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Abstract
The effect of chemical composition on the corrosion behaviour of heat-treated Ni-Fe-Co superalloys has been investigated
in aerated 3.5 wt% NaCl aqueous solution. Nickel-base alloys with varying amounts of Fe (5–20 wt%) and Co (30–45 wt%)
were fabricated via spark plasma sintering. The alloys were heat-treated at 1000 ◦C in a muffle furnace for 1 hour, and then
quenched in distilled water for 5 minutes. Corrosion resistance of the alloys was analysed by measuring potentiodynamic
polarization. Corrosion parameters, i.e. Ecorr, icorr, Epass and ipass, were compared for different Co and Fe contents to
establish a relationship between the alloy composition and corrosion properties. The results showed that the corrosion
resistance of the alloys improved with increasing Co and decreasing Fe content. Accordingly, corrosion rate and corrosion
current density (icorr) decreased with increasing Co content and the imposition of heat treatment. Ni-5Fe-45Co (wt%) showed
the highest resistance to corrosion with corrosion rates of 0.0145 and 0.00294 mm/year in as-sintered and heat-treated
conditions, respectively. Generally, heat treatment improved the grain homogeneity of the microstructures. Characterisation
of surface morphologies of as-sintered and heat-treated corroded alloys was conducted using X-ray diffraction (XRD) and
scanning electron microscopy (SEM) equipped with energy-dispersive spectroscopy (EDS).
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1 Introduction

Ni-based superalloys are an unusual class of metallic mate-
rials widely used in aircraft engines, power-generation
turbines, rocket engines owing to their exceptional combi-
nation of good high-temperature corrosion and mechanical
properties [1]. The good high-temperature performance of
these alloys is predominantly influenced by two phases: a
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disordered solid-solution face centered cubic (fcc) γ matrix
and γ ′ precipitates with a coherent, ordered L12 crystal
structure embedded within the γ matrix. This means that γ ′
precipitates have a strengthening effect on the alloys, with
the amount and distribution of precipitates playing a critical
role. Hence, a good combination of mechanical and corro-
sion properties is reliant on the microstructure of the alloy,
i.e. primarily on the chemical composition, volume fraction
and morphology of γ ′ particles [2].

Considering the highly corrosive environments that Ni-
based superalloys are typically used under, appreciable at-
tention has been given to the effects of alloying elements on
their corrosion behaviour in chloride-ion containing envi-
ronments [3]. The effects of alloying elements such as cobalt
(Co), chromium (Cr), iron (Fe), molybdenum (Mo) and
tungsten (W) on the corrosion behaviour of Ni-based super-
alloys have been investigated [4–6]. Among all the ele-
ments investigated, Co has been considered to be critically
strategic to Ni-based superalloys because it provides solid
solution strengthening to the microstructure. Zhao et al.
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[5] investigated the hot corrosion behaviour of INCONEL
740 and suggested that decreasing the Co content to below
20 wt% provides better corrosion resistance. Lu et al. [6]
studied the effect of Co content on the oxidation and corro-
sion of Ni-Fe superalloys by varying Co content between
6 and 20 wt%, and concluded that samples with high Co
content offered good oxidation resistance by forming a
protective film of Cr2O3. However, this layer of film could
not prohibit the inward diffusion of sulphur thus offering
minimal improvement in corrosion resistance. Essentially,
the films should serve as an effective barrier between the
substrate materials and the corrosive environment [7–9],
protecting them from additional corrosion processes. Hence,
there seem to be a need to study Ni-based superalloys with
much higher Co contents.

Although the nickel-based superalloys are resistant to pit-
ting attack in chloride environments, passivity breakdown
may occur resulting in the premature microstructural degra-
dation and mechanical failure [3]. Hence, other solid solu-
tion strengtheners, in both γ and γ ’ precipitates, such as
cobalt (Co), iron (Fe), titanium (Ti) and vanadium (V) can
be explored to enhance the corrosion properties of the alloys
[10]. Aba-Perea et al. [11] found that there was a high per-
centage of disordered solid solution elements including Cr,
Mo and Co in the γ phase with a continuous matrix of fcc
phase. These alloys were found to give better mechanical
and corrosion properties when compared to other Ni-based
alloys, even at higher temperatures.

