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Abstract Mechanical alloying of Cu-16 at.%Al and Cu-

30 at.%Al was performed using both a planetary and a

horizontal milling devices. The starting powders were

high-purity Cu and Al. The different stages of milling were

identified and characterized as initial, intermediate, final,

and completion. The obtained microstructures were

investigated by scanning electron microscopy and trans-

mission electron microscopy. The evolution of the

microstructure was studied considering the particle size

variation. A decrease in the particle size was found as the

Al content increases. The evolution of the nanostructure

was studied considering the grain size variation. No

marked changes on the nanostructure were detected during

milling regardless either the type of mill used or compo-

sition selected. Mean grain sizes’ values found were

between 10 nm and 26 nm for each stage of milling. Power

consumption of the milling process was calculated at lab-

oratory scale to analyze the chances of a potential scaling

up of the milling process. Starting aggregation state,

microstructure and dominant phase changes, and evolution

of mechanical alloying stages were considered. Perfor-

mance of milling was compared to traditional high-tem-

perature methods to compare the advantages and

disadvantages of both synthesis methods.

Keywords Mechanical alloying � Power consumption �
Microstructure evolution � Cu-Al � TEM � SEM

Introduction

Nanostructured alloys became popular due to the

enhancement of the properties compared to materials with

conventional grain sizes [1–3]. Among these properties, it

is worth to mention ductility, strength, and diffusion

kinetics [4, 5]. Therefore, it is commercially attractive to

develop synthesis methods of nanostructured materials

[6–10]. Mechanical alloying (MA) is a well-known powder

processing technique due to its simple know-how for the

synthesis of alloys [11]. In particular, MA is especially

useful in the production of alloys having constituents with

a large difference in melting temperatures. Synthesis of

nanostructured alloys is enhanced at low temperatures,

T\ 423 K (T\ 150 �C) [12, 13]. Cold compact and hot

rolling of pre-alloyed powders is one of the traditional

processing routes used to obtain shape memory alloys.

However, the properties of the final alloy depend on the

microstructure of the initial powder. Therefore, it is

important to analyze in detail the evolution of the micro-

and nanostructures during milling [14, 15].

According to the composition, morphology, and

microstructure, the MA synthesis process can be charac-

terized as consisting in various stages. Benjamin and Volin

[16] identified five different stages of alloying: particle

flattening, welding predominance, equiaxed particle for-

mation, random welding orientation, and steady-state pro-

cessing. Recently, some authors divided the process into

four different stages [17–19]: initial, intermediate, final,

and completion. The MA consists in a cycle of fracture and

cold welding, and the initial stage is controlled by fracture
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process, without having a compositional homogeneity. The

following stage is the intermediate which is controlled by

both fracture and cold welding. At this stage, composi-

tional changes are clearly evidenced. As milling continues,

the formation of new structures is identified at the final

stage. Finally, the completion stage occurs when changes

no longer occur reaching an equilibrium between cold

welding and fracture.

The synthesis of alloys of the Cu-Al-Ni system by MA

was widely studied over the last decades [15, 20, 21].

However, synthesis process of Cu-Al by MA is not com-

pletely described as observed in the current and available

literature. Moreover, the most studied compositions in the

Cu-Al system are the ones with a large percentage of Al

[22]. For composition values between Cu-16 at.%Al and

Cu-30 at.%Al, this system is interesting because it can

present shape memory properties. Cold compacting and hot

rolling of a pre-alloy Cu-Al powder mixture can produce a

shape memory alloy with a high transformation tempera-

ture value over 200 �C [23, 24]. Shape memory alloys can

transform from one structure to the other without diffusion

at a certain temperature or stress value. This martensitic

transformation is also independent of grains size within

certain composition ranges. However, grain size effects

appear for grain sizes below some tens of micrometers,

giving rise to a pronounced drop in the martensitic trans-

formation temperature. Furthermore, other properties can

be improved or deteriorated by the reduction in grain sizes

below this value. For example, fracture strain seems to

increase as the grain size decreases. Then, it is desirable to

find a method to produce Cu-Al-Ni or Cu-Al alloys with a

grain size smaller than a certain value, i.e., 30 lm
according to Vajpai et al. [21]. On the contrary, the

reduction in grain sizes below 100 lm generates a decre-

ment in the starting temperature of the martensitic trans-

formation. This behavior was observed for different alloys

such as Cu-Zn-Al [25], Cu-Al-Be [26], and Cu-Al-Ni [27].

