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Abstract

Corrosion damage can cause major failure of mining pumps which could lead to degra-
dation of other mining equipment, as a result of leakage, thus leading to a high rate
of replacement and maintenance of pumps and surrounding equipment. Hard facing
materials are used to protect moving parts against mechanical and corrosion damage.
The corrosion behavior of a corrosion resistant Hastelloy G30 and a hard facing mate-
rial, a nickel-chromium-iron (Ni-Cr-Fe) alloy (both high chromium nickel-based alloys)
exposed to synthetic and acidified mine water were studied using potentiodynamic po-
larisation. The results showed lower corrosion rates for Hastelloy G30 than for Ni-Cr-Fe.
The corrosion rates at pH 6.8, at ambient temperature and 35°C were 0.00011 mm.y
and 0.00035 mm.y~—! for Hastelloy G30; 0.0016 mm.y~! and 0.0017 mm.y~! for IN-
CONEL Alloy 600, and at pH 3, at ambient temperature and 35°C corrosion rates were
0.0003 mm.y~! and 0.00083 mm.y~! for Hastelloy G30; 0.1 mm.y~' and 3.2 mm.y
for INCONEL Alloy 600. The microstructures of the alloys before and after corrosion
tests were characterised using optical microscopy; X-ray diffraction (XRD), and micro-
hardness measurements were also performed.
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1 Introduction

Corrosion is a common cause of failure in mining and mineral processing industries, leading
to failures of various components, such as pumps, valves, couplings, etc. in acidic and
alkaline environments (Yoganandh et al. 2013). The results of corrosion effects usually lead
to leakage, high rate of replacement and maintenance. In underground mines, there are
SO%™, Nat, Cat, Mg?t and Cl~ in the water with different pH values, and CH4, CO, CO»,
as well as HoS and SOs in the air. These create an erosive-corrosive environment (Lalvani
et al. 1990; Wang et al. 1997; White and Higginson 1985). Carter (1986), Al-Bukhaiti et
al. (2007) and Llewellyn et al. (2004) studied factors that affect the corrosion in mining
industry and processing plants, such as material properties and pH. They found that steels
with less carbon and chromium contents experienced erosive-corrosive and abrasive wear,
resulting in ploughing, microcutting, indentation with lips as well as fracture and cracking
of carbide phases and fatigue wear.

Hard facing materials protect metal equipment from wear or abrasion (Clark 1985), and
are applied as a surface layer on an underlying material, usually low or medium carbon
steels (Rodriguez 2003), by depositing a special alloy (the ’hard face’) on the substrate,
using various welding processes, to improve wear properties and/or dimensions (Berns and
Fischer 1986). Hastelloy G30 and INCONEL Alloy 600 hard facing materials are both high-
chromium nickel-based alloys, which form a thin passive film when the alloys are immersed
in a liquid environment, giving low corrosion rates (Jena and Chaturvedi 1984; Zhang et
al. 2012). This makes them useful for improved corrosion resistance in underground mine
equipment, especially water pumps and pipes carrying aggressive mine waters. Hastelloy
G30 (also known as UNS N06030) is a nickel-based alloy suitable for handling phosphoric,
sulphuric and nitric acids, while INCONEL Alloy 600 (also known as UNS N06600) is also a
nickel-based alloy with various uses, especially in pump systems operating in highly corrosive
environments (HAYNES 2013). This alloy may be hard faced on low or medium carbon
steels to protect against mechanical and chemical attack (Rodriguez 2003). The chemical
compositions of the two high-chromium nickel-based alloys are given in Table 1 (HAYNES
2013).

This study includes potentiostatic polarisation measurements in synthetic mine water (a

simplified underground mining industrial solution), and optical microscopy, X-ray diffraction
(XRD) and microhardness measurements.
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Table 1: Typical chemical compositions of the test materials (wt%) (HAYNES 2013).

