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ABSTRACT Electrochemical machining (ECM) is a proven processing technique for fabricating difficult-
to-cut nickel-based superalloys with complex shapes using the principle of anodic dissolution. However,
the metallic surface is susceptible to stray corrosion under conditions of low current density, which
increases the difficulty of using ECM on nickel-based superalloy such as Hastelloy X (HX). In this
study the electrochemical dissolution behavior of wrought HX at low current density was systematically
analyzed. The results revealed that M»3Cg carbides were irregularly distributed on the grain boundaries. The
polarization curves and open-circuit potential measurements showed that an appropriate temperature (35°C)
and concentration (10 wt.%) aided in the formation of efficient and stable dissolution in NaNQOj3 solution.
The findings also revealed that selective corrosion occurred preferentially on the grain boundary or near the
M>3Cg¢ precipitations after passivation film polarization. After careful investigation of the different-stage
dissolution microstructures and the solid black block-shape products, M»3Cg¢ precipitation was found to
play a key role in the dissolution of HX alloy at low current density. A qualitative model was established to
demonstrate the electrochemical dissolution behavior of wrought HX alloy in NaNOs solution. This model
offers a new insight into the suppression of stray corrosion of Ni-based superalloys in aerospace applications.

INDEX TERMS Hastelloy X, microstructure, electrochemical dissolution behavior, selective corrosion.

I. INTRODUCTION

Electrochemical machining (ECM) is an advanced technol-
ogy for shaping difficult-to-machine materials. It employs
the dissolution of anodic metals and thereby bypasses the
limitations of the alloy’s mechanical properties [1], [2]. Com-
pared to conventional machining techniques, ECM offers
several advantages, such as high metal removal rate, reduced
tool wear, lower residual stress, and excellent ability to cast
complex shapes [3]-[5]. ECM has garnered considerable
attention in the past decades due to its potential applica-
tions in electrochemical micromachining of silicon [6] or
gallium nitride [7], [8] as well as other applications such as
MEMS [9], sensors, photonics [10], or superalloy fabrication.
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Over the years, various ECM processes of nickel-based alloys
were primarily focused on machining at high current den-
sity (20-200 A/cm?) [11]. In many operating conditions,
however, the machining area of the workpiece is subjected
to a low-current-density electric field (generally less than
5 A/cm?); this could cause further uneven electrochemi-
cal corrosion, a defect known in electrochemical process-
ing as the stray corrosion phenomenon [12], [13]. Also,
the machining accuracy and surface quality of the workpiece
is significantly degraded.

ECM is primarily influenced by certain key factors, such
as physical properties of the workpiece, electrolyte [14]-[16],
and power supply [17], [18]. Over the past few years, sev-
eral studies have focused on the influence of electrolyte and
power supply on the surface integrity of processing. For
instance, Wang et al. studied the influence of electrolyte
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flow rate on the machining accuracy of Inconel 718 can con-
tribute to the formation of uniform contour of the hole [19].
Fang et al. [20] studied the effect of pulsating electrolyte flow
on the electrochemical machining efficiency of Inconel 718,
and they found that the employment of appropriate pulsation
parameters enhanced the material removal rate. Furthermore,
the increase in pulse frequency and decrease in pulse width
favored an enhancement in surface quality [21].

The anodic dissolution behavior of metals is significantly
affected by the microstructure feathers. Some reports have
shown that AZ31 Mg alloy and Ti-6Al-4V within a large
amount of acicular &’ martensite can easily cause anodic dis-
solution under low current densities [22], [23]. For instance,
Dai et al. compared the corrosion resistance of Ti-6Al-4V
alloy prepared by selective laser melting (SLM) with com-
mercial grade 5 alloys in NaCl solution; they found that the
SLM fabricated Ti-6Al-4V alloy showed a lower corrosion
resistance due to the microstructure produced by SLM with
a small amount of B-Ti phase and more «’-Ti phase [24].
In addition, a large number of grain boundaries and grain
planes with a higher surface energy contribute to higher elec-
trochemical dissolution rates [25], [26]. Guo et al. [27], [28]
investigated the electrochemical anodic behaviors that occur
due to the phase constituent and crystallographic texture of
Inconel 718; The authors found that the y matrix around the
Nb-rich y phase preferentially dissolved. Also, the columnar
structure contributed to the electrochemical anode dissolution
anisotropy.