It becomes pronounced for grain sizes below 20 lm [26].

Thus, it can be worth to know the grain size of the alloy

through the synthesis method selected. In the work of

Samal et al. [28], an ultrafine Cu-25% wt. Al alloy was

synthesized using a planetary ball mill. After 50 h of

milling, they obtained a powder composed by particle with

sizes around 200–400 nm. These particles contain a large

number of grains with sizes around 15–20 nm.

The present work analyzes in detail the micro- and

nanostructures of the powders as a further analysis of the

results of a previous article [29]. The initial Cu and Al

powders and the mechanically alloyed ones were consisted

by particles with sizes in the micrometric scale. These

particles were composed by a large number of nanometric

grains. The evolution of the particle and grain sizes was

studied for Cu-16 at.%Al and Cu-30 at.%Al alloys

obtained by planetary and horizontal mills. Both types of

milling are considered by Suryanarayana [11] as medium-

and low-energy mills, respectively. Cu-Al system among

others can turn amorphous by a high-energy mill

[28, 30, 31]. One of the main objectives is to carefully

study the microstructure evolution of Cu-Al system. For

this reason, medium- and low-energy mills were chosen in

this work. The powders were analyzed using scanning

electron microscopy (SEM) and transmission electron

microscopy (TEM). SEM was used to determine the evo-

lution of the microstructure, while TEM allowed the study

of nanostructured grains. The previous article consisted in a

detailed study phase evolution during MA [29], while the

aim of this work is to determine the nano- and

microstructure evolution in order to establish the best

composition and type of mill to develop a shape memory

alloy with accurate grain sizes. This study characterizes the

different stages of milling in the Cu-Al system between

Cu-16 at.%Al and Cu-30 at.%Al, and it allows the esti-

mation of the power consumption in order to scale up the

process from laboratory to near-industrial level.

Materials and Methods

Elemental Cu (Sigma-Aldrich, 99.999% purity-5 mesh)

and Al (Alfa Aesar, 99.5% purity-100 mesh) were used.

Commercial powders were set with stainless steel balls in a

stainless steel chamber under Ar atmosphere (99.999%).

Figure 1a and b shows SEM micrographs of the high-purity

initial Cu and Al powders, respectively. The mean grain

diameter of the starting powders was equal to 15 ± 8 nm

for Cu and 26 ± 15 nm for Al. Milling processes were

performed at controlled conditions (humidity\ 100 ppm,

O2 content\ 5 ppm) for two different compositions of Cu-

Al. The nominal compositions of the powders were Cu-

16 at.%Al and Cu-30 at.%Al. The elemental blends were

mechanically alloyed in two different devices with differ-

ent conditions:

1. PM: planetary-motioned mill. The selected speed was

120 rpm. The ball/sample mass ratio was 8.25:1. The

integrated milling times (tim) were 10, 20, 30, and

50 h.

2. HM: horizontal mill. The selected speed was 140 rpm.

The ball/sample mass ratio was 22.33:1. The integrated

milling times (tim) were 10, 30, 50, and 100 h.

The integrated milling time is the time the sample was

effectively milled. The value does not include the time of

removal of samples from mill or the time the mill inverts

the direction of rotation. Figure 1c shows schematic rep-

resentations of the mills functioning. HM reaches a global

milling temperature below 150 �C [18]. PM reaches at the
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selected conditions global temperature values below

200 �C. In neither case, the local temperature value, i.e.,

the instantaneous temperature reached during collision of

balls against the sample, is known [11].

From now on, sample label briefly indicates the Al

concentration, mill type, and milling time, e.g., 16-PM-10

stands for Cu-16 at.%Al milled in the planetary mill for

10 h. Table 1 presents the nomenclature.

