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Abstract: In this work, three composite structures of nickel-aluminum bronze (NAB) bonded with
SUS630 stainless steel with different intermediate layers were fabricated by laser deposition. The
microstructure and corrosion behavior of NAB in 3.5 wt.% NaCl solution were studied. The NAB
coating directly deposited on steel substrate contains a large number of Fe-rich dendrites due to the
dilution by laser energy and the Cu-Fe liquid phase separation characteristics. The microstructures of
NAB were independent and isolated well from the steel substrate when the nickel intermediate layer
was applied. Immersion corrosion and electrochemical tests indicated that the composite structure
with the nickel intermediate layer presented better corrosion resistance than direct deposited the
NAB coating, especially with the NiCr alloy intermediate layer, which led to a shallower corrosion
depth and formed a denser layer of protective corrosion products.

Keywords: nickel-aluminum bronze; laser deposition; depositing microstructure; corrosion resistance

1. Introduction

Nickel-aluminum bronze (NAB) is a class of alloy with high fatigue strength and
seawater corrosion resistance, good casting performance, and availability to be machined
and repaired by welding, that has become the preferred material for various types of
propellers [1-3]. This material is formed by adding a small amount of Ni, Fe and other
alloying elements into a Cu-Al matrix. Due to its low tensile strength (about 600 MPa),
in order to bear the huge load, the NAB propeller has to be designed very large in size.
The traditional manufacturing method for the NAB propeller is integral casting, but the
casting process of large parts is prone to defect generation such as shrinkage porosity,
shrinkage cavity and cold insulation [4]. Compared to casting NAB, stainless steel has
better tensile properties, which can be used for weight reduction of the original parts design
to achieve the same specific strength. Combining the advantages of both steel and bronze,
a composite structure can be constructed using the steel as the substrate and bronze as the
coating, which can achieve high strength, corrosion resistance and cost reduction at the
same time. However, such composite structure arises a crucial problem of metallurgical
bonding between the coating and the substrate.

Various methods were taken to obtain a steel-copper bimetallic alloy, such as friction
welding for copper and low-carbon steel with the maximum shear strength more than
200 MPa, electrodeposition-diffusion method for carbon steel and gradient copper layers
and laser welding for brass and 304 stainless steel with the largest joint force of 89 N. These
methods cannot be applied for the high-strength anticorrosive structures due to the strict
joint shape requirements or insufficient bonding strength. Furthermore, modern coating
techniques are considered to obtain NAB coatings. Barik et al. [5] fabricated NAB coating
by thermal spraying and studied its erosion—corrosion performance. However, the porosity
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of the coating was about 1%, which is detrimental to the anti-corrosion performance of
the coating, because the electrolyte could penetrate the coating, reducing the life of not
only the coating itself but also the substrate. Hyatt et al. [6] fabricated NAB alloy by laser
cladding and a dense NAB layer with little defects was successfully fabricated. Therefore,
it is feasible to deposit NAB coating using metallurgical methods.

The corrosion resistance can be further improved by changing the composition of
the protecting layer. Qin et al. [7] modified the surface microstructure by chromium ion
implantation, the intrinsic selective phase corrosion of as-cast NAB was effectively inhibited
when the implantation rate was 5 x 107 ions/cm?. They suggested that the improved
corrosion resistance after ion implantation was due to the rapid formation of protective
films containing chromium oxide and hydroxide. Luo et al. [8] used a thermal diffusion
method to modify the surface of the NAB alloy, using the intrinsic characteristics of Cu, Ni
and Al and their diffusion systems to form a gradient structure. The results showed that
the corrosion of the outer layer of the Ni-Cu solid solution was not severe and the corrosion
was uniform, indicating that the thermal diffusion modification coating could effectively
improve the selective phase corrosion of the NAB alloy. It provides an inspiration that
the diffusion of nickel in copper alloy can be achieved from a partially diluted nickel
substrate in the laser processing; therefore, nickel alloy is considered as the intermediate
layer between the steel substrate and NAB coating. In order to retain the type of elements
in the NAB coating, the composite structure scheme with a NiAl intermediate layer is
proposed. Moreover, considering the excellent corrosion resistance of chromium element,
NiCr alloy can be selected as the intermediate layer.

