Fig. 17 (a), the anodic polarisation curves demonstrated that in the
absence of phosphate ions, the addition of 1 wt% Ca to Zn shifted the
Ecorr by 20 mV to a more negative potential. The curves for Zn and Zn-
1Ca appeared somewhat similar with regards to their initial Tafel
slopes but Zn-1Ca showed a very small change in current observed be-
tween — 1.030 V vs SCE to — 0.990 V vs SCE. In presence of 1 x 103
mol dm™ Na3POy, Ecorr of Zn shifted to more positive potential (anodic)
by 10 mV. Similarly for Zn-1Ca in presence of 1 x 10°> mol dm™ NazPO4
Ecorr shifted to a more positive potential by 20 mV. In presence of
phosphate ions, the anodic current was inhibited significantly for both
Zn and Zn-1Ca with a greater reduction in anodic current observed for
the Zn-1Ca sample. For example, at — 0.99 V vs SCE the anodic current
was ~ — Log 5.72 (A c¢m®) for Zn-1Ca and ~ — Log 5.05 (A cm) for Zn
when phosphate was present compared to ~ — Log 3.50 (A ecm®) for
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Fig. 15. Time-lapse Microscope images of Zn-1Ca taken in-situ under immersion conditions in pH 7 0.17 M NaCl containing 1 x 10 mol dm™> NasPO,. The images

(a—f) shown were taken at 2 min, 2h, 6 h, 12 h, 18 h and 24 h respectively.

both Zn and Zn-1Ca without phosphate ions. A more significant passive
region was observed for the Zn-1Ca sample in the presence of phosphate
compared with the Zn sample.

In Fig. 17 (b), the cathodic polarisation curves of both Zn and Zn-1Ca
demonstrated cathodic inhibition in presence of phosphate, especially at
potentials within — 100 mV of E.o;. However, the inhibition was much
greater and persisted over a greater range of cathodic potentials in
presence of Calcium. Although cathodic inhibition is demonstrated for
both Zn and Zn-1Ca in the presence of phosphate, the predominant
mechanism appears to be anodic inhibition due to the shift of Eq to
more positive potentials.

LPR measurements were also performed after OCP stabilisation for
135 min. Polarisation resistance (Rp) values are presented in Table 9.
The R, value of Zn-1Ca was greater than Zn. Therefore, indicating Zn-

15

1Ca provided better corrosion resistance as icorr @ 1/Rp.

3.3.4. Post-corrosion analysis

The corrosion products formed on the surfaces of Zn and Zn-1Ca after
anodic polarisation in pH 7 0.17 M NaCl containing 1 x 10” mol dm™
sodium phosphate were analysed using EDS. The EDS results obtained
are presented in Table 10. The errors shown in Table 10 are based on the
standard deviation of three measurements. For Zn corrosion products,
the average weight percentage of Zn, O and Phosphorus (P) calculated
using EDS was 62.2 + 5.16, 28.05 + 3.74 and 9.76 + 1.50 respectively.
Hence, indicating the formation of corrosion products containing zinc,
oxygen and phosphorus.

For Zn-1Ca corrosion products, the average weight percentage of Zn,
O, P and Ca calculated using EDS was 67.64 + 24.62, 22.81 + 16.40,
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Zn + NazPO,4 and Zn-1Ca + NagPO,4 immersed in pH 7 0.17 M NacCl after OCP
stabilisation for 135 min.

8.37 £ 8.71 and 1.18 + 1.50 respectively. The analysis indicated the
corrosion products formed contain Zn, Ca, O and phosphorus.

The XRD spectra of corrosion products formed on the Zn and Zn-1Ca
surfaces after anodic polarisation in pH 7 0.17 M NaCl containing
1 x 10" mol dm™ sodium phosphate are presented in Fig. 18. It can be
seen that zinc phosphate is present in both Zn and Zn-1Ca. However, the
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Table 9

Linear polarisation resistance measurements obtained for Zn and Zn-1Ca where
the samples were polarised by + 15 mV at a scan rate of 0.166 mV s in pH 7
0.17 M NaCl after OCP stabilisation for 135 min.

Sample Polarisation resistance, Rp, (Ohms cm™®)
Zn + NazPOy 13,494.00
Zn-1Ca + NazPOy4 15,134.00

Table 10

EDS analysis of corrosion products formed on the surfaces of Zn and Zn-1Ca after
anodic polarisation by + 1.5 V vs SCE from OCP in pH 7 0.17 M NaCl containing
1 x 10" mol dm® sodium phosphate.

