
Materials Science & Engineering A 853 (2022) 143796

Available online 17 August 2022
0921-5093/© 2022 Elsevier B.V. All rights reserved.

Research on plasma arc additive manufacturing of Inconel 625 Ni–Cu 
functionally graded materials 

Yanhu Wang a,b, Sergey Konovalov a,b, Xizhang Chen a,b,*, R. Arvind Singh a, S. Jayalakshmi a 

a Zhejiang Provincial Key Laboratory of Laser Processing Robotics, College of Mechanical and Electrical Engineering, Wenzhou University, Wenzhou, 325035, Zhejiang, 
China 
b Siberian State Industrial University, 42, Kirova Str, Novokuznetsk, 654007, Russia   

A R T I C L E  I N F O   

Keywords: 
Additive manufacturing 
Functionally graded materials 
Mechanical properties 
Corrosion 

A B S T R A C T   

In this work, a plasma arc additive manufacturing technique with a double-wire feedback mechanism was used to 
manufacture Inconel 625 Ni–Cu functionally graded materials. The microstructure, mechanical properties and 
corrosion properties of the deposited alloy were evaluated. Microstructure observation and tensile testing of parts 
with different element contents indicated that functionally graded materials were obtained through the 
manufacturing process. The results have shown that due to the very high growth restriction factor Q of Cu, its 
addition can increase the constitutional supercooling zone, resulting in a decrease in columnar and dendrites and 
an increase in equiaxed crystals in the Inconel 625 Ni–Cu functionally graded material, as well as changing the 
Schmid factor (SF) distribution. The tensile strength and ductility of the Inconel 625 Ni–Cu functionally graded 
materials increased with increasing Cu content, while the corrosion resistance of the alloy decreased with 
increasing Cu content during electrochemical corrosion tests.   

1. Introduction 

Functionally graded materials (FGMs) are a new type of composite 
material in which two or more materials are combined with continuous 
gradient changes in composition and structure, resulting in a gradual 
change in properties and functions. Its design requires that the function 
and performance vary with the change in the internal position of the 
component, and this can be satisfied by optimizing the overall perfor-
mance of the component. FGMs were proposed by Noda [1] based on 
observations of naturally grown materials and structures, such as bone, 
wood and teeth, which consist of graded structures and exhibit prop-
erties that surpass those of the individual component materials [2–6]. 
FGMs can be classified into two major categories. From the perspective 
of material combinations, FGMs can be divided into metal/alloy, met-
al/nonmetal, metal (nonmetal)/ceramic and other combinations, so a 
variety of materials with special functions can be obtained. From the 
perspective of the change in material composition, FGMs can be divided 
into (1) functionally graded coating types, that is, coatings with gradual 
compositions formed on the base material. (2) The gradient functional 
connection type, that is, the composition of the seam bonded between 
the two substrates, changes in a gradient. (3) Gradient functional 

integral type, that is, a structural material with a gradient of material 
composition from one side to the other. FGMs have huge application 
potential in aerospace, biomedical engineering, sensors, and energy 
areas [7,8]. 

In terms of the geometry of FGMs, there are two categories of FGMs: 
thin film/coating and bulk. Currently, the conventional manufacturing 
methods for thin film/coated FGMs mainly include vapor deposition 
[9–11] and liquid phase processes [8,12]. Zhang [8] found that vapor 
deposition has high energy consumption and a long cycle. Yan [13] 
reported that powder metallurgy cannot produce continuous grading, as 
powder mixing and stacking should be performed before the final sin-
tering. Additionally, James [14] found that powder metallurgy tech-
niques almost always contain pores that degrade mechanical properties. 
Mahamood [15] stated that the centrifugal casting method has the po-
tential for mass production, but it can only fabricate cylindrical parts. 

All these traditional methods are not suitable to produce complex 
geometries and often result in pores, which reduces product quality and 
increases cost. As an emerging technology, additive manufacturing (AM) 
provides an effective method to solve the drawbacks of traditional 
methods. It offers the potential for local control of the composition and 
microstructure and can produce complex FGMs with multidimensional 
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and directional gradient structures. Due to the high energy density of the 
plasma arc, strong arc directionality, high arc column temperature, and 
high deposition efficiency, it has become an ideal heat source in arc 
additive manufacturing [16]. 