Sample

Composition

Hastelloy G30 | INCONEL Alloy 600
Ni Balance Balance
Co 5.00 0.30
Cr 28.00-31.50 16.60
Mo 4.00-6.00 0.04
W 1.50-4.00 -
Fe 13.00-17.00 4.03
Si 0.80 4.49
Mn 1.50 0.20
Al - 0.02
C 0.03 0.06
Nb+Ta 0.30-1.50 -
Cu 1.00-2.40 -
P 0.04 -
S 0.02 -
Nb - 0.01

2 Experimental Procedure

The Hastelloy G30 and INCONEL Alloy 600 samples were cut, hot mounted in epoxy resin,
ground to 1200 grit, and polished to 1 pum for optical microscopy, hardness measurements
and XRD analyses. The Hastelloy specimen was etched electrolytically in 5 g oxalic acid
and 95 ml HCI, at 6 V DC for 5 seconds. INCONEL Alloy 600 was etched in equal parts of
HCl1, HNOj3 and acetic acid, swabbing for 1 minute at room temperature.

The microstructures were examined before and after the corrosion measurements in a
Leica CTR6000 optical microscope. Hardness measurements were performed using an FM-
700 Vickers Microhardness tester, with a 2 kg load (HV3), and five measurements were made
with the average being reported.

Samples were prepared metallographically for X-ray diffraction analyses before and after
corrosion experiments. A BRUKER D2 PHASER diffractometer was used, with Cobalt 20
radiation at 30 kV and 10 mA. Diffractograms were recorded in a non-spinning regime, at
an angle 26 = 20° to 140°.

The samples were cold-mounted in epoxy resin, ground to 1200 grit for corrosion measure-
ments, and the exposed areas of the samples to the corrosive environment were measured.

92



Hango et al./ISTJN 2014, 4:90-105. Corrosion of Selected Hard Facing Materials

The measurements were carried out in synthetic mine water (pH=6.8) of the composition
given in Table 2, at ambient temperature (22°C) and at 35°C in a water bath. The syn-
thetic mine water was prepared from a mixture of salts: magnesium and sodium sulphates,
calcium and sodium chlorides into de-ionised water, and acidified with 32% HCI to a pH
3. It was measured for conductivity (using an ORION STAR A212 conductivity meter),
total dissolved solids (TDS), salinity, resistivity, pH (using an ORION STAR A211 pH me-
ter), cations (Na®, Ca?" and Mg?") and anions (SO3~ and Cl~) using atomic absorption
spectroscopy (AAS), inductively coupled plasma optical emission spectroscopy (ICP-OES)
at Mintek, Randburg, South Africa.

Table 2: Composition of synthetic mine water solution used in the measurements (Wang et
al. 1997; White and Higginson 1985).

Salt Concentration (mg.L~1)
MgSOy 198
NaoSOy 1215
CaCly 1038
NaCl 1379

Potentiodynamic polarization measurements were performed using an Auto Tafel Poten-
tiostat V1.79 and Auto LPR V2.7h software at a scan rate of 0.166 mV.s~! after a 30 minute
open circuit scan, to stabilise the potential applied, and their electrochemical responses were
studied. The corrosion current density (icor) of the samples was obtained from the measured
linear polarization resistance (LPR) using the Stern-Geary equation (Kelly et al. 2002):

P 1 <6aﬁc>_B (1)
23R, \ Bat Be R,

where [, = anodic Tafel slope, 3. = cathodic Tafel slope (8, = 5. =0.1), R, = polarization
resistance and, B = proportionality constant. The corrosion rates in mm.y ! were calculated
by using Equation 2:

.00327FE
Corrosion rate(CR) = (00037w> '

P Leorr (2)

where E,, = equivalent weight of alloy (g), p = the density of alloy (g.cm™3) and 4eopr =
corrosion current density (uA.cm™?).
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Figure 1: Optical micrographs of: a) Hastelloy G30, showing equiaxed and twinned ;
and b) INCONEL Alloy 600, showing Ni-Cr (light) and Cr- and Mo-carbides (dark).
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Figure 2: XRD patterns of Hastelloy G30 sample: a) before, and b) after corrosion
measurement was performed in acidified synthetic mine water at pH 3 and 35°C.
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Figure 3: XRD patterns of INCONEL Alloy 600 sample: a) before, and b) after
corrosion measurement was performed in acidified synthetic mine water at pH 3 and
35°C.
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3 Results

3.1 Microstructural and Hardness Characterisation

Optical micrographs of the Hastelloy G30 and INCONEL Alloy 600 before testing are shown
in Figure 1. Hastelloy G30 had well defined grain boundaries with equiaxed grains and
mechanical twins, while INCONEL Alloy 600 had a two-phase structure, and irregular grain
boundaries of Ni-Cr and carbide phases. These were confirmed by XRD analyses. INCONEL
Alloy 600 had a hardness of 6524+36HV>, and the Hastelloy G30 hardness was 1766HVs.

