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In this study materials were manufactured using powder metallurgy, by mechanically milling Cu and 

Ni and mechanically alloying Cu-Ni (at 50-50 and 60-40% in weight). In order to consolidate samples 

at the lowest possible temperature, after the milling cold sintering was used at 300°C and 900 MPa. 

This type of sintering does not always give high densities, though it is effective in not significantly 

altering the characteristics of the materials obtained from the milling process. The microstructural 

characteristics of the materials were analysed in each phase by X-ray diffraction, spectroscopy and 

scanning electron microscopy. Considering the sintering conditions and the materials in question, the 

results show that high densities were achieved (>90%) with the copper, but the densities were low for 

the binary alloys and the nickel alone (<80%). After the sintering, the electrochemical behaviour of 

each material was studied in acid media. The results show that under the manufacture conditions of 

this study, the consolidated 60-40 Cu-Ni and 50-50 Cu-Ni alloys behave better in terms of corrosion in 

0.1M HCl than the copper and nickel alone. 
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1. INTRODUCTION 

Copper and copper-based alloys have always played an important role in human development 

[1-2]. Today, properties such as electrical and thermal conductivity, together with corrosion resistance, 

make copper a standout material in several industrial sectors [1-3]. In the case of copper-based alloys, 

the most important alloying elements used are Zn, Sn, Al, Si and Ni. The first four possess limited 
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solubility in solid form (37, 9, 19 and 8%, at maximum), while nickel is fully soluble. Copper-based 

alloys can improve the mechanical properties of pure copper through one or more mechanisms, such as 

solid solution, cold deformation, grain refinement and/or aging. However, all these affect electrical 

conductivity and corrosion resistance due to microstructural changes caused by hardening [3-4]. 

Mechanical alloying is a manufacturing process that combines several hardening mechanisms 

simultaneously; when applied to pure materials it is known as mechanical milling. The action of the 

milling medium, which impacts the materials at high velocity, leads to microstructural refinement, 

incorporation of crystalline defects, formation of solid solutions, precipitation of new phases and in 

some cases even amorphization of crystalline phases [5-7]. 

Though some studies have looked at the effect of milling on the electrochemical properties of 

different materials [8-14], the connection between the production of copper-based solid solutions 

through mechanical alloying generating hardened alloys with above equilibrium solubility, and the 

effect of the process on their electrochemical behaviour remains unclear [15-19]. Therefore, in this 

study materials were manufactured by high-energy milling and mechanical alloying, and were then 

consolidated by cold sintering in order to obtain a dense material with the least possible effect from the 

consolidation process. Cold sintering is a consolidation technique in which high pressure and 

temperatures below 450°C are applied to powdered materials, as a result of which the densities 

achieved are often no higher than 85% of the theoretical value. However, the process does maintain the 

majority of the microstructural characteristics of the powder [20]. 

 

 

 

2. MATERIALS AND METHODS 

2.1 Manufacturing Processes  

 Samples: the samples under study correspond to pure copper, pure nickel and two Cu-

Ni alloys (50%-50% and 60%-40% wt respectively). In this study these materials are compared before 

and after milling, for example, Cu-0H, means copper without milling and Cu-5H, means copper milled 

for 5 hours. 

 Milling and Sintering: high energy milling of different powders was carried out in a 

SPEX 8000D mill, with a ball/powder ratio of 10:1, using 1% stearic acid as the control agent. In all 

cases, the milling time was set at 5 h. After milling, cold sintering was used to produce 13 mm 

diameter cylinders of each material. Sintering was carried out in a hydraulic press of our own creation, 

equipped with an oven, and applying a uniaxial pressure of 900 MPa at 300°C. 

 

2.2 Experiment Techniques 

 Scanning electron microscopy (SEM): Micrographs of the powders were obtained in a 

Zeiss Evo MA10 microscope. For the sintered materials and the electrochemical tests, a Hitachi 

SU3500 microscope was used. 
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 X-ray diffraction (XRD): The analysis was carried out in a Shimadzu XRD-6000 

diffractometer (Cu K) in a 2θ scanning range from 30° to 100°, and a step angle of 0.02° and 3 

seconds per step. 

 Atomic Abortion Spectroscopy (AAS): The chemical analysis to determine iron 

contamination was carried out in a Shimadzu AA 6800 F spectrophotometer. 

