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Abstract: The copper alloy is widely used to prepare pipes in ocean engineering. The surface
is washed and corroded by seawater for a long time, which gradually shortens the service life
of the condenser tube. In order to improve the wear and corrosion resistance of copper alloy, a
Ni60-WC coating was fabricated on a preheated copper alloy by laser cladding. Experiments on the
Ni60-WC coatings were carried out by SEM, XRD, Vickers-microhardness meter, wear tester and
electrochemical workstation. The microstructure, phases, hardness, wear and corrosion resistance
were investigated. The results show that from the top to bottom, the microstructures were columnar
dendrites, dendritic crystals and grains, respectively. The wear rate of the Ni60-WC coating was only
4.9 x 1072 mm3-N~1-m~!, which was only 1.14% of copper substrate. In addition, the corrosion
current density was 2.34 x 107 mA-mm~2, which was much lower than that of copper alloy
substrate (1.14 x 10~® mA-mm~2). The experimental results show that this Ni60-WC coating has a
good metallurgical bonding and hardness, and it also has good wear and corrosion resistance, which
is helpful to improve the service life of the condenser tube.

Keywords: laser cladding; copper alloy; coating; microstructure; wear resistance; electrochemical
corrosion

1. Introduction

The copper alloy is widely used in the mechanical manufacture of pipes due to its
good corrosion resistance and fatigue strength [1-3]. However, failure sometimes occurs
during the long service, which reduces the service life of copper alloy [4]. In order to reduce
accidents, some surface modification technologies are used to fabricate coatings, such as
laser cladding [5], electrophoretic deposition [6,7] and thermal spraying [8]. In the past
decades, laser cladding has been widely used to fabricate coating due to its advantages of
high efficiency and low cost [9-11].

Due to the high thermal conductivity and reflectivity of copper alloy [12], the coating
obtained by laser cladding usually has poor bonding [13] and some defects [14] with
copper alloy. In order to solve these problems, researchers have prepared Ni-based [15],
Co-based [16] and Fe-based [17] coatings on the surface of copper alloys. The Ni-based
alloy powder is considered to be a preferred material [18-20]. However, the wear resistance
and corrosion resistance of simple Ni-based alloy coating are not suitable for some harsh
working environments [21,22].

It is an effective method to improve the performance of Ni-based coatings by adding
reinforced ceramic particles [23]. The ceramic particles mainly include oxides [24], car-
bides [25], silicides [26], borides [27] and nitrides [28] of transition metal elements. Among
these ceramic phases, WC has a high melting point, high hardness, a low thermal expan-
sion coefficient and good wettability with nickel-based alloys [29]. WC is the most widely
used in laser cladding particle reinforced Ni-based coatings [30]. However, WC is easy to
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decompose some secondary precipitates such as block, strip or layered carbides at high
temperatures. These secondary precipitates are easy to bring some cracks to the coat-
ing [31]. In order to slow down heat transfer, a new method with preheating temperature
was proposed to increase the coating’s properties and decrease the coating’s defects.

In this paper, a Ni60-WC coating was designed and fabricated by laser on preheated
copper alloy. The microstructure and properties were studied by the SEM, EDS, XRD and
electrochemical workstation. The performance of the Ni60-WC coating was greatly im-
proved, which provided a reference for preparing the coating on the copper alloy substrate.

2. Materials and Methods
2.1. Materials

The aluminum brass was selected as the substrate, and the size was
50 mm x 30 mm x 10 mm. The fouling and oxide on the surface were removed by a
grinding and polishing machine. The coating material is an Ni-based alloy powder with an
average size of 35—150 um. The composite of copper alloy and Ni60-WC alloy powders
are included in Tables 1 and 2, respectively. The physical and mechanical characteristics of
the copper alloy are included in Table 3.

Table 1. The composite of copper alloy (wt.%).

Material Fe Mn Al Zn Cu
Copper alloy 1.35 3.2 6.3 29.01 60.14

Table 2. The composite of Ni60-WC alloy powder (wt.%).

Material

Ni WC Cr Si B C Fe

Ni60-WC powder

66 5 12 1.5 25 1 12

Table 3. Physical and mechanical characteristics of copper alloy.

