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Abstract. CuNi films were electrodeposited on steel from citrate-ammonia pH 9.2 solutions with and without suspended 

Al2O3 particles (3.4 microns). By microindentation hardness, improved mechanical strength of CuNi coatings obtained 

from solutions with Al2O3 (CuNi(Al)) was observed, especially at high constant cathodic current densities (ig). No 

occlusion of Al2O3 in the CuNi matrix was verified, but Al2O3 particles affected Ni/Cu mass ratio and, therefore, the 

coating´s properties. At high ig, CuNi(Al) exhibited higher Ni/Cu mass ratios than CuNi(w) obtained without Al2O3 in 

the solution. X-ray diffraction was performed on the coatings. Through lattice parameter analysis and comparisons with 

EDS data using empirical Vegard´s law, at high ig, lattice parameters of CuNi(Al) coatings were smaller than those of 

CuNi(w), confirming higher Ni content. Since no occlusion of Al2O3 was observed in CuNi(Al), improved mechanical 

properties are explained in terms of the increased Ni content in CuNi(Al) compared to CuNi(w) and solid-solution 

strengthening. Ni is a metal harder than Cu and Al2O3 particles during electrodeposition enhanced hardening by 

increasing Ni content and not by forming a metal matrix composite at high ig. Coatings with enhanced mechanical 

strengthening can be employed for protection against erosion-corrosion. 
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1. INTRODUCTION 

 

Nickel is a metal of importance in many technological applications, such as in the production of stainless steels, alloy 

steel, cast alloys, batteries, and protective coatings (“About nickel | Nickel Institute,” n.d.). As a coating, Ni can be used 

to protect steel. Many alloys of Ni have good mechanical properties and corrosion resistance (Friend, 1980; Kear et al., 
2004). Adding Cu to Ni significantly improves mechanical strength, which is explained by the solid-solution hardening 

mechanism (Callister, 2007; “Foundry - Lexicon,” n.d.). CuNi forms a miscible solid solution in all compositions due to 

their very similar chemical and physical properties (Callister, 2007). 

For engineering applications, Monel, a group of CuNi alloys of about 31.5% Cu and 66% Ni with minor elements 

Fe, Mn, C, and Si (“Monel | alloy | Britannica,” 2007) and 90-10 and 70-30 CuNi are the primary employed (“About 

nickel | Nickel Institute,” n.d.), especially in seawater media under high-velocity conditions. Alloys of CuNi are found in 

offshore extraction of oil and gas, desalination plants, power generation, and naval shipping, as propellor shafts, pump 

impellers, condenser tubes, seawater cooling, firewater systems, and boat hulls (“About nickel | Nickel Institute,” n.d.; 

Friend, 1980). CuNi alloys with these compositions can be applied as coatings to reduce costs. Many authors developed 

electrodeposition solutions for CuNi and studied processes involved in its electrodeposition. For the electrodeposition of 

CuNi, it is necessary a complexing agent. Citrate is a very employed complexing agent (Bigos et al., 2021; Chassaing et 

al., 1987; Foyet et al., 2007; Lozano-Morales and Podlaha, 2008). 

Forming a composite of metal matrix CuNi with a dispersed phase of hard particles such as Al2O3 or others can 

improve surface protective properties. The dispersed phase can improve mechanical strength by dispersion-strengthening, 

for example. In obtaining composite coatings by electrodeposition, particles must be suspended in the electrodeposition 

solution before occluding in the matrix. Hydrodynamics control is essential in their obtainment (Hovestad and Janssen, 

2005; Tseluikin, 2016). CuNi composite coatings with Al2O3 by electrodeposition have been successfully obtained by 

some authors (Alizadeh and Safaei, 2018; Fawzy et al., 1996; Lozano-Morales and Podlaha, 2008; Panda and Podlaha, 

2003). In such investigations, improved mechanical properties were observed, generally expressed in increased 

microhardness of CuNi-Al2O3 composite coatings compared to CuNi. Hardening was mainly attributed to the occluded 

Al2O3 particles, but also grain refinement is observed in some cases. The composition of CuNi matrix can be affected 

when it is obtained in the presence of Al2O3 particles in an electrodeposition solution. Due to this, corrosion resistance 
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will be affected for CuNi and other binary alloys. However, especially for CuNi, since Ni is harder than Cu, mechanical 

resistance can also be affected, as it is well-known for cast alloys (Callister, 2007; “Foundry - Lexicon,” n.d.). This is not 

so explored for CuNi composite coatings. 