Particle size and morphology were observed by a SEM

FEI 515 microscope with an EDAX 9900 spectrometer for

EDS analysis. Grain size was measured from TEM images

acquired in a TEM FEI CM200 UT, operated at 200 kV. In

order to obtain samples with adequate granulometry for

TEM, the powders suspended in ethyl alcohol were manual

mill by vertical smash in an agate mortar and some drops of

the suspensionwere deposited onto an ultrathin holey carbon

copper grid. The measurements of particle and grain sizes

were performed from SEM images and TEM dark field

micrographs, respectively. This task was carried out by

assuming that the powders under study were circle-like

shapes. Then, the characteristic magnitude was the diameter

of the plane area.Allmeasurementswere performed using an

image analysis software (iTEM Olympus Soft Imaging

Solutions). Powders were also characterized by room-tem-

perature x-ray diffraction, using a Philips PW 1710/01 and a

PANalytical X’Pert diffractometers with Cu Ka radiation.

Results

Morphology of the Powders

The initial stage is controlled by fracture process [17–19].

The fracture process is clearly recognized in some of the

particles presented in Fig. 2. Table 1 summarizes the

experimental conditions of each sample shown in Fig. 2.

Particularly, this process is observed at 10 h of milling. For

example, it is presented a flake-like particle, in the

micrograph of the sample 16-PM-10 as shown in Fig. 2a.

Figure 2c corresponds to the sample 30-PM-10. A large

particle with really straight cuts revealing also the occur-

rence of the fracture process is shown. Some particles of

the samples milled by 10 h in HM have edges forming

well-defined angles as shown by the arrows in Fig. 2b, d. In

most of the micrographs corresponding to 10 h of milling,

it is possible to find particles with rounded surfaces, which

denotes the occurrence of cold welding. This morphology

is related to the evolution from the initial to the interme-

diate stage. The rounded surfaces are the consequence of

successive folding of layers. This behavior is similar to the

observed one in the particle in the center of Fig. 2b. The

intermediate stage is associated with the beginning of

alloying. For the composition Cu-16 at.%Al, the interme-

diate stage takes place up to 20 and 30 h for PM and HM,

Fig. 1 SEM micrographs of the

initial (a) copper and
(b) aluminum powders.

(c) Schematic representation of

the functioning of PM and HM,

vector g represents gravity

direction

Table 1 Type of mill and milling time employed for each sample and general characteristics of SEM measurements

Composition: Cu-16 at.%Al Composition: Cu-30 at.%Al

Sample name Type of mill tim (h) Particle size (lm) Sample name Type of mill tim (h) Particle size (lm)

16-PM-10 PM 10 127 ± 52 30-PM-10 PM 10 124 ± 46

16-PM-20 PM 20 80 ± 40 30-PM-20 PM 20 37 ± 17

16-PM-30 PM 30 80 ± 60 30-PM-30 PM 30 27 ± 19

16-PM-50 PM 50 103 ± 40 30-PM-50 PM 50 18 ± 12

16-HM-10 HM 10 135 ± 70 30-HM-10 HM 10 99 ± 42

16-HM-30 HM 30 167 ± 73 30-HM-30 HM 30 29 ± 26

16-HM-50 HM 50 239 ± 98 30-HM-50 HM 50 22 ± 21

16-HM-100 HM 100 173 ± 80 30-HM-100 HM 100 16 ± 10
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respectively. The beginning of the final stage is charac-

terized by the formation of new phases [29].

No composition change occurs at longer milling times,

and mechanical alloying simply evolves to mechanical

milling. This milling condition is known as completion

stage. At this stage, the predominance of the fracture over

the cold welding depends on the way the systems relieve

excess free energy of the surface. Samples obtained at the

last step of each milling, 50 h for PM and 100 h for HM,

could be related to the completion stage.

Figure 2e shows a representative image of the last step

for the sample 16 at.%Al for PM. It depicts a large particle

with rounded surface due to cold welding. Figure 2f shows

sample obtained at 16-HM-100. It shows particles with flat

surfaces and well-defined boundaries. This morphology is

well related to fracture. The image also displays some other

particles with rounded surfaces. Finally, the refinement of

the structure of the powder from the micrographs of

Fig. 2g, h is easily observed. These images correspond to

30 at.%Al milled for 50 h in PM and for 100 h in HM,

respectively. The gradual decrement in the mean particle

size is related to the completion stage slightly controlled by

the fracture process.

