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The Cr2O3 coating on the surface of ASTM A516 Grade 70 mild steel substrates was developed using the thermal plasma spraying
process for protection against corrosion and wear. The microstructural behaviours for both coating and substrate were analysed
using SEM and XRD techniques. The corrosion behaviours of the coatings and substrate in synthetic mine water with varying pH
values (6, 3, and 1) were evaluated according to ASTM standards for potentiodynamic polarisation measurements. Tafel plots
were drawn to determine the corrosion rates. Vickers hardness of the coatings and substrate were measured. The Cr2O3
coating exhibited cracks due to the solidification and cooling process, as well as some pores between the top and bonding
layers caused by unmelted or partially melted particles. The corrosion tests revealed that a decrease in pH levels led to
increased corrosion rates in both samples. The Cr2O3 coating demonstrated superior corrosion resistance, ranging from
0 036 ± 0 003mm/year to 0 110 ± 0 004mm/year, compared to the mild steel substrate, which ranged from 0 262 ± 0 021mm/
year to 0 336 ± 0 026mm/year, across all pH values. Moreover, it exhibited significantly greater hardness (1260 ± 77HV3) than the
mild steel substrate (180 ± 14HV3). The lower corrosion rates and higher hardness of Cr2O3 coating than the mild steel substrate
make it a suitable coating in applications where corrosion resistance and high hardness properties are essential.

1. Introduction

ASTM A516 Grade 70 mild steel, with ~0.05–0.25wt% C,
exhibits good mechanical strength, chemical inertness, and
hardness characteristics. Its availability at a relatively low
cost makes it an important engineering material for con-
struction, pump components, railway lines, automobile
parts, and various industrial applications compared to car-
bon steels [1–5]. However, mild steel is susceptible to corro-
sion and wear when exposed to harsh environments, leading
to surface damage and poor performance [6]. To mitigate
these issues, various techniques such as thermal plasma
spraying, high-velocity oxy-fuel spraying (HVOF), chemical
vapour deposition, magnetron sputtering, and ion implanta-
tion have been used to provide corrosion and wear-resistant

surfaces for mild steel under different operating conditions
[7–9]. Plasma coating is considered the most reliable method
as it produces coatings with high bond strength, thicknesses
ranging from ~100 to 300μm, and are free from oxides and
porosity [3, 10, 11].

Chromium oxide serves as a coating in applications to
provide corrosion protection and enhance wear resistance
[12–14]. However, challenges arise from inadequate adhe-
sion of the coating to metal substrates due to differing coef-
ficients of thermal expansion, alongside its higher cost
compared to mild steel [14–16]. Additionally, coatings often
feature pores or microcracks, creating pathways for corro-
sive environments to reach the substrate, resulting in local-
ised galvanic corrosion and degradation of the underlying
material [4, 17, 18].
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In many acidic and alkaline environments, the Cr2O3
coating exhibits passivation corrosion behaviour, whereby
it forms a stable passive film on its surface during its interac-
tion with the environment [19]. This passive film acts as a
protective barrier, hindering the occurrence of further corro-
sion processes [4, 11, 20, 21].

In their research, Dong et al. [22] conducted a study on the
corrosion behaviour of various Cr2O3-based ceramics in envi-
ronments resembling supercritical water-cooled reactors.
They discovered that the coatings experienced degradation
due to their porous structures, leading to increased susceptibil-
ity to grain boundary attack and elevated oxygen concentra-
tions, ultimately resulting in the dissolution of Cr2O3.

When Zamani et al. [23] compared the corrosion perfor-
mance of Al2O3, Cr2O3, and Al2O3-Cr2O3 coatings depos-
ited on carbon steel substrates by plasma spraying, Cr2O3
exhibited the best corrosion resistance in 3.5% NaCl
solution.

The study by Mao et al. [24] revealed that Cr2O3 coating
through atmospheric plasma spraying exhibited a higher
hardness and wear resistance. Amanov and Berkebile [19]
found that the Cr2O3 coating with a mean grain size of
78 nm involves the formation of nanograins, which are
responsible for high hardness ranging from 1203 ± 98HV1
to 1419 ± 121HV1. However, Cr2O3 coatings are brittle
and expensive [25].

This study is aimed at investigating the corrosion resis-
tance of a Cr2O3 coating and a mild steel substrate when
immersed in synthetic mine water, with the goal of protect-
ing the mild steel from corrosion in the test solutions using
open circuit potential and potentiodynamic polarisation

measurements. Characterisation of the coating and the sub-
strate was done using X-ray diffraction (XRD), scanning
electron microscopy (SEM) with energy dispersive X-rays
(EDX) techniques, and hardness measurements.