Whilst Ni-based superalloys containing Fe and Co may
have good corrosion properties, heat treatment may be em-
ployed to enhance these properties through homogenisation
of the microstructures [12]. Conventional heat treatment
processes can be carried out in either two or three steps:
solution treatment followed by a single or double step aging
treatment. During these heat treatment processes, the γ ′
precipitates are respectively refined and dissolved and thus
strengthening the γ ′ matrix [12]. Solid solution heat treat-
ment in Ni-base superalloys is intended to obtain moderate
grain size and dissolve the precipitating phase for sub-
sequent re-precipitation in an optimized morphology and
size. Then, single or double steps of aging treatments, helps
to achieve controlled γ ′ re-precipitation and M23C6 typed
carbides growth at grain boundaries [13, 14]. Balikci et al.
[15] proposed two mechanisms for growth of γ ′ precipi-
tates: coalescence of the small particles to the larger ones
and extraction of dissolved elements from the saturated
solid solution matrix to the precipitates. Hence, high aging
temperatures would be used for the formation of large car-
bides and γ ′ particles, while lots of fine γ ′ particles are
formed during the low temperature aging [13, 14]. Pike
et al. [14] showed that conventional heat treatment can result
in the formation of fine, spherical γ ′ precipitates and dis-
crete grain particles. Essentially, the solution temperature

and the aging time can be tailored to control the grain size
of γ ′ precipitates [16]. For example, Zhao et al. [12] showed
that the microstructure of a Ni-Fe-based superalloy heat-
treated in the temperature range of 700–1150 ◦C for 1 hour
had coarse γ ′ precipitates at temperatures between 780 ◦C
and 810 ◦C. With further increase in temperature to 900
◦C and above, the γ ′ precipitates became coarser suggest-
ing a reduced volume fraction of γ + γ ′ eutectic phases.
Despite these investigations, there are however no studies
in literature on the effect of heat treatment on the corrosion
properties of Ni-Fe-Co superalloys. Hence, the influence of
heat treatment on the morphology of Ni-Fe-Co superalloys
and its subsequent impact on corrosion properties is worth
studying.

In this study, the microstructure-corrosion property rela-
tionship of Ni-Fe-Co superalloys was investigated to esta-
blish the effects of chemical composition and heat treatment
on the electrochemical corrosion behaviour of Ni-Fe-Co
superalloys in a 3.5 wt% NaCl solution. Passivity mecha-
nisms and the evolution from localised pitting corrosion to
general corrosion with heat treatment were revealed by stud-
ying the electrochemical corrosion process behaviour. The
influence of chemical composition on the electrochemical
behaviours of the alloys was discussed to indicate the growth
process and failure mechanism of the passive films. There-
after, the relationship between heat treatment and corrosion
resistance properties was outlined.

2 Experimental procedure

2.1 Mixing andmilling of raw powders

Commercial powders of Ni, Fe, and Co with particle sizes of
≥ 0.5 to 30, ≤ 44, and ≤ 44 μm, respectively, were provided
by WEAR TECH (Pty) Ltd. For particle size reduction,
the powders were processed individually in a high-energy
planetary ball mill with steel balls and vials as grinding
media. Milling was done for 15 h at a vial rotation speed of
350 rpm and ball to powder ratio of 10:1. Wet milling with
ethanol as the suspension media was used to prevent particle
agglomeration. Milled powders, of varying compositions as
shown in Table 1, were then mixed in a tubular mixer for 6
hours at a speed of 49 rpm.

2.2 Sintering of admixed powders

SPS machine was used to produce the sintered alloys. The
sintered alloys were manufactured by placing an equal
amount of mixed powders in graphite die with an internal
diameter of 20 mm. To eliminate contamination and make
it easier to remove the sample after sintering, graphite foil
was inserted inside the die. The mixed powder samples
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Table 1 Chemical composition of the sintered Ni-Fe-Co alloys

Nickel (Ni) Iron (Fe) Cobalt (Co)

Sample Wt%

1 50 20 30

2 50 15 35

3 50 10 40

4 50 5 45

were sintered at a temperature of 900 ◦C, heating rate of
150 ◦C/min, holding time of 10 min and pressure of 50 MPa.
Post the sintering process, the samples were sandblasted and
their density was measured using the Archimedes principle.

2.3 Heat treatment

For heat treatment tests, the specimens were cut to a diame-
ter of 13 mm and a thickness of 170 mm. The specimens
were heat-treated for 1 hour at 1000 ◦C in a muffle furnace,
and then quenched in distilled water for 5 min and cooled to
room temperature.