In general, anodic dissolution behavior is a part of the
guiding theories in ECM, whereas stray corrosion at low
current densities affects the machining accuracy during the
ECM process. However, few studies have considered the
anodic dissolution of wrought nickel-based alloys under low
current densities. Therefore, it is necessary to systematically
investigate the correlation between microstructure and dis-
solution behavior at low current density, which may offer
theoretical guidance to avoid stray corrosion in ECM process.

Il. EXPERIMENTAL PROCEDURES

A. MATERIAL

Due to its great tensile strength and unique advantages in
resisting oxidation, corrosion, and high temperature fatigue,
Hastelloy X (HX) has been widely used in the fabrication
of key engineering components such as gas turbine combus-
tors, transition parts, and exhaust end components [29], [30].
The wrought HX alloy used in this study has a chemical
composition (wt.%) of Cr 21.7- Fe 19.3-Mo 9.1-Co 1.3-W
0.46-Si 0.71-C 0.09-Cu 0.26-N 0.01-P 0.025-bal. Ni. The
plate was a solution annealed at 1150 °C for 30 minutes,
followed by water cooling. The cylindrical workpieces with a
diameter of 14.8 mm and height of 2 mm were then cut from
this plate using wire-electrode cutting for metallographic
examination and electrochemical polarization tests. Prior to
the experiments, all the workpieces were manually grinded
successively by SiC papers (from #120 to 2000), and then
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mechanically polished with diamond abrasive particles with
particle size of 0.5 um and 0.25 pum. Finally, the wrought HX
was washed with anhydrous ethanol and dried with flowing
air.

B. MATERIAL CHARACTERIZATION

The microstructure of the HX alloy was characterized using
scanning electron microscopy (SEM; JEOL, JSM-7800F)
equipped with an electron backscatter diffraction (electron
backscattered scattering detection (EBSD) system, Oxford
Nordlys Max3). To reveal the HX microstructure, the work-
piece was chemically etched with a mixed solution (2 g
of CuCl,, 40 ml of HCI, and 80 ml of anhydrous ethanol)
for about 35 s. The chemical composition analysis was per-
formed by an X-ray energy dispersive spectrum (EDS) with
an acceleration voltage of 15 kV. The micro-area analysis of
elemental distribution was conducted with an electron probe
micro-analyzer (JEOL, EPMA-JXA-8530F plus). The trans-
mission electron microscope (TEM) samples were ground
to ~100-um thickness, and a hole of 3-mm diameter was
punched. The further analysis of corrosion products of HX
were performed (hv = 1486.6 eV, 300 W) at 50 kV and
150 mA in the X-ray photoelectron spectroscopy (XPS) sys-
tem. The Cls (285.0 eV) standard peak was used to regulate
the XPS spectrum before analyzing the fitting data. The
CasaXPS software was used to analyze the corrected data
after subtracting the baseline.

C. ELECTROCHEMICAL TESTING

The polarization curve measurements were performed using
a CS310H electrochemical workstation and a typical three
electrode cell, which consisted of a saturated calomel elec-
trode (SCE), a platinum counter electrode, and a cylindrical
working electrode. NaNO3 and NaCl solution was used as
the electrolyte, and the surface air oxide film was removed
by polarization for 2 min at a constant potential of —1.2 V.
The scanning rate using in the polarization tests was 1 mV/s,
and the potential was then set from —1.5 V to 2.7 V (vs. the
SCE). The electrochemical tests were conducted 3 times for
each sample to ensure consistency.

Ill. RESULTS AND DISCUSSION

A. MICROSTRUCTURE CHARACTERISTICS

Microstructure characterization of wrought HX cross sec-
tions after solution annealing revealed the typical grain mor-
phology in Fig. 1. The HX alloy was found to contain a
great deal of equiaxed grains with a size of 30-50 um.
In addition to the observed equiaxed grains, some gray
block-shaped precipitates were also observed in the mag-
nified image. Micron-sized, gray block-shaped particles are
discontinuously distributed along grain boundaries, while
there are a number of dispersed particles observed within the
grains. This is consistent with the results reported in previous
studies by Kinzel et al., which were obtained by scanning
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Grain boundary

FIGURE 1. SEM images of microstructure from wrought HX cross sections
after solution annealing.

electron microscopy (SEM) and atom probe tomography
(APT) [31]-[33].