In this work, the hardening of some CuNi coatings obtained by electrodeposition from solutions containing Al2O3 

particles was investigated in terms of changes in CuNi metal matrix compositions. No occlusion of Al2O3 was detected, 

and a dispersion-strengthening mechanism was not applicable. Solid-solution formation and enhanced content of the 

harder Ni metal were claimed as possible explanations. 

 

2. EXPERIMENTAL 

 

The CuNi electrodeposition solution was: 0.1 mol.L-1 CuSO4.5H2O,  0.6 mol.L-1 NiSO4.6H2O,  0.7 mol.L-1 

Na3C6H5O7.2H2O (trisodium citrate dihydrate) pH 9.2 adjusted by addition of NH4OH. This composition was based on 

(Chassaing et al., 1987). Micrometric -Al2O3 particles, 99.85 % purity, and d50 3.4 m, were added as-received to this 

solution up to a mass of Al2O3 to the volume of solution ratio (CP) of 10 g.L-1. This electrodeposition solution was 

previously maintained under magnetic stirring for 12 h to ensure the deagglomeration of particles. Electrodepositions 

were also performed for CP of 0 g.L-1. Coatings obtained from CP 10 g.L-1 and 0 g.L-1 solutions are designated from now 

on CuNi(Al) and CuNi(w), respectively. 

Electrodepositions at room temperature were performed employing a flow-cell, schematically shown in Figure 1.a. 

The circulation of the solution was maintained through a centrifugal pump, avoiding the sedimentation of Al2O3 particles 

at the bottom of the cell. The impingement of the solution and Al2O3 particles was orthogonal against the substrate surface, 

and the fluid velocity was constant at 0.43 m.s-1. 

The working electrode substrate (cathode) consisted of rectangular SAE 1020 steel pieces with 5 mm thickness. These 

were embedded in epoxy resin but with an exposed area to be electrodeposited of 100 mm2 as shown in Figure 1.b. Before 

electrodeposition, the surface of the working electrode was sanded up to 600 grit-mesh emery paper, cleaned with acetone, 

and dried at room temperature. The counter-electrode (anode) was an electrolytic copper rod ( = 9.52 mm) placed 

laterally to the convergent in the cell. 

The constant cathodic current densities (ig) applied were 25, 40, 60, and 90 mA.cm-2. A power source and a multimeter 

were employed. The charge density was 140.96 C.cm-2, corresponding to a theoretical coating thickness of 50 m. 

 

 
                                                       (a)                                                                                         (b) 

 

Figure 1. (a) Schematics of the flow-cell employed; (b) steel electrode (working electrode) configuration. 

 

Scanning Electron Microscopy (SEM) and semiquantitative chemical analysis by EDS employed an FEI Quanta 200 

microscope coupled to an EDS-Oxford INCA microanalysis system. 

Microindentation hardness tests were performed with a Panambra microhardness tester HV-1000B with the Vickers 

scale. 50 and 100 gf loads for 15 s were applied. Microindentations were made at distinct areas of the coatings: near the 

top and bottom edges and at central regions. At least ten indentations in each area were made. The values of Vickers 

microhardness were converted to MPa. 
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X-ray diffraction (XRD) data of the coatings were obtained with the D2 Phaser – Bruker diffractometer with 1.54 

Å/8.047 keV Cu-K1 radiation with angular accuracy of ±0.02 2 in all angular range. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Microindentation hardness and EDS analysis 

 

Figure 2 shows microhardness values near the top edge, bottom edge, and central areas of CuNi(w) (CP 0 g.L-1 Al2O3) 

and CuNi(Al) (CP 10 g.L-1 Al2O3) coatings as a function of ig. Also, the dependence of the composition of coatings in 

each area, expressed by Ni/Cu mass ratio, is evidenced in the plots of Figure 2. The mass ratio Ni/Cu increases with ig for 

CuNi(Al) and CuNi(w). Being Ni less noble than Cu, this last dependence was expected since as ig increases, Ni content 

in coatings will also increase. 

For the data in Figure 2, except for ig 90 mA.cm-2 at the edges, CuNi(Al) coatings exhibited higher microhardness 

values when compared to CuNi(Al) ones. There is a clear improvement in CuNi(Al) mechanical strengthening at the same 

ig compared to CuNi(w). EDS analysis did not detect Al2O3 particles in the CuNi(Al) coatings. The strengthening of 

CuNi(Al) cannot be explained by the formation of CuNi-Al2O3 composite coatings. Despite this, Al2O3 particles in the 

electrodeposition solution are responsible for the improved strength. Other strengthening mechanisms were investigated 

for a better understanding. 

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 2. Microhardness as a function of ig and Ni/Cu mass ratio of CuNi(w) and CuNi(Al) coatings: (a) near the top, 

(b) center, and (c) near the bottom edge. 