The aim of this research is devoted to achieving a multi-metallic structure of de-
posited NAB alloys reinforced by SUS630 stainless steel with different intermediate layers
to maintain the corrosion resistance of NAB. The microstructures and electrochemical
measurements of NAB alloys were determined. In particular, the contribution of a Ni-based
intermediate layer for the improvement of corrosion resistance is investigated.

2. Materials and Methods
2.1. Materials

SUS630 stainless steel was selected as the substrate material with a dimension of
100.00 (£0.02) mm x 100.00 (£0.02) mm x 20.00 (£0.02) mm in this experiment. The
surface was cleaned with acetone and ethanol. NAB, KF-6 and KF-306 powders were
selected as coating materials with the particle size of 53 um~120 um and dried at 120 (£5)
°C for 3 h. Table 1 shows the chemical composition of the powders.

Table 1. The chemical composition of powders in this study.

Material Element (wt.%)

Name Cu Al Ni Fe Cr
NAB 81.1 10.8 4.1 4.0 -
KF-6 - 5.0 95.0 - _

KF-306 - - 80.0 - 20.0

2.2. Forming Composite Structures

Three composite structures were fabricated using a TruDiode 3006 fiber laser device
from TRUMPF: one is NAB coating deposited on steel directly, and the other two are
composite structures with different nickel-based intermediate layers in between steel and
NAB coating. The material and dosage schemes are listed in Table 2. For the convenience
of the following analysis, the three groups of specimens are named as N-1, N-2 and N-3,
respectively. A same set of processing parameters was applied: spot diameter of 3.2 (£0.01)
mm, multi-channel overlap ratio of 50 (+1)%, scan speed of 1000 (+5) mm/min, laser
power of 2400 (£5) W for NAB and 1500 (£5) W for nickel based alloys, respectively.
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Table 2. The material and dosage schemes used.

Specimen Substrate Intermediate Outer Dosage of Layer 1 Dosage of Layer 2 (Outer
Group Layer Layer (Intermediate Powder) (g/cm?) Powder) (g/cm?)
N-1 SUS630 - NAB - 2.9
N-2 SUS630 KF-6 NAB 1.7 29
N-3 SUS630 KF-306 NAB 17 2.9

2.3. X-ray Diffraction

The phases of the coatings were analyzed by X-ray diffractometer (XRD, DSADVANCE,
BRUKER, Cu K radiation source, voltage: 40 kV, current: 40 mA) at a continuous scanning
speed of 2° /min.

2.4. Scanning Electron Microscopy (SEM)

The samples were mechanically ground until 2000# sandpaper, and polished with
3 um and 1 pm diamond polishing agents. The polished surfaces were etched with a
solution of 5 g FeCl3 + 25 mL HCI + 100 mL H,O. The thickness of NAB coatings as
well as the intermediate layer were measured by an optical microscope (Olympus GX51,
Olympus Corp., Tokyo, Japan). A scanning electron microscope (SEM, Zeiss Supra 55, Zeiss
Corp., Jena, Germany) equipped with energy dispersive spectroscopy (EDS) was used for
microstructure characterization. Backscattered electron imaging (BSE) was carried out to
distinguish the surface topography and surface chemistry.

2.5. Tensile Property

On the basic NAB layer, five more layers were deposited for a bonding strength
test. The tensile samples were built along the steel-bronze longitudinal direction with the
interface(s) located in the center. The gauge distance and thickness were 10 mm and 1.4 mm,
respectively. The test was performed with a CMT 5305GL machine at room temperature
with a load speed of 0.1 mm/min.

2.6. Corrosion Resistance Tests
2.6.1. Electrochemical Measurements

The samples were cut into 10.00 (£0.02) mm x 10.00 (£0.02) mm x 8.00 (+0.02) mm,
backed with copper wires, and embedded in epoxy resin ensuring an exposed area of
1.00 (£0.01) cm? for electrochemical test. All samples were ground and polished. They
were washed with distilled water, dried in cold air, and quickly transferred into 3.5 wt.%
NaCl solution. Electrochemical measurements were tested at 25 (£5) °C.