Fig. 2 shows the electron probe micro analyzer (EPMA)
images of the HX alloy; these images are useful for under-
standing the precipitation of elements in HX. Based on the
back-scattered electron (BSE) image of the carbides (Fig. 2a),
a large number of small precipitated particles are observed
and distributed on the grain boundaries. The distribution of
Ni, Cr, Mo, and C is shown in Figs. 2b—e, respectively.
The results reveal that the particles in the grain and on
the grain boundaries contain Cr-enriched, Mo-enriched, and
C-enriched elements. The surface of the gray particles was
lacking Ni. This could be explained by the fact that the
enrichment of Cr on the edge of the dendrites promoted the
formation of Cr-rich carbides during HX solidification.

Fig. 3 shows the bright-field TEM images from the HX
alloy used in the present study. These images are useful for
further investigation of the microstructure and precipitation

in HX. The black block-shape precipitation (marked by the
red circle in Fig. 3a) is carbide with the general formula of
M>3Cg as further verified by selected area diffraction pattern
(SADP), as shown in Fig. 3b. The results suggest that this
carbide has a face-centered cubic (FCC) crystal structure with
a lattice parameter of 10.767 A. In addition to the diffraction
spots from M»3Cg, diffraction spots from a y matrix phase
(marked by the red rectangle) in Fig. 3a with an FCC struc-
ture are also verified by SADP in Fig. 3c. Compared to the
marked area 2, area 1 was found to exhibit a stronger element
precipitation, and this can be confirmed by the chemical com-
position analysis (Table 1). Area 1 also revealed that M»3Cg
precipitates with a block-shape appearing as black in the
bright-field TEM were Ni deficient. This is consistent with
the results of the element distribution of gray carbide particles
in Fig. 2. One possible explanation is that between the M23Cg
and y matrix, a significant compositional segregation exists
during HX solidification. This was similar to the findings of
Marchese et al. [34], [35], which found that carbides rich in
Mo formed in the as-built state.

Hence, it may be concluded that the precipitates on the
grain boundaries and within the grains were M»3Cg type
carbides, which formed because of compositional segregation
during HX solidification.

B. ELECTROCHEMICAL DISSOLUTION BEHAVIOR

The electrolyte type, concentration, and temperature are
considered to be significant to obtain a stable and efficient
dissolution in the electrochemical dissolution process. Aque-
ous NaNOs3 and NaCl solutions were two neutral electrolytes
that are widely used to investigate the electrochemical dis-
solution behavior and were therefore selected for this study.
Prior to the polarization tests, relatively stable open circuit
potentials (OCPs) of each workpiece were measured in the
NaCl and NaNOsj solutions, respectively. Apart from the
10 wt.% NaNOj3 solution, the OCPs in other solutions exhib-
ited a similar tendency in which E,, decreased with immer-
sion time, as shown in Fig. 4. However, the E,, in 10 wt.%
NaNOs solution was found to increase with immersion time

FIGURE 2. EPMA images of carbides on wrought HX. (a) BSE morphology of carbides on the boundary or in the grain; distribution

element of (b) Ni; (c) Cr; (d) Mo; (e) C.
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TABLE 1. Chemical COMPOSITIONS OF THE DIFFERENT POSITION (atomic percentage %)

Position C(K) Cr(K) W(K) Fe(K) Ni(K) Mo(K)
1 9.01 57.09 0.19 9.00 20.04 4.64
2 1.74 22.33 0.19 2091  51.96 2.57

g
A = .
. (EEU) \](111_)
(000)

Matrix 2000m (b)

(000)

FIGURE 3. The TEM microstructure of wrought HX superalloy. (a) Selected
diffraction positions in the bright-field transmission electron microscopy
of M, Cg and the matrix; (b) and (c) SADP results of M,3Cg and y matrix
phase; (d) EDS of area 1 and 2 in the bright-field transmission electron
microscopy.

and reached a stable value (about —0.31V) (Fig. 4b). This
indicates that a passivation film formed during immersion
in the 10 wt.% NaNOs solution. This film formation can
be explained by the fact that NO3 ™~ ions have stronger oxi-
dation resistance than C1~ ions, which promotes the forma-
tion of dense passivating immersion in the 10 wt.% NaNO3

026 ——20% NaCl
—&—15% NaCl
028 L 10% NaCl
-0.30
oo T T T T T T T
> 032t N—
= IR st g o O | S—1 ] -y
-0.34
-0.36
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-0.40 : ' : :
3000 4000 5000 6000 7000
(a) T/s

solution film [36] on the matrix surface in the 10 wt.%
NaNOj solution.

