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Abstract. To address the corrosion of mild steel in aggressive mine water environments, nickel-chromium-iron

(Hastelloy� G30), copper-nickel-tin (ToughMet� 3), and cobalt-chromium-tungsten (Stellite� 6B) alloys were evaluated

for their corrosion resistance. The study examined their behaviour in synthetic mine water at pH levels 6, 3 and 1 using

potentiodynamic polarisation, alongside microstructural, hardness, and X-ray diffraction (XRD) analyses. Hastelloy� G30

had equiaxed c grains with Cr3C2 precipitates, ToughMet� 3 displayed large, irregular grains, and Stellite� 6B showed c
grains with Cr3C2 at boundaries and twinning. Hastelloy� G30 and Stellite� 6B demonstrated active-passive transitions

with localized corrosion, while ToughMet� 3 showed pseudo-passivation with severe pitting across all pH levels.

Hastelloy� G30 achieved the lowest corrosion rates at pH 6 (0.63 ± 0.01 lm�y–1) and pH 3 (0.74 ± 0.05 lm�y–1) but

performed poorly at pH 1 (7.75 ± 0.64 lm�y–1), with a hardness of 180 ± 10 HV2. Stellite� 6B had low corrosion rates at

pH 3 (1.32 ± 0.34 lm�y–1) and pH 1 (5.61 ± 1.13 lm�y–1), with a hardness of 368 ± 13 HV2. ToughMet� 3 showed high

corrosion rates, particularly at pH 1 (118.78 ± 8.00 lm�y–1). Stellite� 6B is the most promising alternative for harsh

mining environments, offering optimal hardness and corrosion resistance.

Keywords. Hard alloys; corrosion resistance; potentiodynamic polarization; passivation; mine water corrosion.

1. Introduction

Mine water corrosion significantly impacts the underground

infrastructure, causing material degradation, higher main-

tenance costs, and environmental risks. Understanding its

electrochemical behaviour is crucial for developing effec-

tive mitigation strategies and enhancing the longevity of

mining equipments and their structures. In various mines,

mild steel shaft sleeves, valves and casings play a crucial

role in water pump systems. These systems operate con-

tinuously to extract water from underground reservoirs,

preventing mine flooding. However, these components

undergo substantial degradation due to the combined effects

of corrosion from mine water and wear caused by the

mechanical interaction with solid particles suspended in

water [1]. Many underground mines contain extensive sul-

phide deposits. For instance, a copper mine might possess a

high copper concentration (*1.6 wt%) along with zinc,

lead, silver and gold as by-products [2–4]. These mines also

contain alkaline earth elements, rare earth elements, sul-

phates, nitrates, and have an acidic pH, which can vary

seasonally. Additionally, they exhibit high electrical con-

ductivity and total dissolved solids. Seepages from the

tailings dump, consisting of pyrite (FeS2), react with

oxygen, nitrogen, water vapour, chlorine and other gases,

making the mine water acidic and corrosive [3]. This acidic

and corrosive mine water frequently causes corrosion and

breakdown of pumping systems, resulting in frequent

maintenance, downtime, and part replacement that is

deemed unacceptable.

To mitigate corrosion in mine pumping systems, candi-

date hard alloys such as a nickel-based alloy (Ni–Cr–Fe,

Hastelloy� G30), copper-based alloy (Cu–Ni–Sn,

ToughMet� 3) and a cobalt-based alloy (Co–Cr–W, Stel-

lite� 6B) were selected as a replacement material for the

failing steel pump components due to their hardness and

corrosion resistance properties. The corrosion behaviour of

these hard alloys have received extensive research attention,

particularly in reducing and oxidising environments. While

some researchers have explored the impact of corrosion on

hard metals, emphasising corrosion resistance and hardness;

there has been limited research on the electrochemical

responses of nickel-, copper- and cobalt-based hard alloys

in mine water, despite their extensive use in mining and

metallurgical applications. These alloys are often exposed

to aggressive environments containing sulphate, chloride

and other corrosive species, which can significantly impact

their passivation behaviour and long-term stability.
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Understanding their electrochemical responses under

different pH conditions is important for improving their

corrosion resistance and optimising their performance in

harsh mining environments.

Hastelloy� G30 is a highly corrosion resistant nickel-

chromium-iron based superalloy, especially against corro-

sion in phosphoric acid or chloride-induced localized attack

such as hydrochloric, sulphuric and nitric acids [5]. Cor-

rosion behaviour of Hastelloy alloys offer superior perfor-

mance similar to stainless steel grades, however, the alloys

have low hardness (160–230 HV2) with active-passivation

behaviour in many solutions [6–9]. The high chromium

content promotes the formation of a protective Cr2O3 film,

preventing nickel ions or electrons migration towards the

surface, enhancing corrosion resistance [6,10]. Pitiya et al
[4] and Guo et al [6] found that apart from this compact

inner Cr2O3 passive film, there is also a loose outer layer

consisting of iron oxide (Fe2O3) or nickel iron oxide

(NiFe2O4).

ToughMet� 3 is a Cu–Ni–Sn superalloy with good tensile

strength, high hardness and minimum corrosion resistance

in acidic environment, where it experiences localized cor-

rosion deterioration such as pitting corrosion, hydrogen

embrittlement and fatigue corrosion [11,12]. Due to its good

strength and elastic behaviour, the alloy is mostly used for

bearing, sleeve and other high-strength wear-resistant parts,

high performance engines as well as mining, industrial and

heavy equipment due to its ability to resist mechanical wear

[11,13].

Copper-based alloys in natural sea water undergo de-

alloying and intergranular corrosion due to bacterial sul-

phide attack on nickel in grain boundaries, accelerating

corrosion [14]. Additionally, Hamidah et al [15] concluded

that electrolyte ion attacks lead to a reduction in the strength

of the internal structure of copper alloys, rendering them

more susceptible to fatigue. This may lead to failure of an

engineering material. In most acidic media, copper-based

alloys experience passive and pseudo-passivation behaviour

due to corrosion product of Cu2O or Cu2Cl(OH)3) [15].