2. Materials and Methods

2.1. Materials. Commercially available Cr2O3 powders were
used as the coating materials on ASTM A516 Grade 70 mild
steel substrates. An undercoat (bond coat) of NiCrAlY pow-
der was employed on the substrates before applying the
Cr2O3 plasma coating. Figure 1 shows the morphologies of
the as-received powders. The nominal compositions of the
coating powders and the substrate are given in Table 1.
The plasma spray technique was used to thermally spray
the powders onto mild steel substrates.

2.2. Powder Characterisation. Before the thermal spraying
process, the size and distribution of the powder particles
were measured using a MS 200 Malvern Mastersizer® analy-
ser, employing laser diffraction and water as the dispersing
medium. To assess their sizes and shapes, the powders were
affixed to aluminium sample holders with conductive and
double-sided carbon tape for SEM-EDX analysis. X-ray dif-
fraction (XRD) analysis was conducted on the powders
using a Panalytical X’pert Pro Diffractometer equipped with
Co-Kα radiation, performing scans over a range of 2θ angles
from 0 to 120°, with a scan rate of 1.2° per minute and a step
size of 0.02° 2θ. The Panalytical Highscore Plus analytical
software was used to interpret the data.
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Figure 1: SEM-BSE micrographs of as-received: (a) Cr2O3 top and (b) NiCrAlY bond coat powders [26].

Table 1: Compositions of Cr2O3 top, NiCrAlY bond coating powders, and mild steel substrate [26].

Sample
Element (wt%)

C Cr Ni Fe Si Mn Al O Y

Cr2O3 powder — Bal. — — — — 1 8 ± 0 3
NiCrAlY powder 10 0 ± 1 0 — Bal. — — 1 0 ± 0 1 1 1 ± 0 2
ASTM A516 Grade 70 mild steel 0 2 ± 0 0 — — Bal. 0 3 ± 0 0 1 1 ± 0 1 — — —
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2.3. Plasma Spray Technique. The plasma spray technique
was used to apply Cr2O3 powders onto ASTM A516 Grade
70 mild steel substrates with a thickness of 12mm. The sub-
strates were cleaned ultrasonically in an alcohol bath to
remove grease and dirt, then grit-blasted on one side, and
the surfaces were preheated before deposition of the coat-
ings. To enhance the adhesion between the Cr2O3 coatings
and the mild steel substrates, NiCrAlY bond coatings were
applied on mild steel substrates, followed by the application
of the Cr2O3 top coatings. The spraying process was carried
out with a SULZER METCO 9MC Plasma Control Unit,
which was integrated with a FANUC System R-JS-700 robot,
using parameters reported elsewhere [26]. The Cr2O3 pow-
ders were loaded into the plasma control feeder and then
injected into a plasma jet. In this process, they were heated,
melted, and injected at high velocity onto ASTM A516
Grade 70 mild steel substrates, resulting in coatings with a
thickness of ~200μm.

2.4. Microstructure and X-Ray Diffraction Characterisation.
The Cr2O3 coatings were sectioned, hot-mounted, and wet-
ground on silicon carbide papers ranging from 80 to 1200 grit.
Following this, the surfaces underwent cleaning with deio-
nised water and degreasing using acetone. The microstruc-
tures of the coating were revealed without etching, and the
mild steel was etched in 3% Nital, washed under running
water, rinsed in acetone to prevent overetching, and dried in
an air blast. A Carl Zeiss Sigma field emission scanning elec-
tron microscope with energy dispersive X-ray spectroscopy
(SEM-EDX) was used to analyse the samples. The phases were
identified in the same way as for the powders (Section 2.2).

2.5. Hardness Tests. The Cr2O3 coating and substrate sam-
ples were prepared using metallographic techniques, follow-
ing the procedures outlined in Section 2.4. Hardness tests

were conducted on polished surfaces using a Vickers FM-
700 hardness tester, applying a 3 kg (HV3) load with a dwell
time of 10 seconds. To ensure statistical reproducibility, the
tests were performed five times, and the averages along with
their standard deviations were recorded.

2.6. Corrosion Tests. The Cr2O3 coating and substrate sam-
ples were connected to a copper wire by aluminium con-
ducting tape before being cold-mounted in epoxy resin for
12 hours at room temperature and then prepared as
described in Section 2.4.