The polarization curves of wrought HX tested in NaNO3
and NaCl solutions are shown in Fig. 5. A stable and smooth
passive zone formed in the two electrolytes with a relatively
low current density (107>~10"* A/cm?), indicating the pas-
sivation film was compact and unbroken. The passivation
film’s broken-down potential (E;) in the NaNOj3 solution was
0.89 Vgcg, which was higher than the value of 0.73 Vgcg
in NaCl solution. This difference was attributed to the high
affinity and low atomic radius for chloride ions. Also, the
NO3 ™ ions exhibited a stronger oxidation resistance than
CI™ ions which led to a denser passivation film in NaNO3
solution and further improved the E;, of the passivation film.
In the transpassive region of the NaNOs3 solution, electro-
chemical dissolution and oxygen evolution took place on the
surface of the anode with increasing current density because
the passivation film was broken and peeled off from the
matrix when the anodic potential exceeded the E,. Neutral
NaNO3 solution has been widely used in the field of elec-
trochemical processing due to its passivation characteristics,
leading to improvements in machining accuracy. Interest-
ingly, Béjar and Eterovich performed a wire-electrochemical
cutting of mild steel using different solutions and found that
NaNOj achieved superior cutting accuracy over NaCl [37].
It may be concluded that an accurate electrochemical disso-
lution process is achievable by using the NaNO3 solution.

The electrolyte concentration can account for the disso-
lution behavior. The polarization curve of wrought HX in
NaNOj3 solution with different concentrations at 35 °C is
presented in Fig. 6a. The experimental measurement ranged

0.00 ——20% NaNO,
0.05 1 —o—15% NaNO,
—10% NaNO,
-0.10 T FIOTrFI
0.15
z I

~

=
-0.20 PO Ao S s, Oy O L (S " — -

-0.25

-0.30 =
-0.35 1 1 1 1
3000 4000 5000 6000 7000
(b)
T/s

FIGURE 4. Time dependence of the Egcp of wrought HX in different concentrations: (a) NaCl solution; (b) NaNO5 solution.
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FIGURE 5. Anodic polarization curves of wrought HX in NaNO5 and NaCl
solutions.

from —1 to 2.7V. Electrochemical tests were performed using
seven solutions with different concentrations (0.5%, 1%,
5%, 7%, 10%, 15%, and 20%). The current density clearly
appeared to increase with increasing electrolyte concentra-
tions. At lower concentrations (0.5% and 1%), it is worth
noting that the current density growth rate was virtually zero.
This indicates that the formation of high impedance and
dense passivation film further hindered the increasing current
density. The rate of change in current density increased grad-
ually with increasing concentration (5%). The current density
increased sharply when the concentration exceeded 10%.
One explanation is that the conductivity and ion exchange
rate at the reaction interface accelerated at higher concen-
trations. Therefore, it can be inferred that an efficient and
stable removal rate of the material might be obtained using
electrolyte concentrations of at least wt.10%, as indicated
in Fig. 6a.

1.0
—a—20%NaNO
0.8 - 2
—*—15%NaNO,
—4—10%NaNO
. 3
£ i —A—7%NaNO,
5:“: 5%NaNO,
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3
0.2 +
0.0 b AT <,-‘M
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The effect of temperature on electrochemical dissolution
is another primary factor. Fig. 6b shows that the polarization
curve of wrought HX in 10wt.% NaNO3 solution with differ-
ent temperatures. At high temperatures (35 °C, 45 °C, 55 °C)
in the transpassive region, the growth rate in current density
increased sharply with increasing temperature. One possible
explanation is that the higher electrolyte temperature resulted
in a higher percentage of activation molecules on the reaction
interface and further accelerated the intermolecular exchange
rate. Therefore, employing a temperature above 35 °C can
achieve stable dissolution of the material.