Microstructural Evolution: Particle Size

Particle sizes were measured using SEM images. For each

sample, at least 200 particles were measured. Figure 3

presents the histograms for samples obtained at the first and

last stages of each milling process for each composition.

The average values obtained for the particle size for each

sample are shown in Table 1. The first stage related to 10 h

is represented by columns with a tilted striped pattern. The

last stage related to 50 h for PM or 100 for HM is repre-

sented by full gray columns.

Figure 3a shows the measurement results for the com-

position Cu-16 at.%Al milled in the planetary device. The

mean value obtained for 16-PM-10 was equal to 127 lm,

with a standard deviation of 52 lm, Table 1. For 16-PM-

50, the mean value was equal to 103 lm and the standard

deviation was equal to 40 lm. The results evidence the fact

that no appreciable particle size variation was detected

Fig. 2 SEM micrographs for the initial and completion milling steps.

Micrographs are shown for each composition and type of mill.

tim = 10 h, 16 at.%Al, PM (a), HM (b), 30 at.%Al, PM (c), HM (d),

16 at.%Al, tim = 50 h, PM (e), tim = 100 h, HM (f), 30 at.%Al,

tim = 50 h, PM (g), tim = 100 h, HM (h)
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during milling. This fact is easily observed from the

superposition of the distribution on both histograms. The

particle size is also almost constant during milling for the

case of the horizontal mill and for this composition. The

measured value was equal to (135 ± 70) lm for 16-HM-

10 and it was equal to (173 ± 80) lm for 16-HM-100 as

shown in Fig. 3b. Consequently, considering the dispersion

of the measurements, no significant particle size variation

was observed. Intermediate milling times presented similar

results as the first and last stages of each milling process.

In the case of the composition Cu-30 at.%Al, the evo-

lution of the particle size was rather different than in the

case of 16 at.%Al. The mean particle size was equal to

(124 ± 46) lm after 10-h milling in the PM as shown in

Table 1. Meanwhile, the mean value obtained for 30-PM-

50 was equal to 18 lm with a standard deviation equal to

12 lm. The decrease in almost an order of magnitude in

particle size is well represented by the histograms of

Fig. 3c. Figure 3d shows the measurements performed in

the samples 30-HM-10 and 30-HM-100. For these cases,

the mean particle size value decreased from (99 ± 42) lm
to (16 ± 10) lm, Table 1. A marked difference in the

evolution of particle sizes appeared between the two

compositions studied. The refinement in particles sizes

seems to be dependent on the Al content. A possible reason

to this difference is discussed in ‘‘Micro/nanostructure

evolution’’ section.

The mean diameters for each step and mill are repre-

sented in Fig. 4. It is done to study in detail the evolution of

the particle size for the composition Cu-30 at.%Al. The

values obtained for the intermediate samples were:

37 ± 17 lm (30-PM-20), 27 ± 19 lm (30-PM-30),

29 ± 26 lm (30-HM-30), 22 ± 21 lm (30-HM-50) as

summarized in Table 1. As a guide to the eye, two different

curves were fitted. The gray one corresponds to PM, and

the black one to HM. These curves are exponential func-

tions. For the second stage of milling, 20 h (PM) and 30 h

(HM), the mean particle size reached a value similar to the

one obtained in the completion stage. The early decay of

the values demonstrates the rapid evolution of this

parameter for the composition Cu-30 at.%Al.

Nanostructural Evolution: Grain Size

All samples were powders composed of micrometric par-

ticles containing a large amount of nanometric grains. This

parameter was studied by dark field (DF) images obtained

from TEM. The determination of mean grain diameter was

performed from DF micrographs. It is represented in

Fig. 5.