Property Copper Alloys
Density 7281.32 kgm 3
Specific Heat 468.2 ]A(kg-OC)_1
Thermal conductivity 61.74 W-(m-K)~1
Thermal expansion coefficient 23.58 x 107°
Young’s modulus 87.07 MPa
Resistivity 0.071 x 1076 Q-m~!

2.2. Methods

Figure 1 shows the schematic diagram and the actual operation of the laser cladding
process on the preheated copper alloy. The parameters of the laser system (DL-HL-T2000,
Shenyang DALU Laser Technology Co., Ltd., Shenyang, China) were as follows: laser
power 1.4 kW, laser beam diameter 3.0 mm, scanning speed 2 mm-s~! and overlapping
ratio 30%, as shown in Table 4. The preheating temperature was 200 °C. The nozzle was
controlled by CNC numerical control device. The coating after laser cladding was cut into
five 10 mm x 10 mm x 10 mm samples. After the samples were buffed and polished, a
ferric chloride solution was used to etch the cladding coating for 10 s. Then, the samples
were observed by optical microscopy and scanning election microscopy (TESCAN MIRA,
TESCAN, Brno, Czech Republic). The acceleration voltage of scanning election microscopy
was 20 kV and the working depth of scanning election microscopy was 8 mm. At the
same time, the element distribution was analyzed by EDS (TESCAN MIRA, TESCAN,
Brno, Czech Republic). Four EDS tests were carried out to reduce errors. The phases are
detected by X-ray diffraction (TD-3500, Dandong Tongda Science and Technology Co., Ltd.,
Dandong, China).
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Figure 1. Schematic diagram (a) and the actual operation (b) of laser cladding process on the
preheated copper alloy.

Table 4. Process parameters of laser cladding.

Process Parameters Value
Laser power 1400 W
Scanning speed 2mm-s~!
Preheating temperature 200 °C
Laser beam diameter 3 mm
Overlap rate 30%

The microhardness was tested by Vickers microhardness meter (HXD-1000TMC/LCD,
Shanghai Optical Instrument Co., Ltd., Shanghai, China) with a load of 50 gf at 15 s. The
positive pyramid diamond indenter was used to press the sample surface under the action
of the test force. After maintaining the specified time, the test force was removed and the
diagonal length of the indentation on the sample surface was measured. Figure 2 is the mi-
crohardness test diagram of coating. The microhardness measuring points were uniformly
located in the 5 x 22 lattices on the cross section of the specimen, where 5 x 16 lattices
were located in the coating, 5 x 3 lattices in the interface, and 3 x 3 lattices in the copper
alloy substrate. The distance between adjacent horizontal points was 0.03 mm. The micro-
hardness was measured from the top of the Ni60-WC coating to copper alloy substrate, and
each point was repeated five times at the same height.

Coating

Figure 2. The microhardness test diagram of coating.
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The wear property was tested using a reciprocating fatigue wear tester (MGW-02,
Jinan Yihua Tribology Testing Technology Co., Ltd., Jinan, China) with a tip force of 10 N
and friction frequency 2 Hz. Before the experiment, the surface of the sample cladding
coating was polished to a certain extent. Friction mode was the spherical-plane type of dry
sliding reciprocating friction. The grinding ball with the size of ©0.65 mm was selected as
the friction pair of cladding coating.

The experiment of electrochemical corrosion was also carried out to investigate the
corrosion resistance. The electrochemical workstation software was CHI660E (Shanghai
Chenhua Instrument Co., Ltd., Shanghai, China). Electrochemical experiments were per-
formed at room temperature (25 °C). The 3.5% NaCl aqueous solution was configured as
the corrosion solution and the immersion time was 2 h. Before the experiment, the surface,
except the coating test surface, was sealed with epoxy resin. The reference electrode was
saturated calomel electrode and auxiliary electrode was platinum wire electrode. The scan-
ning rate was 0.01 V/s and test voltage range was from —1.6 V to 0.8 V. The electrochemical
corrosion performance of the coating was analyzed according to the potentiodynamic
polarization curve.