The Stellite� 6B alloy is extensively used in various

industrial applications to protect mild steel components.

These applications include safeguarding slurry pump ele-

ments such as casings, sleeves, and valves, as well as

being used in physiological orthopedic implants like arti-

ficial knees and hips. This widespread adoption is pri-

marily due to its commendable mechanical properties and

exceptional corrosion resistance [16]. Moreover, Stellite�

6B alloys are widely utilized across diverse sectors for

applications such as cutting tools and hard-facing castings.

These include, but are not limited to, power generation,

steel manufacturing, chemical processing, oil and gas, and

marine environments [17]. Comprising mainly cobalt (Co),

with chromium (Cr) added to fortify the Co matrix and

facilitate the formation of chromium carbides (Cr3C7 or

Cr23C6), these alloys also develop a protective passive film

of chromium oxide (Cr2O3). Additionally, tungsten (W) is

incorporated to enhance hardness [18,19]. The alloy

spontaneously passivates in various environments, which

is observed during anodic potentiodynamic polarization

measurements [20,21].

Thus, this study aimed to systematically investigate and

compare the microstructural, hardness, and electrochemical

behaviour of Hastelloy� G30, ToughMet� 3, and Stellite�

6B hard alloys. Optical microscopy and scanning electron

microscopy (SEM) were utilized to analyse and determine

the microstructural features and elemental compositions of

these alloys. The phases present in the alloys were identified

through X-ray diffraction (XRD) analysis. The potentiody-

namic polarization technique was employed to examine and

compare the passivation behaviour and corrosion mecha-

nisms of the alloys in synthetic mine water at varying pH

levels of 6, 3 and 1. The best-performing alloy was iden-

tified as a potential replacement for corroding mild steel in

acidic mine environments, where material selection is cru-

cial for ensuring durability and long-term performance.

2. Materials and experimental methods

2.1 Materials

The materials studied were nickel-chromium-iron (Hastel-

loy� G30, UNS N06030), copper-nickel-tin (ToughMet� 3,

UNS C72800), and cobalt-chromium-tungsten (Stellite�

6B, UNS R30006) hard alloys, supplied as bars by Multi

Alloys, South Africa. Their nominal compositions are given

in Table 1. These alloys were selected for their exceptional

corrosion resistance in both acidic and alkaline environ-

ments, along with their commendable hardness values

[22–27].

2.2 Microstructures and X-ray diffraction
characterization

The bulk samples underwent a comprehensive preparation

regimen involving cutting, hot mounting in resins, and

subsequent wet grinding with silicon carbide papers ranging

from 80 to 1200 grit, followed by polishing using diamond

suspensions of 9, 6, 3 and 1 lm, to achieve a thorough

analysis of their surface characteristics. Cleanliness was

ensured by rinsing with de-ionized water and degreasing

with acetone. Subsequently, Carl Zeiss Sigma field emission

scanning electron microscopy coupled with energy disper-

sive X-ray spectroscopy (SEM-EDX) was employed for the

detailed observation and analysis of the bulk alloy

microstructures. Grain size and carbide proportions within

the Stellite� 6B bulk alloy were quantified using the line

intercept method on micrographs captured at a magnifica-

tion of 1000x, with a minimum of 20 measurements con-

ducted at various points. Furthermore, phase identification

in all the alloys was facilitated by a Bruker D2 Phaser�

  108 Page 2 of 14 Bull. Mater. Sci.          (2025) 48:108 



diffractometer, with Fe filtered Co-Ka radiation and

analysed via Panalytical Highscore Plus analytical software.

2.3 Hardness tests

The Hastelloy� G30, ToughMet� 3 and Stellite� 6B bulk

alloys were prepared metallographically as previously

described (see section 2.2). Vickers hardness measurements

were done on polished surfaces using a Vickers FM-700

hardness tester, with each sample subjected to a dwell time

of 10 s and seven repetitions to ensure reproducibility,

employing a load of 2 kg (HV2).

2.4 Electrochemical measurements

The corrosion resistance of the samples was evaluated in

synthetic mine water, the composition of which is detailed

in table 2 [1]. The solution was prepared by dissolving

analytical-grade salts in deionized water to establish a

baseline pH of 6, and subsequently acidified to pH levels of

3 and 1 using 32% HCl. Deionized water was used to

eliminate interfering ions, ensuring consistent and repro-

ducible corrosion testing. All experiments were conducted

at 22.3 ± 1.0�C.

The experimental setup for the electrochemical mea-

surements were conducted in a 500 mL three-electrode cell,

with the samples acting as the working electrode, a satu-

rated calomel electrode (SCE) as the reference electrode in

a Luggin capillary to minimize the ohmic drop errors and a

graphite counter electrode. Samples were prepared by cold-

mounting in epoxy resin after being connected to a copper

wire with aluminum conducting tape. Subsequently, they

underwent wet grinding with silicon carbide papers, rinsing

with de-ionized water, ethanol degreasing, and air drying.

Each sample had an exposed area of 1 cm2 to the corrosive

environment.

Before scanning, samples were immersed for an hour to

stabilize the open circuit potential (OCP). Extreme pH

conditions (pH 6 and pH 1) were selected for clearer con-

trast in corrosion behaviour. Potentiodynamic polarisation

measurements were performed from –750 to 1200 mV vs.
the reference electrode potential at a scan rate of 0.2 mV�s–1

using an Auto Tafel potentiostat with Auto Tafel (V1.79

and Auto LPR V2.7h) software. The chosen potential range

covers both the active corrosion and passivation regions,

allowing for the identification of key parameters such as

corrosion potential, passivation behaviour, pitting poten-

tials, and current densities. Duplicate tests were performed

to ensure reproducibility. Corrosion rates were calculated

using equation (1) [28] through Tafel extrapolation of the

potentiodynamic polarization curves, enabling the extrac-

tion of corrosion current densities from the corresponding

Tafel slopes. Following polarization, optical and scanning

electron microscopy, XRD analysis were also conducted to

examine surface morphologies and films.