Experiments were conducted using a Gamry Reference 600 potentiostat (Gamry In-
struments Inc., Philadelphia, PA, USA). A three-electrode single-compartment glass cell
was used. The deposited alloy was used as the working electrode, a large platinum foil
with dimensions of 2.0 cm x 2.0 cm was used as the counter electrode and an Ag/AgCl
electrode (saturated KCI electrode, electrode potential 0.1981 V vs. standard hydrogen
electrode) was selected as the reference electrode.

In order to be steady-state, all samples were immersed in a corrosive medium for
20 min, and triplicate experimentation was used. The potentiodynamic polarization was
carried out at the potential from —300 mV to 300 mV relative to open circuit potential
(OCP) with a scan potential step of 0.5 mV. Although a 0.5 mV /s was adopted in this stage
of the experimentation, it was remarked that this selection was based on the fact that no
substantial distortions were provided in the polarization curves obtained. In this sense, it
was worth noting that the potential scan rate had an important role in order to minimize
the effects of distortion in Tafel slopes and corrosion current density analyses, as previously
reported [9-12].
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2.6.2. Electrochemical Impedance Spectroscopy

The EIS measurement on electrochemical samples was performed at OCP frequency
ranging from 10° Hz~10~2 Hz with the AC signal of 5 mV. The EIS data were fitted and
analyzed using the Zsimpwin 3.10 software package.

2.6.3. Corrosion Behavior

Immersion corrosion tests, following the ASTM G31-72 standard, were carried out
to evaluate the formation of corrosion products. Gravimetric measurement was done to
assess for corrosion. Samples were weighed before and after immersion using a Mettler
Toledo ME104 analytical balance with an accuracy of 0.1 mg. Images of the samples were
taken after this process using a Canon EOS 70D digital camera. The corroded samples were
embedded with epoxy resin, sawed after solidification and ground until 2000# sandpaper
and polished until 1 pm. Then, the corrosion depth was observed by using a secondary
electron probe of an electron microscope.

3. Results and Discussion
3.1. Depositing Microstructure and Composition

The composite structure consisted of a Ni-based intermediate layer and a NAB coating,
with the thickness of 0.6-0.8 mm and 1.6-1.8 mm, respectively. The microstructures of the
cross-section of the composite structures are shown in Figure 1. It can be observed that
the microstructures of the composites are very different with and without an intermediate
layer. The chemical compositions of the points are marked by the red cross and the upper
zone of the NAB layer in Figure 1 is listed in Table 3. As seen in Figure 1a,b, the columnar
and dendritic grains can be observed above the interface. The grains near the top surface
are finer than that of near the interface. The grain type and size are determined by the ratio
of solidification rate (R) and the temperature gradient (G). In the region near the fusion
line, the temperature gradient G is largest here, and the solidification rate R is almost zero.
Due to the constitutional supercooling condition, the solid-liquid interface grows in planar
manner with slow speed from the interface towards the liquid phase. Any small bulges
on the solid-liquid interface will be melted by the superheated area of the liquid; thus,
solid liquid interface moved forward with a planar interface. As away from the fusion line,
G decreases and so does the ratio of G/R, so that the planar interface becomes unstable
and the grains grow in a cellular manner and eventually grow into cellular and columnar
dendrites. The thermal process during the laser depositing enhanced the element dilution
at the interface so that extra steel melt mixed into the molten pool by the Marangoni force
and subsequently solidified in the NAB layer. According to the Cu-Fe phase diagram [13],
Fe has limited solubility in Cu, so that Fe-rich dendrites were observed in the NAB layer.
Different from N-1, coarser «-Cu and fewer k phases formed in the NAB coatings of N-2,
which grew on the NiAl alloy intermediate layer, as seen in Figure 1c,d. The dark lines
at the grain boundaries could be NiAl precipitates [14]. No Cr content was detected in
Area 2, which indicates that the NAB was isolated well from steel by the intermediate layer.
Figure 1le,f shows the different features from N-2. Few dark lines along boundaries could
be seen, and grey columnar and dark cellular dendrites formed among the «-Cu. The raw
material KF-306 contains 20 wt.% Cr, and the content of Cr in Aera 3 was measured as
1.9 wt.%. According to the Cu-Cr phase diagram [15], eutectic reaction occurs at 1076 °C
when Cr content is 1.27 wt.%. Therefore, it is presumed that the dark regions in the NAB
layer were Cr solid solution and Cu-Cr eutectic.
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Figure 1. SEM micrographs of the top region and interface region of cross-section: (a,b) N-1, (c,d)
N-2 and (e, f) N-3.