Specimen dimensions similar to those used in heat treat-
ment tests were used for electrochemical corrosion tests.
The surfaces of the specimens were ground and polished
to a mirror surface finish with a 1.0 μm alumina (Al2O3)
polishing paste. Prior to the heat-treatment and electrochem-
ical tests, specimens were rinsed with deionised water and
ethanol, and then dried in a drying oven.

2.4 Electrochemical measurements

Electrochemical tests were conducted using a standard three-
electrode system in naturally aerated 3.5 wt% NaCl aqueous
solution prepared with deionised water. A temperature of 30
±1◦C for an hour and a scan rate of 1.27 mV/s were used.
The three-electrode system contained a saturated calomel
electrode (SCE) reference electrode, a platinum counter
electrode, and the alloy sample as the working electrode.
Potentiodynamic polarization tests were conducted using an
Autolab potentiostat interfaced with a computer for data
acquisition and analysis, and the Tafel extrapolation method
was used to estimate the potential and corrosion rates.

2.5 Characterization of sintered specimens

Microstructures of the sintered and corroded specimens were
examined using scanning electron microscopy (SEM) equip-
ped with energy-dispersive X-ray spectroscopy (EDS). As-
sintered and heat-treated samples were cut, ground, mounted
and polished for metallographic examination. Morphologi-
cal studies were conducted using SEM and EDS.

3 Results and discussion

3.1 Powder analysis

Owing to the fact that Fe powder particles are spherical
and non-porous, and Ni and Co particles have irregular
shapes and agglomerates, the milled admixed powders have
sheet-like morphology (Fig. 1). This change in particle mor-
phology could be attributed to the high force impact of
ball-ball and ball-wall collisions during milling [17]. The
flatness of the particles is due to the extreme plastic defor-
mation experienced during the milling of the powders over
long periods of time. According to Karimbeigi et al. [18]
and Rominiyi et al. [19], long milling periods can cause
particle disintegration, which result in fracture and welding
cycles triggered by strain hardening of the materials. This
was observed in this study when the admixed powder parti-
cles would collide with each other, thus bonding together
to form flaky particles seen in Fig. 1. It can then be expec-
ted that the resultant microstructures would have lamellar
structures due to the prior bonding of the particles.

Figure 2 shows the X-ray diffraction patterns of the
admixed powders of different compositions. The presence
of C, Co, Fe and Ni is detected in all the admixed powders.
The detected C could be attributed to the carbon released
into the milled powders during the stainless steel ball-ball
and ball-vial wall interactions during the milling process.
With the decrease in Fe and increase in Co contents of the
alloys, the peaks at 65◦ and 82◦ (2θ ) become less pronoun-
ced with complete disappearance for Ni-5Fe-45Co (wt.%).
No other phases could be detected, indicating that there was
no reaction during the milling operations. However, traces
of Cr were detected by EDS (Fig. 3), which could be from
the addition of Co which contained minute amounts of Cr.

3.2 Microstructure analysis

The sintered alloy discs were cut and ground. A collimated
beam of X-ray (Cu- Kα, λ = 1.5406 Å) was incident onto the
cross-section of the alloy material. Phase analysis (Fig. 4)
of the sintered alloys shows five characteristic peaks similar
to the admixed powders except for the Ni-5Fe-45Co alloy in
which four peaks could be detected. The formation of new
phases is evident in the sintered alloys which indicates that
elemental diffusion occurred during the sintering process.
The formation of (γ ′)-FeNi3 and γ -(NiFe) phase is evident
in both low and high angles (2θ ). Both (γ ′)-FeNi3 and
γ -(NiFe) phases are detected in the same peaks which is
indicative of coherent precipitation of both phases [3]. The
(γ ′)-FeNi3 is the primary strengthening phase typical in
nickel-base superalloys [20]. It has been reported that the γ ′
precipitates increase the toughness of the alloys due to their
structural coherence with the matrix [21–23], which may be
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Fig. 1 SEM analysis of admixed
powder of (a) Ni-20Fe-30Co,
(b) Ni-15Fe-35Co, (c)
Ni-10Fe-40Co and (d)
Ni-5Fe-45Co

related to their corrosion resistance. The additional phases
observed were: Co-Fe (bcc) and an orthorhombic Fe3C.
Formation of Fe3C shows that a sintering temperature of
900 ◦C allowed for diffusion of C impurities. The formation
of (Fe,Ni) phase was also observed by Turchanin et al. [24],
which is indicative of unreacted metal particles suggesting
that there may be particle segregation.