Corrosion rate
lm
y

� �
¼ K � Ew

q
� icorr ð1Þ

where K is the conversion factor (= 0.00327), Ew is the

equivalent weight in g, q is the density of the material in

g�cm–2 and icorr the corrosion current density in lA�cm–2.

3. Results and discussion

3.1 Microstructural and X-ray diffraction analyses

Figure 1 shows the SEM microstructures of the bulk alloys

before corrosion tests. Hastelloy� G30 (figure 1a) com-

posed of light grey network and dark grey matrix phases,

consisting of irregular to approximately equiaxed shape c
(i.e., a Ni-rich solid solution with Cr) grains with twinning,

which were more visible in the optical microstructure (fig-

ure 1b). The average grain size of the Hastelloy� G30 was

256.1 ± 15.2 lm. Apart from c-Ni, Cr3C2 was also con-

firmed by XRD in Hastelloy� G30 alloy (figure 2a). The

carbides detected by XRD (figure 2a), likely fine disper-

sions formed at grain boundaries [29,30], make it difficult

Table 1. Chemical compositions of the tested hard alloys (in wt%) [5,11,59].

Hard alloy Co Cu Ni Cr Mo W Mn Fe Si C Nb Sn

Hastelloy� G30 [5] 5.0 2.0 Bal. 30.0 5.5 2.5 1.5 15.0 0.8 0.03 0.8 —

ToughMet� 3 [11] — Bal. 15 — — — — — — — — 8

Stellite� 6B [59] Bal. — 2.6 28.8 1.5 4.5 1.0 2.5 1.3 1.2 — —

Table 2. Chemical composition of synthetic mine water for

corrosion testing [1].

Salt Concentration (mg�L–1)

MgSO4 198

Na2SO4 1215

CaCl2 1038

NaCl 1379
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for them to observe in microstructure analyses (figure 1a

and b). ToughMet� 3 (figure 1c) showed large and irregular

grains, more prominently visible at lower magnifications,

comprised with an average grain size of 722.3 ± 53.4 lm.

Only peaks from Cu-based solid solution were detected

(figure 2b). Stellite� 6B (figure 1d) is comprised of well-

defined c (i.e., a cobalt-rich solid solution with Cr), also

exhibiting twinning and also large Cr3C2 precipitated at the

grain boundaries, confirmed by XRD (figure 2c).

Hastelloy� G30 and Stellite� 6B alloys exhibited a

polycrystalline structure characterized by c matrices and

carbides, whereas ToughMet� 3 alloy displayed a single-

phase structure, each possessing inherent properties influ-

enced by grain sizes and carbide distribution (excluding

ToughMet� 3). The samples were not subjected to heat

treatment for microstructure optimisation, although such a

treatment could potentially enhance their properties. Any

microstructure optimisation would be reserved for future

investigations. Decreasing grain sizes typically leads to

increased hardness, but there is a concern regarding reduced

corrosion resistance due to the greater grain boundary area,

as grain boundaries are typically prone to corrosion initially

[28].

A more uniform distribution of carbides could also prove

beneficial, particularly for Stellite� 6B (figure 1d), which

exhibited relatively large carbides at grain boundaries and

within grains, and for Hastelloy� G30, where carbides were

exclusively present within grains. The large grain sizes

observed in ToughMet� 3 may result from the segregation

of Cu–Ni–Sn alloy during solidification, driven by signifi-

cant differences in the melting points of the constituent

elements. This segregation enhances the mechanical prop-

erties of the alloy [13].

The SEM-EDX data for the bulk alloys is outlined in

table 3. Hastelloy� G30 predominantly featured Ni, Cr and

Fe as major constituents, supplemented by minor elements

including Mo, W, Co, Cu, Mn, Si and Al. Meanwhile,

ToughMet� 3 exhibited single-phase grains containing Cu,

Ni and Sn. EDX analyses of the Stellite� 6B alloy indicated

minimal variations in composition across all phases

(Table 3), revealing Co and Cr as the primary constituents,

with minor quantities of W, Fe, Ni and Mn. Stellite� 6B had

a larger grain size (381.4 ± 13.6 lm). The carbide fraction

for Stellite� 6B was 16 ± 1.5% while the precipitates for

Hastelloy� G30 may be formed as thin films along grain

boundaries, which were too small to measure, and this is

Figure 1. SEM-BSE micrographs of (a) Hastelloy� G30 and (b) optical micrograph Hastelloy� G30, showing twins

in the light and dark grey grains, (c) SEM-BSE micrographs of ToughMet� 3, showing large grains and (d) SEM-BSE

micrographs of Stellite� 6B alloys displaying twins and carbides distributed within the matrix and along the grain

boundaries [28].
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Figure 2. XRD patterns of (a) Hastelloy� G30 alloy with c-Ni and Cr3C2 phases, (b) ToughMet� 3 alloy with Cu

solid solution only, and (c) Stellite� 6B showing c-Co and Cr3C2 phases before corrosion testing. Microhardness of

the alloys is in (d), showing ToughMet� 3 and Stellite� 6B equally harder than the Hastelloy� G30.

Table 3. SEM-EDX phase analyses of the Hastelloy� G30, ToughMet� 3 and Stellite� 6B hard alloys (figure 1) before corrosion

testing.