Figure 5a shows the results obtained for the composition

Cu-16 at.%Al for both mills. In the case of PM (full gray

rhombus), the smallest mean value measured was equal to

(12 ± 5) nm for the sample 16-PM-30. The largest value

Fig. 3 Histograms representing

the measurements of particle

size of samples (a) 16-PM 10

and 50 h, (b) 16-HM 10 and

100 h, (c) 30-PM 10 and 50 h,

(d) 30-HM 10 and 100 h
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was obtained at the last stage of the milling, and it was

equal to (22 ± 24) nm. The other two values were in

between these ones. It is possible to assure that no evolu-

tion was observed for this parameter during the milling

considering the standard deviation of each measurement.

This fact is represented in gray line in the figure by a zero-

order polynomial function equal to the average value of the

fourth measured diameters. The average value was equal to

17 nm. The zero-order polynomial function did not stand

for all points, but it is within the error line values. A similar

behavior was observed for the sample synthesized in the

HM (full black circles). In this case, mean grain diameter

values were between (14 ± 14) nm and (26 ± 13) nm.

The zero-order polynomial function (black line) was equal

to 18 nm.

The values obtained for the composition Cu-30 at.%Al

are shown in Fig. 5b. The mean value obtained for the

sample 30-PM-10 was equal to (12 ± 6) nm. This value

was the smallest one found for samples milled in PM. The

largest one was obtained for the last stage of the milling,

being equal to (18 ± 14) nm. Both values are represented

by the DF micrographs presented in Fig. 5. The DF image

to the left corresponds to samples 30-PM-10. The DF

image to the right corresponds to samples 30-PM-50. The

comparison of both DF images showed no appreciable

evolution of the grain sizes occurred during the milling.

The plotted line that represents this fact had a constant

value equal to 15.5 nm. Similar results were obtained for

HM. The smallest mean grain diameter measured was

equal to (10 ± 8) nm. The largest value was measured for

the first stage of the milling, being equal to (20 ± 14) nm.

The average value of the fourth measured diameters was

equal to 13.5 nm. It is worth to mention that grain sizes

were also measured for the initial powders. The mean grain

diameter obtained was equal to (15 ± 8) nm for Cu, and it

was equal to (26 ± 15) nm for Al.

Phase Evolution of the Powders

The different samples were characterized by XRD. Phases

presented at each tim were identified using the diffrac-

tograms. Figure 6 presents the diffractograms obtained for

Fig. 4 Evolution of the mean

particle diameter of the samples

with a composition Cu-30

at.%Al. Stages of milling are

schematically represented

Fig. 5 Evolution of the mean

grain diameter. (a) Cu-16
at.%Al, (b) Cu-30 at.%Al. Left

and right pointed dark field

images correspond to samples

30-PM-10 and 30-PM-50,

respectively
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the samples at the first and last stages of each milling for

each composition. A summary of the detected phases by

XRD for all samples is also presented [29]. The first stage

of each milling is represented by full gray diffractograms,

while the last stage is represented by black line curves.

Figure 6a, b shows the results obtained for samples with

composition 16 at.%Al. For 10 h in both mills, XRD pat-

terns show the presence of Cu and Al disaggregated [29],

i.e., that Cu and Al elements could be identified separately

in the XRD profile. For the last stages of each milling,

the intermetallic detected for Cu-16 at.%Al was the

stable phase according to the phase diagram [23]. The

cubic a phase was obtained using both milling devices

[29]. This final phase was reached at 30 h in both cases

[29], Fig. 6c. As it is shown in Fig. 6d, e, XRD corre-

sponding to 10-h milling of the samples with composition

30 at.%Al could be indexed considering the presence of Cu

and Al [29]. On the contrary, the final intermetallic

observed for Cu-30 at.%Al was not in total agreement with

the equilibrium phase diagram. The planetary mill pro-

duced a mixture of a and c2 phases from 20-h milling [29]

as presented in Fig. 6f. The horizontal mill produced c2
phase from 50-h milling [29]. At tim = 30 h a mixture of a
and c2 was detected [29] as shown in Fig. 6f.

Discussion

Stages of Milling

Stages of milling are analyzed in detail considering the

morphology of both powders and phase stability. These

characteristics are easily correlated with the effects of

fracture and cold welding, the ones dominating the stages

of mechanical alloying. For the composition Cu-30 at.%Al,

the different milling stages are schematically represented in

Fig. 4.

