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Abstract 

In this paper, the possibility of production of Cu matrix nano-composite powder containing 10, 37 and 54 wt.% NiO using 

mechano-chemical reduction of different copper oxides (CuO and Cu2O) was studied. Structural evolutions were 

characterized by X-ray diffraction. Also, the microstructure was characterized by scanning electron microscopy and 

transmission electron microscopy. Particular attention has been paid to the reaction mechanism and kinetics using differential 

scanning calorimetry. It was found that the reactions completed gradually between 5 to 22h of milling. Formation of Cu2O 

and Cu(Ni) solid solution, as intermediate phases, were observed during the reaction. It was found that, the initial excess Cu 

delayed reduction reaction and decreased the final crystallite size up to 18nm. Microstructural results showed that relatively 

large nano-composite agglomerates powder composed of uniform dispersion of NiO nano-particles in nano-crystalline Cu 

matrix were obtained. Kinetic study revealed that CuO reduction to Cu through two-steps reaction with lower activation 

energies in each step had higher rate, compared to one-step reduction of Cu2O. Copyright © 2016 VBRI Press. 
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Introduction 

Copper matrix composites have been widely used in 

electronic packaging or manufacturing of electrodes and 

contact terminals due to both high strength and electrical 

conductivity. They can be synthesized by dispersing hard 

particles like oxides, carbides or nitrides into the copper 

matrix either by liquid or solid state techniques [1-3]. 

Favorable properties of Cu-NiO composite results in 

applications in different areas of science and industry 

such as electrochemical sensors [4-6], lithium ion 

batteries [7, 8] and transparent conducting oxide films [9]. 

Mechano-chemical processing, as a novel technique, 

has been gaining importance because of its potential 

applications for preparation of microcrystalline and nano-

crystalline materials. In mechano-chemical method, 

powder particles are subjected to severe mechanical 

deformation during collisions with balls and vial and are 

repeatedly deformed, cold welded, and fractured, so that 

solid-state reactions in powder blends can be generate 

[10]. The reaction induced by high energy ball milling 

between copper oxides and different reductants such as 

Fe, Al, C, Ti, and Ca has been already investigated [11, 

12]. Their products were often the mixture of copper with 

dispersed oxides particles, i.e. copper matrix composites. 

When this process was combined with mechanical 

milling, nano-structured composites with uniform 

distribution of reinforcement particles were synthesized. 

Few studies have been directed towards the mechano-

chemical reaction between CuO and Ni [12]. However, 

the mechanism of different copper oxides (CuO and 

Cu2O) reduction by Ni has not yet been thoroughly 

studied using thermal analysis. In the present work, the 

formation of Cu-NiO nano-composite powder was 

investigated through the reaction of different copper 

oxides of CuO and Cu2O with Ni as follows. 

 

Cu2O(s) + Ni(s) → 2Cu(s) + NiO(s),    

∆G = −64894 + 16.4TlogT − 38.2T    J/mol              (1) 

CuO(s) + Ni(s) → Cu(s) + NiO(s),         

∆G = −76505 + 20.9TlogT − 69.2T    J/mol              (2) 

 

The thermodynamic data were taken from Gaskell [13]. 

Excess Cu powder would be added as a diluent and 

thermal conductor to help remove heat from the system 

during milling with the aim of a less violent reaction and 

controlling NiO content in Cu matrix. Particular attention 

was paid to the mechanism of this process via structural 

and microstructural variation during the mechanical 

milling. Knowledge of reactions mechanism make it 

possible to control the process under defined conditions. 

 

Experimental 

The initial powder materials were CuO (99%, <40 μm), 

Cu2O (99%, <30 μm), Ni (99%, <1 μm) and Cu (99%, 

<75 μm). Two approaches were investigated: First, the 

powders mixture of the Cu2O-Ni (called hereafter M1 

sample) and CuO-Ni (called hereafter M2 sample) were 

milled corresponding to the stoichiometry of the reactions 

1 and 2. Therefore, Cu-37%wt. NiO and Cu-54%wt. NiO 

nano-composite powders were produced based on 

stoichiometry of the reactions 1 and 2, respectively. 
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Second, for producing a Cu-10%wt. NiO nano-composite 

powder, excess Cu powder was added to initial powder 

mixtures corresponding to the nominal content of 10 %wt. 

NiO in the final product. In fact, the powders mixture of 

Cu2O-Ni-Cu (called hereafter CM1 sample) and CuO-Ni-

Cu (called hereafter CM2 sample) were milled. A 10 gr of 

initial powder mixtures were charged into a hardened 

steel vial with hardened steel balls and then milled in a 

high energy planetary ball mill (PM2400) under argon 

atmosphere. The ball to powder ratio and rotation speed 

were 25:1 and 300 rpm, respectively. 