 

Figure 3 condenses all values of microhardness. The dashed line in this figure corresponds to an ideal theoretical 

microhardness (MHCuNi) of a CuNi alloy calculated as a linear superposition of individual unalloyed Cu and Ni 

microhardness (MHCu and MHNi), weighted by the mass fraction of the elements in the alloy (wt.% Cu and wt. % Ni) 

calculated by Eq. (1): 
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𝑀𝐻𝐶𝑢𝑁𝑖 =
𝑤𝑡.% 𝐶𝑢

100
𝑥𝑀𝐻𝐶𝑢 +

𝑤𝑡.% 𝑁𝑖

100
𝑥𝑀𝐻𝑁𝑖                                                                                                                  (1) 

 

MHCuNi corresponds to a simple ideal additive rule for a binary CuNi alloy. The results in Figure 3 are helpful to 

confirm the mechanism of hardening. As the values of MH for unalloyed Cu and Ni depend on many factors, these were 

taken from the standards for calibration and checking of microhardness testers´ performance of NIST (“NIST - Vickers 

Microhardness of Copper,” n.d.; Vickers Microhardness of Nickel,” n.d.) and are indicated in Figure 3. Note that Ni is 

considerably harder than Cu. 

Figure 3 identifies three regions. The first one is at low ig, where the coatings are richer in Cu. Here, experimental 

microhardness values tend to that for unalloyed Cu value (1226 MPa) and are close to MHCuNi. The second one is above 

ca. 0.1 and up to 0.6 Ni/Cu ratio, with a positive deviation of experimental values compared to theoretical MHCuNi. This 

deviation indicates solid-solution strengthening (“Foundry - Lexicon,” n.d.). In this region, CuNi(Al) obtained at ig of 40 

and 60 mA.cm-2 exhibited the highest microhardness and Ni/Cu mass ratio values than CuNi(w) at these same ig. The 

third region corresponds to ig 90 mA.cm-2 for CuNi(Al) at the edges. These were the richest in Ni coatings, and 

experimental microhardness is very similar to the theoretical additive one. The significant content of the harder Ni metal 

determines microhardness behavior. Properties of the CuNi metal matrix can be tuned by a combination of ig and Al2O3 

particles in the electrodeposition solution, even with these not occluding in the matrix. 

 

 
 

Figure 3. Compiled experimental values of microhardness of Figure 2 against Ni/Cu mass ratio. 90, 60 and 40 refer to 

ig. Dashed line: theoretical additive microhardness according to Eq. (1). Values of unalloyed Cu and Ni are placed as 

references. 

 

3.2 XRD analysis 

 

XRD patterns of coatings obtained for distinct ig and Cp are shown in Figure 4. CuNi forms a solid solution in the 

whole range of compositions with an fcc structure (ASM International and Handbook Committee, 2016), and the XRD 

patterns are very similar and typical for CuNi solid solution with fcc structure. The crystal plane (111) peak is the most 

intense. As expected from the EDS analysis, peaks related to Al2O3 are absent in the case of CuNi(Al). Peak positions 

depend on the composition of CuNi coatings, that is, of the Ni/Cu ratio. As the Ni atom is smaller than Cu, as the coating 

enriches in Ni, 2 values of the peaks move toward larger values according to Bragg´s law. Analysis of XRD patterns in 

terms of compositional variation can give additional information about the reasons for strengthened CuNi(Al) coatings. 

As a binary alloy that forms a solid solution in the whole range of compositions, compositional variation of CuNi with 

the XRD data can be explored in terms of Vegard´s law for random solid solutions (Ford et al., 2011; Lambregts and 

Frank, 2004; Zhao, 2007). According to the empirical Vegard´s law, the lattice parameter of a binary alloy, in this case, 

CuNi, is a weighted compositional average of those of pure metals: 

 

𝑎𝐶𝑢𝑁𝑖 = (1 − 𝑥𝑁𝑖)𝑎𝐶𝑢 + 𝑥𝑁𝑖𝑎𝑁𝑖                                                                                                                                    (2) 

 

where aCuNi is the lattice constant of CuNi solid solution, aCu, and aNi are the lattice constants of pure Cu (3.6148 Å) and 

pure Ni (3.5239 Å) (Cullity, 1978; Ford et al., 2011), respectively, and xNi and xCu the molar fraction of the elements in 
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the coatings taken from EDS data. Lattice constant (aCuNi) can also be calculated independently from XRD patterns using 

the relation for fcc structures: 

 

𝑎ℎ𝑘𝑙 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                                                                                                                                    (3) 

