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Abstract: This work concerns the structural evolution of Cu70Nb20Al10 (at%) alloy processed by mechanical 

alloying using a planetary ball mill in air atmosphere for different times (4 to 200 h). The morphological, 

structural, microstructural, and thermal behaviors of the alloy were investigated by scanning electron 

microscopy, energy-dispersive spectroscopy, X-ray diffraction, and differential scanning calorimetry. X-ray 

diffraction patterns were examined using the Rietveld refinement technique with the help of the MAUD 

software. A disordered FCC-Cu(Nb,Al) solid solution was formed after 8 h of milling. The crystallite size, 

microstrain, and lattice parameter were determined by the Rietveld method. With increasing milling time, 

the crystallite size of the final product—ternary-phase FCC-Cu(Nb,Al)—is refined to the nanometer scale, 

reaching 12 nm after 200 h. This crystallographic structure combines good mechanical strength and good 

ductility. An increase in microstrain and partial oxidation were also observed with increasing milling time.  
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1. Introduction 

Introduced in the early 1970s [1], mechanical alloying (MA) is a very popular technique for producing 

alloy powders. This process is widely applied to the production of compounds with a high energy of mixing, 
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supersaturated solid solutions, and alloys of elements whose equilibrium phase diagrams do not indicate a 

noticeable solubility [1–4]. The production of alloys from immiscible metal systems can be achieved also by 

rapid solidification (RS), where two phases can be produced in a fine distribution; however, RS cannot produce 

solid solutions with high metal content. In fact, RS can produce alloys in a thin ribbon shape, which are 

frequently fragile and difficult to consolidate. By contrast, solid solutions with high metal content and alloys 

with good homogeneity are easily prepared via the MA process. Also, MA enables the production of alloys in 

powder form that can consolidate or be compacted easily, making them attractive for many practical 

applications. The repeated fracturing and cold welding of the particles that occur during the MA process lead 

to reactions between the components of the elemental powder mixture as well as to a high density of 

dislocations and a large number of grain boundaries [5–6]. 

The mechanical and physical properties of nanocrystalline materials are known to directly depend on 

their microstructural parameters. These parameters can be analyzed by X-ray diffraction (XRD) using various 

techniques [7–10]. The Rietveld method is a full-pattern fitting technique that is very useful for microstructural 

characterization. This method gives the best results for microstructure characterizations and quantitative 

estimations of multiphase materials whose diffraction patterns include multiple overlapping reflections [11–

12]. 

Cu-based nanocrystalline and amorphous materials have shown excellent mechanical properties and 

high electrical and thermal conductivities; they are therefore appropriate for use in the welding industry and 

in electrical applications [13]. Because of these advantages, numerous investigators have studied the relation 

between mechanical properties and microstructure of Cu-based nanocrystalline and amorphous materials [14–

16]. The Cu–Nb system is an example of a binary immiscible metal system [17]. This alloy was first obtained 

by MA by Morris and Morris [18] and then by Benghalem and Morris [19]. Botcharova et al. [20–21] have 

demonstrated that Nb can be dissolved homogeneously within the Cu matrix at concentrations as high as 

10at% by MA. The formation of a complete solid solution for the Cu–20%Nb composition was not achieved, 

likely because of the very high Nb content and the short milling time (17 h). Recently, Mula et al.  [22] and 

Lei et al. [23] have discussed the formation of Cu–Nb solid solutions, noting that the kinetics of the alloying 

process in Cu–Nb systems is not yet understood.  
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In the literature, the influence of the milling environment on the powder obtained at the end of the MA 

process has not been widely studied. Azabou et al. [24] and Khitouni et al. [25] reported that a stable copper 

oxide phase could be obtained by MA under an air atmosphere. Yoon et al. [26] have studied the influence of 

different milling atmospheres on the thermoelectric and mechanical properties of Bi–Sb–Te alloys. They 

found good thermoelectric properties in the alloy prepared by MA under an Ar atmosphere and a high hardness 

value after the powder milled under an air atmosphere was sintered. Zhao et al. [27] have synthesized a Cu–

3.6vol%Al2O3 dispersion-strengthened alloy by MA of internal oxidation Cu–Al powders. They used internal 

oxidation of Cu–Al powders (by mixing and subsequently heating Cu–Al with Cu2O powders) followed by 

milling under an air or Ar atmosphere to obtain nanometric Al2O3 oxides dispersed in a Cu matrix to enhance 

the mechanical properties and maintain the good electrical characteristics. They optimized the time of milling 

compared with classic MA techniques. The finally compacted alloy exhibited excellent mechanical and 

electrical properties because of the complete oxidation of residual Al as reinforcing particles. 