All corrosion tests comprising open circuit potential
(OPC) and potentiodynamic polarisation [27] were con-
ducted on the samples. These tests were carried out in syn-
thetic mine water at pH 6 and acidified mine water at pH
3 and 1, with an exposed area of 100mm2. The compositions
of the synthetic mine water were reported elsewhere [21].
The tests were performed using an Auto Tafel Potentiostat
equipped with Auto Tafel V1.79 and Auto LPR V2.7h soft-
ware. A scan rate of 0.2mV/s was applied, scanning from
-1000mV to 600mV versus the reference electrode poten-
tial, following a 60-minute OCP scan to ensure the values
reached a steady state after the samples were immersed in
the electrolyte.

Potentiodynamic polarisation measurements were carried
out using a three-electrode cell configuration, with either the
coated or substrate sample serving as the working electrode,
a saturated calomel electrode (SCE) as the reference electrode,
and graphite as the counter electrode, immersed in the electro-
lyte while connected to the potentiostat. These measurements
started immediately when the OCPs reached their steady state
after immersing the specimens in the electrolyte. A Tafel fit
was employed on the potentiodynamic polarisation curves to
analyse the polarisation data and calculate the corrosion cur-
rent densities (icorr) and corrosion rates in mm/y by
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Figure 2: Particle size analyses of (a) Cr2O3 and (b) NiCrAlY powders [26].
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extrapolation of the Tafel slopes using ASTM: G102-89 stan-
dard [28]. The coatings were studied using an SEM before
and after the corrosion tests.

3. Results and Discussion

3.1. Surface Morphologies and Particle Sizes of the Powders.
The morphologies of the powders are given in Figure 1.
The particle sizes of both the Cr2O3 and NiCrAlY
appeared smaller in the micrographs (Figure 1) compared
to the Malvern particle size analyses (Figure 2). This dif-
ference may be attributed to several factors, including the
transmissivity of the carrier fluid, particle shape, angle of
incidence of particles, reflectivity of particles, and carrier
fluid speed [29, 30].

The Cr2O3 powder (Figure 1(a)) consisted of blocky,
irregular, and angular particles with smooth facets, varying
in size, and averaging 31 8 ± 10 2μm (Figure 2(a)). Con-
versely, the NiCrAlY powder (Figure 1(b)) comprised spher-
ical particles, sometimes exhibiting “buds,” with an average
size of 38 2 ± 1 4μm (Figure 2(b)).

3.2. Microstructure, Energy Dispersive X-Ray Spectroscopy,
and X-Ray Diffraction of the Coatings and the Substrate.
Figure 3 presents the cross-sectional micrographs of the
Cr2O3 coating on mild steel. The Cr2O3 coating, approxi-
mately 130μm thick, exhibits a typical lamellar structure
inherent in the plasma spray coating process and characterised
by good interlayer bonding and adherence. This showed a suc-
cessful coating application after the NiCrAlY bond coating
(~90μm) had been applied to the mild steel (Figure 3(a)).

The Cr2O3 coating exhibited cracks (Figure 3(b)) due to
residual stress during solidification [31] and cooling of the
coating [32]. Additionally, there were pores observed
between the top and bonding layers (Figures 3(b) and 3(c))
resulting from unmelted or partially melted particles, attrib-
uted to the difference in melting points of the powders
(Cr2O3: 2435

°C [33] and NiCrAlY: 1356°C [31], as reported
by Abbasi et al. [11], Nu et al. [4], and Gerald et al. [34].
Figure 3(c) shows that the Cr2O3 coating displayed alternate
dark and lighter splats with some unmelted particles. These
unmelted particles were likely the result of insufficient heat
during plasma spraying, leading to the formation of a porous
layer [34]. Such characteristics are common in coatings
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Figure 3: SEM-BSE micrographs showing the morphologies of (a) mild steel substrate-NiCrAlY bond-Cr2O3 top coating system; (b)
NiCrAlY bond-Cr2O3 top coating system with pores, cracks, and unmelted particles; (c) Cr2O3 top coating, showing splats; and (d) mild
steel substrate, showing ferrite and pearlite [26].
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prepared by plasma spraying, particularly in cases involving
differences in melting points [4, 7, 23]. The cracks and pores
present in the top coating may provide pathways for corro-
sive media to reach the substrate, especially considering that
the bond coating also exhibited some pores [35]. In the case
of mild steel (as depicted in Figure 3(d)), the microstructure
revealed the presence of ferrite and pearlite, consistent with
the anticipated composition and structure of mild steel.