The investigation for phase identification accomplished 

using X-ray diffraction (XRD) (Philips PW 3040/60) with 

a radiation of Cu Kα. The line broadening due to the 

instrument was calculated from Warren's method [14]. 

The mean crystallite size was obtained using Williamson-

Hall plot [15]. The lattice parameters were calculated 

from XRD data [16]. Also, the morphological analysis of 

particles was inquired by a field emission scanning 

electron microscope (FESEM) (Hitachi S4160 at an 

accelerating voltage of 5 kV). To prepare the FESEM 

sample, the powder is mounted on an aluminum stub with 

adhesive, coated with Gold. In addition, transmission 

electron microscopy (TEM) (Philips EM208S, operated at 

100 kV) was used to study the microstructure in more 

details. To prepare the TEM sample, the sample was 

dispersed in ethanol through an ultrasonication process, 

and then a drop of the dispersion was placed on a copper 

grid coated with carbon film, which was dried naturally at 

room temperature. 

Differential scanning calorimetry (DSC) experiments 

were performed in a SDT Q600 instrument and argon gas 

flow of 100 ml/min was applied during the measurement. 

All experiments were carried out on samples in standard 

platinum pans, with an empty pan as the standard. The 

measurements were performed at four different heating 

rates, i.e. 5, 10, 15 and 20 K/min. Once the samples were 

cooled down to room temperature, a second set of DSC 

curves was recorded at the same heating rates previously 

used for recording the corresponding DSC curves of the 

first set to be used as base line. A precise measure of the 

heat flow can thus be obtained by measuring and 

integrating the difference between the first and second 

scans. 

 

Results and discussion 

Structural results 

Fig. 1 shows XRD patterns of M1 and CM1 samples after 

different milling times. The progress of mechano-

chemical reduction of Cu2O by Ni in M1 sample was 

shown in Fig. 1 (a). The intensity of XRD peaks 

corresponding to the Cu2O has been observed to decrease 

by milling. However, no additional peaks corresponding 

to any new phase have been observed up to 2h. During the 

following 3h of milling, Cu and NiO peaks appeared in 

the XRD pattern and Cu2O peaks almost disappeared, as 

shown in Fig. 1 (a). After 7 hours of milling, all the initial 

Cu2O and Ni powders were consumed and the resulting 

powder consisted of only the Cu and NiO phases. It 

should be noted that the peak intensities of Cu(111), 2θ of 

43.32 degree, and NiO (400), 2θ of 43.29 degree, were 

most intense in XRD patterns. However, due to peak 

broadening at long milling times, these peaks tend to 

overlap. Therefore, the NiO (222), 2θ of 37.26 degree, 

was analyzed instead as a formation of NiO phase 

criterion. Fig. 1 (b) represents the mechano-chemical 

reduction of Cu2O by Ni in presence of excess Cu in CM1 

sample. The diffraction peaks of Ni cannot be detected in 

XRD patterns is probably due to its small quantity. With 

longer milling time, the peaks of Cu became broader and 

Cu2O peak intensities decreased. After 22h of milling, the 

Cu2O peaks disappeared completely, and only the peaks 

corresponding to Cu and NiO were observed. Hence, the 

reaction completed gradually within 22h of milling. This 

is due to the presence of Cu powder in CM1 sample 

which delays the reaction between Cu2O and Ni. Thus, 

the time for the overall reaction 1 in CM1 is 22h, which is 

longer than that in the M1 sample. The delay in reaction 

during mechano-chemical synthesis due to matrix metal 

has been also reported in literatures [17, 18]. 

 

 

 
 

Fig. 1. XRD patterns of (a) M1 and (b) CM1 samples as a function of 

milling times. 

 

Fig. 2 shows XRD patterns of M2 and CM2 samples 

after different milling times. It represents the progress of 

mechano-chemical reduction of CuO by Ni during the 

milling process. Similar to that observed in M1 and CM1 

samples, all the peaks tend to broaden as the milling time 

increases and their intensities decrease. It can be found in 

Fig. 2 (a) that almost all CuO peaks disappeared after 

milling for 1h which is probably due to the CuO 

amorphization [10]. The Cu and NiO peaks appeared with 
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increased milling time up to 1.5h. It should be noted that, 