 Electrochemical test: Corrosion resistance was evaluated through potentiodynamic 

polarisation experiments in 0.1M HCl aerated solution at room temperature, using a three-electrode 

cell: Pt working electrode and counter electrode and Ag/AgCl reference electrode, with a potential 

scanning rate of 0.5 mVs
-1

. The Tafel curves were generated in an AUTOLAB PGSTAT30 potentiostat. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Particle morphology before and after milling 

a b  

c d  

e f  

 

Figure 1. Micrographs of a) pure Cu before milling, Cu-0H, b) pure Ni before milling, Ni-0H, c) pure 

Cu after 5 hours of milling, Cu-5H, d) pure Ni after 5 hours of milling, Ni-5H, e) 50-50%wt 

Cu-Ni after 5 hours of milling, Cu50Ni50-5H, and f) 60-40%wt Cu-Ni after 5 hours of milling, 

Cu60Ni40-5H,. Magnification 1.00kx. 
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Micrographs were taken with a scanning electron microscope to show the morphology of the 

powders before and after milling (Figure 1). 

The micrographs show that the initial powders of the pure elements (Figures 1a and 1b) are 

very different in morphology and size, due to their manufacturing processes. After 5 hours of milling, 

the appearance of the particles changes drastically. In the case of the pure copper (Figure 1c), the 

formation of flakes can be seen, which are characteristic of very ductile materials [5-7], while no 

flakes are seen in the nickel and the Cu-Ni alloys (Figure 1d, 1e and 1f), instead showing particles 

composed of layers of flakes, which is a result of fracturing and welding. Thus, the morphology of the 

nickel and the Cu-Ni alloys shows that under the same milling conditions, the materials behave in a 

less ductile manner than the copper, as their morphology is different to that of copper but similar to 

each other. 

 

3.2. Chemical composition after milling 

The chemical analysis conducted after milling using Atomic Abortion Spectroscopy (AAS), 

shows that the process contaminated the powders as a function of two variables: milling time and type 

of milled material, Table 1.  

 

Table 1. % Fe after milling as a function of the milled material and the milling time 

 

Milled material 

Milling time (h) 

0 1 5 10 15 30 60 

 Cu 2E-04 0,018 0,073 0,115 0,155 0,430 0,580 

Ni 0,001 0,053 0,575 2,670 6,687 11,749 14,326 

 60%Cu-40%Ni 0,039 0,024 0,165 0,537 0,270 1,225 2,260 

50%Cu-50%Ni 0,005 0,029 0,457 0,401 2,193 2,960 6,478 

 

Therefore, comparing the effect of the same milling conditions for copper and nickel (equation 

1a and 1b), it can be seen that the nickel becomes very abrasive for the containers and the balls, 

increasing the iron content in the samples by up to 15% iron after 60 hours of milling. This is 

explained because different materials will have a different response to the same hardening 

mechanisms, in this case, cold work hardening have a greater impact on nickel than copper, became it 

in a very abrasive material for steel. Indeed, the milling conditions applied to nickel turned it into a Ni-

Fe alloy, rather than a sample of pure Ni.  

 

3.3 X-ray diffraction after milling and after consolidation 

In order to analyse the effect of the milling alone, Figure 2 shows the diffractograms of each 

material as a function of milling time. As can be seen, for the pure copper and nickel samples (Figures 

2a and 2b), the diffraction peaks of the elements lose intensity and drop with increased milling time. 

This represents changes in the microstructure associated with refinement and crystalline defects [5-7]. 
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Unlike the pure metals, for both Cu-Ni alloys (Figures 2c and 2d) it can be seen that with increased 

milling time, the nickel diffraction peaks diminish until they disappear, and only the copper peaks 

remain, suggesting the formation of a total solid solution occurring in both cases after 5 hours of 

milling. Therefore, these samples were used for hot consolidation. 