The EDX analysis of the Cr2O3 coating cross-section
(Figure 3(c)) revealed that the darker phase contains approx-
imately 95 5 ± 5 4wt% Cr and 4 5 ± 1 3wt% O, whereas the
lighter phase comprises roughly the same concentrations of
chromium (95 5 ± 5 2wt%) and oxygen (4 5 ± 1 1wt%). In
contrast, the EDX analysis for the mild steel indicated it con-
sists predominantly of 98 5 ± 0 2wt% Fe, with minor com-
ponents of 1 2 ± 0 4wt% Mn and less than 1wt% Si. The
XRD patterns for the Cr2O3 coating displayed a single-
phase Cr2O3 structure (Figure 4(a)), which aligns with
expectations from previous studies [4, 34, 36]. Meanwhile,
for the mild steel substrate, only the ferrite (α) phase was
identified (Figure 4(b)) [27, 37].

3.3. Hardness Measurements of the Coatings and the
Substrate. As expected, Cr2O3 coating had a high hardness
of 1260 ± 77HV3 which agreed with values reported by Lin
and Sproul [8] (1224 ± 153HV3) and Zamani and Valefi
[15] (1170HV3). The higher hardness of the coating can be
attributed to its splat-like structure and a good interlayer
bonding of single-phase composition (Figure 3(a)) [13].
The high standard deviation of Cr2O3 coating hardness
was due to pores and unmelted particles [11], giving differ-
ent local hardness values. The mild steel substrate exhibited
a low hardness level of 180 ± 14HV3 (Figure 4(b)), as
expected, necessitating the application of a harder Cr2O3
coating for its protection.

3.4. Corrosion of the Coatings and Substrate in Synthetic
Mine Water. Figure 5 shows the open circuit potentials
(OCPs) for the Cr2O3 coating (Figure 5(a)) and mild steel

(Figure 5(b)) at pH levels 6, 3, and 1, which show stabilisa-
tion over time. Initially, the OCPs trended towards more
negative values during the first 1000 s, but then nearly stabi-
lised for the remaining 3200 s. This behaviour suggests the
formation of stable passive films on their surfaces or a reduc-
tion in potentials due to ion saturation in the electrolyte
[38]. With a decrease in pH, the OCP for the Cr2O3 coating
shifted towards more positive values, whereas the OCP for
mild steel moved to more negative values, highlighting its
greater susceptibility to corrosion compared to the Cr2O3
coating. These shifts demonstrate that the Cr2O3 coating
generates more stable and effective passivating oxide films
than mild steel within the test solutions [39].

Figures 5(c) and 5(d) show the potentiodynamic polari-
sation behaviour of Cr2O3 coating in synthetic mine water
at varying pH values. The coating demonstrated active-
passive behaviour across all pH values. The highest corro-
sion rate occurred at pH 1, with pH 6 experiencing the next
highest rate, and pH 3 showing the lowest corrosion rate.
This highest corrosion rate for the coating was mainly due
to the presence of pores and cracks in the microstructure
(Figure 3) [4].

The corrosion behaviour of mild steel in synthetic mine
water at various pH values (Figure 5(d)) exhibited similarities,
displaying active and pseudopassivation behaviour within the
range of -600mV to 600mV, possibly attributed to the forma-
tion of pseudopassive films on the surface [26, 40].
Figures 5(c) and 5(d) indicate that chromium oxide coatings
displayed superior electrochemical stability in synthetic mine
water compared to mild steel, suggesting its potential as a
corrosion-resistant material for mine water environments,
particularly at pH 3 rather than at pH 6 and 1.

Table 2 shows the corrosion parameters recorded. The
result shows that the corrosion resistance of Cr2O3 coatings
has improved as compared to the mild steel substrate sam-
ples (0.024–0.110mm/y vs. 0.262–0.336mm/y). This is
because the Cr2O3 coating has a tendency to produce a pro-
tective oxide film that acts as a barrier to the corrosive
media, resulting in a low corrosion rate [3, 4, 41]. When
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Figure 4: XRD patterns of (a) Cr2O3 coating and (b) mild steel substrate showing only α-ferrite.
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Figure 5: Open circuit potentials of (a) Cr2O3 coating and (b) mild steel substrate and potentiodynamic polarisation responses for (c) Cr2O3
coating and (d) mild steel substrate in synthetic mine water at pH 6, 3, and 1 [26].