the appearance of Cu2O phase after 1.5h of milling was an 

indication of intermediate phase formation. However, 

Cu2O peaks was gradually disappeared after 3h of 

milling. Finally, the mechano-chemical reaction 

completed gradually after 5h. Fig. 2 (b) represents the 

mechano-chemical reduction of CuO by Ni in presence of 

excess Cu in CM2 sample. It can be seen that the reaction 

completed gradually within 20 hours of milling. It is 

obvious that formation of Cu and NiO phases was 

postponed by adding excess Cu powder to the starting 

materials, which agrees very well with the results of CM1 

sample (Fig. 1(b)). Unlike the M2 sample, no peak related 

to the formation of Cu2O as the intermediate phase was 

observed. The reason possibly being the gradual 

formation of Cu2O. Hence this phase was not detectable 

in the XRD pattern (Fig. 2(b)) which was probably due to 

its small quantity and its high dispersion. 

 

 
 

Fig. 2. XRD patterns of (a) M2 and (b) CM2 samples as a function of 

milling times. 

 

Munir [19], proposed that the value of adiabatic 

temperature can be used as a rough guide to the existence 

of combustion or progressive reaction in the milling 

process. It means that the adiabatic temperature, which is 

the maximum temperature achieved under adiabatic 

conditions as a consequence of the evolution of heat from 

the reaction, should be above 1800 K, in combustion 

reactions. The calculated adiabatic temperature of 

reactions 1 and 2 were 711 and 1288 K, respectively. 

Therefore, both reactions progressed gradually with 

milling time. This is consistent with low enthalpy of the 

reactions and gradual mechano-chemical reduction of 

copper oxides by Ni observed in XRD results             

(Fig. 1 and 2). 

Moreover, the XRD patterns (Fig. 1 and 2) exhibit the 

broadening increases with milling time. This is due to the 

decrease in the crystallite size and an increase in internal 

lattice strains. These defects can provide a driving force 

for solid-state reaction during ball milling [10]. The mean 

crystallite sizes of all prepared samples calculated from 

XRD patterns are shown in Fig. 3. It can found that 

longer milling times in M1 and CM1 samples than that of 

M2 and CM2 samples lead to decrease in final crystallite 

size. Furthermore, the smaller crystallite sizes in CM1 and 

CM2 samples suggest higher microstructural refinement 

of excess Cu which was added from initial stage of 

milling operation. It should be noted that, the error bars 

represent the accuracy of determination of crystallite size 

from XRD patterns. 

 

 
 

Fig. 3. Cu crystallite size of final product from different M1, CM1, M2 

and CM2 samples. 

 

For further details on the structural evolution during 

milling, Cu lattice parameter changes were calculated 

from shifts in peak positions in XRD patterns. Since the 

intensity of Cu peaks were very small for M1 sample 

milled for 2h, the Cu lattice parameter could be calculated 

after 5h milling (see Fig. 4 (a)). Similarly for M2 sample, 

the Cu peaks intensities were not sufficiently high until 

1.5h and therefore, the extraction of lattice parameter was 

not accurate before that. Fig. 4 (a) shows the Cu lattice 

parameter changes during milling of M1 and CM1 

samples. It can be seen that Cu lattice parameter after 5h 

milling in M1 sample was 0.3601 nm. After 7h of milling, 

the value of lattice parameter increased to 0.3615nm 

which was equal to that of theoretical value of pure Cu 

[20]. Furthermore, that same trend in lattice parameter 

change can be observed in Fig. 4 (a) and (b), for three 

other samples (CM1, M2 and CM2). The lattice parameter 

of Cu decreased initially and reached a minimum value 

then it increased at longer milling times. The reduction of 

lattice parameter is possibly attributed to Cu(Ni) solid 

solution formation. As nickel’s atomic radius (1.2459 nm) 
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is smaller than that of copper (1.2780 nm), the solid 

solution formation causes a decrease in lattice parameter 

[20]. Similar observation has also been reported 

previously during mechanical alloying in a Cu-Ni system 

[21]. However, the increase of the Cu lattice parameter at 

longer milling times may be related to the NiO phase 

formation by further reactions. In fact, when this phase 

forms, Ni solute atoms are driven out of the solid solution. 

It can be concluded that the Cu(Ni) solid solution 

appeared as intermediate phase during the milling 

process. 

 

 

 
 

Fig. 4. Cu lattice parameter changes as a function of milling time for  

(a) M1 and CM1 and (b) M2 and CM2 samples. 