Initial Stage

The first stage of each milling is mainly controlled by the

fracture process. Usually during this stage, the initial

components remained without alloying with no evidence of

cold welding. This behavior was clearly observed during

the first 10 h of milling for PM and HM and for both

compositions. After this first stage, the powders were

composed only by initial Cu and Al in each sample [29],

Fig. 6. The fracture process is also evidenced for particles

with well-defined angles and remarkable straight lines in

the surface.

Fig. 6 X-ray diffractograms of (a) 16-PM-10 and 16-PM-50, (b) 16-
HM-10 and 16-HM-100, (d) 30-PM-10 and 30-PM-50, (e) 30-HM-10

and 30-HM-100. Summaries of the detected phase for Cu-16 at.%Al

and Cu-30 at.%Al are presented in (c) and (f), respectively. Asterisks
indicate phase identities reported previously [29]
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Intermediate Stage

The second stage is related to the beginning of alloying.

The alloying of powders is produced by the cold welding

process. Figure 2a-d shows the particles obtained after

10-h milling. These particles presented rounded surfaces

due to the successive folding of layers. The beginning of

the intermediate stage is associated with rounded surfaces

produced by cold welding. This fact is in agreement with

the formation of new phases in each sample at the next

stage of milling (30 h for 16-PM, 20 h for 30-PM and 30 h

for HM) [29]. It is shown in Fig. 6c, f. For the composition

Cu-30 at.%Al, the evolution of the mean particle size took

place at this stage of milling as shown in Fig. 4.

Final Stage

The third stage starts when the final product appears and

lasts until its total formation. This stage elapses from 20 to

30 h of milling for the sample 16-PM. The formation of the

a phase was detected by transmission electron microscopy

at 20-h milling [29]. The powder was composed only by

the equilibrium phase at 30-h milling, Fig. 6c. After that,

no new phases were detected. In the case of 16-HM, the

final stage could occur between 10 and 30 h of milling. No

clear distinction is observed between this and the inter-

mediate stage. A similar behavior was observed for the

sample 30-PM. As it is shown in Fig. 4, no clear distinction

between the intermediate stage and the final stage is

observed. Both stages occurred between 10 h and 30 h of

milling. It happened because the starting of alloying was

observed and the final product was obtained during this 20

h. In the 30-HM case, the final stage could be located at

times longer than 50 h of milling where the only phase

detected was c2 [29] as displayed in Fig. 6e, f.

Completion Stage

Compositional changes should not be observed at this last

stage of milling. Then, this stage was considered as

mechanical milling without alloying. The system evolved

to the most energetically favorable situation. For samples

with composition Cu-16 at.%Al, powders at the comple-

tion stage presented similar morphology as those ones

observed at 30 h for PM and at 50 h for HM. This meant

that it was unnecessary to mill any longer because no

appreciable evolution was observed after the end of the

final stage. A similar condition was observed for the

composition Cu-30 at.%Al. After the final stage, no chan-

ges were detected.

Micro/Nanostructure Evolution

The evolution during milling of the powder microstructure

depended on the initial composition of the blend. The mean

particle diameter of the samples synthesized either by PM

or by HM did not present appreciable variation for the

composition Cu-16 at.%Al. During each milling process,

particle sizes were around 140 lm. Histograms corre-

sponding to tim = 10 h were similar to the ones corre-

sponding to the last stage of each milling process as

observed in Fig. 3a, b. As shown in Fig. 4, the mean size of

the particles decreased, as the milling time increased for

the composition Cu-30 at.%Al. The decrement is highly

pronounced during the intermediate stage of milling. Mean

particle diameter was reduced from (124 ± 46) lm to

(18 ± 12) lm for PM and from (99 ± 42) lm to

(16 ± 10) lm for HM. In each case, the decrement was

near one order of magnitude. These results reveal a

decrease in the particle size as the Al content increases.