Table 3. The chemical composition of NAB alloys.

Chemical Composition (in wt.%)

Position

Cu Al Ni Fe Cr

P1 84.6 7.1 49 34 -
P2 21.9 5.6 55 56.1 10.9

P3 79.7 8.7 8.6 3 -

P4 52.9 11.3 25.8 10.0 -
P5 77.2 9.5 8.8 3.3 1.2
P6 58.6 14.7 17.6 59 3.2

Areal 75.2 9.8 3.8 11.2 0

Area2 73.2 10.4 12.4 4 0
Area3 72.3 10.9 10.8 4.1 1.9

The XRD analysis was carried out to further determine the presence of the phases in
the deposited layer (Figure 2). Similar diffraction peaks in patterns can be observed for the
three samples. Due to the similarity in composition and crystal structure, the diffraction
peaks of a-Cu and (3’ phases overlapped [16], and so did «-Cu and Fe. It is observable that
the microstructure of the deposited layer mainly consists of the «-Cu phase, some portion
of retained B (B’) and series of intermetallic k precipitates. Especially, the surfaces tested
by XRD include both the deposited coating, so that nickel phases existed in N-2 and N-3.
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Figure 2. X-ray diffraction patterns of the cladding cross-sections.

3.2. Physical-Mechanical Property

Figure 3 shows the tensile stress—strain curves of as-deposited NAB alloy and three
composite structures. Table 4 lists the room temperature tensile results of the samples. The
tensile strength of the three specimens exceeds the strength of as-deposited NAB. Figure 4
shows the tensile fractographs. The fracture occurred on one side of the NAB, and there
were many dimples on the fracture surface, indicating that N-1 is a ductile fracture. Both
N-2 and N-3 fractured near the intermediate layer. N-2 has the lowest elongation among
all samples, few dimples and cleavage planes can be found in its fracture surface. The
liquation crack of intermetallic compounds caused by the high Al content of the NAB near
the interface was probably the main reason for the fracture.

Stress (MPa)

1000

800

600

400

200

As-deposited NAB
—N-1
N-2
—N-3

Strain (%)

Figure 3. Tensile stress—strain curves.

Table 4. Mechanical properties of the different composite structures.

Sample op, (MPa) Elongation (%)
As-deposited NAB 669 + 10.4 1746 £1.2
N-1 767.80 = 7.3 12.89 £ 1.0
N-2 891.54 + 8.5 6.87 £ 0.5
N-3 731.05 £ 6.7 9.44 £+ 0.6
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Figure 4. The fractographs of (a) N-1, (b) N-2 and (c) N-3.

3.3. Corrosion Behavior in 3.5 wt.% NaCl Solution
3.3.1. Morphology and Composition

Figure 5 shows the surface morphologies of the samples after immersing in 3.5 wt.%
NaCl solution for different periods. N-1 samples exhibited the most severely corroded
appearance. Red rust and green corrosion products were formed on the surface after
7 days, and much more after 21 days. Obvious green corrosion products appeared on N-2
after 14 days, and green corrosion products could not be clearly observed in N-3 until 21
days of immersion.

Figure 5. Photos of surfaces immersed in NaCl solution after 0, 7, 14 and 21 days of (a-d) N-1; (e-h)
N-2; (i-1) N-3.