3.2 XRD Analyses

X-ray diffraction was performed before and after the corrosion measurements in synthetic
mine water and are shown in Figures 2-3. The Hastelloy G30 had Ni, Cr, Mn, FeNi, MoyC,
Cro3C6 and C before the corrosion tests, and only Cr, Fe, FeNi, NiO, Fep 93O and C on
the surface after corrosion. For INCONEL Alloy 600, the same species as in Hastelloy
G30 were detected before corrosion, as well as Si. After corrosion, Cr, Ni, O2, FesO3 and
Crg.7sFes.29Sis were present.

Table 3: Electrochemical test results of Hastelloy G30 and INCONEL Alloy 600 alloy in
synthetic mine water.

Sample pH | Temperature | Eqopy teorr | Corrosion rate

(°C) (mV) | (pA.cm™?) (mm.y )
Hastelloy G30 Ambient -200 0.011 0.00011
INCONEL Alloy 600 | 6.8 -267 0.17 0.0016
Hastelloy G30 35 -153 0.035 0.00035
INCONEL Alloy 600 -319 0.17 0.0017

3.3 Electochemical Measurements

Figure 4 shows the corrosion products on the surface of the samples. Hastelloy G30 had
a surface film with cracks, and with some corrosion products, while INCONEL Alloy 600
had microcracks in the corrosion products. Figures 5 and 6 show the polarisation curves
for both alloys in synthetic and acidified mine water. The corrosion potential (Ecop) of
Hastelloy G30 was higher than that of INCONEL Alloy 600, and a higher corrosion rate
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Figure 4: Optical micrographs taken after corrosion measurements in synthetic mine
water at pH 3 and 35°C, for: a) Hastelloy G30, showing cracks in the protective film
and some white corrosion products; and b) INCONEL Alloy 600, showing microcracks
in the corrosion products.
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Figure 5: Potentiodynamic polarisation results in synthetic mine water at pH 6.8 at:
a) ambient temperature, and b) 35°C.
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Figure 6: Potentiodynamic polarisation results in synthetic mine water at pH 3 at: a)
ambient temperature, and b) 35°C.
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Table 4: Electrochemical test results of Hastelloy G30 and INCONEL Alloy 600 in acidified
synthetic mine water.

Sample pH | Temperature | Ecqpr teorr | Corrosion rate

CC) | (V) | (pAem?) | (mmy))
Hastelloy G30 Ambient | -207 0.033 0.0003
INCONEL Alloy 600 3 -318 1.1 0.1
Hastelloy G30 35| -312 0.091 0.00083
INCONEL Alloy 600 -405 3.3 3.2

was observed on INCONEL Alloy 600. Hastelloy G30 experienced a slight spontaneous
passivation and high breakaway potentials in the solutions tested, with more evidence of
pitting in synthetic mine water at 35°C. INCONEL Alloy 600 had no passivation behaviour
in all other solutions tested other than in synthetic mine water at pH 3 at 35°C. From these
observations, it can be concluded that alloys were more resistant to synthetic mine water
than to acidified synthetic mine water. The summary of the electrochemical results is given
in Tables 3-4. Table 5 shows properties of synthetic and acidified synthetic mine water.