Based on these results, it 10wt.% NaNOj3 electrolyte
(35 °C) could contribute to achieving wrought HX stable
electrochemical dissolution.

C. CORROSION CHARACTERIZATION AND SURFACE
CORROSION PRODUCTS ANALYSIS

1) CORROSION CHARACTERIZATION

The Fig. 7 shows the microstructure of wrought HX in
NaNOj solution before electrochemical dissolution, at the
end of passivation, transpassive dissolution, and corrosion
layer expansion stage, which further illustrates the dissolution
characteristics of wrought HX in 10wt.% NaNOj3 solution at
35 °C. The termination potential was set at 2.7 V. Fig. 7a
demonstrates that an air-formed film formed on the matrix.
Before achieving the Ej,, a compact passivation film (about at
0.89V in Fig. 5) formed to hinder electrochemical dissolution
reaction in passivation region, which was accompanied by the
precipitation of M»3Cg carbides (marked by the rectangle)
at the end of passivation in Fig. 7b. Moreover, when passi-
vation was terminated (at about 0.89 V in Fig. 5), selective
local corrosion initiation of passivation film preferentially
occurred along the grain boundaries or in the grain where
M33Cq carbides were abundant, as shown in Fig. 7c. This
was attributed to the defect structure of the passivation film,
which forced nitrate ions from the solution into the film and

1.0
ogl @ SSTNaNO,
—®—45TNaNO,
o 06l TT3STNaNO,
£ —4—25'CNaNO
: 3
= il I5CNaNoO,
0.2
0.0 -
b 0.0 0.5 1.0 1.5 2.0
(b) E/V (vs.Hg/Hgcl,)

FIGURE 6. Anodic polarization curves of wrought HX in NaNO3 solution. (a) different concentrations; (b) different temperatures.
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FIGURE 7. Microstructure of wrought HX at different dissolution stages.
(a) before electrochemical dissolution; (b) at the end of passivation;
(c) transpassive dissolution stage; (d) corrosion layer expansion.

react with cations [38]. This was mainly due to the surface
integrity of the passivation film being further damaged by
the chelation effect of the anions and cations [39], [40]. Dur-
ing the metal dissolution process in the transpassive region,
the oxygen evolution reaction proceeded in parallel. As the
anodic potential increased, the preferential local corrosion
region of passivation film gradually expanded and micro-
crack propagation began to occur in the grain or at the grain
boundary. At the end of crack propagation (at about 1.5 V
in Fig. 5), Fig. 7d clearly indicates that the average width of
the corrosion layer cracks was about 2 pm.

The EPMA analysis further determined surface products
of wrought HX before and after electrochemical testing.
Fig. 8a presents micro-morphology of before the electro-
chemical etching; Also, Cr and Mo elements were found to
be uniformly distributed on the surface of matrix or enriched
on the surface of gray particles, as indicated in Fig. 8b.
Micro-morphology of the corrosion crack propagation is
shown in Fig. 8c, and the surface microcracks were inter-
digitate with each other, which divided the corrosion layers
into individual island-like regions. It should be noted that
the local corrosion on the HX matrix preferentially occurred
near the M»3Cg or on the boundary. Finally, the corrosion
pits evolved into microcracks. In addition, the effect of
micro-corrosion galvanic cells between the molybdenum-rich
and molybdenum-depleted regions resulted in the microc-
racks gradually expanding along the depth (Fig. 8d). As can
be seen in Fig. 8d, the content of Ni and Fe in the region
of the crack were not found to significantly decrease. Ni,
Fe, and Cr were also severely depleted in the island region,
which indicated that the corrosion continued to expand along
the width direction. Subsequently, the width of the microc-
racks continued to expand with shrinking islands, and even-
tually the islands disappeared completely. The complete
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disappearance of the island-like regions is depicted in Fig. 8e.
It is worth noting that the rich oxygen on the M»3Cg is pre-
sented in Figs 8d-f. One possible explanation is that residual
electrolytic products (Cr-enriched and Mo-enriched) attached
to M»3Cg particle surface.