Metallography analysis of the sintered alloys was
carried on the polished surface of the samples and SEM
micrographs are presented in Fig. 5. The surface analysis
of the sintered alloys showed lamellar microstructure with
formation of pores. The observed pores appear to vary
in size with some interconnected. Formation of pores is
indicative of poor particle bonding which is in agreement

Fig. 2 Diffraction patterns of
admixed powders with various
Fe and Co contents

290 Int J Adv Manuf Technol (2022) 119:287–301



Fig. 3 EDS analysis of admixed
powder of (a) Ni-20Fe-30Co,
(b) Ni-15Fe-35Co,
(c) Ni-10Fe-40Co and
(d) Ni-5Fe-45Co

with the detected metal phases by XRD (Fig. 4) which could
be due to particle segregation or poor particle diffusion.
The observed near-lamellar structure is the precipitated γ ′
phases (indicated by white arrows on the insert Fig. 5b)
interconnected by narrow channels γ phase at the interface
(shown by red arrows in insert Fig. 5b).This further depicts
that both γ ′ phase and γ phase are coherently precipitated
which explains why both phases could be seen in the same
peaks (Fig. 4). Contrary to our findings, Long et al. [25]
reported the formation of cuboid γ ′ phases with narrow
channels of γ phase between the cuboids. Reed et al.

[26] further elucidated that microstructure evolution of the
Ni-based superalloys was dependent on various factors,
including the cooling rate, the applied heat treatments,
solution annealing and aging. Other researchers reported
that the formation of cuboids morphology in Ni-based
superalloys evolves from the dendritic shape γ ′ phase
[27]. Therefore, the formation of lamellar microstructure
in this study can be attributed to rapid cooling during
sintering. The distinctive dark and light grey spots on the
surface were shown to be Ni-Co rich phases by EDS
(Fig. 6).

Fig. 4 Diffraction patterns of
the as-sintered ternary alloys at
900 ◦C with various Fe and Co
content
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Fig. 5 Sintered alloys of (a) Ni-
20Fe-30Co, (b) Ni-15Fe-35Co,
(c) Ni-10Fe-40Co and
(d) Ni-5Fe-45Co

3.3 Effect of heat treatment onmicrostructure

A key factor in the application of super alloys is the micro-
structural properties which are greatly influenced by heat-
treatments [12]. It has been shown that heat treatment affects
both grain size and precipitates distribution which have a
great impact on mechanical properties [28]. Moreover, heat
treatments are recommended for nickel-base superalloys as

it helps to achieve the high volume fraction, better size
distribution of γ ′ precipitates and carbides [12]. The volume
percentage and particle size of the precipitated γ ′ are linked
to the hardness of the alloys. The hardness of the alloy
increases with particle size growth while high temperature
strength increases with the amount of the phase present [29].
The sintered alloys were heat-treated at 1000 ◦C for 1 h in
a muffle furnace and thereafter quenched in distilled water.

Fig. 6 Sintered alloys of (a) Ni-
20Fe-30Co, (b) Ni-15Fe-35Co,
(c) Ni-10Fe-40Co and
(d) Ni-5Fe-45Co
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Microstructure of the heat-treated samples is presented in
Fig. 7. The heat-treated samples appear more homogenous
compared to the sintered samples. This suggests that the
microstructure of the alloys have been improved by heat
treatment. A significant decrease in porosity is also evident
suggesting that there is enhanced particle bonding. On
the contrary, there is precipitate coarsening observed in
samples with high Fe content and low Co content (Fig. 7a
and b) suggesting the presence of an undissolved γ ′
phase.

Zhao and colleagues [12] reported coarsening in γ ′ phase
in Ni-based superalloy during thermal exposure at 810 ◦C
and 840 ◦C. It was further concluded that higher aging tem-
peratures (810 ◦C and 840 ◦C) depressed the nucleation
of γ ′ particles, which also provided additional degrada-
tion of precipitation hardening. Alloys with high Co content
(Fig. 7c and d) appear to be more homogenous with refined
grain distribution than those with low Co content (Fig. 7a
and b). This indicates that the precipitated γ ′ phase has dis-
solved into the matrix. Dissolution of γ ′ precipitates sug-
gest that Co (low melting temperature 1132 ◦C) may have
reached a molten state promoting the diffusion of precipi-
tated phases, while in low Co content alloys formation of

molten Co could have been minute to prevent particle seg-
regation hence coarse islands visible on the microstructure.
Furthermore, the homogenous distribution of refined grains
in Fig. 7c and d are indicative of improved particle bonding
thus better mechanical properties.