Figure 6 shows the weight changes of samples after different immersed time compared
to their own original weight value before immersion. N-1 lost the most weight after
immersed for 7 days, and the weight loss was lower after 14 days than that of 7 days. The
weight change turned to an increase after immersed for 21 days. N-2 lost weight after
immersed for 7 days and then the weight changes displayed an increase as the immersed
time got longer. The weight of N-3 increased higher and higher from 7 days. Mass changes
did not show a stable trend. The reasons for weight change most likely related to the
formation of corrosion product film, film dissolution, cation dissolution of matrix and
other factors.
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Figure 6. Curves of mass changes after different immersed periods.

In order to determine the corrosion products of the NAB layer, XRD tests were car-
ried out on the alloy surfaces that immersed for 21 days, and the results are shown in
Figure 7. The phases on the surfaces are mainly o¢/3’, k, and copper chloride hydroxides
(Cup(OH)3Cl), as well as FeO particularly in N-1. The corrosion products of Al, Ni and
Cu (intermediate product—Cu,0O) was not found by XRD, which may be caused by the
resolution of the XRD. The specimens were re-inlaid and prepared for observation of the
corrosion product layer. Figure 8 shows the cross-sections of three groups immersed in
3.5 wt.% NaCl solution for different periods. The corrosion depth increased with the in-
crease of immersion time, and the maximum corrosion depth was 3.4 (+0.1) um, 2.0 (£0.1)
um and 1.8 (£0.1) um, respectively. The most obvious corrosion occurred on the Fe-rich
dendrites of N-1 that was without an intermediate layer (Figure 8a—d). According to the
EDS result of point 2 shown in Table 3, the iron content was measured to be 56.1 wt.%.
Compared with other phases, the Fe-rich dendrites with lower potential were preferentially
corroded as the anode consecutively. The obvious corrosion of N-2 also occurred on the
dark phase, but with a shallower depth (Figure 8e-h). With the nickel content of the NAB
layer high up to 12.4% (Aera 2 in Figure 1), the corrosion product film gets denser with the
increase content of nickel in the NAB alloy [17], and the local corrosion of the NAB can
be significantly alleviated to better protect the matrix from further damage of corrosive
medium. As seen from Figure 8i-1, the upper zone of the NAB layer with chromium
content of 1.9% showed uniform corrosion, and the corrosion depth was very shallow. The
addition of chromium contributes to the formation of corrosion product films with stronger
protection and densification, preventing the dissolution of metal ions [7].

80,000
A @/ (#65-9026) FeO (#06-0615)
70,000 - ® x (Fe3AL #65-0380, + Copper chloride hydroxides
NiAl #65-3199) (#30-0473) Cu,0 (#65-3288)
60,000 - N-3 A R .
D SN JE J.'A;i—_}t_-“~ A
—~ 50,000 3
3
3
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3 .
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| | e s
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Figure 7. X-ray diffraction patterns of the surfaces immersed for 21 days.
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Figure 8. The cross-sectional morphologies of three groups after immersed in 3.5 wt.% NaCl solution
for different periods: (a—d) N-1; (e-h) N-2; (i-1) N-3.

3.3.2. Polarization Measurements

Figure 9 shows the potentiodynamic polarization curves of NAB coatings with dif-
ferent intermediate layers as well as the steel substrate in 3.5 wt.% NaCl solution. The
corresponding corrosion current density (icorr) Was determined by the Tafel extrapolation
method. The i of N-1, N-2 and N-3 were 7.82 (£0.5), 4.65 (+0.5) and 4.09 (£0.4) pA
cm 2, respectively. The corresponding corrosion potential (Ecorr), Tafel slopes (b, bc) and
the polarization resistance (Rp) calculated by the Stern—Geary relation [18] are listed in
Table 5. This indicates that the NAB coating with the Ni-based intermediate layer exhibited
a lower corrosion rate, and N-3 possessed a better corrosion resistance among all samples.
The higher the R}, values of N-2 and N-3, the higher the resistance to corrosion [19]. The
corrosion current density of SUS630 stainless steel was measured as 0.13 (+0.2) pA-cm ™2,
which was lower than that of the deposited NAB alloy, but the steel was rarely consid-
ered as propeller or other load bearing components to directly cope with seawater corro-
sion because of its high pitting propensity in the media containing chloride ions [20,21].
Figure 10 shows the surface morphologies of N-3 and SUS630 steel examined by confocal
laser scanning microscopy after polarization. The pitting corrosion could be clearly seen on
the surface of the steel samples, which was consistent with the polarization result shown in
Figure 9 as the pitting potential presented in the curve. On the contrast, no obvious pit was
found on the surface of the polarized N-3.
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Figure 9. Potentiodynamic polarization curves measured in 3.5 wt.% NaCl solution.