2) SURFACE CORROSION PRODUCTS ANALYSIS
Microstructure characterization of wrought HX cross sec-
tions after solution annealing revealed the typical Fig. 9a
further reveals the quantitative XPS full spectrum analysis
of wrought HX before and after electrochemical testing. The
surface elemental contents of Ni, Fe, and Cr were dramat-
ically reduced and disappeared, suggesting that they were
converted into metal ions, hydroxides. Nevertheless, the con-
tent of oxygen in the surface products significantly increased
compared to the matrix, indicating that a large number of bro-
ken passive films formed in the surface corrosion products.
As indicated in Figs. 9b1-by, the compounds of the element
chromium on the matrix and products were mainly presented
as Cr and Cr,0O3, respectively. The related binding energies
of the Cr and Cr;O3 acquired from the XPS analysis were
found to be 573.8 and 576.6 eV, as shown in Table II. This
indicated that the electronic structure of Cr slightly changed
after electrochemical dissolution, and the content of Cr in
surface products was also found to be significantly reduced,
as indicated in Fig. 9a. This suggested that a number of Cr
compounds attaching to M»3C¢ carbides fell into the elec-
trolyte, while residual passivation film (Cr,O3) remained in
the surface corrosion products. Compared with Cr, the bind-
ing energy of Ni and Mo elements changed significantly,
as shown in Table II, further confirming the presence of other
components (e.g., NiO and MoQ3) in the residual surface
corrosion products. Therefore, it is possible to conclude that
the composition of broken passivation film compounds (NiO,
Cr;03, M003) and M»3Cg particles primarily remained on
the surface of block-shape corrosion layers.

D. ELECTROCHEMICAL DISSOLUTION MECHANISM

Based on our experimental analysis, an established model
was used to qualitatively depict the electrochemical disso-
Iution characteristics of HX in NaNOs3 solution. The basic
principle of anodic HX electrochemical dissolution using
10 wt.% NaNOs3 solution at 35 °C is depicted in Fig. 10.
As shown in Fig. 10a, the surface of HX was assumed to be
covered by a thin air-oxide film in the beginning [41],

Due to the strong oxidation of NO3~ ions in 10 wt.%
NaNOs solution, a passivation film (NiO or Cr;O3) was
formed on the wrought HX surface [42], as shown in Fig. 10b.
The matrix was covered by the passivation film, further slow-
ing the rate of ion exchange into the matrix [43]. This is
consistent with the findings of an apparent passive region
of the polarization curve in Fig. 5. Preferential dissolution
of M (Ni, Cr) occurred and released M* ions into solu-
tion. The following anodic and cathodic reactions may be
expressed as equations (1) and (2), respectively. The reactions
for the passivation film (M-oxides) formation on the surface
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FIGURE 8. EPMA results of wrought HX before and after electrochemical testing. (a), (c), and (e) show BSE morphology, (b), (d), and
(f) show the element distribution of wrought HX.
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FIGURE 9. XPS spectra of wrought HX and matrix surface products after Ar ion cleaning. (a) Quantitative XPS full spectrum analysis after Ar ion
cleaning. (a) Quantitative XPS full spectrum analysis results; (b) Cr 2p; (c) Mo 2p3/2; (d) Mo 3d.

and the final productions can be expressed as equations (3) MT 4+ OH™ — M OH 3)
and (4): M OH + OH™ — MO + H,O 4

+ -
M— M" +e (M At the end of the passivation stage (Fig. 10c), a large num-
2H,O + Oy +4e™+ — 40H™ 2) ber of NO3 ™ ions started to accumulate above the surface of
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TABLE 2. Binding energies and compounds of wrought hx and surface products acquired from xps analysis.

Binding energies Binding energies

Element Compounds on matrix on surface products
Clmet 573.8 -
Cr Cra0s - 576.6
. Nimet 852.4 -
Ni NiO - 855.0
Momet 228.0 -
Mo MoOs - 232.5
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FIGURE 10. Schematic of the electrochemical dissolution behavior of HX in NaNO3 solution. (a) Stage I: initial air formed film removal; (b) Stage II:
passivation film formation; (c) Stage IlI: passivation film attacked and desquamated; (d) Stage IV: matrix location corrosion and crack propagation.