Elemental analysis showed traces of impurities of Mo,
Cr and Si on alloys with low Co content (Fig. 8a and b)
while alloys with high Co content (Fig. 8c and d) showed no
traces of impurities except C. The absence of impurities in
high Co concentration alloys could indicate that Co reached
a molten state during heat treatment at 1000 ◦C, allowing
impurities and precipitated phases to diffuse. As a result, for
low Co concentration alloys, the creation of liquid Co was
insufficient to induce high impurity diffusion.

To further understand the effects of heat treatment on sin-
tered alloys, a crystal structure study was performed. In
comparison to sintered alloys, heat-treated alloys appear to
have sharper and higher intensities. This could be due to
the occurrence of grain refinement within the heat-treated
alloys’ matrix. Figure 9 shows that there is a gradual shift in
diffraction pattern from low to high diffraction angles with
decreasing Co and increasing Fe contents, respectively. This
signifies a change in unit cell volume, implying that the

Fig. 7 Heat-treated alloys of
(a) Ni-20Fe-30Co, (b) Ni-15Fe-
35Co, (c) Ni-10Fe-40Co and
(d) Ni-5Fe-45Co
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Fig. 8 Heat-treated alloys of
(a) Ni-20Fe-30Co, (b) Ni-15Fe-
35Co, (c) Ni-10Fe-40Co and
(d) Ni-5Fe-45Co

volume of the unit cell has increased. Berthod et al. [30]
reported that during solid solution strengthening, alloying
elements with heavy atoms can cause local matrix crystal-
line network distortion. The same is observed in this study
as supported by the formation of γ ′ precipitates at lower Co
contents. Furthermore, the alloys with the low Co content
(Ni-20Fe-30Co and Ni-15Fe-35Co) show two low intensity
peaks at 30◦ and 36◦ which correspond to orthorhombic
Fe3C and γ -(Ni, Fe), respectively. And, two more peaks at
57◦ and 63◦ correspond to similar phases including a Co-Fe
(bcc) phase which could not be detected on alloys with high

Co content. This could be attributed to the dissolution of
low temperature intermetallics such as CoFe and (γ ′)-FeNi3
into the matrix which may occur due to heat treatment at
1000 ◦C, as observed by Turchanin et al. [24]. This fin-
ding further supports the idea that alloys with a high Co con-
tent produce enough molten Co to allow precipitated phases
or intermetallics to diffuse into the matrix. This is further
supported by the homogeneous grain refinement seen in
the microstructures of Ni-10Fe-40Co (Fig. 7c) and Ni-
05Fe-45Co (Fig. 7d), which revealed no coarse island
development. In contrast to low Co alloys, three different

Fig. 9 Diffraction patterns of
Heat-treated alloys with various
Fe and Co content
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peaks have been identified for Ni-10Fe-40Co and Ni-
05Fe-45Co, leading to the creation of Ni2.76Fe1.13Co0.11
(PDF#:96-900-0089). This is consistent with the EDS data
in Fig. 8, which indicated no impurity formation.

3.4 Relative density

Figure 10 shows the density values of sintered and heat-
treated alloys, where the calculated, theoretical and relative
density values are compared. The density of the alloys was
shown to have a direct relationship with the composition
variation. Density values of the alloys increase with an in-
crease in Co content and a decrease in Fe content. This could
be attributed to the lower melting point of Co (1132 ◦C),
which implies that a portion of the Co is already molten,
enhancing the partial liquid phase sintering of the alloys.

When compared to sintered alloys, heat-treated alloys
have a higher relative density which can be attributed to
improved particle diffusion. Other researchers established
that the particle size of the γ ′ precipitates also affects the
strength of alloys. As a result, higher alloy hardness is achie-
ved as the particle size of the γ ′ phase increases [20]. Zhong
et al. [13] reported that high temperature treatment are used
to produce large size of γ ′ particles, while low temperature
aging results in the formation of lots of fine γ ′ particles.
Microstructure of the heat-treated alloys (Fig. 7) shows a
high volume percentage of γ ′ precipitates compared to the
γ phase. Therefore, greater relative density in heat-treated
alloys could be attributed to increased volume and improved
size of γ ′ precipitates.