The large difference between the behaviors of both

compositions could be attributed to the phases occurring in

each case. For Cu-16 at.%Al, only a phase was detected

after the beginning of alloying [29]. The a phase, the

stable phase according the phase diagram [23], presents the

same space group than Cu with a slightly larger lattice

parameter due to the Cu substitutional replacement by a

larger Al atom [32]. For Cu-30 at.%Al, in addition to the a
phase, c2 phase was also detected [29]. The mass evolution

of a and c2 phases according to Rietveld results was pre-

sented in [29]. The increase in the average mass percentage

of c2 phase occurred as expense of the decrease in the

average mass percentage of a phase. The unit cell of the c2
phase contained a total of 52 atoms and 2 structural

vacancies with a lattice parameter three times larger than

the one of a [33]. Therefore, the decrease in the particle

size as the Al content increased could be attributed to the

increase in the c2 phase. This conclusion is based on the

idea that c2 phase is more fragile than the a one. It was also

reinforced by the previous results obtained for a compo-

sition Cu-24 at.%Al [34]. In this case, a mixture of a and

c2 phases was detected forming the final intermetallic [29].

The mean particle size of Cu-24 at.%Al was smaller than

Cu-16 at.%Al and larger than Cu-30 at.%Al at the final

stages of milling. A large decrease in particle size was

reported for the Cu-Al-Mn system [35]. Amini et al. found

that the mean particle size was reduced from 140 lm after

12 h of milling to 38 lm after 48 h of milling in a plane-

tary device.

In opposite to the microstructure evolution, the powder

nanostructure did not markedly evolve during milling in

any of the studied cases. Mean grain sizes were between

10 and 26 nm for each stage of milling regardless type of
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mill or composition. These mean values, considering their

dispersions, were also between the ones obtained for the

initial Cu and Al powders. Therefore, the final grain size

seems to be conditioned by the grain sizes of the initial

particles for the systems studied in this work. A decrease in

grain sizes was observed for other systems. For example,

Samal et al. [28] study Cu-Al in a composition between the

ones studied in this work using a high-energy mill. They

measured the grain sizes by an indirect method using x-ray

diffractograms. The mean value decreased from 21 nm to

6 nm after 10-h milling. The final particle sizes observed

were near a hundred of nanometers. This value is much

lower than the ones obtained in this work using low- and

medium-energy mill devices. Zelaya et al. [13] reported a

decrement in the grain sizes during the synthesis of Ni-Al

by low-energy mechanical alloying. The same behavior of

the grain size was reported by Chen et al. [4], using a high-

energy ball mill in the same Ni-Al system. The lack of

similarity between the Cu-Al system and other system can

be attributed to the different ductile brittle balance of the

phases synthesized during milling stages.

Many authors reported martensitic transformation after

heat and mechanical treatment of the compacted powders

[20]. However, only few works related the grain size of the

powders and the grain size of the final alloy. Moreover,

these few works only reported the initial particle size and

they associated these values with the final grain size

[15, 21]. They reported the highest fracture stress on Cu-

Al-Ni system starting the manufactured process with

powder particles around 20 lm. Due to this correlation, the

optimum process for Cu-Al system seems to be with the

planetary mill after 30 h of milling of Cu-30 at.%Al or the

horizontal mill after 50 h of milling of Cu-30 at.%Al. Both

processes produced particles that could increase the aver-

age fracture stress and could not generate a pronounced

decrement in the starting temperature of the martensitic

transformation [15, 21, 26]. Moreover, both milling times

reached the final milling stage. However, the final manu-

factured of the Cu-Al alloy should be done using different

grain sizes in the initial constituents in order to verify that

correlation is still effective in Cu-Al system.

Mechanical Alloying Evolution and Power

Consumption: A Roadmap to Scale up the Process

A viewpoint of the effectiveness of the MA process could

be inferred from the power consumption occurred during

processing. This performance was associated with inte-

grated milling time (tim), Table 2. In turn, it was correlated

with the evolution of the microstructure, the time elapsed

in each milling stage, and the microstructure and identity of

the final products.

Horizontal mill is selected for this study because it is

homologous to those used in ceramic industry at large

scale. In addition, it should be pointed out that HM is more

efficient than PM for Cu-30 at.%Al, since the final equi-

librium phase was obtained faster in the HM mill [29]. The

tim necessary to reach the final product is selected as the

variable of the process. In each case, values are compared

to those needed to synthesize and equivalent Cu-Al sample

by fusion methods. The conditions selected were 1333 K

(1060 �C) and 1 h under Ar atmosphere. This is considered

a minimum amount of time to allow the diffusion of con-

stituents to form the selected alloys for Cu-Al. In each case,

the power consumption was calculated from devices used

at laboratory scale.