3. Results and Discussion
3.1. Morphology and Phases

Figure 3 shows the surface morphology of the Ni60-WC coating. It can be seen that
a Ni60-WC coating has been successfully fabricated on the copper alloy substrate. There
were some pores on the coating’s surface due to the flow of liquid metal in molten pool,
but the pores basically disappeared under the coating’s surface.

"‘".'-

4

v’ &:“‘\ % "‘&#‘""\' -+ Q:“,\ \

Ni160-WC coating

Figure 3. Surface morphology of Ni60-WC coating.

Figure 4 shows the XRD pattern of the Ni60-WC coating surface. The phases are
mainly composed of y (Fe, Ni), WC, W,C, Ni3B, NigB3, Crg9Fe7Nig»; and MyCs (M = Fe,
Cr). The preheating temperature makes the heat of the molten pool increase, and prolongs
the solidification time. The elements, such as Ni, Cr and Fe, have enough time to form
reinforced phases.
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Figure 4. XRD pattern of Ni60-WC coating.

3.2. Microstructure and Binding Region

Figure 5 depicts the cross-section microstructure morphologies of cladding coating. As
shown in Figure 5a, the whole cross-section is divided to be three parts, outermost surface,
middle and binding region. In Figure 5b, some columnar dendrites forms at the coating’s
outermost surface due to the quick transfer and it can grow more fully. In Figure 5c, the
dendritic crystal is composed of refined dendritic region (DR) and inter dendritic region
(IR) in the middle of cladding coating. P; point in refined dendritic region is selected for
EDS composition detection. At the bottom of cladding coating, some large plane crystals
and fine grains forms due to the low heat transfer and cooling rate as shown in Figure 5d.

Outermost Surface

Columnar dendrites

Figure 5. Cross-section microstructure morphologies of cladding coating: (a) whole coating; (b) out-
ermost surface; (c) middle; and (d) binding region.

Figure 6 shows the EDS results of P point in the middle of coating. According to the
atomic percentage of elements at point Pj, there are a large number of Fe and Ni elements,



Coatings 2022, 12, 1537

6 of 12

which forms a supersaturated solid solution of vy (Fe, Ni) phase. Some C atoms form WC,
W, C, Fe;C3 and CryCj3 phases.

Elements Atomic concentration %

Ni 39.7
Fe 11.6
C 354
W 54
B 2.8
Cu 1.7
Zn -

Cr 34

(b)

Figure 6. EDS results of P; point in the middle of coating. (a) is element distribution and (b) is the
proportion of element.

Figure 7 is a SEM micrograph and the distribution of elements in the binding region.
It can be seen that the Ni and Fe are uniformly distributed in the binding region, which can
obtain a good metallurgical bonding. Meanwhile, M7C3 and Crg o9Fe7Nig 21 form due to
the appearance of Cr, Fe and Ni.

Figure 7. SEM micrograph and distribution of elements in the binding region: (a) SEM micrograph;
(b) element Cr; (c) element Ni; and (d) element Fe.

3.3. Microhardness

Figure 8 depicts the microhardness of coating from the top to bottom. The maximum
and minimum microhardness of the strengthening layer are 1069.3 and 827.2 HVj 5. The
average microhardness is 941.6 HV 5, which is about 4.7 times greater than that of copper
alloy substrate. In the strengthening layer, the change of microhardness is small and
smooth, which demonstrates that the strengthening layer has a good quality. This is caused
by the uniform distribution of the refined columnar dendrites and dendritic crystal.
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Figure 8. Microhardness of cladding coating from the top to bottom.

3.4. Wear Resistance

The friction experiments are carried out for 30 min. Figure 9 shows the friction
coefficient of the Ni60-WC coating and copper substrate. The friction coefficient of copper
substrate is stable around 0.18, while the friction coefficient of the Ni60-WC coating has
two rapid rises and then stabilized around 0.1, which is slightly lower than the friction
coefficient of copper substrate. The existence of reinforced phases makes the friction
coefficient unstable and leads to have the rapid rises. Meanwhile, those phases also
decrease the friction coefficient and improve the wear resistance of copper substrate.
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Figure 9. Friction coefficient of Ni60-WC coating.