Elements Zn Zn-1Ca
Zn (wt.%) 62.2 £5.16 67.64 + 24.62
Oxygen (wt.%) 28.05 + 3.74 22.81 +16.40
Phosphorus (wt.%) 9.76 + 1.50 8.37 +£8.71
Calcium (wt.%) / 1.18 +£1.50
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Fig. 18. XRD analysis of Zn and Zn-1Ca surfaces after anodic polarisation by
+ 1.5V vs SCE from OCP in pH 7 0.17 M NaCl containing 1 x 10 mol dm™
sodium phosphate.

Zn-1Ca showed the presence of additional Zn hydroxide, Ca phosphate,
Ca hydroxide and Zn-Ca phosphate.

4. Discussion
4.1. The corrosion of Zn and Zn-1Ca alloys in pH 7 0.17 M NacCl

Under aerated conditions and at pH 7 Zn corrodes via anodic
dissolution of Zn as shown in Eq. (4) and is balanced by cathodic oxygen
reduction (Eq. (5)).

Zn = Zn*" + 2¢ 4)

120; + HyO + 2¢” —» 20H )

The cathodic reaction enables the pH in the surface electrolyte to rise
above the cathode whilst hydrolysis of the Zn?* causes the pH at the
anode to drop. Zn(OHy) will precipitate on the surface once its solubility
product (Kgp = 1.2 x 107 mol® dm™) is exceeded and our characteri-
sation of corrosion products on Zn has confirmed the presence of Zn and
O. This relatively low solubility product means that precipitation of Zn
(OH), tends to limit the pH rise in the surface electrolyte with Zn(OH),
having a pK;; = 8.96.

In 0.17 M NaCl, localised corrosion can readily occur on Zn as pre-
viously observed [40] due to ohmic and pH effects in the solution that
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serves to enable localisation. The Zn used in this investigation was
galvanising spelter and thus contained small additions of Al to prevent
the growth of Zn-Fe intermetallic phases in coated products and is
saturated with Fe due to the steel strip passing through the galvanising
bath. The formation of FeyAls within the alloy could potentially act as
initiation points for localised corrosion due to the cathodic nature of this
phase. However, Fe,Als has not been detected in our characterisation of
this material so it cannot be conclusively stated that the localisation of
corrosion has resulted from galvanic effects. FesAls will often be
entrained as dross on top of a solidifying casting and thus it was not
observed in the structure of the material used in the experiments.

The data in this investigation have suggested that Zn-1Ca provides
superior corrosion performance compared to Zn. Here, it is proposed
that this enhanced protection afforded by Zn-1Ca was due to the change
in microstructure as Ca addition led to the formation of Zn-Ca in-
termetallics (CaZn;3). Once in contact with the electrolyte, this inter-
metallic phase provides galvanic protection to the Zn phases by
preferential anodic dissolution with the release of Ca%* and Zn?* ions.
This galvanic protection arises due to the more negative standard
reduction potential for Ca of — 2.84 V vs SHE compared with — 0.76 V
vs SHE for Zn. This galvanic activity was supported by the reduction in
OCP for the Zn-1Ca compared to Zn after the initial 6 h of stabilisation.
The reduction in potential was small due to the alloy composition being
98.5 wt.% Zn but such a difference will cause a preferential galvanic
attack at the more active Zn-Ca intermetallic phase. The Ca2* ions
released from the intermetallic phase may react with hydroxyl ions
(OH") generated at the cathode from oxygen reduction to form sparingly
soluble Calcium hydroxide (Ca(OH)2, Ksp = 6.5 x 10°° mol® dm™®) witha
large bandgap of 3.67 eV [41,42]. However, due to the relatively high
solubility of Ca(OH), the electrolyte above the alloy surface will become
enriched with Ca®>" and OH" ions. Ca(OH); is a strong base [43,44] that
has a pK,; of 12.63 and it has been shown that a saturated solution can
develop a pH of 12.5 [45]. Therefore, as anodic release of Ca®* con-
tinues the subsequent concentration of OH ions in solution from the
cathode increases due to the relatively high solubility of Ca(OH),
enabling the pH of the electrolyte above the alloy surface to rise. A pH of
12.5 may not be reached however due to the competing hydrolysis of
Zn%* ions, which will also be released from the intermetallic, to form Zn
(OH), (pKa; = 8.96) and H™ that will tend to acidify the electrolyte.
However, assessing the significantly increased precipitation of corrosion
products for the Zn-1Ca alloy compared with Zn in the TLM experiments
in Figs. 7 and 8 would suggest that alkalisation has indeed increased.
This alkalisation of local pH creates a suitable environment for stabili-
sation of the pre-existing air-formed Zinc oxide/hydroxides and those
forming due to the release of Zn?* from the intermetallic phase,
consequently passivating the Zn surface [46]. Zn(OH); has a solubility
product that is many orders of magnitude less than that of Ca(OH), and
thus will become the dominant precipitated corrosion product as the
alkalisation increases. Thus, in this alloy, the formation of corrosion
products is more favoured due to the Ca®* influencing the electrolyte pH
above the alloy surface especially over the cathode where the local flux
of OH" ions will be greatest. The cathodic kinetics are subsequently
reduced for the Zn-1Ca alloy as demonstrated in the cathodic polar-
isation curves. The reduction in overall corrosion kinetics for the Zn-1Ca
alloy thus seem to be a result of cathodic deactivation due to increased
corrosion product precipitation over the cathode enabled by the initial
galvanic release of Ca" ions that serves to increase the surface elec-
trolyte pH thus promoting increased precipitation of zinc hydroxide.