In this research, a plasma arc additive manufacturing technique with 
a double-wire feedback mechanism was used to manufacture Inconel 

625 Ni–Cu functionally graded materials. The Inconel 625 Ni-based 
superalloy has excellent strength and corrosion resistance. The addi-
tion of Cu to the additively manufactured Inconel 625 Ni-based super-
alloy not only improves the formation of columnar crystals, but also 
increases its strength and corrosion resistance. Inconel 625 Ni–Cu 
functionally graded materials were produced. The alloys were analyzed 
for their (1) effect of their composition on their mechanical properties 
and (2) their corrosion behavior. 

2. Experimental setup 

2.1. Process and equipment used for additive manufacturing 

An illustration of the plasma arc additive manufacturing setup is 
shown in Fig. 1a. The deposition process of the Ni–Cu functionally 
gradient material alloy is shown in Fig. 1b. The deposition was per-
formed by using intelligent plasma remanufacturing system equipment. 
It is powered by Transmit 550i multifunctional inverter DC power. The 
welding torch is a PWM-300 plasma welding torch. Two standard 
welding wires were fed by two ET201 wire feeder machines. One was a 
1.2 mm diameter ERNiCrMo-3 wire, and the other was a 1.2 mm 
diameter 99.9% Cu wire. The two wires were fed into a single molten 
pool under independent control of the feed rate. The change in alloy 
content was achieved by controlling the wire feed speed. The elemental 
composition of the ERNiCrMo-3 wire is given in Table 1. The substrate 
over which the multilayer deposition was conducted was a steel plate 
that had dimensions of 150 mm × 50 mm × 10 mm. Pure argon gas was 

Fig. 1. Illustration of the plasma arc additive manufacturing setup (a), illustration of deposition (b) and as-deposited sample (c).  

Table 1 
ERNiCrMo-3 wire composition (wt.%).  

Element Cr Mo Nb Fe Mn Ti Al C Ni 

Content 20–23 8–10 3.15–4.15 ≤5 ≤0.5 ≤0.4 ≤0.4 ≤0.1 Bal.  

Table 2 
Process parameters used during plasma arc additive manufacturing of Ni–Cu 
functionally gradient material alloys.   

Part 1 Part 2 Part 3 

parameter value unit value unit Value 
unit 

Deposition current 120 A 110 A 100 A 
Deposition voltage 10.4 V 10.4 V 10.4 V 
ERNiCrMo-3 wire speed 1.5 m/ 

min 
1.5 m/ 

min 
1.5 m/ 
min 

Cu wire speed 0.7 m/ 
min 

0.6 m/ 
min 

0.5 m/ 
min 

Travel speed 0.5 m/ 
min 

0.5 m/ 
min 

0.5 m/ 
min 

Pure argon 20 L/ 
min 

20 L/ 
min 

20 L/min 

Dwell time between deposition 
layers 

60 s 60 s 60 s 

Angle between the torch and 
filler wire 

75 ◦ 75 ◦ 75◦

Distance between the torch and 
workpiece 

25 mm 25 mm 25 mm  
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Fig. 2. As-fabricated sample (a) and schematic showing the locations from which samples were taken for different tests (b).  

Fig. 3. Optical micrograph of the sample manufactured by WAAM (a) and magnified optical micrographs of the wall at different locations (b–g).  

Fig. 4. The microstructure evolution of Inconel 625 Ni–Cu functionally graded materials in plasma arc additive manufacturing.  
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employed for shielding during the plasma arc additive manufacturing 
process. The trial and error are used to obtain the near-optimal process 
parameters. The welding process parameters employed for deposition 
are given in Table 2. 

2.2. Testing of the deposited alloy 

The deposited Ni–Cu FGMs alloy sample is shown in Fig. 2a. The 
deposited sample can be divided into three parts (part 1, part 2 and part 
3) from the top to the bottom according to the change in copper and 
nickel content, as shown in Fig. 2b. The microstructure and mechanical 
properties of the samples were studied. For these studies, test samples 
were extracted from the fabricated wall, as shown in Fig. 2b. The 
metallographic samples were prepared per a standard metallographic 
procedure and etched with aqua regia (15 ml HCl + 5 ml HNO3). The 
microhardness values of the alloy were measured by an HV-1000 
microhardness tester at a 100 g test load for 15 s. The dimensions 
(width, thickness, and length) of the tensile samples were 8 × 2 × 40 
mm3. The corrosion test was carried out in a conventional three elec-
trode cell containing 3.5% NaCl solution at room temperature using 
Vertex. One EIS electrochemical workstation was used, in which the 
specimen was suspended as a working electrode and the counter elec-
trode was a Pt rod. The surface morphology of the corrosion samples was 
analyzed using a Dimension Icon atomic force microscope (Dimension 

Fig. 5. Hardness (a) and detection area (b–d) of the deposited sample composition is 10x20 mm2.  