 

dhkl is the interplanar spacing and, h, k, l are the Miller indexes (Cullity, 1978). The two calculated lattice constants can 

be plotted, and if Vegard´s law is followed, a very near 1:1 relation must be obtained. This was initially made by 

considering only the (111) crystal plane peak, resulting in a large dispersion of the points. The dispersion was due to 

considering only one peak from the XRD patterns. For a more accurate determination of aCuNi from XRD patterns, it is 

recommended that several diffraction peaks must be considered, and not only one, especially for high diffraction angles 

where better accuracy is obtained. This determination is accomplished by the Nelson-Riley function (fNR), which relates 

the calculated aCuNi with an expected precision (Ford et al., 2011; Ghosh et al., 2000): 
 
∆𝑎

𝑎ℎ𝑘𝑙
= 𝑘 (

cos 𝜃ℎ𝑘𝑙
2

sin 𝜃ℎ𝑘𝑙
+

cos 𝜃ℎ𝑘𝑙
2

𝜃ℎ𝑘𝑙
) = 𝑓𝑁𝑅                                                                                                                      (4) 

 

ahkl from Eq. (3) is obtained for each diffraction peak, and fNR is calculated. A plot of ahkl vs. fNR should be a straight line, 

and the intercept at fNR = 0 will furnish the corrected lattice constants (aCuNi,NR) since a/a goes to zero. Four peaks were 

taken related to crystal planes (111), (200), (220), and (311) for each ig and Cp in the XRD patterns. Figure 5 shows an 

example of Nelson-Riley function plot. 

 

  

  

 

Figure 4: XRD patterns for CuNi(Al) and CuNi(w) coatings obtained at distinct ig indicated. 

 

The corrected aCuNi,NR for each CuNi coating and current density was plotted against aCuNi,EDS (from Eq. (2)) in Figure 

6. The values are close to Vegard´s law reference line up to CuNi(w) at ig 60 mA.cm-2. However, there is a negative 

deviation from this law for CuNi(Al) at 60 and 90 mA.cm-2 and for CuNi(w) at 90 mA.cm-2. Reasons for deviations from 

Vegard´s law are out of the scope of this work. The results in Figure 6 are, however, in agreement with the fact that Ni is 

smaller than Cu and that coatings CuNi(Al) for ig 60 and 90 mA.cm-2 and CuNi(w) for 90 mA.cm-2 exhibit higher Ni/Cu 

mass ratios and microhardness as shown in Figures 2 and 3. 
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Figure 5: A Nelson-Riley plot for a CuNi(Al) coating at ig of 90 mA.cm-2. Miller indexes of the planes for each point 

are indicated. 

 

 
 

Figure 6: Plot of corrected aCuNi,NR from Nelson-Riley against aCuNi,EDS. 

 

In Figure 7, the corrected lattice parameters of CuNi taken from XRD patterns (aCuNi,NR) are plotted against ig for 

CuNi(w) and CuNi(Al). The trend of decreasing aCuNi,NR of this with ig for all conditions is clearly seen, as expected. As 

ig increases, higher negative overpotentials are attained during electrodeposition, favoring Ni2+ reduction. For ig 25 and 

40 mA.cm-2 no differences are seen between CuNi(w) and CuNi(Al). However, for 60 and 90 mA.cm-2, smaller values of 

aCuNi,NR for CuNi(Al) are seen compared to CuNi(w), which is a more unambiguous indication of the enrichment in Ni in 

the coatings at high ig when Al2O3 particles are in the electrodeposition solution, which, in conjunction with solid-solution 

hardening and highest harder Ni content at 90 mA.cm-2 explains the highest microhardness of the CuNi(Al) coatings, 

corroborating the analysis made in Figure 3. 

 



27th ABCM International Congress of Mechanical Engineering 
December 04-08, 2023. Florianópolis, SC, Brazil 

 
 

Figure 7: Plot of corrected aCuNi,NR vs. ig for CuNi(w) and CuNi(Al). 

 

4. CONCLUSIONS 

 

Copper-nickel coatings obtained by electrodeposition from Al2O3 particles containing citrate-ammonia solutions pH 

9.2 exhibited improved mechanical strength than those obtained at the same conditions without Al2O3 in the 

electrodeposition solution. Improvement was observed at high ig of 40, 60, and 90 mA.cm-2. No occlusion of Al2O3 was 

observed. 

The mechanism of strengthening was investigated using XRD and EDS, and the characteristics of complete miscibility 

of CuNi. When Al2O3 particles are in the electrodeposition solution, there is a significant increase in Ni content. Solid-

solution strengthening and the harder Ni content in CuNi(Al) matrix explain the results. 

Micrometric particles of Al2O3, when in the electrodeposition solution of CuNi can tune the mechanical properties of 

these coatings by changing CuNi composition. 
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