4.2. Inhibition effects of phosphate during corrosion of Zn and Zn-1Ca
alloys

4.2.1. The inhibition of Zn corrosion in 0.17 M NaCl containing 1 x 10
mol dm™ NazPOy

For Zn, precipitation of a solid was observed over the anodic site with
its thickness seemingly tapering away with distance from the anode in
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contrast to corrosion observed on Zn with no phosphate present in so-
lution where the region around the anode remained free from the pre-
cipitate. At the anode, the local concentration of Zn?* cations will
increase as corrosion is established. These cations subsequently react
with the phosphate ions (PO3") present within the electrolyte to pre-
cipitate as zinc phosphate (Zn3(PO4)2) once the solubility product (K, =
9 x 102 mol® dm™'%) in the electrolyte is exceeded. The concentration
of metal ions is highest immediate to the anode and decreases with
distance away from the anode due to cation diffusion and migration.
Hence, at the anode sufficient metal ions (Zn*") become available with
time to exceed the solubility limit and precipitation of zinc phosphate is
observed local to the anodic site [19] with the extent of precipitation
decreasing with distance from the anode. This precipitation serves to
passivate the anode, consequently reducing the corrosion activity and
thus increasing the corrosion resistance. The Ksp for Zn3(PO4)2 is many
orders of magnitude lower than Zn(OH) (Ksp = 1.2 x 107 mol® dm™®)
that was the dominant precipitating product in the control Zn experi-
ment and hence precipitation of Zng(PO4), serves to reduce the corro-
sion rate by a significant amount.

This phenomenon of anodic inhibition on the Zn surface by precip-
itation of a solid phosphate product is supported by the visual precipi-
tation observed in TLM, the reduction in total SVET measured mass loss
and hourly mass loss kinetics, the increase in LPR, the positive shift in
OCP for the first 8 h indicative of a precipitate forming and the anodic
polarisation curves where Eq; is shifted to a more positive potential
with a subsequent reduction in anodic current compared to the control
Zn (Fig. 17).

4.2.2. The inhibition of Zn-1Ca corrosion in 0.17 M NaCl containing
1 x 10 mol dm® NasPO,

In the case of Zn-1Ca, the CaZn;3 intermetallic corroded preferen-
tially, evidenced by the darkening of this phase in the TLM experiments
and prior to and after immersion EDS of CaZn; 3, protecting the Zn phase,
releasing Ca?* and Zn®" into the electrolyte. Ca?* and Zn?* can both
react with phosphate ions present within the electrolyte to precipitate
protective film(s) containing metal phosphates of Zn, Ca and/or both.
The preferential corrosion of CaZn;3 and its uniform distribution within
the microstructure enables a precipitate to form evenly across the
sample surface rather than in the more focussed precipitation for the Zn
sample where precipitation tended to occur at localised points in the
microstructure where an anode had initiated. This enhanced surface
coverage may explain the increased inhibition efficiency demonstrated
with this system in both the anodic and cathodic polarisation curves
when compared to the Zn system indicative of a mixed inhibitor
response with a net anodic inhibition effect. Additionally, the more
positive potential shift and the longer duration of this shift in OCP
further support the notion of enhanced precipitation over the surface
with net anodic inhibition.