Fig. 6. Tensile stress-strain curves (a) and strain hardening rate curves (b).  

Table 3 
The yield, tensile strength, and elongation results.   

Yield Strength 
(MPa) 

Tensile Strength 
(MPa) 

Elongation 
(%) 

Part 1 432 721 49 
Part 2 419 680 45 
Part 3 410 650 42 
Vertical deposition 

layer 
408 640 44 

Ref. [25] 264 581 33 
Ref. [26] 377 650 42  
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Icon AFM) and a Phenom XL desktop scanning electron microscope 
(SEM). 

3. Results and discussion 

3.1. Microstructure 

Fig. 3a shows an optical micrograph of the sample. The deposited 
sample is fully dense. There are no cracks or porosities in each layer or 
between two subsequent layers in the sample. The dendrites spread 
throughout the sample, and most of them grew along the building di-
rection (Fig. 3b–d). There is a mixture of cellular and dendritic grains 
with very fine secondary arms near the interface (Fig. 3e). There was a 
long dendrite far away from the interlayer, and small secondary den-
drites formed on it (Fig. 3f). Additionally, equiaxed grains are present. 
There is epitaxial growth of some grains between the layers, as seen in 
Fig. 3e and f. However, there is a sharp change in the grain structure 
between the layers, i.e., at the interface, most of them are cellular grains, 
as shown in Fig. 3g. 

It is observed that the microstructure of the deposited alloy is a mix 
of equiaxed grains, columnar grains, and dendrites (Fig. 3b–g). From 
part 3 to part 1, the crystal grains become finer. As the sample was made 
layer by layer, the solidification microstructure and the grain size 
depended strongly on the location of the deposited layer of the sample, 
solidification rate (R), temperature gradient (G), and melt composition 
[17,18]. According to the work of Wang [19], columnar grains are 
mostly found in samples made by wire arc additive manufacturing 
(WAAM). The orientation of grain growth is largely governed by the 
direction of heat flux. Wang [20] found that there will be a temperature 
gradient in the multi-pass process, and the heat flux provides the driving 
force for columnar grain and dendrites growth. 

The microstructure evolution of Inconel 625 Ni–Cu functionally 
graded materials in plasma arc additive manufacturing is shown in 
Fig. 4. Since Cu has a very high growth restriction factor Q, according to 
the interdependence theory, constitutional supercooling zone is critical 
to the grain size [21]. The larger the constitutional supercooling zone, 
the finer the grains. However, the rate of development of the constitu-
tional supercooling zone is controlled by the Q. Larger values of Q 

Fig. 7. EBSD inverse pole figures for the microstructure samples (a: part 1, c: part 2, e: part 3) and the grain size distribution (b: part 1, d: part 2, f: part 3).  

Y. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 853 (2022) 143796

6

promote more nucleation. Since the Cu content is reduced from part 1 to 
part 3, the constitutional supercooling zone is also reduced, resulting in 
a decrease in columnar crystals and dendrites and an increase in equi-
axed grain in the part 1. 

3.2. Hardness and element content 

The hardness values from the bottom to the top of the fabricated 
sample are shown in Fig. 5a. To detect the content of the sample, the 
middle positions of the three parts (as shown by the square marks in 

Fig. 5a) were selected for surface scanning, and the element content 
results are shown in Fig. 5b–d. From part 1 to part 3, the content of Cu 
decreases, while the contents of Ni and Cr increase. The other elements 
are mainly Nb, Cl and O. 

The hardness values range from 179 to 230 Hv. The hardness is 
significantly lower than that of the wire arc additive manufactured 
Inconel 625 alloy (243.5 HV) [22]. The hardness decreases from part 3 
to part 1. This may be due to the effect of Ni reducing the hardenability, 
and the high Q of Cu helps to refine the grain structure. From the 
microstructure analysis, the large columnar crystals and dendrites from 
part 3 to part 1 gradually decreased, while the small equiaxed crystals 
increased. According to the Hall-Petch relation, as the grain size de-
creases, the hardness of the alloy increases [23]. 