Element

(wt%)

Hastelloy� G30 ToughMet� 3 Stellite� 6B

Overall Light grey Dark grey Overall Grains Overall Light grey Dark grey

Cu 1.7 ± 0.3 2.3 ± 0.2 2.4 ± 0.2 78.3 ± 0.2 76.7 ± 1.0 — — —

Al 0.2 ± 0.0 0.3 ± 0.1 — — — — — —

Ni 41.8 ± 0.5 44.8 ± 0.1 44.8 ± 0.3 13.9 ± 0.1 14.9 ± 1.0 1.7 ± 0.1 2.1 ± 0.1 —

Si 0.6 ± 01 0.1 ± 0.0 0.2 ± 0.0 — — 0.4 ± 0.0 0.5 ± 0.0 —

Cr 29.8 ± 0.2 28.8 ± 0.2 28.9 ± 0.1 — — 29.5 ± 1.0 24.0 ± 0.1 75.3 ± 0.3

Co 2.7 ± 0.1 2.3 ± 0.1 2.4 ± 0.3 — — 46.2 ± 0.4 53.7 ± 0.1 9.3 ± 0.1

Fe 15.3 ± 0.4 12.8 ± 0.0 12.9 ± 0.1 — — 1.7 ± 0.1 1.9 ± 0.1 0.6 ± 0.0

Mo 3.5 ± 0.3 5.4 ± 0.1 5.3 ± 0.3 — — — 0.7 ± 0.4 —

Mn 1.3 ± 0.0 1.1 ± 0.1 1.0 ± 0.1 — — 1.5 ± 0.1 1.6 ± 0.2 1.3 ± 0.1

W 3.3 ± 0.1 2.1 ± 0.1 2.3 ± 0.1 — — 4.8 ± 0.2 5.2 ± 0.2 3.1 ± 0.4

Sn — — — 7.8 ± 0.1 8.4 ± 0.4 — — —

O — — — — — 7.4 ± 1.0 6.5 ± 0.3 7.4 ± 1.0

C — — — — — 7.6 ± 1.1 3.9 ± 1.0 10.6 ± 0.2
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where the Cr3C2 (figure 2a) is suspected to be. Stellite� 6B

had 7.7 ± 0.1 wt% O and 0.4 ± 0.0 wt% Si for the matrix.

Carbon was found in the dark phase, with 10.5 ± 0.2 wt%

(figure 1d).

3.2 Hardness of the alloys

Microhardness measurement results are presented in (fig-

ure 2d). Hastelloy� G30 had a lowest hardness (180 ± 10

HV2) while ToughMet� 3 (368 ± 14 HV2) and Stellite� 6B

(368 ± 13 HV2) had equally high hardness. The high

hardness of ToughMet� 3 probably resulted from spinodal

hardening, where nanoscale phase separation enhances

strength without brittleness [31]. Solid solution strength-

ening would also contribute, as Ni and Sn atoms could

distort the copper lattice, hindering dislocation movement

[29,32]. The high hardness of Stellite� 6B was likely

attributed to the combined effects of finer grains and the

presence of Cr3C2 carbides, figures 1d and 2c, which are

added specifically to enhance wear resistance and improve

wear properties [33].

The hardness of the alloys (figure 2d) is crucial in

applications requiring wear resistance. The hardness values

of ToughMet� and Stellite� 6B were comparable to those

reported by Yu et al [13] and Bozzi et al [34] for Haynes 6B

and 25 alloys (310–466 HV2). However, other studies have

reported significantly higher hardness values for various

cobalt-based alloys. For instance, Ahmed et al [35] cited

hardness ranging from 419–704 HV2 for Stellite� 6 and 20,

while Hango et al [17] quoted hardness of 368–547 HV2

for Stellite� 6B and 6, while Krell et al [36] found

Co–Cr–W–C alloys to have hardness in the range of

360–620 HV2, and lower hardness values of 230–390 HV2

for Co–Cr–W/Mo–Ni/Fe–C alloys.

Although with very lower hardness (201–235 HV2) than

Stellite� 6B coatings, An et al [37] studied hardness evo-

lution in cobalt alloys (200–280 HV2), where hardness

resulted from the formation of martensite and mechanical

twins during cold rolling.

The higher C and W contents of Stellite� 6B than

Hastelloy� G30 and ToughMet� 3 facilitated the formation

of tungsten carbides [38,39], while the low contents of Ni,

Si and Mn support the formation of hard phases, resulting in

an increased overall hardness [33]. The carbides were vis-

ible in the microstructures (figure 1), and were observed in

the XRD patterns (figure 2).

3.3 Corrosion of the hard alloys

3.3a Open circuit potential measurements: Figure 3

illustrates the open circuit potential (OCP) measurements

for Hastelloy� G30, ToughMet� 3, and Stellite� 6B bulk

alloys in synthetic mine water at pH 6 and pH 1. The OCP

results at pH 3 were omitted due to their transitional

behaviour offering no distinct mechanistic insight beyond

the trends already established at pH 6 and 1. The average

OCP values for each alloy are summarized in table 4. The

variation in OCP values at both pH levels followed a similar

trend, with all alloys shifting towards more negative

potentials. This shift was more pronounced at pH 6.

During the first 30 min of immersion, the potential for all

alloys dropped gradually, likely due to the initial

passivation process [1,40,41]. The continued shift towards

more noble potentials indicated progressive changes in the

passive layers.

After one hour of immersion, the potentials of the alloys

nearly stabilized. The results revealed that ToughMet� 3

and Stellite� 6B exhibited less negative potentials with

decreasing pH compared to Hastelloy� G30 at both pH

levels. However, Hastelloy� G30 exhibited a significant

shift towards more negative values, suggesting greater

resistance to corrosion at lower pH levels.

3.3b Potentiodynamic polarization measurements: The

potentiodynamic polarisation curves of Hastelloy� G30,

ToughMet� 3 and Stellite� 6B bulk alloys in synthetic mine

water at pH 6, 3 and 1 at ambient temperature (22.3 ±

1.0�C) are presented in figure 4. The Hastelloy� G30

(figure 4a) and Stellite� 6B (figure 4b) bulk alloys exhibit

the spontaneous passive behaviour without active–passive

transition, at all pH values tested, suggesting the formation

of stable and protective passive film was formed [17,20,42].

This behaviour is likely attributed to the presence of Cr,

with the stability of the protective film specifically

enhanced by Si and Mn [43]. The ToughMet� 3

(figure 4c) bulk alloy also experienced an active-passive

and then pseudo-passive (unstable or apparent passivation)

behaviour at all pH values tested.