Table 2: Potentiodynamic polarisation results of Cr2O3 coatings and mild steel substrates in synthetic mine water at pH 6, 3, and 1 [26].

pH Sample Ecorr (mV) icorr (μA/cm
2) Corrosion rate (mm/y)

6
Cr2O3 coating −629 ± 4 2 30 ± 0 41 0 036 ± 0 003
Mild steel −707 ± 2 26 40 ± 2 40 0 262 ± 0 021

3
Cr2O3 coating −616 ± 5 1 60 ± 0 22 0 024 ± 0 001
Mild steel −726 ± 1 25 00 ± 2 10 0 284 ± 0 024

1
Cr2O3 coating −529 ± 4 7 20 ± 0 53 0 110 ± 0 004
Mild steel −724 ± 1 29 60 ± 3 10 0 336 ± 0 026
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the pH was decreased, Ecorr increased, and corrosion current
density changed with no trend for both samples. The corro-
sion rates of Cr2O3 coating were similar to those reported by
Nu et al. [4] and Abbasi et al. [11]. At pH 1, the Cr2O3 coat-
ing had the highest Ecorr, icorr, and corrosion rate, whereas its

lowest corrosion rate was at pH 3, which was not expected.
This was likely attributed to the presence of pores, cracks,
and unmelted particles within the coating (Figures 3 and
6), leading to variations in corrosion behaviour in the test
solutions [4, 23, 42].
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Figure 6: SEM-BSE micrographs of the surfaces of the (a–c) Cr2O3 coating and (d–f) mild steel substrate after potentiodynamic polarisation
measurements in synthetic mine water at pH 6, 3, and 1, showing corrosion products (arrows) on the surfaces [26].
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Figure 6 shows corrosion products on Cr2O3 coating
(Figures 6(a)–6(c)) and mild steel substrate (Figures 6(d)–
6(f)) surfaces after potentiodynamic polarisation in syn-
thetic mine water. Corrosion products on the coating were
notably fewer than on mild steel, suggesting lower corrosion
of the coating. EDX analyses (Table 3) primarily indicated
Cr and O for Cr2O3 and Fe and O for mild steel substrate
across all pH values. The presence of Na on both surfaces,
attributed to synthetic mine water composition (NaCl and
Na2SO4), was also noted. High O EDX values suggested
some O ions originated from the solution.

The primary focus of this study was to investigate the
corrosion behaviour of the Cr2O3 coating and mild steel sub-
strate using the potentiodynamic polarisation technique.
Corrosion behaviour was further assessed through OCP,
polarisation curves, XRD, and SEM with EDX. Additionally,
electrochemical impedance spectroscopy (EIS) measure-
ments will be conducted to better understand and analyse
the corrosion mechanisms of the samples in the test solu-
tions. Therefore, future research should consider incorporat-
ing EIS to enhance study findings.

4. Conclusions

The uniform distribution of Cr2O3 coating was successfully
achieved on an ASTM A516 Grade 70 mild steel substrate
using the thermal plasma spraying technique. Corrosion
behaviour analysis of the Cr2O3 coating was evaluated
through various electrochemical techniques, including OCP
and potentiodynamic polarisation testing. Additionally,
SEM with EDX was used for microstructural analysis, and
XRD for phase identification, both before and after corro-
sion testing, along with hardness measurements conducted
before corrosion tests. Based on the findings of this study,
the following conclusions were drawn:

(1) The plasma spraying technique effectively facilitated
a uniform distribution of the Cr2O3 coating on mild
steel

(2) The hardness of the coating (1260 ± 77HV3) was
approximately ten times greater than that of the mild
steel substrate (180 ± 14HV3).

(3) The coating exhibited passivation behaviour,
whereas the substrate displayed pseudopassivation
behaviour in synthetic mine water

(4) The coating demonstrated lower corrosion rates
(from 0 036 ± 0 003mm/year to 0 110 ± 0 004mm/
year) compared to the mild steel substrate (from
0 262 ± 0 021mm/year to 0 336 ± 0 026mm/year)
across all pH values

(5) The Cr2O3 coating shows promise for protecting
mild steel in mining applications where high hard-
ness and corrosion resistance are essential, owing
to its superior hardness and lower corrosion rates
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Table 3: EDX analyses (in wt%) of Cr2O3 coating and mild steel substrate surfaces taken from Figure 6 after potentiodynamic polarisation
in synthetic mine water at pH 6, 3, and 1 [26].

Sample name Element
Composition (wt%)

pH 6 pH 3 pH 1

Cr2O3 coating Cr
75 0 ± 2 4 71 3 ± 4 1 73 5 ± 3 3

Mild steel substrate — — —

Cr2O3 coating
O

23 7 ± 1 2 26 4 ± 2 3 24 8 ± 1 6
Mild steel substrate 11 3 ± 1 0 13 6 ± 3 2 14 3 ± 1 0
Cr2O3 coating

Na
1 3 ± 0 2 2 3 ± 0 5 1 7 ± 0 3

Mild steel substrate 2 4 ± 0 3 1 7 ± 0 0 2 1 ± 0 0
Cr2O3 coating

Fe
— — —

Mild steel substrate 83 3 ± 6 1 84 7 ± 2 0 83 6 ± 1 0
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