3.3. Tensile properties 

The tensile properties of the samples in part 1, part 2, part 3 and the 
vertical deposition part are studied, the corresponding tensile curves 
and strain hardening rate curves are shown in Fig. 6, and the tensile 
results are shown in Table 3. The yield strength, tensile strength and 
elongation of part 1 are higher than those of part 2. Part 2 is higher than 
part 3. The yield strength and tensile strength of the vertical deposition 
part are lower than those of sample 3. While the elongation is higher 
than that of sample 3. It can be known from the strain hardening rate 
curves that although the strain hardening rate of these four parts does 
not change significantly, the rate of decrease of the strain hardening rate 
of each part varies with the increase of plastic deformation. (part 1 ＜ 
part 2 ＜ vertical deposition part ＜ part 3). The slow change of strain 
hardening rate indicates that the ability to resist plastic deformation is 
strong, and the plasticity (ductility) is better, so it can be shown that part 
1 has the best ductility. 

The difference in performance of the three parts is mainly related to 
the change in Cu and Ni content in the alloy. On the other hand, as Ni is 
stiffer and has a smaller lattice constant than Cu, as the Cu content in-
creases, the stiffer lattice becomes weak, making it easier for grains to 
deform and rotate past each other, increasing the strength. On the other 
hand, since high-Q copper affects the growth of grains, with the increase 
of copper content, the constitutional supercooling zone also increases, 
and the growth of columnar grain and dendrites is limited, resulting in 
the formation of more equiaxed and fine grains, thereby increasing the 
strength. 

While the performance in the vertical direction is lower than those of 
these three parts. Due to the inherent properties of additive 
manufacturing (the sample was made layer by layer), the solidification 
microstructure and the grain size depended strongly on the location of 
the deposited layer of the sample. Therefore, the grains grow along the 
deposition direction (vertical direction), and it is easy to form columnar 
crystals and reduce the performance. The grains in the horizontal di-
rection are relatively uniform. The inhomogeneity of grain structure 
leads to lower load-bearing capacity of the samples taken from the 
vertical direction (as in the vertical direction, significant interlayer 
transition zone exists). It may also be affected by the change in texture 
orientation of the samples [24]. The performance is better than that of 
the Inconel 625 sample prepared by sand casting [25] and WAAM based 
on cold metal transfer [26]. The improvement of performance is mainly 
based on the addition of Cu to refine the grains, reduce the columnar and 
dendrites, and increase the equiaxed grains. Through the comparison of 
tensile properties, it can be found that changing the copper content can 
change the properties of the alloy. Functionally graded materials can be 
prepared using this method. 

The specimens of Electron backscattered diffraction (EBSD) are cut 
from the uniform deformation regions close to the fracture surface and 
along the direction parallel to tensile axis. EBSD inverse pole figure (IPF) 
of the samples indicate that microstructure with randomly oriented and 
equiaxed grains are available as shown in Fig. 7a, c and e. However, they 
have a clear trend with many subdrains in the region near the bottom 

Fig. 8. SF distribution of the samples.  

Fig. 9. Potentiodynamic polarization curves.  

Table 4 
Corrosion data of part 1, part 2 and part 3.   

Ecorr (mV) Epit (mV) Icorr (μA/cm2) 

Part 1 − 300 218 0.124 
Part 2 − 235 242 0.058 
Part 3 − 198 285 0.049 
Ref. [31] − 264 600 0.470 
Ref. [32] − 273 472 0.220  
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(shown by the black dashed rectangle). After tensile test, they have a 
gradient hierarchical structures trend are obtained that varies from a 
random large columnar crystals state to a gradually refined fine-grain 
state along the radial direction. Fig. 7b, d and f exhibit the grain size 
distribution. According to the column map, a gradient effect is clearly 
presented. After comparison, it is found that the number of grains (less 
than 50 μm) of sample 1 is significantly higher than that of sample 2 and 
sample 3. This also verifies that with the increase of copper content, the 
grains produced by WAAM can be refined. 