Table 5. Potentiodynamic polarization parameters of NAB coatings on different intermediate layers
in 3.5 wt.% NaCl solution.

Sample icorr (A/lcm?)  Ecorr (mV) b, (mV dec™ 1) b (mVdec!) Ry (Qcm?)

N-1 7.82 x 107° —248 61.02 —223.10 2810
N-2 4.65 x 1070 —255 82.23 —296.03 5275
N-3 4.09 x 107° —252 79.60 —216.98 4865

0.000 200.000 400.000 600.000 800. 000 1200. 000 1420. 131

Figure 10. Surface morphologies after polarization: (a,b) NAB depositing and (c—e) SUS630 steel.

The Fe-rich dendrite formed by liquid phase separation has a lower potential compared
to «-Cu, so N-1 alloy presented a higher current with potential difference. For N-2 and N-3,
the nickel-based intermediate layer prevented excessive iron from the substrate mixing
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into the NAB layer. Additionally, with the increases of nickel content in the NAB, the
content of nickel in the « phase also increased. As nickel is the element with the highest
potential in the NAB alloy, the increase of nickel content in the « phase increased the
surface potential of the o phase and reduced the potential difference between the & and «
phases, which reduced the driving force of selective phase corrosion and alleviated selective
phase corrosion [17]. Compared with the icorr Of 3 HA cm 2 [22] and 20 (£1) pA em 2 [23]
of as-casted NAB alloys, the icorr Of the deposited NAB from the composite structure
are comparable.

3.3.3. Electrochemical Impedance Measurements

Figure 11 shows the Nyquist plots of the filmed as-deposited NAB layer after different
immersed periods in 3.5 wt.% NaCl solution. It can be seen that the trend of the Nyquist
plots of the three NAB alloys were significantly different. At the initial stage of immersion,
the impedance modulus of NAB alloys with different components were similar in the low-
frequency region. As the immersed time increased, the difference of impedance modulus
at the low-frequency region increased gradually. For the single NAB layer (Figure 11a),
it exhibited similar impedance characteristics, consisting of a capacitive loop in the high-
frequency region and a straight line in low-frequency region. Warburg impedance in the
low-frequency region indicated that the reaction rate of the electrode reaction process was
controlled by the diffusion step, which might be related to the diffusion process of dissolved
oxygen from the solution to the electrode surface or the diffusion process of Fe dissolved
products from the electrode surface [24,25]. After a several days, Nyquist curves of N-2
and N-3 showed a downward flattened capacitive semicircle at the high-frequency region,
and a straight line at the low-frequency region (Figure 11b,c). The radius of capacitive plots
at high frequency reached their own peak value after 4 immersion days of N-2 and 7 days
of N-3, respectively. With the increase of immersion time, the low-frequency straight lines
(Warburg impedance) of N-2 and N-3 gradually disappeared, and the radius decreased.
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Figure 11. Nyquist plots of NAB alloys after different immersion periods in 3.5 wt.% NaCl solution:
(a) N-1; (b) N-2; (c) N-3.
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In general, the semicircle at the high-frequency region is related to the charge transfer
resistance (R¢t) on the exposed electrode surface and the film resistance (R¢) on the electrode
surface, while the straight line in the low-frequency region corresponds to the Warburg
impedance, which is closely related to the diffusion process. At the initial immersion stage,
the charge transfer resistance was small, and the reaction rate of electrochemical step was
much faster than the diffusion rate of the reactants, which appeared on the Nyquist plots as
the presence of clear Warburg resistance in the low-frequency region. With the increasing
immersed time, the interfacial reaction resistance of the corrosion film formed on the
electrode surface increased significantly and became the main factor limiting the corrosion
process. The reaction rate of the electrochemical step was far less than the diffusion rate
of the reactants. The electrode process was mainly controlled by the electrochemical step,
which was shown in the Nyquist plots as the disappearance of the Warburg impedance
in the low-frequency region. The Nyquist plots of deposited NAB from the composite
structure exhibited a similar shape with only one semicircle to that of as-cast NAB alloy at
longer immersion times [23]. The diameters of their semicircles were comparable due to
their protective product film.