In order to study the effect of the consolidation process on samples after 5 hours of milling, 

Figure 3 shows the diffractograms obtained before and after cold sintering at 300°C and 900 MPa. In 

this study, the sintering parameters were not varied for each alloy, maintaining the pressure and 

temperature for each case. A pressure of 900 MPa was used for all samples. This value is relatively 

high for conventional processes of cold sintering, for which up to 3 GPa can be applied, depending on 

the equipment [20]. The temperature used, 300°C, represents approximately 28% of the melting point 

temperature of copper, 23% for the liquids of the Cu-Ni alloys, and 20% for nickel [21]. Therefore, 

thermal activation of the samples is minimised, leading to as little microstructural effect as possible, 

though despite this the diffraction profiles do show some effect. 
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Figure 2. XRD analysis results for samples taken at different milling times: a) pure Cu, b) pure nickel, 

c) 50-50%wt Cu-Ni and d) 60-40%wt Cu-Ni. Symbols: o pure Cu, + pure Ni and * Cu-Ni solid 

solution  
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As can be seen in the XRD results, the sintering process produced a slight movement in the 

copper and nickel diffraction peaks, more notably for nickel, though this effect was not seen for the 

alloys. The analysis of the powders shows that after milling the nickel had high iron content, but the 

iron was not seen in the diffraction patterns. Therefore, it can be assumed that during milling, iron 

content was incorporated into the solid solution, thus explaining the movement of the diffraction peaks 

(Figure 2b), and when thermally activated, this element in oversaturated alloy precipitated during 

sintering, which would explain the peak movements in Figure 3b. 
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Figure 3. XRD analysis results, comparison of after 5 hours of milling and after sintering of a) pure 

Cu, b) pure Ni, c) 50-50%wt Cu-Ni and d) 60-40%wt Cu-Ni 

 

After sintering, the density of each sample was determined using the geometric method. 

Evaluating the densities achieved (Table 2), it can be seen that the high pressure compensated for the 

low temperature only in the case of copper. In particular, the copper at 0h and after milling for 5h 

attained 99% and 91% of theoretical density, respectively. The nickel and Cu-Ni alloys achieved much 

lower densities, never above 80%. It can be said that the manufacturing conditions were appropriate 

only for some materials and therefore for further analysis it is necessary to consider the high porosity 

of the samples in order to avoid comparing the values obtained directly with materials with high or 

total densification.  
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Table 2. Density values obtained after consolidation. 

 

Sample 

Theoretical 

density 

(g/cm
3
) 

Experimental 

density 

(g/cm
3
) 

DT 

(%) 
Sample 

Theoretical 

density 

(g/cm
3
) 

Experiment 

density 

(g/cm
3
) 

DT 

(%) 

Cu_0 h 8.96 8.87 99 Ni_5h 8.90 7.04 79 

Ni_0h 8.90 7.21 81 Cu-50%Ni_5h 8.93 6.87 77 

Cu_5h 8.96 8.18 91 Cu-40%Ni_5h 8.94 6.97 78 

 

3.4 Metallography characterisation before and after immersion in HCl 

In order to visually compare the effect of immersion in acidic media on the manufactured 

materials, they were analysed under a scanning electron microscope before and after immersion in HCl 

solution for 2 hours. The results are shown in Figure 4. 
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Figure 4. Metallography before and after immersion for two hours in HCl. 

 

In general, a significant effect is not observed after two hours immersion, this shows that, at 

least microscopically, not show a very marked effect. 

 

3.5 Electrochemical behaviour of samples in acidic medium  

3.5.1 Open circuit corrosion potential (OCP) 

SEM microscopy showed no major differences in materials manufactured after and before 

immersion, however, studying the electrochemical behaviour of the samples, differences between the 

materials studied were identified. Figure 5 shows the evolution of the corrosion potential during two 

hours for the different consolidated samples. At the end of the assay, the copper sample that was milled 

for 5 hours reached a corrosion potential of -115.2 mV vs Ag/AgCl and the nickel -149.2 mV vs 

Ag/AgCl. The two samples show different behaviour at early measurement times. The OCP of the Cu 

falls at the beginning, indicating an active state, and then increases, giving rise to the formation of a 

passive film of copper oxide. The morphology of the sample is shown in Fig. 4d. On the other hand, 

the Ni shows an increase in potential practically from the beginning of the assay, thus confirming the 

formation of a passive film mainly on pore-free areas (Fig. 4h). The two alloys, 60-40 and 50-50 Cu-

Ni, have pores in their microstructure and show very similar morphology (Figs. 4j and 4l). They also 

reach similar OCP values, -68.1 mV vs Ag/AgCl for the 60-40 Cu-Ni and -43.8 mV vs Ag/AgCl for 

the 50-50 Cu-Ni.  