3.5 Electrochemical behaviour

Electrochemical studies were carried out in a 3.5% NaCl
solution with a scan rate of 1.27 mV for 3600 s on both
sintered and heat-treated alloys. The results of polarizations
such as corrosion current density (Icorr), corrosion potential
(Ecorr), corrosion rate (CR), and polarization potential
(RP) were obtained using the Tafel extrapolation. The
obtained corrosion measurements of both the as-sintered
and heat-treated alloys are shown in Tables 2 and 3. In
contrast to sintered alloys, heat-treated alloys have a lower
corrosion resistance. As a result, it can be concluded that
heat treatment improved microstructure properties of the
sintered alloys. High corrosion rate in sintered alloys can
be attributed to poor particle bonding as well as the presence
of impurities. Dutta et al. [31] reported that localised corro-
sion diminishes in the absence of common structural defects
such as the grain boundaries, dislocations and segregations.
Hence, heat-treated alloys showed good resistance to corro-
sion due their more compact structure and good dissolution
of precipitates. Therefore, the lack of passivation in sintered
alloys could be driven by the presence of impurities which
were detected by EDS. These impurities acted as catalysts
for localised corrosion.

For both sintered and heat-treated alloys, the Ni-20Fe-
30Co alloys had the highest corrosion rate of 0.28062
and 0.09941 mm/year, respectively. In contrast, Ni-5Fe-
45Co recorded the lowest corrosion rates of 0.0145 and
0.00294 mm/year for as-sintered and heat-treated alloys,
respectively. The brilliant corrosion resistance is primarily

Fig. 10 Relative density of the
sintered and heat-treated alloys

295Int J Adv Manuf Technol (2022) 119:287–301



Table 2 Polarization test
results of as-sintered alloys Alloy ba (V/dec) bc (V/dec) Ecorr icorr Corrosion rate Polarization

calc (V) (A/cm2) (mm/year) resistance (Ω)

Ni-20Fe-30Co 1.82E-01 3.86E-01 –0.91 2.57E-05 2.81E-01 2.09E+03

Ni-15Fe-35Co 1.87E-01 1.46E+00 –0.82 1.43E-05 1.56E-01 2.03E+03

Ni-10Fe-40Co 1.02E-01 1.89E-01 –0.92 1.09E-05 1.15E-01 2.64E+03

Ni-5Fe-45Co 7.04E-02 7.04E-01 –5.55 1.32E-06 1.45E-02 2.33E+03

due to the surface of Ni-base alloys covered by aqueous
electrolytes. The substrate alloys are isolated by the film
from the corrosive environment, which serves as a protective
barrier and prevents further corrosion processes [28, 32].
Low corrosion rates may also be attributed to increasing
Co content which becomes more efficient because of the
excellent protective effectiveness of cobalt oxide [31, 32].
Solomon et al. [33] reported that alloying elements such
as cobalt can significantly impact the effectiveness of
chromium in forming or maintaining the passive film.

Ni-5Fe-40Co had a high corrosion rate of 0.03310 mm/
year when compared to Ni-15Fe-35Co, which had a corro-
sion rate of 0.02301 mm/year. This is in contrast to SEM
(Fig. 7b and c) results, which showed that Ni-5Fe-40Co had
superior grain uniformity after heat treatment and a higher
relative density than Ni-15Fe-35Co (Fig. 10). This indicates
that the passive layer created did not provide complete
protection for the substrate alloy, and the dissolution of the
alloy continued. The absence of complete protection from
passive film was attributed by El-Bagoury et al. [3] to an
increase in potential, which caused the current to rise. This
was expected given the presence of an aggressive anodic
species, i.e. chlorides, in the corrosion solution. Linear
polarization method was implemented to further understand
how corrosion occurs at the surface of the alloys. Corrosion
of both sintered and heat-treated alloys was studied in 3.5
wt% NaCl solution at 30±1◦C for an hour. Polarization
curves (Figs. 11 and 12) show the anodic and cathodic
branch. Anodic branch represents alloy dissolution while
hydrogen evolution is represented in the cathodic branch.
The kinetics of anodic dissolution of Ni2+ ions in NaCl is
governed by uniform dissolution following reaction path:

Ni −→ Ni2+ + 2e− (1)

Reduction reaction (reaction 2) takes place in the
cathode, where H+ ions are reduced to H2 gas.