Table 5 includes the wear rate of the Ni60-WC coating and copper substrate. The wear
rate of the Ni60-WC coating is 4.9 x 1075 mm3-N~!-m~!, which is only 1.14% of the rate
of copper substrate (4.3 x 1072 mm3-N~!-m~!). It indicates that the Ni60-WC coating
has a better friction and wear property. Figure 10 depicts the morphology of wear for the
cladding coating. There were many small ploughs on the surface of Ni60-WC coating,
which was a type of abrasive wear.

Table 5. Wear rate of the copper substrate and Ni60-WC coating.

Item Wear Rate (mm3-N-1.m—1)

Copper substrate 43 %1073
Ni60-WC coating 0.049 x 1073
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Figure 10. Wear tracks of Ni60-WC coating.

3.5. Corrosion Resistance

Figure 11 shows the polarization curves of the Ni60-WC coating’s surface and substrate.
It can be seen that the polarization curves of the coating and substrate have the same trend,
which presents a certain passivation behavior. The open circuit potential and the minimum
corrosion current density of Ni60-WC coating are —0.708 V and 2.34 x 107 mA-mm 2,
respectively. The corrosion current density of Ni60-WC coating is lower than that of the
substrate (1.14 x 107® mA-mm~2). The reason is that the appearance of Cr;C3 phase
improves the corrosion resistance of the Ni60-WC coating.

-2

—

o
v

ol

logi, mA-mm

1076 3
\ (-0.232,1.14x10°%)
1073 (-0.69.2.34x107) i
. Coating
107 3 —— Substrate
10‘9 T T T T T T
-10 —08 -0.6 —04 -0.2 0.0 0.2 04

Potential, V-vs-SCE

Figure 11. Polarization curve of coating’s surface and substrate in 3.5 wt.% NaCl solution.

Table 6 describes electrochemical experimental data of the coating and substrate.
According to the Tafel extrapolation method, the anode/cathode Tafel slopes (3, and
c) are obtained from the intersection of the tangents of the cathode and anode Tafel

curves [32]. The corrosion rate (rcorr) and polarization resistance (Ry) are calculated by the
Equations (1) and (2).

Feorr = 0.00327 x @ @
Ba X Be

R, = 2

P 2.303 X icorr X (E‘a + Bc) @

where M is the equivalent weight and d is the density of the simple.
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Table 6. The corresponding electrochemical parameters of the laser cladded coatings.

icorr X 10° a1 a1 Corrosion Rate
Item Ecorr (V) (mA-mm-2) Ba mV-dec1) B (mV-dec1) Rp (k) ((mm/year) x 10%)
Ni60-WC coating —0.69 0.234 59.8 —160.1 113.74 1.58
Copper substrate -0.232 1.14 37.5 —123.979 33.9 1.83

According to the value of Tafel slope, the absolute value of (3, of the Ni60-WC coating
is less than the absolute value of 3., indicating that the corrosion process is under cathodic
control. Copper alloy substrate has the same trend. Therefore, the corrosion is controlled
by charge transfer at the open circuit potential. The polarization resistance of the coating is
113.74 k3, which is higher than the 33.9 k() polarization resistance of the substrate, which
proves that the corrosion resistance of the coating is better than that of the substrate.

The corrosion mechanism of copper alloy is shown in Figure 12a. The passive film on
the surface of copper alloy during corrosion can improve its corrosion resistance. However,
the passive film in the presence of corrosive ions (such as Cl~ ions) environment will
be completely destroyed, which could result in corrosion of copper alloys. As shown in
Figure 12a, CI~ ions are adsorbed on the surface of the passive film and reducing the
protective effect of oxygen on the passive film [33]. In addition, C1™ ions are transferable in
the passive film. When Cl~ ions migrate to the interface between copper and passive film,
passive film will be destroyed, as shown in Figure 12a. Cl1~ ions are adsorbed at the defects
on the copper alloy, resulting in further erosion.

(@) W Nt (b)

Nat
Nat . Na+
Na+t
Passive film demage

Nat

Nat
Nat Nat

Passigm Cu*" &e:C’ Passive film e i :e_ 3 I C_.
u
Coating Fe
Fe Fe I
Defect
Copper alloy Copper alloy

Figure 12. The corrosion mechanism schematic diagram of (a) copper alloy and (b) Ni60-WC coating.