Comparing the potentials of the Cu and Ni that were not milled, the values obtained are -100.0 

mV vs Ag/AgCl and -137.0 mV vs Ag/AgCl, respectively. The values are in agreement with expected 

results, given that the milled samples have a greater amount of stored energy as a result of the milling 

process, high plastic deformation and a high density of defects and impurities in their microstructure 

[21]. 
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In general, the consolidation process affects the pure elements more (seen in the lower OCP), 

mainly in the case of the nickel, in comparison to the binary alloys, which have higher OCP values. 

 

 
 

Figure 5. Variation in corrosion potential as a function of time for Cu, Ni and their alloys in 0.1 M 

HCl.  

 

3.5.2 Potentiodynamic polarization measurements  

Figure 6 shows the polarisation curves of the samples, while the values of corrosion potential 

(Ecorr), corrosion current (Jcorr), cathodic Tafel slope (βc), anodic Tafel slope (βa) and polarisation 

resistance (Rp) obtained from these polarisation curves shown are listed in Table 3.   

The results in Table 3 corroborate the behaviour of the materials shown in point 3.5.1.. The 

data supporting the better behaviour of the alloys are the higher Ecorr, lower jcorr and higher Rp [22-23]. 

It is important to note that the active dissolution zone is small for the copper (anodic current = 6.79 x 

10
-6

 A cm
-2

) in comparison to that of the nickel (anodic current = 3.82 x 10
-5

 A cm
-2

), and that the 

cathodic curve for the copper is obtained at lower current that the cathodic curve of the nickel (see 

Figure 6). Both anodic and cathodic behaviour corroborates that the conditions for obtaining each 

material, presents a major copper behaviour. The Ni sample and the alloys show a certain degree of 

porosity, which affects their behaviour in terms of corrosion in acidic media. When the porosity 

increases, the interconnectivity of pores will certainly increase, the interconnected channels allow the 

free flow of the electrolyte and larger surface area is exposed to the hydrochloric acid 

The results of the tests confirm that the consolidation process affects the pure elements to a 

greater degree (higher jcorr), than the binary alloys (lower jcorr). 
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Figure 6. Potentiodynamic polarisation curves obtained for Cu, Ni and and Cu-Ni in a 0.1 M HCl 

solution. 

 

Table 3. Polarisation curve parameters for copper, nickel and their alloys in 0.1 M HCl. 

 

Sample Ecorr 

(mV vs Ag/AgCl) 

jcorr 

(μA/cm
2
) 

βc 

(mV/dec) 

βa 

(mV/dec) 

Rp 

(Ω cm
2
) 

Cu - 422.2 1.57 x 10
-6

 -29.57 36.60 4.51 x 10
6
 

Ni -358.9 4.35 x 10
-6

  -34.52 30.83 1.63 x 10
6
  

60-40 Cu-Ni  -291.1 7.67 x 10
-7

  -36.44 33.28 9.85 x 10
6
  

50-50 Cu-Ni -227.9 5.42 x 10
-7

   -30.63 31.48 1.24 x 10
7
   

 

 

 

4. CONCLUSIONS 

The process of milling and mechanical alloying affects both the morphology of the particles 

and their microstructure. After 5 hours of milling, copper shows much more ductile behaviour than 

nickel and the Cu-Ni alloys. Nickel generates a large amount of contamination during milling, shown 

in the high levels of iron content found in the powder after milling. The process hardens this element 

much more than it does copper or the binary alloys in question. 

The process of consolidation, cold sintering, and the temperature and pressure values used, 

300ºC and 900 MPa, were sufficient to produce high density in the copper powders without milling 

and with 5 hours of milling. However, for the nickel and the Cu-Ni alloys, the conditions in question 

were not sufficient to attain densities above 80% of theoretical density. 
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The consolidated 60%Cu-40%Ni and 50%Cu-50%Ni alloys showed better behaviour in terms 

of corrosion in 0.1M HCl, compared to copper and nickel samples alone under the sample processes 

and conditions, obtained through powder metallurgy. 
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