2H+ + 2e− −→ H2 (2)

The anodic domain can be divided into three distinct
regions: active dissolution, passivation, and where the
current density increases as potential increases. Sintered Ni-
15Fe-35Co and Ni-5Fe-45Co have similar active-to-passive
transition behaviour (Fig. 11), while sintered Ni-20Fe-30Co
and Ni-10Fe-40Co have the same transition behaviour.
Pitting can be observed above the passive region of both
Ni-20Fe-30Co and Ni-10Fe-40Co (Fig. 11), which could be
related to the breakdown of the passivation layer by chloride
anions which occur at preferential surface sites (pores). This
is mainly driven by the small changes in the passive-film
structure and thickness [32]. The passive area of sintered Ni-
20Fe-30Co appears to have narrower potential range than
other sintered alloys, which Leffer et al. [34] attributed
to the penetration and destruction of the passive film by
chloride ions. Passive regions of Ni-15Fe-35Co and Ni-5Fe-
45Co (Fig. 11) show wider potential range suggesting that
the alloy surface is better passivated.

For the heat-treated alloys Ni-15Fe-35Co and Ni-20Fe-
30Co, there is a small active to passive area (Fig. 12). Fol-
lowing the dissolution of Ni-20Fe-30Co, there is a decrease
in current density and a minor increase in potential. This
indicates that the alloy surface has pitting corrosion. The
hump observed in the passive region of Ni-10Fe-40Co indi-
cates that the passivation film has broken down, allowing
more dissolved oxygen to reach the alloy surface. Further,
after the passive region in Ni-10Fe-40Co, a minor drop in
current density is seen, indicating that pitting may have
happened. The corrosion rate of Ni-10Fe-40Co contradicts a
study on amorphous alloys conducted by Angelini et al. [35]
and Altube et al. [36], which found that increasing the Co

Table 3 Polarization test
results of as-sintered alloys Alloy ba (V/dec) bc (V/dec) Ecorr icorr Corrosion rate Polarization

calc (V) (A/cm2) (mm/year) resistance (Ω)

Ni-20Fe-30Co 6.86E-01 5.44E-01 –7,08E-01 9.09E-07 9.94E-02 1.45E+05

Ni-15Fe-35Co 4.06E-01 9.22E-01 –1.02E+00 2.11E-06 2.30E-02 5.80E+04

Ni-10Fe-40Co 2.06E-01 3.80E-02 –6.65E-02 3.02E-06 3.31E-02 4.62E+03

Ni-5Fe-45Co 1.69E-01 2.08E-01 –6.25E-01 2.72E-07 2.94E-03 1.49E+05
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Fig. 11 Potentiodynamic
polarization curves of
as-sintered alloys in 3.5 wt%
NaCl solution

content resulted in satisfactory passivation. Solomon et al.
[33], on the other hand, claim that the corrosion medium and
concentration plays a role in the corrosion rate.

This is consistent with the findings in Table 3, which
show corrosion rates of 0.02301 and 0.00294 mm/year for
Ni-15Fe-35Co and Ni-5Fe-45Co, respectively. No pitting
has been observed for Ni-15Fe-35Co and Ni-5Fe-45Co.
Passive regions of both alloys appear to have a wide poten-
tial range, indicating that they are more resistant to corrosion
attack. This is consistent with the results in Table 3, which
show corrosion rates of 0.02301 and 0.00294 mm/year for
Ni-15Fe-35Co and Ni-5Fe-45Co, respectively.

3.6 Morphology of corroded samples

Ni-based alloys are considered to have excellent resistance
to corrosion, but are more likely to be vulnerable to
cracking, pitting, and embrittlement of hydrogen [37]. The
microstructure of the sintered and heat-treated alloys in
3.5 wt% NaCl solution is displayed in Figs. 13 and 14,
respectively. Sintered alloys showed more corrosion on its
alloys as compared to the heat-treated alloys.