The anti-corrosion mechanism of the Ni60-WC coating is shown in Figure 12b. Ni-
based coating can inhibit the penetration of water and corrosive Cl~ ions, thus isolating the
corrosive media and copper alloy contact, so that the corrosion reaction is difficult to occur.
The NaCl corrosion solution is a neutral corrosion solution. In this environment, the vy (Fe,
Ni) phase is used as the anode during the electrode reaction, and the oxygen evolution
corrosion mainly occurs of reaction (3) to (5):

Anodic reaction: Ni — 2~ — Ni** 3)
Cathodic reaction: O? + 4e~ + 2H,0 — 4OH ™~ 4)
Overall reaction: 2Ni + O? + 2H,0 — 2Ni(OH), (5)

Although the coating is protected on the surface of the copper alloy, small corrosion
pits will appear as the corrosion time increases because of the corrosion of the Ni atoms in
the v (Fe, Ni) phase. However, the structure of the coating is uniform and dense, which
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inhibits its oxidation activity. At the same time, due to the existence of Cr element in
Ni60-WC coating, the Cr element is involved in corrosion and dissolution reaction occurs
of reaction (6) to (8):

Anodic reaction: Cr — 3~ — Cr>* (6)
Cathodic reaction: O% + 4e~ + 2H,0 — 4OH ™~ 7)
Overall reaction: 4Cr + 30? + 6H,0 — 4Cr(OH); (8)

With the increase of the dynamic potential, the dissolution rate of the anode current
and the formation rate of the passive film reach a steady state, and the passive interval
appears on the polarization curve, and the passive reaction occurs by of reaction (9) to (10):

Ni(OH), — NiO + H,O ©)

2Cr(OH); — Cr203 + 3H,0 (10)

Therefore, NiO and Cr,O, form in the passive film. When the corrosion potential
increases to the pitting potential, the anode potential increases rapidly and the transpassi-
vation occurs of reaction (11) to (12):

NiO + 2Cl~ + 2H* — NiCl, + 2H,0 (11)

CryO3 + 6H" + 6C1~ — 2CrCl3 + 3H,0 (12)

On the one hand, Ni and Cr atoms adsorbs more CI™ ions than the copper substrate
and the passive film formed by the oxides of Ni and Cr have better corrosion resistance
than the passive film formed by the oxides of copper. On the other hand, due to the
inhomogeneity of electrochemical corrosion in the grain boundary and grain interior of
copper, new phases are precipitated at the grain boundary of copper. This will lead to
intergranular corrosion, so that the passive film may be weakened in different properties
and reduce the corrosion performance of copper alloy [34]. Overall, the corrosion resistance
of the Ni60-WC coating is better than that of copper alloy.

Figure 13 describes the morphology of the cladding coating after electrochemical
corrosion. In the middle of cladding coating, refined dendritic region is corroded, while
the inter dendritic region has small change. The reason is that the central refined dendritic
region is mainly composed of v (Fe, Ni) phase. In the corrosion process, the Fe atoms are
easy to participate in the oxidation reaction, resulting in serious corrosion.

Figure 13. The morphology of cladding coating after electrochemical corrosion: (a) outermost surface;
(b) middle; and (c) binding region.

4. Conclusions

In this study, the following conclusions are drawn:

(1) A Ni60-WC coating is successfully fabricated on the preheated copper substrate by
laser. The cladding coating is composed of some reinforced phases, such as v (Fe, Ni),
M7C3, WC and CI‘0.0gFeoyNio'm .

(2) The average microhardness is 941.6 HVy 5, which is about 4.7 times greater than that
of copper alloy substrate.
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(3) The wear rate of the cladding coating is 4.9 x 107> mm3-N~!-m~!, which was about
1.14% of copper substrate. The existence of the reinforced phases decreases the friction
coefficient and improves the wear resistance of the copper substrate.

(4) The open circuit potential and the minimum corrosion current density of the Ni60-WC
coating are —0.708 V and 2.34 x 10~7 mA-mm 2, respectively. The Ni60-WC coating
exhibits excellent corrosion resistance compared with copper alloy.
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