The aim of the present work is to synthesize Cu70Nb20Al10 by MA. Very few researchers have studied 

this system. Silva and Lima synthesized the Cu–13Al–2Nb (wt%) shape-memory alloy under an Ar 

atmosphere and at a rotation rate of 150 r/min for 65 h for further memory-shaping purposes [28]. In the 

present study, we work with a sensibly higher content of Nb and use different processing parameters such as 

very long milling times and an air atmosphere. We detailed here the effect of the milling time on the evolution 

of microstructural parameters, including the crystallite size, microstrain, and the lattice parameter, by using 

Rietveld refinement of XRD patterns. In addition, we studied the thermal behavior exhibited at the end of the 

milling. The techniques used for these purposes were scanning electron microscopy (SEM), XRD, and 

differential scanning calorimetry (DSC). 

The Cu–Nb–Al system was chosen because Cu-based nanocrystalline materials exhibit excellent thermal, 

electrical, and mechanical proprieties. In addition, Al is a good candidate to achieve a supersaturated Cu–Nb–

Al solid solution by MA because of its smaller atomic radius compared with those of Cu and Nb, which 

enables it to dissolve into the Cu matrix at an early stage of milling. By decreasing the matrix grain size to the 
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nanometer scale, the mechanical properties can be improved. In addition, good hardening properties can be 

achieved through homogeneous distribution of the alloying elements in the solid solution.  

2. Experimental 

Ternary Cu–Nb–Al powder alloys with nominal atomic composition Cu70Nb20Al10 were prepared in a 

planetary ball mill (Fritsch Pulverisette P7). The initial elemental powders had different size distributions in 

the range 40–74 μm. The elemental powders of Cu (99.99%), Nb (99.85%), and Al (99.9%) were precisely 

weighed to give the desired nominal compositions. The synthesis was carried out using a hardened chromium 

steel vial with five chromium steel balls (diameter 10 mm) under an air atmosphere. The MA was carried out 

at 600 r/min and with a ball-to-powder mass ratio of 2:1. The total period of the process was 200 h. The 

process was performed in a periodical sequence of 10 min of milling followed by 5 min of pause to refresh 

the vials and avoid local heating. A small amount of powder was collected for characterization after different 

milling times. 

Structural investigations of the milled powders were carried out on an X’Pert High Score Plus 

diffractometer in –2 geometry using Cu Kα radiation generated at 40 kV and 40 mA. The existing phases 

were identified using the High Score Plus program based on the ICDD PDF2 database. The average 

microstructure parameters were evaluated through refinement of the XRD patterns with the help of the MAUD 

software [29]. The morphology of the powder particles was observed with a scanning electron microscope 

(Hitachi SU1510, Japan). The chemical composition was studied by energy-dispersive spectroscopy (EDS). 

Finally, thermal analysis was carried out by DSC (Netzch STA 449 C Jupiter, Germany) from 20 to 700°C (at 

10°C/min heating and cooling rates) under an Ar atmosphere. 

3. Results and discussion  

3.1. Morphological evolution 

Fig. 1 reveals the evolution of the morphology of the Cu70Nb20Al10 powder mixture milled for different 

times. The particles of the elemental powder mixture were approximately spherical, with an average size in 

the range 40–70 µm (Fig. 1(a)). An increase in particle size was observed after 16 h of milling, with an average 
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of 10–156 µm. This increase in particle size was due to the predominance of the welding phenomenon against 

fracturing. The flat shape observed for some powder particles (Fig. 1(b)), where some of the particles were 

substantially larger than the initial size, suggests the occurrence of cold welding due to the strong compressive 

forces during the ball–powder–ball collisions. Strong plastic deformation must have occurred to produce 

substantial morphological modification of the grains. After 20 h of milling, the particle size continued to 

increase, reaching an average of 43–180 µm (Fig. 1(c)). After 30 h of milling, the average particle size reached 