Since both Cu and Ni are face-centered cubic（FCC） lattices. The 
twinning critical shear stress of FCC metal is much larger than the slip 

critical shear stress, so twinning deformation generally does not occur, 
and no deformation twinning is found in the deformed structure, so the 
plastic deformation of the material is mainly accomplished by slip, and 
the higher the SF, the greater the probability of the slip system being 
activated. In other words, a deformation mechanism with a higher SF is 
more likely to be activated and vice versa [27]. In addition, when there 
is a certain high SF in the alloy, the degree of difficulty of the slip system 
required to initiate deformation in a certain direction during plastic 
deformation is different, resulting in differences in strength and plas-
ticity, and this difference increases with the increase of SF. Open the 
corresponding source file in the Tango program of the Channel 5 soft-
ware. In order to improve the accuracy of the data, first remove the 
mislabeled points, and then find the corresponding SF map for input. 
Since there are three sets of SF maps with different parts, for the con-
venience of comparison, we export the data of the three parts of SF maps 
in Tex. format. Then use Origin software to map. As Fig. 8 shows that the 
SF of sample 3 is the highest, followed by sample 2, and sample 1 is the 
lowest. Therefore, sample 3 slips most easily when tensile stress is 
applied. This is further confirmed in conjunction with the SF and tensile 
specimen results for the samples in Fig. 8. 

3.4. Corrosion behavior 

The corrosion potential (Ecorr) usually indicates the size of the ther-
modynamic corrosion tendency, and the larger the value of Ecorr is, the 
better the corrosion resistance. The breakdown potential (Epit) reflects 

Fig. 10. Nyquist plots of the three parts (a: part 1, b: part 2, c: part 3) and equivalent circuit (d).  

Fig. 11. Rt of the parts.  

Fig. 12. Schematic of the corrosion mechanism.  
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the stability of the passivation film formed on the surface of a material. 
The larger the value of Epit is, the more stable the passivation film 
formed and the less likely it is to be damaged (corroded). The corrosion 
current density (Icorr) represents the current density reflected by anode 
dissolution after the material is passivated. Bakkar [28] found that the 
smaller the value of Icorr is, the greater the corrosion resistance. Fig. 9 
shows the polarization curves of part 1, part 2 and part 3 in a 3.5% NaCl 
solution. The results showed that the polarization curves of these spec-
imens were slightly shifted in the noble direction. In the marked region 
(yellow ellipse mark) of the polarization curves, Icorr hardly changes 
with the increase in potential, that is, in the passivation zone. This is due 
to the reaction that forms Ni on the surface of the alloy. Sun [29] also 
found that the (OH)2/NiO layer and internal Cr2O3 layer form a stable 
oxide film. When the potential value continues to increase to a certain 
value, Icorr increases again, accelerating the corrosion of the alloy elec-
trode. This process usually leads to pitting corrosion on the electrode 
surface. Through the research of Gholami [30], the potential value at 
this time is defined as Epit. 

The corrosion parameters (Ecorr, Epit and Icorr) of the three parts are 
given in Table 4. The highest Ecorr value is shown by part 3, which is 
− 198 mV. The smallest Ecorr value is shown by part 1, which is − 300 
mV. The same trend is seen for the Epit value. The highest Epit value is 
shown by part 3, which is 285 mV. The smallest Epit value is shown by 
part 1, which is 218 mV. The smallest Icorr value is shown by part 3, 
which is 0.049 μA/cm2. The highest Icorr value is shown by part 1, which 
is 0.124 μA/cm2. It can be seen from the above data analysis that part 3 
exhibits the highest corrosion resistance. The corrosion resistance of part 
2 is second only to that of part 3. The corrosion resistance of part 1 is the 
lowest. Additionally, the corrosion results of WAAM Inconel 625 Ni–Cu 
functionally graded materials are better than those of the wrought 
Inconel 625 samples and laser cladding Inconel 625 samples (listed in 
Table 4), which demonstrates that the WAAM Inconel 625 Ni–Cu func-
tionally graded materials have excellent corrosion resistance. 