Figure 12 shows the Bode plots of three deposited NAB layers. The impedance
modular |Z 11, of N-1 was in the range of 2527 and 4948 () cm?, and that of N-2 and N-3
were about one order of magnitude higher than N-1 after more than 4 days’ immersion.
The |Z1| vs. frequency plots presented a very large linear characteristics, especially in
the immersion time longer than 4 days, which corresponded to the vanishing Warburg
line. The phase angle vs. frequency Bode plots shows a higher peak after more than
4 days of immersion, with the maximum phase angle approaching 67°. Compared with
N-1, the maximum phase angle of N-2 and N-3 becomes wider and moves to the direction of
lower frequency. It is inferred from these characteristics of Bode plots and XRD results that
corrosion products gradually generated and formed a dense layer of corrosion products to
play a protective role [26]. The addition of the intermediate layer significantly increased the
protective properties of the deposited coating. The addition of nickel alloy promoted the
formation of Cu,O film very quickly, and surface coverage of the film was larger [27,28]. A
longer immersion period and an increased content of nickel contributed to the formation of
a better protective surface film on the NAB alloy [29].
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Figure 12. Bode plots of NAB alloys after different immersion periods in 3.5 wt.% NaCl solution:
(a) N-1; (b) N-2; (c) N-3.
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In order to analyze the corrosion behavior of the alloy quantitatively in the corrosion
process, several equivalent circuit models were used to fit the EIS curves [8,22,30-32].
The EIS curves of N-1 were fitted with the equivalent circuit model in Figure 13a, which
was also used for 0 day and 1 day of both N-2 and N-3. The curves of N-2 and N-3 at
4-21 days were fitted with the model in Figure 13b. The equivalent circuit models consisted
of solution resistance Rs, a pair of Q¢ and corrosion product film resistance R¢ and a pair of
Qg1 and charge transfer resistance Rt and Warburg element W were selected to fit EIS plots.
Constant phase element CPE representing double-layer capacitance and Warburg element
W were selected to fit EIS plots. CPE was related to the heterogeneity of the electrode
surface and the roughness or porosity of the surface [26]. In order to analyze the equivalent
circuit and simulate the experimental data, a CNLS (complex non-linear least squares)
simulation was adopted in Figures 11 and 12 [33,34]. The effective capacitance [35,36]
associated with the CPE can be expressed as:

Ceff = Qxl/nx Rx(l—nx)/nx’ (1)

where Qx and n, were the fitting values of the CPE, R, was the corresponding resis-
tance in the parallel circuit. The fitting quality between experimental and simulated data
was determined when chi-square (x?) values were analyzed [34]. The fitting parameters
are listed in Table 6 and the x? values are all below 10%, indicating a good fit with the
measured data.

CPEyn CPEn
1 | —

Figure 13. The equivalent circuits used in fitting of the impedance data: (a) with Warburg;
(b) without Warburg.

Table 6. Impedance parameters of NAB coating electrode in 3.5 wt.% NaCl solution at different
immersion periods.