For 16-HM sample the power consumption value to

reach the final phase is between 2.2 and 6.6 kWh. The

value corresponds to tim between 10 and 30 h because

between these values the final stage of milling was

achieved. Milling for longer times neither change the

identity of the final a phase nor the particle size distribution

nor the morphology, and therefore, it is a waste of energy.

The value is similar to the power consumption obtained by

equilibrium methods. Nevertheless, the last one requires a

detailed control of the Al content due to differential

volatilization. Closed controlled systems and high-tem-

perature materials are needed to achieve these treatments.

For 30-HM sample, the power consumption needed is

between 6.6 and 11 kWh. The value corresponds to tim
values between 30 and 50 h. In this case final phase

achieved is c2 and it was reached between these two tim
values. Milling for longer times is only required if a narrow

Table 2 Power consumption

according to tim and selected

annealing conditions

(T = 1060 �C during 1 h)

Sample name tim (h) Power consumption by MA (kWh) Power consumption by annealing (kWh)

16-HM-10 10 2.2 4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

16-HM-30 30 6.6

16-HM-50 50 11.0

16-HM-100 100 22.0

30-HM-10 10 2.2

30-HM-30 30 6.6

30-HM-50 50 11.0

30-HM-100 100 22.0
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particle size distribution is needed for the final product as

deduced from Fig. 3d. Compared to fusion method, the

energy consumption is higher. Nevertheless, Al differential

evaporation should be also controlled in this case. This

control is not needed in this MA process because temper-

ature of operation is lower than 423 K (\150 �C).
In each case, if time of annealing is extended to 2 h the

energy consumption values duplicate. Only 10 h of

annealing is needed to reach maximum energy consump-

tion by MA. Then, the best synthesis method should be

selected from a careful study that considers equilibrium

between equipment capable of working at either 1273 K

(1000 �C; fusion) or 423 K (150 �C; MA) and energy

consumption.

Conclusions

Powders of Cu and Al were milled with proportions equal

to 16 and 30 at.%Al, using a planetary and an horizontal

mills. Particle size and morphology were observed by

scanning electron microscopy. Four stages of milling were

characterized as a function of the integrated milling time.

Nanostructure evolution was studied considering the evo-

lution of grain size. It was measured from transmission

electron microscopy images.

Initial stage ranged from 0 to 10 h regardless type of

mill or composition. The next stages could be clearly dis-

tinguished only in two cases, for Cu-16 at.%Al milled in

the planetary device and for Cu-30 at.%Al milled in the

horizontal device. In the first one, the intermediate stage

elapses from 10 to 20 h, the final stage from 20 to 30 h, and

the completion stage occurred at integrated times longer

than 30 h. In the second one, the intermediate stage was at

integrated times between 10 and 30 h, the final stage was

between 30 and 50 h, and then, the completion stage took

place after 50 h of milling. The intermediate and final

stages could not be separated in the other two cases, i.e.,

Cu-16 at.%Al milled in the horizontal device and Cu-

30 at.%Al milled in the planetary device. These stages

occur simultaneously during the milling.

The microstructure evolution depends on the initial

composition of the blend. The mean particle diameter did

not present appreciable variations for the composition Cu-

16 at.%Al. On the contrary, the mean size of the particles

decreased, as the milling time increased for the composi-

tion Cu-30 at.%Al. We conclude that the decrease in the

particle size occurred as the Al content increases. Mean

grain sizes were between the ones obtained for the initial

Cu and Al powders. No evolution was detected regarding

the nanostructure. The final grain size seems to be condi-

tioned by the grain sizes of the initial particles for the

systems studied in this work.

MA process main consumption variable, tim, is strictly

related to the time elapsed to reach final stage. On the

contrary, high-temperature methods’ variables are both

time and temperature of annealing. Then, the roadmap to

the scale up of the MA process to industrial level should

consider carefully investment in both equipment and

energy consumption.
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