Fig. 10 shows the Nyquist and equivalent circuits of the three parts. 
The fitting results and the actual errors are less than 10%, so the test 

result is reliable. The three sets of Nyquist diagrams are all composed of 
a single capacitive reactance arc, and there is no Warburg impedance. 
Therefore, the electrochemical corrosion test used in this work is 
completely electrochemically controlled, and the diffusion resistance is 
almost negligible. The capacitive reactance radius increases from part 1 
to part 3, which indicates that the corrosion resistance from part 3 to 
part 1 is reduced. The equivalent circuit model is R(CR)(CR). This model 
shows that the electrolyte-solution uniformly seeps into the surface layer 
of the Ni–Cu alloy. Rs is the solution resistance, and Rt is the charge 
transfer resistance of the test surfaces, which represents the difficulty for 
the charge to pass through the two-phase interface between the elec-
trode and the electrolyte solution during the electrode reaction. Lu [33] 
found that the larger the value of Rt is, the more difficult the corrosion 
reaction is, and the better the corrosion resistance of the material. 

As shown in Fig. 11, the Rt of part 3 is the largest compared with part 
2 and part 1. The Rt of part 1 is the smallest, which indicates that the 
corrosion resistance of part 3 is the best, followed by part 2, and the 
corrosion resistance of part 1 is the worst. 

This series-connected R(CR)(CR) equivalent model shows that dur-
ing the electrochemical corrosion process, two layers of oxide films are 
formed on the surface of the alloy. The outer layer is a Cu2O/Ni(OH)2/ 
NiO film, and the inner layer is a Cr2O3 film. Wang [34] also found a 
similar protective layer when he was studying nickel-based alloys. A 
schematic of the corrosion mechanism is shown in Fig. 12. When the 
Inconel 625 Ni–Cu functionally graded materials are corroded, first, a 
protective passivation film forms on the surface of the alloy. The pro-
tective film has two layers. The outer layer of the protective film is Ni 
(OH)2/NiO and Cu2O, and the inner layer of the protective film is Cr2O3, 
followed by the adsorption and erosion of corrosive ions such as Cl-, and 
finally the thinning of the protective film and the generation of 
cracks/defects. 

As the diffusivity of Cr in the oxide film was much smaller than that 
of Cu and Ni, the stable film was a duplex of an inner Cr-rich layer and an 
outer Cu/Ni-rich layer [35,36]. Reaction (1) is the most important 
cathodic depolarization process in the system, and reaction (2) reflects 

Fig. 13. AFM images of the surface of part 1(a, d), part 2 (c) and part 3(b).  
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that Cl− promotes the anodic reaction. Reactions (3–7) reflect the 
establishment of a protective film. The existence of reaction (8) will 
make the Cu2O protective film thinner and produce cracks/defects, 
resulting in a decrease in its protective performance.  

O2 + 2H2O + 4e− → 4OH− (1)  

Cu + 2Cl− → CuCl− + e− (2)  

2CuCl− + 2OH− → Cu2O + H2O + 4Cl− (3)  

Ni2+ + 2H2O ↔ Ni(OH)2 + 2H+ (4)  

Cr3+ + 3H2O ↔ Cr(OH)3 + 3H+ (5)  

Ni(OH)2 ↔ NiO + H2O                                                                   (6)  

Cr(OH)3 + Cr → Cr2O3 + 3H+ + 3e− (7)  

Cu2O + OH− → 2CuO + H2O + 2e− (8) 

In the atomic force microscopy (AFM) image of part 1 (Fig. 13a), it is 
clear that there are chains of pits (black) and chains of relief islands 
(white). These results indicate the pitting corrosion phenomenon. 
Generally, the pitting mechanism is related to the properties of the 
surface or matrix. It can be seen from the above analysis that as the 
content of Cu increases and the content of Cr decreases, the sample 
exhibits lower corrosion resistance. Yasakau [37] also showed that the 
addition of a low quantity of Cr improved corrosion resistance. From 
this, it is concluded that the more Cr there is, the stronger the resistance 
to pitting corrosion. It can form a smooth and compact layer/film on the 

sample, which forms dense contact for efficient charge migration and 
reduces recombination losses. This conclusion was confirmed by the 
reduction in the root mean square roughness value (Rq) from 12.8 nm 
(part 3) to 10.7 nm (part 2) and to 8.63 nm (part 1). From Fig. 13b-d, it 
can also be seen that the number and size of pits also decrease. These pits 
are mainly the result of severe corrosion. When corrosion starts, pitting 
occurs. As the concentration of Cl− ions increases, the corrosion spreads 
to the surrounding surface and becomes localized corrosion, finally 
making the size of the pits larger. 