Hastelloy� G30 and Stellite� 6B exhibited an extensive

passivation range spanning approximately -350 mV to

around 750 mV vs. SCE (figure 4). However, pitting

occurred when the protective thin film was locally breached,

resulting in elevated current densities at these corrosion

potentials [44,45]. As the passive and transpassive regions

of the polarization curves nearly coincided, the corrosion

resistances of the Hastelloy� G30 and Stellite� 6B alloys

appeared quite similar, despite notable differences in their

microstructures (figure 1). The lower Mo content in Stel-

lite� 6B compared to Hastelloy� G30, likely contributed to

the more pronounced pitting corrosion observed in Stellite�

6B (figure 7e and f). ToughMet� 3 exhibited a limited

passivity range, spanning approximately 0 mV to around

400 mV vs. SCE, followed by pitting. It demonstrated

higher passive current densities across all pH values, indi-

cating inferior corrosion resistance in the tested

environment.

Table 5 presents the corrosion potentials (Ecorr), current

densities (icorr), and corrosion rates of Hastelloy� G30,

ToughMet� 3, and Stellite� 6B hard alloys in synthetic

mine water at pH levels of 6, 3 and 1 as deduced from
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corrosion results in figure 4. Ecorr for Hastelloy� G30

changed to more negative values, icorr changed with no

trends and corrosion rate increased when the pH was

decreased. Ecorr for ToughMet� 3 changed from more to

less negative values while icorr and corrosion rate increased

when the pH was decreased. The corrosion potential of

Stellite� 6B became more negative at pH 3 but showed no

clear trend. The corrosion current density remained the

same at pH 6 and 3, but was higher at pH 1. Similarly, the

corrosion rate varied without a clear trend as the pH

decreased. It can be concluded that corrosion rate (lm�y–1)

rankings at pH 6 was: ToughMet� 3 (73.93 ± 9.12) [
Stellite� 6B (5.81 ± 0.33)[Hastelloy� G30 (0.63 ± 0.01),

at pH 3: ToughMet� 3 (94.54 ± 6.11)[Stellite� 6B (1.32

± 0.34) [ Hastelloy� G30 (0.74 ± 0.05) and at pH 1:

ToughMet� 3 (118.78 ± 8.00)[ Hastelloy� G30 (7.75 ±

0.64)[Stellite� 6B (5.61 ± 1.13). On average, Stellite� 6B

demostrated better corrosion resistance in the synthetic

mine water than Hastelloy� G30 and ToughMet� 3

(figure 5).

Figure 4 also shows that Hastelloy� G30 and Stellite� 6B

demonstrated evidence of the formation of protective oxide

films, while ToughMet� 3 experienced a non-protective

oxide film. Hastelloy� G30 exists as nickel oxide (NiO),

Stellite� 6B as chromium oxide (Cr2O3) and ToughMet� 3

as copper oxide (Cu2O or Cu2Cl(OH)3). The equations

(1–16) describe the chemical reactions that take place

during the oxide film formation for Hastelloy� G30 (1–4)

[46], ToughMet� 3 (5–8) [26], Stellite� 6B (9–12) [47] and

Cr2O3 film (13–16) [47].

At the early stage of immersion in a deaerated synthetic

mine water solution, oxidation occurs, causing the metal

solid to transform into metal ions (Mn?), where M repre-

sents Ni, Cu, Co, or Cr and n? is the oxidation state of the

reaction (equations 2, 6, 10 and 14). This oxidation is

supported by a cathodic reaction (equations 3, 7, 11 and 15)

resulting in the formation of hydrogen gas (H2), and no

hydroxide ions (OH-) are formed since the solution is

acidic. The metal ions then react with the solution to form

metal hydroxides M(OH)n (equations 2, 8, 12 and 6), which

further dissociate to form metal oxides (MO) (equations 5,

9, 13 and 17). Apart from ToughMet� 3, Hastelloy� G30

and Stellite� 6B may form Cr2O3 films due to the high

content of Cr in their compositions.

Ni sð Þ � Ni2þðaqÞ þ 2e� ð2Þ
2H2OðlÞ þ 2e� � H2ðgÞ ð3Þ

Ni2þ aqð Þ þ 2H2O lð Þ � Ni OHð Þ2 aqð Þ þ 2Hþ aqð Þ ð4Þ
Ni OHð Þ2 aqð Þ � NiO sð Þ þ H2O lð Þ ð5Þ

Cu sð Þ � Cu2þðaqÞ þ 2e� ð6Þ
2H2OðlÞ þ 2e� � H2ðgÞ ð7Þ

Cu2þ aqð Þ þ 2H2O lð Þ � Cu OHð Þ2 aqð Þ þ 2HþðaqÞ ð8Þ

Cu OHð Þ2 aqð Þ þ Cu sð Þ � CuO sð Þ þ 2H
þðaqÞ þ 2e�

ð9Þ

Co sð Þ � Co2þðaqÞ þ 2e� ð10Þ
2H2OðlÞ þ 2e� � H2ðgÞ ð11Þ

Co2þ aqð Þ þ 2H2O lð Þ � Co OHð Þ2 aqð Þ þ 2HþðaqÞ
ð12Þ

Figure 3. Variation of OCP over time for Hastelloy� G30, ToughMet� 3, and Stellite� 6B hard alloys in synthetic

mine water at (a) pH 6 and (b) pH 1.

Table 4. Open circuit potential results of Hastelloy� G30,

ToughMet� 3 and Stellite� 6B bulk alloys in synthetic mine water

at pH levels of 6 and 1.

Bulk alloy
OCP (mV vs. SCE)

pH 6 pH 1

Hastelloy� G30 –177.5 ± 5.2 305.4 ± 6.1

ToughMet� 3 –160.4 ± 6.2 85.3 ± 4.6

Stellite� 6B –190.8 ± 4.1 180 ± 3.2
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Co OHð Þ2 aqð Þ þ Co sð Þ � CoO sð Þ þ 2H
þðaqÞ þ 2e�

ð13Þ

Cr sð Þ � Cr3þðaqÞ þ 3e� ð14Þ
2H2OðlÞ þ 2e� � H2ðgÞ ð15Þ

Cr3þ aqð Þ þ 3H2O lð Þ � Cr OHð Þ3 aqð Þ þ 3HþðaqÞ ð16Þ

Cr OHð Þ3 aqð Þ þ Cr sð Þ � Cr2O3 sð Þ
þ3HþðaqÞ þ 3e� ð17Þ

The passivation behaviour results showed that the

Hastelloy� G30 and Stellite� 6B alloys were more

(a) (b)

(c)

Figure 4. Potentiodynamic polarisation curves, showing the behaviour of Hastelloy� G30, ToughMet� 3, and

Stellite� 6B hard alloys in synthetic mine water at (a) pH 6, (b) pH 3 and (c) pH 1.