4 Discussion

Optical microscopy showed that Hastelloy G30 had equiaxed and twinned ~, while IN-
CONEL Alloy 600 had Ni-Cr and Cr-Mo-carbide phases, which were confirmed by XRD
analyses. The micrographs also showed that the surface layers (consisting of corrosion prod-
ucts) of the INCONEL Alloy 600 were more severely damaged than the Hastelloy G30. This
behavior is caused by the presence of SO3~ and Cl~ in solution (Li et al. 2001). From the
microstructures, it can be concluded that the lower surface damage of the Hastelloy G30
than INCONEL Alloy 600 in all conditions tested was probably due to the higher chromium
content in Hastelloy G30, making the surface more resistant to damage by ions in the solu-
tions by forming a more protective film on the surface of Hastelloy G30 (Hayes et al. 2006).
Additionally, lower corrosion damage of Hastelloy G30 was also due to its higher Mo and W
contents which stabilize the protective film on the surface. The surface layers were probably
uniform, and they cracked during drying (Jakupi et al. 2011) when the air reacted with
the film formed on the surface of the sample after corrosion measurements in saline environ-
ments. XRD patterns showed FeaO3, NiO and Fep9gsO which were corrosion products for
both alloys.

Tables 4 and 5 show that the potentiodynamic polarization responses of Hastelloy G30 in
synthetic and acidified synthetic mine water at pH 6.8 and 3 had a lower corrosion current
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Table 5: Properties of synthetic and acidified synthetic mine water for corrosion measure-

ments.
Properties Synthetic mine water | Acidified synthetic mine water
Conductivity (uS.cm™!) 4.9 12.9
TDS (ppt) 2.7 6.4
Salinity (psu) 2.9 7.5
Resistivity (Ohm.cm) 183.5 76.9
pH 6.8 3
SO, (ppm) 1007 1043
Na't (ppm) 928 890
Ca?t (ppm) 108 111.5
Cl~ (ppm) 1700 2600
Mg?* (ppm) 11 12

density (icorr) than INCONEL Alloy 600 in all solutions and conditions measured, and
hence Hastelloy G30 had a lower corrosion rate than INCONEL Alloy 600. Hastelloy G30
experienced a slight spontaneous passivation and high breakaway potentials in the solutions
tested, with more evidence of pitting in synthetic mine water at 35°C. INCONEL Alloy 600
had no passivation behaviour in all other solutions tested, other than in synthetic mine water
at pH 3 at 35°C. However, INCONEL Alloy 600 experienced repassivation behaviour after
breakaway potential in all conditions tested due to the presence of molybdenum content in
the alloy (Hayes et al. 2006).

INCONEL Alloy 600 (652+36HV32) was much harder than Hastelloy G30 (176+6HV2)
because of Cr~ and Mo~ carbides, which formed in the presence of Si (Pigrova et al. 1980).
The hardness values of the samples are important for exposure to erosion-corrosion condi-
tions due to particles in mine water that would cause wear (Wood 2007). The hard face
surface can be heat treated without affecting the substrate by laser heat treatment. Bolelli
et al. (2008) worked on laser heat treatment of cobalt and nickel alloys, which resulted in
inAne-grained carbides (improving hardness), and more noble values of corrosion potential
and decreased corrosion current density (improving corrosion resistance) by improving inter-
lamellar cohesion. INCONEL Alloy 600 is therefore recommended as a hard facing material
in mine water conditions, and may be treated similarly to improve its resistance to corrosion
and wear.

When the pH of the solution was decreased, the values of conductivity, total dissolved
solids (TDS) and salinity increased with a decrease in resistivity. Thus, the acidified syn-
thetic mine water should be more corrosive than synthetic mine water.

The results showed that acidified synthetic mine water had more suspended particles,
high conductivity, salinity, and low resistivity and pH as well as high concentration of SO?{,
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Ca?t, C1~ and Mg?" than the synthetic mine water, making it to be the most aggressive
environment.

5 Conclusions

e INCONEL Alloy 600 (652£36HV2) was much harder than Hastelloy G30 (176+6HV3),
making it more suitable to operate effectively in abrasive wear conditions.

e Potentiodynamic polarization responses of Hastelloy G30 sample in synthetic and acid-
ified synthetic mine water at pH 6.8 and 3 showed a lower corrosion current density
(icorr) than INCONEL Alloy 600 in all solutions and conditions measured. Hastelloy
G30 is more a corrosion resistant material in synthetic mine water than INCONEL
Alloy 600.

e When the pH of the solution was decreased, the values of conductivity, total dissolved
solids (TDS) and salinity increased with decreased resistivity, hence the acidified syn-
thetic mine water was more corrosive than synthetic mine water.

e INCONEL Alloy 600 is recommended as a hard facing material in mine water condi-
tions.
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