The surface morphology of the electrochemically corroded part 1 
sample was analyzed by scanning electron microscopy and is shown in 
Fig. 14. There were no serious corrosion marks on the surface of the 
sample. There were corrosion cracks at the grain boundaries (mark 1), 
and corrosion cracks (mark 2) also appeared inside individual grains. It 
can be seen from the element distribution that Cl is distributed in cracks 
and grain boundaries. Compared with grain boundaries, Mo and Cr, 
which are anti-corrosion elements, are significantly less abundant at the 
grain boundaries, while there are more oxides and carbides at the grain 
boundaries (carbide oxides are generally corrosion products). Therefore, 
corrosion starts from the grain boundaries and extends to the adjacent 
areas through the grain boundaries. There is another reason for corro-
sion starting from the grain boundaries, which is related to the charac-
teristics of the grain boundaries. The grain boundary is the bonding 
interface between two different orientations of grains. Deacon [38] 
found that the electrode potential and the degree of electrochemical 
reaction in the grain boundary and the crystal are different, and the 
chemical stability of the grain boundary is poor, which makes the grain 
boundary undergo easier corrosion. 

Fig. 14. SEM micrographs of corrosion on part 1.  
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To further analyze the corrosion phenomenon, topographic images 
and phase images were obtained by using conventional tapping mode 
AFM. It can be clearly seen from the phase Fig. 15 that the small white 
islands are regularly distributed on the surface. There were different 
phases (long strip phase and hexagonal phase) on both sides of the white 
islands. These different phases exhibited different corrosion behaviors. 
Serious corrosion occurred at the long strip phase, while the hexagonal 
phase was not corroded, mainly due to the formation of many micro 
galvanic cells during corrosion. Fig. 15a shows that the hexagonal phase 
is distributed in the crystal grains, while the elongated phase is mainly 
distributed at the grain boundaries. Through the above analysis of the 
element distribution, there is a lack of corrosion-resistant Cr and Ni el-
ements at the grain boundaries, and the crystals are rich in Cr and Ni 
elements. Therefore, the hexagonal phase quickly formed a stable, dense 
protective film in a short period of time. In Fig. 15a, some deep corrosion 
grooves are distributed at the grain boundaries, and some corrosion pits 
can also be observed (marked circle). Through the analysis of the 
topography of the grains and grain boundaries, it can be seen that the 
region far from the grain boundaries is smooth, unlike the region near 
the grain boundaries. This shows that the protective film is unstable at 
the grain boundaries. Far from the grain boundary, the corrosion 
product film was uniform, which hindered the transport of ions and 
charges and improved the corrosion resistance of the Inconel 625 Ni–Cu 
functionally graded materials. 

4. Conclusions 

In this paper, based on preliminary experiments of additive 
manufacturing of dissimilar materials, one without a discrete interface, 
a wall of Inconel 625 Ni–Cu functionally graded materials was suc-
cessfully deposited. This was conducted by optimizing the processing 
parameters and varying the feeding ratio of ERNiCrMo-3 wire and 

99.9% Cu wire into a molten pool during the additive manufacturing 
process. The microstructure, mechanical properties and corrosion 
properties of the deposited alloy were investigated. The following con-
clusions can be drawn from the present work.  

1) Inconel 625 Ni–Cu functionally graded materials can be obtained 
through plasma arc additive manufacturing. The microstructure and 
hardness change smoothly with composition changes.  

2) Since the addition of Cu can increase the compositional supercooling 
zone, it can improve the defects inherent in the formation of 
columnar crystals in additive manufacturing. As a result, the WAAM 
Inconel 625 Ni–Cu functionally graded materials have excellent 
corrosion resistance, high strength and ductility. The performance is 
better than that of the Inconel 625 sample prepared by sand casting. 

3) The R(CR)(CR) equivalent model shows that during the electro-
chemical corrosion process, two layers of oxide films are formed on 
the surface of the alloy: the outer layer is the Cu2O/Ni(OH)2/NiO 
film, and the inner layer is the Cr2O3 film. The more severe the 
corrosion, the higher the surface roughness. With an increase in the 
content of Cu, the corrosion resistance decreases, the reduction in the 
root mean square roughness value (Rq) from 12.8 nm (part 3) to 10.7 
nm (part 2) and to 8.63 nm (part 1). 
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