Table 5. Potentiodynamic polarisation results of Hastelloy� G30, ToughMet� 3 and Stellite� 6B bulk alloys in synthetic mine water at

pH level of 6, 3 and 1.

pH Bulk alloy Ecorr (mV vs. SCE) icorr (lA�cm-2) Corrosion rate (lm�y-1)

6 Hastelloy� G30 –179.4 ± 2.4 0.063 ± 0.001 0.63 ± 0.01

ToughMet� 3 –162.5 ± 3.2 6.1 ± 0.4 73.93 ± 9.12

Stellite� 6B –191.7 ± 1.3 0.13 ± 0.02 5.81 ± 0.33

3 Hastelloy� G30 –202.2 ± 2.6 0.074 ± 0.00 0.74 ± 0.05

ToughMet� 3 –67.2 ± 1.3 7.8 ± 0.6 94.54 ± 6.11

Stellite� 6B –283.2 ± 3.1 0.13 ± 0.04 1.32 ± 0.34

1 Hastelloy� G30 –347.1 ± 3.3 0.071 ± 0.001 7.75 ± 0.64

ToughMet� 3 –83.9 ± 1.7 9.8 ± 0.7 118.78 ± 8.00

Stellite� 6B -182.8 ± 4.1 0.058 ± 0.004 5.61 ± 1.13
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stable than the ToughMet� 3 alloy at all pH values due to a

thin oxide film formed on their surfaces, lowering the cor-

rosion rate [6,39]. The corrosion rates of all samples, except

for Stellite� 6B, were higher at pH 1 compared to pH 3 and

6 (figure 5), attributed to the higher chloride content in the

solution [1], which has the potential to degrade the

passivity.

The corrosion behaviour of the Stellite� 6B alloy was

different, showing the lowest corrosion rate at pH 3, fol-

lowed by pH 1 and pH 6 (figure 5). This indicates that a

stable passive film could be formed on Stellite� 6B at pH 3

and 1 compared to pH 6, where the passive film was less

effective [1,48]. The Stellite� 6B alloy exhibited both

general and intergranular corrosion, evident from the pres-

ence of corrosion products and surface cracks along the

grain boundaries (figure 7e and f) where intergranular cor-

rosion also occurred. This suggests a strong correlation

between grain boundary attack and crack initiation.

Figure 7e and f also show that the grain boundaries were

more susceptible to corrosion [49]. Marimuthu and

Kannoorpatti [50] found that carbides decomposed during

sulphidation and within a cobalt-based clad layer, leading to

severe corrosion along grain boundaries. However, this

occurred at higher temperatures (800�C) and under sulphur

partial pressures (10-8 and 10–10 atm) compared to the

conditions in this investigation i.e. ambient temperature

22.3 ± 1.0�C. The carbides served as anodes to the matrix

and were preferentially attacked [51,52]. Stellite� 6B has

1.0 wt% C (table 1) making it possible for the formation of

Cr3C2, confirmed by XRD (figure 2).

At high pH levels, protective films likely formed, hin-

der the diffusion of hydrogen ions (figure 4). In contrast,

lower pH levels led to the disruption of these films due to

hydrogen evolution, thereby exposing the metal to the

surrounding solution. This exposure heightened oxygen

depolarization and hydrogen evolution, consequently ele-

vating corrosion rates [53]. Additionally, the presence of

increased chloride and sulphate ions in the solution further

augmented the corrosion rate by enhancing the conductivity

of the test solution and promoting the breakdown of pro-

tective films, which increases the corrosion rate. These ions

are known to degrade passive layers (as depicted around

*750 mV vs. SCE in figure 4), and accelerate corrosion

and expedite corrosion [41,54].

The wide range of spontaneous passivation behaviour

(ranging from –150 to 750 mV vs. SCE) observed at pH 3,

except for ToughMet� 3, was linked to the development of

protective thin films consisting of Cr2O3 on the surface

under low pH conditions [44,55–57]. This behaviour

exhibited greater stability at pH 1 (ranging from approxi-

mately 150 to 900 mV vs. SCE), with pitting potentials

falling between 670 and 900 mV vs. SCE, as evidenced by

deep pits observed through SEM analysis (figure 7).

The corrosion mechanisms differed notably between

Hastelloy� G30 and Stellite� 6B hard alloys compared to

ToughMet� 3. However, the corrosion rates of Hastelloy�

G30 were considerably lower than those of Stellite� 6B

(table 5 and figure 5) at pH 6 and 3, but higher at pH 1.

However, Hastelloy� G30 was susceptible to pitting cor-

rosion (figure 7) and was less hard (figure 2). On the other

hand, Stellite� 6B displayed superior hardness and corro-

sion rates, making it a promising alternative to mild steel in

various industrial applications, including slurry pump

components such as casings, sleeves, and valves [1,16,58].

3.3c Microscopic morphologies of the alloys
after corrosion tests: The optical microscopic

morphologies of the alloys exposed in synthetic mine

water at different pH values are displayed in figure 6, and

differentiated by colour observation. There were a little

significant differences observed in the morphologies of the

alloys when the pH was lowered. This means that the

corrosion mechanism of the alloys at all pH values may be

the same. For the Hastelloy� G30 (figure 6a–c), the surface

was simply darkish with some white products. ToughMet�

3 (figure 6d–f) had little bluish green corrosion products of

the surface at pH 6, and covered entirely with blackish to

whitish at pH 3, and bluish green and white corrosion

products at pH 1. The corrosion products on top of the

Stellite� 6B (figure 6g-i) alloy showed brownish and

whitish particles at all pH values, with greyish particles at

pH 6.