39–175 µm and agglomerated particles were observed (Fig. 1(d)). Agglomerated particles obtained by cold 

welding of smaller particles were also observed after 50 h of milling (Fig. 1(e)). The estimated agglomerate 

size is approximately 190 µm, indicating that the welding effect was predominant. The presence of small 

particles indicates that the fracturing process also occurred. After 80 h of milling, the particles became finer 

and more homogeneous as a result of the predominance of the fracture process. A rapid decrease in particle 

size to 15–45 µm was observed at this stage (Fig. 1(f)). This rapid decrease might be due to the accumulation 

of defects and the strong hardening of the material during the milling process. A steady state was observed 

when the milling time was increased to 110 and 200 h, with an average particle size in the range 2–23 µm 

(Figs. 1(g) and 1(h), respectively). 

The EDS analysis corresponding to 80 h of milling is given in Fig. 2(a). The images confirm the 

homogeneous distribution of Cu, Nb, and Al in the mechanically alloyed powder. The results of the chemical 

composition analysis of the individual particles were found to be in good agreement with the nominal 

composition of the powder mixture (68.84at%Cu–21.47at%Nb–8.16at%Al). Also, the EDS analysis indicates 

traces of Fe (1.21at%) and Cr (0.295at%), which possibly originate from the chromium steel balls used in the 

ball-milling process. Figs. 2(b) and 2(c) present the EDS mapping images for Cu, Nb, and Al and show a 

homogeneous distribution of Nb and Al in the Cu matrix. 
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Fig. 1.  SEM images of the Cu70Nb20Al10 powder mixture mechanically milled for different times: (a) 0 h; (b) 

16 h; (c) 20 h; (d) 30 h; (e) 50 h; (f) 80 h; (g) 110 h; (h) 200 h. 
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Fig. 2.  (a) EDS spectrum of Cu70Nb20Al10 and (b, c) EDS mapping images of the base elements in 

Cu70Nb20Al10 powder milled for 80 h. 

 

3.2. X-ray diffraction analysis 

The formation of nanocrystalline and/or amorphous alloy powders by MA is strongly dependent on 

the processing parameters. The most important processing parameters are the milling time, milling 

atmosphere, ball-to-powder ratio, and rotation speed. In our study, we changed only the milling time while 

keeping the other parameters constant. The XRD patterns of the investigated Cu70Nb20Al10 powder after 

different milling times are presented in Fig. 3, where the diffractogram of the unmilled powder mixture is also 

included for comparison. The broadening of the diffraction peaks and the decrease of their intensities indicate 

the introduction of various structural defects such as grain boundaries, vacancies, and stacking faults, as well 

as a decrease of the crystallite size. The existence of various crystal defects facilitates the diffusion of 

elementary compounds. As a result, the structural changes can occur through solid-solution diffusion 

(resulting in the disappearance of certain peaks) and/or the formation of new phases (the appearance of new 

peaks) [5]. 
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The XRD pattern of the initial powder mixture (0 h) indicates a face-centered cubic (FCC) structure 

for Cu and Al and a body-centered cubic (BCC) structure for Nb, with corresponding lattice parameters of a0 

= 0.3611(1) nm, a0 = 0.4051(2) nm, and a0 = 0.3303(1) nm, respectively. Even after a short milling time (4 h), 

the XRD peaks broadened and their intensity sharply decreased as a result of the internal strain increase and 

crystallite size reduction. Heavy deformations and the repeated fracturing of the powder particles are 

responsible for the microstructural changes during MA [30–31]. However, as shown in Fig. 3, all of the peaks 

of crystalline Al disappeared completely. This complete disappearance corresponds to the complete 

dissolution of Al atoms into the FCC-Cu matrix. The melting point of the solute is widely known to provide 

information about the diffusivity: the lower the melting point, the higher the diffusivity [32]. On the one hand, 

according to the thermodynamic data, Nb has a higher melting temperature (2477 °C) than Al (660.32 °C) 

[31]. On the other hand, the Cu peak is displaced slightly toward smaller angles left (from 43.39° to 43.32°). 