The alkalisation mechanism due to the presence of Ca>" and OH' in
solution proposed in Section 4.1 could explain the enhanced inhibition
performance of phosphate with this alloy. The form of phosphate that
exists in solution is dependent on pH through the dissociation of phos-
phoric acid such that H3PO4 = HyPOL + HY [pKy; = 2.14], HoPOy =
HPO% + H' [pKaz = 7.2] and HPO? = PO3 + H' [pKa3 = 12.4]. As
such, given these equilibria and pKa values, any chemical effect that
serves to increase the pH in the electrolyte will increase the proportion
of triphosphate ions (PO%’) in the electrolyte. The reaction of tri-
phosphates with both Ca?* and Zn?* cations produces insoluble pre-
cipitates and thus the increase in pH created by Ca additions serves to
facilitate the precipitation of insoluble phosphates thus enhancing the
inhibition efficiency. As this is happening uniformly across the surface
associated with the CaZn;s it becomes further apparent why a better
protective film may form. The chemical nature of the precipitate is
intriguing. The XRD data determined the presence of zinc hydroxide,
zinc phosphate, calcium phosphate, calcium hydroxide and a mixed zinc
calcium phosphate. The corrosion data for the Zn alloy has shown that
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Zng(POy4)2 will provide anodic inhibition on Zn. The additional reduc-
tion in cathodic current observed for Zn-1Ca + Phosphate could be due
to the presence of calcium phosphate (Ca3(PO4)2 Ks, = 2.07 x 10733
mol® dm'ls), which has been shown to act as a cathodic inhibitor
through the reaction 2HPO3™ + 20H™ + 3 Ca®" = Ca3(PO4)2 + 2H,0
[47] and/or due to calcium hydroxide formation at cathodic sites. It has
also been found that in the phosphating pre-treatment of metals a
modification of zinc phosphate baths with Ca?* ions led to the formation
of a more compact structure ZnpCa(PO4)5.2H,0 with improved corro-
sion prevention ability [2,18,48,49].

For both Zn and Zn-1Ca with phosphate, the extent of corrosion in-
hibition seemed to reduce with respect to time in this 0.17 M NaCl
electrolyte and in fact, in 48-h SVET experiments, the mass loss
measured for both alloys with phosphate over the 27 24 period was
similar to that measured for the respective alloys over 24 h just in
0.17 M NaCl. The OCP curves suggest that the precipitates that form
may begin to break down as their potentials drop towards those of Zn
after 8 h and 12 h respectively for Zn and Zn-1Ca. However, it is
demonstrable by this increased time to breakdown and the significantly
reduced mass loss kinetics shown in the hourly SVET data that the
precipitate formed in the Zn-1Ca seemed to afford better protection over
Zn for a longer period.

5. Conclusions
An investigation into the effect of 1 wt% addition of Calcium to Zn on

its corrosion mechanism and performance in 0.17 M NaCl has shown
that;

the alloying of Zn with 1 wt% Ca resulted in the formation of
discrete, uniformly dispersed intermetallic CaZn;3 phases
throughout the microstructure.

The 24-h SVET-derived metal loss decreased significantly with 1 wt
% Ca additions to Zn. A 56 % decrease in the metal loss was
measured for Zn-1Ca compared to the control Zn.

TLM and EDS analysis revealed that for Zn-1Ca, the corrosion initi-
ated and preferentially attacked the intermetallic CaZn;3 before
progressing into the majority bulk Zn phase. This phase was prefer-
entially galvanically corroded due to the more negative standard
reduction potential of Ca highlighted by a decrease in OCP for Zn-
1Ca.

TLM demonstrated that the precipitation of corrosion products was
greater for Zn-1Ca and occurred over the cathode.

LPR showed a decrease in the corrosion rate for Zn-1Ca of 2.5 times
and this was supported by a decreased cathodic current during
cathodic polarisation for Zn-1Ca.

The increased precipitation of corrosion products at the cathode
resulted in cathodic deactivation and a reduced corrosion rate.

The effect of the addition of 1 x 10 mol dm™ NagPO4 to 0.17 M
NaCl on the corrosion resistance and mechanisms of Zn and Zn-1Ca al-
loys has shown that;.

e 24-h SVET-derived metal loss decreased by 48 % for Zn but in
presence of Calcium (i.e., Zn-1Ca) a 72 % decrease in metal loss was
measured.

TLM and potentiodynamic polarisation measurements showed that
Na3POQ,4 acts as an anodic inhibitor on Zn. EDS and XRD revealed
localised precipitation of Zng(POg4), corrosion products in the vi-
cinity of focal anodic sites that shifted E.,,, to more positive poten-
tials with a reduction in anodic current with respect to the control
Zn.

For Zn-1Ca, TLM, OCP and polarisation measurements showed
NasgPOy4 also acts as a net anodic inhibitor but also demonstrated
cathodic inhibition.
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e TLM revealed the formation of a protective precipitate covering most
of the surface of Zn-1Ca. EDS and XRD analysis of the precipitate
showed the presence of zinc phosphate, calcium phosphate, calcium
hydroxide and a mixed zinc calcium phosphate.

The increased pH enabled by Ca* released from uniformly distrib-
uted CaZn;3 phases resulted in increased precipitation of insoluble
metal phosphate films leading to both cathodic and anodic deacti-
vation of the alloy.

It has been demonstrated that by visually observing corrosion
mechanisms at a microstructural level in combination with electro-
chemical techniques, alloy systems may be designed to provide
tailored ion release and chemical conditions that may enhance the
performance of typical inhibitor systems that are incorporated in
organic coatings.
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