Immersion
Samples  Period (0, e e Fely ™ qen W X
(Day)
0 4.80 1.71 x 107* 0.77 75.26 487 x 107 0.58 870 0.00272 2.87 x 107
1 6.51 1.82 x 107* 0.83 291 461 x 107 0.70 2035 0.00154 494 x 10*
N-1 4 6.81 216 x 1074 0.75 2 551 x107% 075 3049 0.00346  1.09 x 1072
7 10.51 3.65 x 104 0.73 16 6.20 x 10> 0.90 3332 0.00127 3.80 x 1074
14 7.14 5.89 x 1074 0.76 951 7.05 x 10~ 0.91 1805 0.00284 791 x 10~*
21 6.19 531 x 107* 0.80 843 8.58 x 10~ 0.73 1444 0.00334 9.99 x 10~*
0 7.05 7.74 x 1073 0.80 508 6.97 x 1073 0.77 995 0.0034 1.23 x 1073
1 7.27 1.77 x 10~* 0.86 2766 141 x 1074 0.87 3906 0.00199 743 x 107
N2 4 10.36 1.26 x 10~* 0.82 8 241 x107% 087 60,650 - 522 x 1074
7 10.88 2.06 x 1074 0.85 2766 6.23 x 10~* 0.57 39,570 - 1.17 x 1073
14 5.90 1.88 x 10~% 0.85 1380 2.08 x 1074 0.60 30,420 - 7.56 x 10~*
21 6.23 3.35 x 10~* 0.83 2196 5.89 x 10~ 0.68 51,470 - 1.07 x 1073
0 5.47 415 x 106 0.83 2 1.87 x 1074 0.75 1522 0.00283 460 x 1074
1 6.96 1.72 x 10~* 0.85 1460 221 x 107 0.81 3146 0.00217 426 x 107
N-3 4 5.86 257 x 1074 0.80 15,730 218 x 107 056 32,130 - 3.70 x 1074
7 11.09 1.33 x 10~* 0.84 9812 6.53 x 107> 0.76 80,120 - 8.12 x 107*
14 6.17 1.89 x 10~* 0.81 2344 1.45 x 1074 0.69 59,770 - 348 x 1074
21 7.13 2.06 x 1074 0.82 938.3 6.05 x 1074 0.60 85,100 - 2.27 x 1073
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In the whole cycle, Rf and R of the three schemes gradually increased at the be-
ginning, then decreased after several days, and increased again afterwards, indicating
that the gradual formation of corrosion product film hindered the charge transfer, and
the dissolution of corrosion product film co-existed with the formation process. There
are two possible reasons for the decrease in impedance. The further formation of basic
copper chloride through coordination reaction is relatively loose and easy to absorb water,
which has a destructive effect on the protective film. Due to the higher anodic potential,
the corrosion product film dissolves with the increase of immersion time. Therefore, icorr is
observed to increase slightly with the increase of immersion time. Local impact corrosion
of chloride ions leads to the loss of dissolution of Cu,O film [37]. After the protective film
is destroyed, exposed NAB continues to play a protective role through the formation of
corrosion products.

4. Conclusions

In this work, dense multi-metallic structures were fabricated by laser deposition.
The formation of microstructure and corrosion behavior of NAB coatings with different
intermediate layers were studied. The key conclusions are as follows:

(1) Dense NAB coatings could be produced by laser deposition and the microstructure
was determined by the composition of the diluted substrate. The coating was mainly
composed of «-Cu, Fe-rich dendrites and k phases when NAB was deposited on the
foundation of stainless steel where a large amount of melted iron elements flew along the
molten pool. With the nickel intermediate layer, fewer iron dendrites were independent
in the NAB coating and the coating was isolated well from the steel substrate. The NAB
coating on KF-6 alloy formed a lot of NiAl intermetallic compounds, whereas the NAB
coating on KF-306 alloy formed Cr solid solution and Cu-Cr eutectic.

(2) Two electrochemical results showed that the corrosion resistance of NAB coating
could be improved by depositing a nickel intermediate layer. Due to the presence of
excessive iron with low self-corrosion potential, the corrosion performance of NAB coating
deposited directly on steel substrate was the worst. Both the NAB layers on KF-6 and
KF-306 presented good corrosion resistance due to the prevention from ions and the
introduction of nickel that increased the potential of the phase, thus reduced the driving
force of the microgalvanic corrosion of the NAB alloy. Furthermore, the NAB coating on
KEF-306 exhibited better due to chromium that contributed to the formation of corrosion
product films with stronger protection and densification.
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