This displacement indicates that an increase in the cell parameter of Cu occurred because of the dissolution of 

Al. The lack of superlattice diffraction peaks shows that the crystalline Cu(Al) phase has a disordered 

structure. As a result, a disordered Cu(Al) solid solution was formed by mixing elemental powders Cu and Al, 

which possess the same structure type as the FCC-Cu. Similar observations have been reported for Fe–Al [33–

34], Fe–Co [35], Cu–Al [36], and Ni–Al [37]. Compared with the similar composition Cu–Al–Nb milled under 

an Ar atmosphere [28], the Cu(Al) phase in our work, which was prepared under an air atmosphere, was 

obtained earlier (after 4 h). After 8 h of milling, a strong decrease in the Nb peak intensities and a strong shift 

of the Cu peak at 43.32° to a smaller angle (43.07°) were observed, along with a lack of superlattice diffraction 

peaks. These observations demonstrate that Nb gradually reacted with FCC-Cu(Al) to form a disordered 

Cu(Nb,Al) solid solution with the same structure type as the FCC-Cu. After 12 h of milling, the peaks of 

Cu(Nb,Al) and Nb exhibited broadening and a decrease in intensity. The XRD patterns of the powders 

mechanically alloyed for 16, 20, and 30 h do not differ from the pattern obtained after 12 h of milling. Only 

the Nb peaks continue to broaden and decrease in intensity with increasing milling time. After 50 h, only a 

very weak (110)-Nb peak exists, which illustrates that, at this point, a small amount of Nb atoms have still not 

dissolved into the Cu matrix (Fig. 3). 
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After 80 h of milling, all of the Nb peaks disappear and only the peaks related to the FCC-Cu(Nb,Al) 

solid solution and some other peaks are visible. These peaks correspond to the identified monoclinic fine phase 

of CuO. The XRD patterns of the samples subjected to prolonged milling (110 and 150 h) also show the 

existence of a CuO phase. After 200 h, the XRD patterns present the same phases, with an increase in intensity 

of the CuO peaks (Fig. 3). The formation of copper oxide at these stages is due to the absorption of oxygen at 

the powder surface during milling [38]. The atmosphere environment and the high reactivity of the surfaces 

of particles are other causes of the continuous oxidation with increasing milling time.  

 

Fig. 3.  XRD patterns of Cu70Nb20Al10 powder as a function of mechanical alloying time. 
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Another feature in Fig. 3 is the change in position of the main (111)-Cu diffraction peak with increasing 

milling time. At milling times between 4 and 20 h, the peak shifted to lower 2 values. This shift is explained 

by the formation of solid solutions and the expansion of the lattice parameter of Cu. With additional milling 

time, the angular shift of the Cu main diffraction peak, (111) toward higher values (reaching 2 = 43.29° after 

40 h) may be due to the substitution of Nb atoms in the Cu matrix and the consequent decrease of the lattice 

parameter of Cu. At milling times between 50 and 200 h, the positions of the 2 peaks of Cu remain relatively 

unchanged. 

 



11 

Fig. 4.  Rietveld refinement of the XRD pattern of the Cu70Nb20Al10 powders milled for different times: (a) 0 

h; (b) 4 h; (c) 8 h; (d) 16 h; (e) 50 h; (f) 80 h. Experimental (dots) and calculated (full line) patterns are shown. 

GOF⎯Goodness of fit; Rwp⎯weighted profile R-factor; Rb⎯the Bragg intensity R-value. 

 

Fig. 4(a) shows the Rietveld refinement results for the XRD pattern of the powder mixture before 

milling, which was prepared by combining three raw materials: FCC-Cu, BCC-Nb, and FCC- Al. After 4 h of 

milling, the Rietveld refinement was obtained by introducing three phases: FCC-Cu, BCC-Nb, and FCC-

Cu(Al) solid solution (Fig. 4(b)). After 8 h (Fig. 4(c)), the XRD pattern shows a strong decrease in intensity 

of the Nb diffraction peaks, leading to the formation of the FCC-Cu(Nb,Al) solid solution. The continuous 

dissolution of Nb into the Cu matrix was observed after 12 h of milling (Fig. 4(d)). After 50 h of milling (Fig. 