the passivation film. The NO3 ™ ions then gradually diffused
into the film/solution interface from the electrolyte solution
with increasing potential, resulting in the heavy attack of
the passivation film. Furthermore, local corrosion near the
grain boundary (Fig. 7c) also occurred, which contributed
to the electrolyte solution penetrating into the crevice at the
film/matrix interface. When the repair rate of the passivation
film was less than its active dissolution rate, the local corro-
sion region of passivation film gradually expanded and began
to peel. Over time, the local corrosion propagation effect
also contributed to further fragmentation of the oxide layer
and its separation from the matrix, resulting in the complete
exposure of the matrix and the expansion of the dissolution
area. This further accelerated the corrosion rate of the matrix
with increasing density of the corrosion current. The primary
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reaction in this stage may be expressed as equation (5):
MO + 2NO3~ + HO - M(NO3 ™), +20H™ 5)

The passivation film layers were completely dissolved and
removed as current density increased, which led to the matrix
being exposed to the electrolyte, as indicated in Fig. 10d.
In addition, a large number of discontinuous M»3Cg particles
were exposed on the grain boundary of matrix region after
the passivation film was etched. This was consistent with
the exposure of Mo,C, Cr7C3 and Al4Cs carbides in the
dissolution process of stainless steel in molten FLiBe salt
by Zheng et al. [44]. For M»3Cg particles, a large number
of Cr elements were enriched on their surface due to the
segregation of Cr element (Fig. 8d), which led to a decrease in
the distribution of Cr elements and further accelerated local

62721



IEEE Access

Y. Yin et al.: Electrochemical Dissolution Behavior of Nickel-Based HX Superalloy at Low Current Densities

corrosion in the area around M»3Cq particles. On the one
hand, selective corrosion around the carbides was preferen-
tially caused by the fact that between M»3Cg particles and
matrix forms numerous tiny galvanic cells. On the other hand,
as an induced corrosion defect, M»3Cg particles may provide
a fast diffusion path for Cr and Mo elements on the grain
boundary, which resulted in element segregation and further
acceleration of the expansion in local corrosion areas. The
microcrack growth around the M»3Cg particles is depicted in
Fig. 7c.

In this acceleration stage of microcephalic cell corrosion
(Fig. 10d), the local corrosion propagation in the M»3Ce/y
interface near the grain boundary can occur below the pitting
potential, which may result in the propagation of the local
corrosion. Therefore, when local corrosion pits nucleate at
the site, it could accelerate micro-galvanic corrosion and
enlarge the depth of corrosion pits. Eventually, cracks in the
corrosion layer widened and gradually peeled off, exposing
the new matrix. In addition, the Ni, Fe, and Cr elements in
the matrix region are converted to Fe>*, Ni* and HCrO4~
during the electrochemical dissolution process, as reported by
M. A. Cavanaugh [45].

IV. CONCLUSION

This study investigated the electrochemical dissolution
behavior of wrought HX, and various electrochemical mea-
surement factors of this setup were investigated, including
electrolytes type, anodic polarization curves, and open-circuit
potentials. In particular, the microstructure characteristics
were systematically examined in the present study. This study
also highlighted the correlation between the carbides precipi-
tates and the electrochemical dissolution behavior of wrought
HX. The conclusions of this study may be summarized as
follows:

(1) The microstructure analysis revealed that fine equiaxed
crystals with strong random texture were formed in the
wrought HX; the precipitate phase in wrought alloy
HX was carbide, which was mainly distributed on the
grain boundaries or within the grains. The SADP and
EDS results confirmed that the gray particles were the
Cr-enriched and Mo-enriched M»3Cg type precipitates.

(2) Quantified comparison results between the open-circuit
potentials and the anodic polarization curves confirmed
that they were more stable in NaNO3 solution than in
NaCl solution during the electrochemical dissolution
process for wrought HX. An appropriate temperature
(35 °C) and concentration (10%) contributed to achiev-
ing an efficient dissolution process in NaNO3 solution.

(3) EPMA showed that the residual passivation film com-
pounds were examined to easily adhere to the corrosion
layers surface, especially the areas enriched M»3Cg
particles. XPS results demonstrated that the surface
corrosion products were mixtures of NiO, Cr,O3, and
MoOs.

(4) The selective dissolution of the wrought HX matrix
was achieved because both the segregation on the grain
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boundaries and the presence of M23Cg carbides in the
grain boundaries could contribute to the formation of
a number of preferred sites for corrosion galvanic cells
between M»3Cg and the y matrix, resulting in the for-
mation of micro-corrosion cracks.
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