Under SEM-secondary electron (SE) detector, the surface

morphologies of the alloys after corrosion tests is synthetic

mine water at pH 6 and 1 are shown in figure 7. Hastelloy�

G30 alloy showed almost even surfaces with shallow and a

few deep pits, which were more at pH 1 than pH 6 (figure 7a

and b). ToughMet� 3 exhibited pitting and selective cor-

rosion, resulting in a thick surface layer (figure 7c and d).

Stellite� 6B, on the other hand, primarily underwent

Figure 5. Corrosion rates of Hastelloy� G30, ToughMet� 3 and

Stellite� 6B hard alloys in synthetic mine water at different pH

levels.
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uniform corrosion, with instances of intergranular corrosion

and small pits where carbides were removed, along with

surface oxides as corrosion byproducts (figure 7e and f),

observed across all pH levels.

3.3d Corrosion products by XRD analyses: To confirm

the compositions of the corrosion products, SEM-EDX

(table 6) and XRD (figure 8) analyses were used. XRD

results showed that Hastelloy� G30 had Ni, Cr2O3 and

NiFe2O4 after corrosion tests in all pH values (figure 8a).

EDX analysis conducted on the surface of figure 7c

showed that ToughMet� 3 exhibited relatively high con-

centrations of Cu, O and Cl, but no detectable Sn (table 6) at

any pH level. Comparing the data from tables 3 and 6, it

was evident that the content of Cu and Sn decreased after

corrosion. This suggests that Cu and Sn were preferentially

removed from the sample, leaving behind Ni, which likely

interacted with Cl and O from the solution. The phase

compositions of the corrosion products, confirmed by XRD

(figure 8b), consisted of Cu, along with a double-layered

reaction product: copper (I) oxide (Cu2O) beneath and a

copper chloride hydroxide (Cu2Cl(OH)3) layer formed by

the presence of chloride-containing electrolyte. For the

Stellite� 6B alloy, the overall EDX analysis indicated ele-

vated concentrations of Co, Cr, C, O and W on the surface

across all pH levels (table 6). The increased concentration

of O suggests the formation of a chromium oxide (Cr2O3)

oxide film on the surface, a finding corroborated by XRD

analysis (figure 8c).

To determine the most suitable alloy, both corrosion rates

and hardness were evaluated. Hastelloy� G30 exhibited the

lowest corrosion rates at pH 6 and 3 among the tested

alloys; however, it was significantly less hard than

ToughMet� 3 and Stellite� 6B. Conversely, ToughMet� 3

displayed the highest corrosion rates compared to Hastel-

loy� G30 and Stellite� 6B. On average, Stellite� 6B

demonstrated superior corrosion resistance across all pH

values (table 5 and figure 5) while also exhibiting high

Figure 6. Optical micrographs (20X magnification) show (a–c) Hastelloy� G30, (d–f) ToughMet� 3, and

(g–i) Stellite� 6B hard alloys following potentiodynamic polarisation in synthetic mine water with pH levels of 6, 3

and 1.
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hardness (figure 2b). Although Hastelloy� G30 had lower

hardness, the hardness for Stellite� 6B was comparable to

that of ToughMet� 3. Due to its excellent combination of

corrosion resistance and hardness, Stellite� 6B is a strong

candidate for replacing mild steel in applications subjected

to both corrosion and wear.

The limitation of this study was the lack of investigation

into the corrosion behaviour of Ni-, Cu- and Co-based

alloys in real mine water environments, which could have

offered valuable insights into actual corrosion mechanisms.

Also, electrochemical impedance spectroscopy (EIS) will

be performed to gain insights into the corrosion mecha-

nisms of the samples in the test solutions and to analyse

their behaviour. Furthermore, other surface characterisation

techniques, such as laser Raman spectroscopy (LRS) or

X-ray photoelectron spectroscopy (XPS), should be used to

accurately characterize the nature of the corrosion products

formed after the tests. For future research, it is recom-

mended to test these alloys in actual mine water conditions

to validate the applicability of the findings in practical

mining environments and to include EIS, LRS and/or XPS

for a more comprehensive analysis.

Intergranular corrosion

Pit Pit

Pit

Selecting corrosion Selecting corrosion

Pit

Intergranular corrosion

Crack

Pit

Intergranular corrosion

Pit

Figure 7. SEM-SE micrographs of the alloys after potentiodynamic polarisation in synthetic mine water at pH 6 and

1 (a) and (b) Hastelloy� G30, (c) and (d) ToughMet� 3 and (e) and (f) Stellite� 6B [28].
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Table 6. SEM-EDX surface analyses of the ToughMet� 3 and Stellite� 6B hard alloys (figure 7) after corrosion testing.

Element (wt%)

pH 6 pH 3 pH 1

ToughMet� 3 Stellite� 6B ToughMet� 3 Stellite� 6B ToughMet� 3 Stellite� 6B

C — 14.6 ± 1.0 — 11.3 ± 1.0 — 6.6 ± 1.0

Ca 0.4 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.2 ± 0.0 1.5 ± 1.0 0.2 ± 0.0

Cu 50.4 ± 7.0 — 64.4 ± 2.0 — 69.0 ± 12.0 —

O 11.3 ± 2.0 8.4 ± 0.3 12.9 ± 2.0 7.0 ± 0.1 12.4 ± 5.0 12.6 ± 0.2

Na 0.1 ± 0.0 0.3 ± 0.0 0.4 ± 1.0 0.2 ± 0.1 0.2 ± 0.0- 0.2 ± 0.0

S 0.4 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.1- 0.8 ± 0.1

Cl 10.0 ± 3.0 — 20.3 ± 5.0 — 10.0 ± 5.0 —

Cr — 26.6 ± 0.1 — 27.9 ± 0.3 — 29.6 ± 0.2

Mn — 1.5 ± 0.0 — 1.7 ± 0.2 — 1.4 ± 0.1

Fe — 1.9 ± 0.0 — 2.0 ± 0.0 — 1.5 ± 0.0

Co — 38.8 ± 0.0 — 42.8 ± 1.0 — 35.8 ± 0.2

Ni 0.6 ± 0.0 — 0.2 ± 0.0 1.0 ± 0.1 0.9 ± 0.3 1.4 ± 0.0

Mo — — — 5.5 ± 0.1 — 0.9 ± 0.4

W — 6.1 ± 1.0 — 5.5 ± 0.1 — 8.7 ± 0.4

(a) (b)