4(e)), the Rietveld refinement was performed with two phases introduced: the FCC-Cu(Nb,Al) solid solution 

and the Nb phase. After 80 h (Fig. 4(f)), the CuO phase (space group: C2/c; a = 0.468 nm; b = 0.342 nm; c = 

0.513 nm [25]) was revealed by Rietveld refinement; this phase remained after 200 h of milling (Fig. 5).  
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Fig. 5.  Rietveld refinement of the XRD pattern of the powders milled for 200 h. Experimental (dots) and 

calculated (full line) patterns are shown. 

 

Fig. 6 shows the evolution of the phase proportions during the milling. A decrease of the Cu phase 

proportion is observed at an early stage of processing. An increase in the fraction of the Cu(Al) to 

approximately 17wt% and a decrease of the fraction of the Nb to approximately 31wt% are visible after 8 h. 

The phase proportion of Cu(Nb,Al) increases with increasing milling time, reaching a value of 96wt% after 

50 h of milling; by contrast, the Nb proportion continuously decreases, reaching a very low value after 50 h 

of milling. With additional milling time, the phase proportion of FCC-Cu(Nb,Al) decreases slightly but 

continuously because of its partial oxidation, reaching values of 86wt% after 80 h and 74wt% after 200 h of 

milling. The CuO phase proportion is 14% after 80 h of milling, then increases continuously to 26wt% after 

200 h. 

In our study, CuO was observed after prolonged milling time, in contrast to other studies, where it was 

detected at an early stage of milling [24–25]. This discrepancy can be attributed to the Al and Nb affecting the 

Cu matrix before the incorporation of oxygen. 

Suryanarayana [5] demonstrated that metastable phases produced by MA can present attractive 

combinations of chemical, electrical, mechanical, and magnetic properties and can be used in numerous 

applications. 
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Fig. 6.  Phase proportion evolution as a function of the milling time. 

 

3.3. Evolution of lattice parameters and microstrain 

Fig. 7 shows the evolution of the lattice parameters of the Cu, FCC-Cu(Al), Nb, and FCC-Cu(Nb,Al) 

solid solution during the milling process. During the first 4 h of milling, the Cu lattice parameter increases 

slightly from its initial value of approximately 0.363 nm. The lattice parameter of the newly created FCC-

Cu(Al) after 4 h is smaller than that of Cu, reaching 0.3621(1) nm. After 8 h, the lattice parameter of FCC-

Cu(Al) increases to approximately 0.3641(1) nm. This increase is correlated with the shift of the peak to 

smaller 2 angles (see Fig. 3) and is related to the dissolution of a large amount of Al atoms into the Cu matrix. 

A rather large lattice parameter of a = 0.3661(2) nm was observed for the new solid solution FCC-Cu(Nb,Al) 

after 30 h of milling; this large value is attributable to the dissolution of Nb, which has a larger atomic radius 

than Cu. A strong decrease of this lattice parameter is observed after 50 h, reaching a minimum of 

a = 0.3615(1) nm. Similar observations of a decrease of the lattice parameter between 30 and 50 h of milling 

were reported by both Botcharova et al. [20] and Abad et al. [39]. This decrease is explained by the induced 

structural defects and/or by the insertion of oxygen atoms at the interstitial sites of the Cu lattice. Another 

possible explanation is the formation of niobium and aluminum oxide nanoparticles not detectable by XRD 
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[20–21] and resulting from the precipitation of Nb and Al from the supersaturated solution. The lattice 

expansion/contraction can also be assigned to vacancies or to point defects in the crystallites. 

Fig. 7 also shows a continuous increase of the Nb lattice parameter over the first 30 h of milling, a 

period where it remains constant, and then the disappearance of the Nb phase. This initial expansion may be 

due to increases in the density of lattice defects (dislocations) with their characteristic strain fields at the 

nanograin boundary or to interdiffusion between Cu and Nb. Abad et al. [39] and Pfeiler [40] have noted that 

large amounts of Cu (up to 25at%) can be dissolved in Nb, which is likely one of the reasons behind the 

increase in the Nb lattice parameter observed in the present work. 