 

All the above structural results suggest that Cu2O and 

Cu(Ni) solid solution appear as intermediate phases 

during the milling process of M2 sample, suggesting that 

the reaction progresses gradually. Hence, the following 

sequence may be assumed for CuO mechano-chemical 

reduction through reaction 2: 

CuO + Ni
1.5 h milling
→        Cu2O + Cu(Ni) + NiO

3.5 h milling
→        Cu + NiO       (3)  

 

DSC results 

In order to get a better understanding of the reactions 

mechanism, M1 and M2 as-mixed powders were 

investigated by DSC analysis. Fig. 5 shows the DSC 

scans of as-mixed M1 and M2 powders. As shown in  

Fig. 5 (a), M1 as-mixed powder showed only an 

exothermic peak. However, in DSC trace of M2 as-mixed 

powder in Fig. 5 (b), two exothermic reactions occurred. 

In order to investigate the origin of the exothermic peaks 

in each sample, the as-mixed M1 and M2 powders were 

heated to the selected temperatures in the vicinity of 

exothermic peaks in DSC curves, cooled to room 

temperature, and examined by XRD. It should be noted 

that XRD patterns are skipped here. The large exothermic 

peak in as-mixed M1 powder (Fig. 5 (a)) resulted from 

the formation of Cu through of reaction 1. On the other 

hand, the first small peak in as-mixed M2 powder  

(Fig. 5 (b)) is probably attributed to the reduction of CuO 

to Cu2O by Ni. Also, the larger one is ascribed to the 

reduction of Cu2O by Ni and Cu formation. 

 

 

 
 

Fig. 5. DSC results of as-mixed (a) M1 and (b) M2 powders at different 

heating rates of 5, 10, 15, 20 K/min. 
 

The enthalpy associated with the exothermic peaks 

(∆Hexperimental) was calculated from the integration of the 

overall DSC curves which are summarized in Table 1. On 

the other hand, theoretical exothermic thermal effects 

(∆Htheoretical) [13] accompanying with the reactions are 

summarized in Table 1. A quantitative agreement of the 

heat release during reactions with the theoretical enthalpy 

is observed. This agreement is particularly remarkable in 

view of the fact that the exothermic peak in M1 sample is 

related to reaction 1. In addition, overall first and second 

peaks in M2 sample are related to the reaction 2. The first 

peak in DSC scan of M2 sample is related to the reduction 
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of CuO to Cu2O by Ni, and the second peak is related to 

the reduction of Cu2O to Cu by Ni. This also confirms the 

proposed sequence of CuO to Cu conversion during ball 

milling (Eq. 3). 
 

Table 1. Enthalpy changes, activation energy and Suggested reaction for 

different samples. 
 

 
 

In order to compare the kinetics of copper oxides 

reduction through reaction 1 and 2 in more detail, 

activation energies, E, were calculated. Calculation of E 

was based on a multiple scan method in which several 

measurements performed at different heating rates. This 

value has been determined from the isoconversional 

Kissinger equation [22], and summarized with suggested 

related reactions in Table 1. In summary, three 

conclusions could be drawn as follows. 

The first step of two-steps reaction 2 in M2 sample has 

lower activation energy and hence higher rate than that of 

the second step. This is in accordance with milling results. 

As stated in the suggested mechanism in Eq. 3, the first 

and second reaction steps were occurred after 1.5 and 

3.5h of milling, respectively. 

The activation energies in each steps of two-steps 

reaction 2 in M2 sample are lower than that of reaction 1 

in M1 sample. It means higher rate of reaction in M2 

sample. This result is in good agreement with the 

reactions progress through mechanical milling. By the 

comparison of Fig. 1 (a) and Fig. 2 (a), it can be found 

that the reactions 1 and 2 were completed after 7 and 5h 

of milling, respectively. This can be explained by the fact 

that the rate of overall reaction 2 is the rate of the slowest 

step [23]. It means that the rate determining step in M2 

sample is second step which has lower activation energy 

than that of reaction in M1 sample. 

Actually, DSC peak in M1 sample and second DSC 

peak in M2 sample are related to reaction 1. By the 

comparison of calculated activation energies from these 

two peaks, it can be found that the activation energy of 

Cu2O reduction to Cu in M1 sample decreases from 215 

to 173 kJ/mol in M2 sample. This result can explain the 

higher rate of Cu2O reduction to Cu in M2 sample. By the 

comparison of Fig. 1 (a) and Fig. 2 (a), it can be found 

that this reaction completed after 7 and 3.5h of milling in 

M1 and M2 samples, respectively. The reason for this 

appears to be the heat emission caused by the first step in 

M2 sample. It could be stated that the heat initiates and 

accelerates the second step. Another possible reason is 

that, the produced intermediate Cu2O in M2 sample 

through milling process was more activated than initial 

Cu2O in M1 sample. It facilitates the course of Cu2O 

reduction by Ni in M2 sample. 
 