(c)

Figure 8. XRD patterns of the alloys after potentiodynamic polarisation in synthetic mine water at pH 6 and 1

(a) Hastelloy� G30, (b) ToughMet� 3 and (c) Stellite� 6B.
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4. Conclusions

This study systematically investigated and compared the

corrosion behaviour of Hastelloy� G30, ToughMet� 3, and

Stellite� 6B hard alloys, aiming to identify a suitable re-

placement for corroding mild steel pump components in

corrosive mine water environments. The microstructural

characteristics, hardness, and corrosion resistance of these

alloys were analysed, leading to the following key

conclusions:

1. Microstructure:

Hastelloy� G30 consisted of irregular and equiaxed c-Ni

grains with twinning and Cr3C2 precipitates. ToughMet�

3 exhibited large, irregular grains, while Stellite� 6B

featured c-Co grains with twinning and large Cr3C2

precipitates at the grain boundaries.

2. Hardness determinants:
The presence of twins and Cr3C2 phases in Hastelloy�

G30 and Stellite� 6B significantly influenced their

hardness levels.

3. Corrosion behaviour:

• Hastelloy� G30 and Stellite� 6B exhibited active-

passive transition behaviour, forming protective

thin films but experiencing pitting and intergran-

ular corrosion.

• ToughMet� 3 displayed pseudo-passivation, along

with pitting and selective leaching corrosion in

synthetic mine water at all tested pH values.

4. Corrosion and hardness performance:

• Stellite� 6B had the lowest corrosion rate at pH 3

(1.32±0.34 lm�y–1), followed by pH 1 (5.61 ±

1.13 lm�y–1) and pH 6 (5.81 ± 0.33 lm�y–1).

• It also exhibited the highest hardness (368 ± 13

HV2), comparable to ToughMet� 3 (368±14

HV2), and significantly higher than Hastelloy�

G30 (180 ± 10 HV2).

5. Industrial application suitability:

Given its superior corrosion resistance and high hard-

ness, Stellite� 6B is the most promising alloy for

replacing mild steel in industrial applications, particu-

larly in slurry pump components such as casings, sleeves

and valves, where durability against corrosion and wear

is critical.
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and Nagode A 2023 Metals. 13 637

[40] Zamani P, Valefi Z and Jafarzadeh K 2022 Ceram. Int. 48
1574–1588

[41] Hango S I, Cornish L A, van der Merwe J W and Chown L H

2024 Int. J. Corros. 2024
[42] Al-Qawabah S, Mostafa A, Al-Rawajfeh A and Al-Qawa-

beha U 2020 Mater. Tehnol. 54 785–790

[43] Zhang Y, Zhang X, Chen S, Liu J, Li T, Wang L and Wu K

2023 Corros. Commun. 9 77–88

[44] Qin P, Chen L Y, Liu Y J, Zhao C H, Lu Y J, Sun H and

Zhang L C 2023 Corros. Sci. 213 110999

[45] Jeyaprakash N, Yang C H, Karuppasamy S S and Duraisel-

vam M 2023 Trans. Indian Inst. Met. 76 491–503

[46] Jeyaprakash N, Yang C H, Karuppasamy S S and

Dhineshkumar S R 2022 Mater. Today Commun. 31
103370

[47] Long Y, Jiang W, Chen G, Luo J, Fan Y, Jin Q, Xie J, Feng

Y and Xie J 2023 Eng. Fail. Anal. 148 107198

[48] Zhang X, Li Y, Tang N, Onodera E and Chiba A 2014

Electrochim. Acta 125 543–555

[49] Smolenska H 2010 Solid State Phenom. 165 173–176

[50] Marimuthu V and Kannoorpatti K 2016 J. Bio- Tribo-
Corrosion 2 1–12

[51] Handoko W, Anurag A, Pahlevani F, Hossain R, Privat K

and Sahajwalla V 2019 Sci. Rep. 9 1–11

[52] Ahmed M, Talib N and Al-Gebory L 2020 J. Inf. Sci. Eng. 36
217–229

[53] Cui Y, Qin Y, Dilimulati D and Wang Y 2019 Int. J. Corros.
2019 1–11

[54] Guo S, Xu D, Li Y, Guo Y, Wang S and Macdonald D D

2021 J. Supercrit. Fluids. 1 105138

[55] Zheng C, Liu Z, Liu Q, Li Y and Liu C 2022 J. Mater. Res.
Technol. 18 2194–2207

[56] Li W, Cao R, Xu L and Qiao L 2021 Corros. Commun. 4
23–32

[57] Que Z, Ahonen M, Virkkunen I, Nevasmaa P and Rautala

P 2022 Nucl. Mater. Energy 31 101202

[58] Wrought wear-resistant alloys www.kennametal.com/stellite

(Accessed on 27 June 2023)

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)

holds exclusive rights to this article under a publishing agreement

with the author(s) or other rightsholder(s); author self-archiving of

the accepted manuscript version of this article is solely governed

by the terms of such publishing agreement and applicable law.

  108 Page 14 of 14 Bull. Mater. Sci.          (2025) 48:108 

http://www.kennametal.com/stellite

	Comparative analysis of corrosion resistance in Ni-, Cu- and Co-based alloys in synthetic mine water
	Abstract
	Introduction
	Materials and experimental methods
	Materials
	Microstructures and X-ray diffraction characterization
	Hardness tests
	Electrochemical measurements

	Results and discussion
	Microstructural and X-ray diffraction analyses
	Hardness of the alloys
	Corrosion of the hard alloys
	Open circuit potential measurements
	Potentiodynamic polarization measurements
	Microscopic morphologies of the alloys after corrosion tests
	Corrosion products by XRD analyses


	Conclusions
	Acknowledgments
	References