 

Fig. 7.  Lattice parameter evolution as a function of the milling time. The Nb lattice-parameter values are 

reported on the secondary vertical axis. 
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become well-balanced, resulting in the crystallite size remaining constant at approximately 12 nm for longer 

milling times (up to 200 h). This reduction of the crystallite size is due to the new defects formed, such as 

dislocations and pileup of grain boundaries in untidy clusters within the crystallites. In general, some 

properties can be improved when the crystallite size is reduced to the nanoscale by severe plastic deformation. 

Lei et al. [41] have demonstrated that the mechanical and electrical properties of Cu–Nb alloys after the hot-

pressing process are strongly dependent on their microstructure. First, the high strength is related to the 

nanocrystalline grains responsible for grain-boundary strengthening. Second, the electrical conductivity is 

influenced by the grain size of the Cu. We therefore expected our material to exhibit very good mechanical 

and electrical properties after consolidation. 

The microstrain, by contrast, shows a gradual increase over the first 80 h of milling up to 0.50%, followed by 

a slight increase, reaching a value of 0.58% at the end of milling. These results indicate that the MA process 

with the repeated fracturing and cold welding not only refines the powder but also causes substantial 

microstrain and therefore increases dislocations in the powder crystals and leads to a high rate of grain-

boundary formation.  

 

Fig. 8.  Evolution of the microstructure parameters of the FCC-Cu(Nb,Al). 
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Fig. 9 shows the variation of the crystallite size of the Cu, Nb, and Cu(Al), as well as the microstrain 

of the Nb and Cu(Al). For the Cu, the crystallite size decreases slightly to <75 nm after 4 h. Slimi et al. [42] 

have reported similar observations. The Nb and the FCC-Cu(Al) crystallite size rapidly decrease after 8 h of 

milling to approximately 9.4 nm and 10.6 nm, respectively. With further milling, the crystallite size of Nb 

decreases progressively to approximately 8.0 nm after 40 h and 7.74 nm after 50 h of milling. After 8 h of 

milling, the microstrain of FCC-Cu(Al) reaches 0.07%. In the case of Nb, the microstrain increases gradually 

until 16 h of milling and reaches 0.36% after 50 h of milling. The increase of the microstrains during MA is a 

result of the stress fields associated with the multiplication of dislocations and with the introduction of 

impurities, vacations, antisite defects, dislocations, and other lattice defects during milling [43]. 

 

Fig. 9.  Evolution of the microstructure parameters of Cu, Nb, and Cu(Al). 
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where  is the microstrain, D is the crystallite size, and b is the Burgers vector. In the case of FCC materials, 

cold plastic deformation is caused by the emergence and slip of dislocations on {111} close-packed planes 

and in <110> close-packed directions [45]. Thus, the Burgers vector of Cu70Nb20Al10 in direction [110] is 

equal to 
𝑎

2
√2, where a is the lattice parameter corresponding to the duration of each milling. According to 

Slimi et al. [46], the maximum 𝜌𝐷  of milled Cu–Fe–Ni is approximately 6 × 1015 m−2 after 100 h of milling. 

Fig. 10 gives the variation of the dislocation density 𝜌𝐷  of Cu70Nb20Al10 powders, as calculated using Rietveld 

refinement, as a function of the MA duration. The 𝜌𝐷  values rapidly increased from approximately 0.063 × 

1016 m−2 to approximately 3.23 × 1016 m−2 during the first 30 h of milling. As expected, the dislocation density 

increases rapidly in the early stage of milling because of the severe plastic deformation. With further milling 

(>30 h), the 𝜌𝐷  gradually increases to 5.69 × 1016 m−2 after 80 h of milling and then remains relatively 

unchanged. A steady-state value of approximately 6.43 × 1016 m−2 was observed after 200 h of milling. The 

milling time appears to be the major experimental parameter: the longer the milling time, the higher the 

dislocation density value. 

The hardness of the alloys is strongly increased by the formation of a nanocrystalline, supersaturated 

solid solution, and also by the presence of a high density of defects and high residual stress in the grains of 

the powder. Thus, from the aforementioned observations, high microhardness values are expected.  
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Fig. 10.  Evolution of the dislocation density as a function of the milling time. 