It appears that general corrosion occurred on the surface
of the sintered Ni-20Fe-30Co (Fig. 13a), Ni-15Fe-35Co
(Fig. 13b) and Ni-10Fe-40Co (Fig. 14c) while corrosion

Fig. 12 Potentiodynamic
polarization curves of
heat-treated alloys in 3.5 wt%
NaCl solution
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Fig. 13 SEM images of corroded sintered (a) Ni-20Fe-30Co and (b) Ni-15Fe-35Co, and corroded heat-treated (A) Ni-20Fe-30Co and (B)
Ni-15Fe-35Co

products with visible cracks were observed on the surface
of Ni-5Fe-45Co (Fig. 14d). Ibrahim et al. [38] reported that
general corrosion is considered a uniform corrosion process
in which numerous micro-corrosion cells are activated at
the corroded site. Moreover, corrosion products do not
form an effective barrier against further corrosion but allow
reactants to penetrate to the substrate surface beneath and
continue the corrosion cycle [34]. Similarly, Shongwe et al.
[39] observed similar cracks when studying the corrosion
behaviour of Ni50Fe40Co10. The formation of the cracks
was associated with material loss that promoted deep
corrosion penetration into the sample [39].

In comparison to Ni-15Fe-35Co (Fig. 13b) and Ni-
5Fe-45Co (Fig. 14d), which show high corrosion rates,
Ni-20Fe-30Co (Fig. 13a) and Ni-10Fe-40Co (Fig. 14c)
show large and deeper corrosion pits. In the current

study, the formation of pores and particle segregation
promoted deeper penetration of the reactants into the
samples. On the contrary, Ni-10Fe-40Co sintered alloy
showed a low corrosion rate of 0.1147 mm/year com-
pared to Ni-15Fe-35Co with a high corrosion rate of
0.15636 mm/year. This suggests that there is high passi-
vation on the surface of Ni-10Fe-40Co alloy compared to
Ni-15Fe-35Co.

Heat-treated alloys showed a protective film on their
surface except for Ni-10Fe-40Co (Fig. 14C) in which inter-
granular corrosion was observed. Intergranular corrosion
may have been induced by hydrogen embrittlement which
aids in the deformation causing a brittle fracture [37]. Mate-
rials of higher strength, are more susceptible to this type
of fracture as they have smaller plastic zones, making them
more prone to brittle failure [40]. However, there is a
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Fig. 14 SEM images of corroded as-sintered (c) Ni-10Fe-40Co and (d) Ni-5Fe-45Co, and heat-treated (C) Ni-10Fe-40Co and (D) Ni-5Fe-45Co

black substance observed on the surface of Ni-20Fe-30Co
(Fig 13A) which could be what initiated an attack on the
passivation layer or just impurities. This agrees with the
high corrosion rate recorded for Ni-20Fe-30Co (Table 3).
Low corrosion rate recorded for Ni-15Fe-35Co and Ni-
5Fe-45Co corroborates the findings in Figs 13B and 14D,
respectively. However, the lowest corrosion rates for both
sintered and heated-treated were recorded for Ni-5Fe-45Co
alloy. This depicts that Ni-5Fe-45Co is more resistant to
corrosion.

4 Conclusion

This paper investigated the effect of Co and Fe contents on
the microstructure and corrosion behaviour of the Ni-Fe-Co

superalloys immersed in a 3.5 wt% aqueous solution. From
the experiments, the results can be summarised as follows.

1. Microstructures of the alloys showed a near-lamellar
morphology which mainly consisted of coherent (γ ′)-
FeNi3 and γ -(NiFe) precipitate phases. Heat-treating
the sintered alloys promoted dissolution of Co-Fe (bcc)
and Fe3C phases in high Co content alloys. The relative
density of the alloys increased with increasing Co
content.

2. Corrosion resistance of the alloys improved with increa-
sing Co and decreasing Fe content. Upon heat treating
at 1000 ◦C, the overall corrosion rate of the alloys
increased owing to the grain refinement and dissolution
of γ ′ precipitates. Heat treatment also improved the
relative density of the alloys.
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3. Alloys with low Co content showed the occurrence of
pitting corrosion which indicated a preferential break-
down of the passive film due to presence of high
amounts of Fe-containing precipitates that accelerated
the corrosion rates. Improvement in corrosion resis-
tance of heat-treated alloys may be attributed to the
coating process of NiFe, FeNi3 and FeCo precipitates
by passive films containing γ (Ni,Fe) and γ (Co,Fe)
phases.
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