Microstructural results 

Fig. 6 shows FESEM images of final nano-composite 

products produced from different samples. It can be seen 

that the produced nano-composite powders from M1 and 

M2 samples (see Fig. 6 (a) and (c)) have irregular shape 

with loosely agglomerated state. FESEM images at higher 

magnification (inset of Fig. 6 (a) and (c)) show that nano-

composite particles are mostly comprised of fine 

primitive nano-particles. It can be seen from Fig. 6 (b) 

and (d) that the addition of excess Cu to the initial powder 

mixture in CM1 and CM2 samples forms a relatively 

coarse agglomerates. It is well known that face-centered-

cubic (fcc) metals like Cu have a stronger tendency to 

form agglomerates during milling than other metals which 

are more brittle [10]. It can be found that powder particles 

reached a steady state with the average size of 50 μm. 

  

  
 

Fig. 6. FESEM images of (a) 7h milled M1, (b) 22h milled CM1, (c) 5h 

milled M2 and (d) 20h milled CM2 samples. 

 

In order to get a better understanding of the Cu-NiO 

nano-composite formation, themicrostructure of 20h 

milled CM2 sample was investigated by TEM. Similar 

results were obtained for other compositions investigated 

and TEM images of other samples are skipped here. 

Typical bright and dark-field images with corresponding 

selected area diffraction (SAD) pattern (the bottom-left 

corner) are shown in Fig. 7. The bright-field TEM image 

in Fig. 7 (a) confirms a very fine nano-crystalline 

structure. The bright-field and dark field images show that 

all the crystallites have sizes of about 30 nm and less, 

which is also comparable with the results in Fig. 3, 

obtained from the XRD analysis. In TEM image, the grain 

boundaries are not easily detectable. This is mainly 

caused by the inhomogeneous contrast and indicates that a 

high level of internal lattice strain is present within the 

matrix [24]. This refined structure to nanometer scale is 

further evinced by the continuous circular SAD pattern 

inset in Fig. 7 (b). Rings corresponding to both Cu and 

NiO phases are exhibited in this figure. It is evident in 

dark field image (Fig. 7 (a)) that a composite with nano-

scale NiO particles homogeneously distributed in the 

copper matrix was prepared.  

Sample 
∆Hexperimental 

(kJ/mol) 

∆Htheoretical 

(kJ/mol) 

E 

(kJ/mol) 
Suggested reaction 

M1 62.5 ± 4.12 66.50 215 ± 8 Cu2O + Ni → 2Cu + NiO 

M2 

(overall) 
74.37± 3.57 77.80 - CuO + Ni → Cu + NiO 

first 

peak 
10.27 ± 3.89 11.30 150 ± 6 

2CuO + Ni
→ Cu2O + NiO 

second 

peak 
64.10 ± 3.25 66.50 173 ± 4 Cu2O + Ni → 2Cu + NiO 
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Fig. 7. TEM images of CM2 sample after 20h milling: (a) bright-field 

image and (b) dark-field image obtained using (222).  

 

Conclusion  

In this study, Cu-NiO nano-composite was produced by 

mechano-chemical reduction of CuO and Cu2O by Ni 

using high energy ball milling. Also the effect of excess 

initial Cu powder on the reaction progress was 

investigated to produce Cu-10%wt NiO nano-composite. 

Phase evolutions of the milled powders revealed that the 

reaction progressed gradually with milling time. In the 

case of Cu2O reduction, Cu(Al) solid solution as an 

intermediate product was formed. In the case of CuO 

reduction, formation of Cu(Al) solid solution and Cu2O 

phase as the intermediate products were found, as well. 

The results showed that, initial excess Cu delayed the 

mechano-chemical reduction of CuO and Cu2O with Ni. 

Hence, final nano-composites showed smaller crystallite 

sizes in presence of initial excess Cu powder, because of 

longer milling times. Additionally, the mechanism and 

kinetics of Cu-NiO formation were explained by DSC 

analysis. Reduction of CuO to Cu through two-steps 

reaction with lower activation energies in each step had 

higher rate, compared to one-step reduction of Cu2O. 

Also, Cu2O reduction by Ni was accelerated during two-

steps reaction in comparison with one-step reduction 

reaction. Furthermore, FESEM results indicated that Cu-

NiO nano-composite powders had relatively irregular 

shape consisted of ultra fine particles. However, relatively 

coarse agglomerates of nano-composite powders were 

produced in presence of excess initial Cu powder. Also, 

TEM results showed that NiO nano-particles distributed 

in the nano-crystalline copper matrix, which agrees well 

with the XRD results. 
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