 

 

3.4. Preliminary DSC study 

To evaluate the stability of the milled powder for further hot compaction purposes, the thermal 

behavior of the Cu70Nb20Al10 powder milled for 200 h was investigated by DSC. We used continuous heating 

and cooling at a rate of 10°C/min under an Ar atmosphere. The DSC curve corresponding to 200 h of milling 

is shown in Fig. 11. The DSC curve is characterized by a series of three exothermic events. The first broad 

exothermic event was observed between 200 and 360°C with a maximum at 293.7°C and an enthalpy of 38.85 

J/g. This event can be attributed to the partial decomposition of the CuO within the presence of Al and Nb and 

to further form alumina (Al2O3) or niobium oxide (Nb2O5) because of their low enthalpy of formation [47–

48]. Conceivably, this peak could represent a combination of several phenomena. Indeed, at this temperature, 

the recovery of defects introduced by the MA is thermally activated. The second exothermic event occurs 

between 390 and 520°C with a maximum at 483.7°C and an enthalpy of 13.01 J/g. This event is most likely 

related to the decomposition of the FCC-Cu(Nb,Al) supersaturated solid solution to AlCu, Al2Cu, or Al4Cu9. 

To the best of our knowledge, AlCu is the most thermally stable of these phases. Moreover, because our matrix 

is Cu, the formation of Al2Cu or Al4Cu9 is unlikely. The third broad exothermic peak was observed in the 

range between 520 and 620°C with a maximum at 579.3°C and an enthalpy of approximately 5.03 J/g. This 

event is possibly characteristic of the formation of an intermediate compound Al3Nb, which is a very stable 

phase [49]. The cooling stage of the DSC curve shows that the powder did not suffer any reversible reaction. 

Further systematic studies concerning the reactions and transformations during the heating as well the 

consolidation of the powder by SPS are in progress and will be published separately.  
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Fig. 11.  Typical DSC scans for Cu70Nb20Al10 alloy after 200 h of milling at a heating rate of 10°C/min. 

 

4. Conclusion 

The Cu70Nb20Al10 compound was synthesized by MA. The effect of milling time on the morphology, 

structural changes, microstructural characteristics, and thermal behavior of mechanically alloyed 

Cu70Nb20Al10 powders was investigated, and the following results were obtained. 

(1) The high-energy milling of Cu70Nb20Al10 powder mixtures leads to the formation of a FCC-Cu-based 

solid solution. This crystallographic structure ensures high mechanical strength and good ductility. 

(2) The nanocrystalline Cu(Nb,Al) solid-solution powder shows a crystallite size of approximately 12 

nm after 200 h of MA. 

(3) The morphology and size distribution of the powder particles change during MA. In the early stage 

of milling, the average particle size of the powder elements increases progressively. This increase is also 

accompanied by the accumulation of internal strains. The Cu–Nb–Al nanocrystalline powder particles 

become uniform in size and round shaped with further milling. 
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(4) At the early stage of the MA process, both the Cu(Al) solid solution formed after 4 h and the resulting 

powder show a nanometric-scale structure. When the milling time is 8 h, the ternary FCC-Cu(Nb,Al) 

starts to form. At longer milling times, all of the Nb atoms dissolve into the Cu(Al) lattice and the 

formation of the Cu(Nb,Al) is completed. A cupric oxide was revealed by XRD after 80 h of milling. 

The XRD patterns of these phases were successfully analyzed with the help of the MAUD program by 

employing the Rietveld refinement technique. The dislocation densities were found to be 6.43 × 1016 

m−2, and the strain broadening caused by high-energy MA is consistent with the concept of dislocations. 

(5) DSC curves of the nanocrystalline Cu–Nb–Al powder show three exothermic peaks. These 

exothermic peaks were speculated to be caused by the formation of Al2O3 and (likely) Nb2O5 oxides, 

the AlCu stable phase, and the Al3Nb phase. 

(6) This investigation has shown that MA is a promising way of producing nanocrystalline materials 

with very good properties, such as high strength and hardness superior to that of conventional materials. 

The compound was studied here from the viewpoint of its microstructure. Future research will be 

devoted to consolidating the powders and then studying their mechanical, thermal, and electrical properties. 

After optimization, this family of compounds may be useful for industrial applications such as welding or as 

electrical conductors with high mechanical strength (after heat treatments), as required for pulsed high-field 

magnets. Consolidation experiments using the spark plasma sintering method are underway. 
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