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Nanocrystallization by high-energy severe plastic deformation has been reported to increase the

solubility of alloy systems and even to mix immiscible elements to form non-equilibrium solid

solutions. In this letter, we report an opposite phenomenon—nanocrystallization of a Cu-Al single-

phase solid solution by high-pressure torsion separated Al from the Cu matrix when the grain sizes

are refined to tens of nanometers. The Al phase was found to form at the grain boundaries of

nanocrystalline Cu. The level of the separation increases with decreasing grain size, which suggests

that the elemental separation was caused by the grain size effect. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811157]

Severe plastic deformation (SPD) techniques including

equal channel angular pressing and high-pressure torsion

(HPT) have been widely used to refine the grain sizes of me-

tallic materials for superior mechanical properties.1,2 Recent

detailed structural investigations of materials processed by

SPD revealed that SPD processing resulted in complicated

structural evolution of materials that include grain refine-

ment,3,4 grain growth when the starting grain sizes in the

materials are very small,5,6 phase transformation,7,8 and ele-

mental redistribution that could also result in a phase trans-

formation.9,10 One significant phenomenon that has been

widely reported is that nanocrystallization by mechanical

alloying could mixes immiscible elements to form solid

solutions.11–17

In this letter, we report an opposite phenomenon that

nanocrystallization by HPT separated Al from originally

equilibrium single-phase Cu-Al solid solutions when the

grain sizes of the materials are refined to a few tens of nano-

meters. The phenomenon was first discovered in HPT-

processed commercially pure Cu and was confirmed in care-

fully prepared Cu-5 at. % Al and Cu-10 at. % Al alloys,

although a Cu-Al alloy with the Al content of less than 18

at. % should form a single face-centred cubic Cu(Al) solid

solution.18

The Cu-5 at. % Al and Cu-10 at. % Al alloys used in this

investigation were prepared by arc-melting 99.9999% pure

(metals basis) elemental copper and aluminium in a zirconium

gettered argon atmosphere. X-ray diffraction data confirmed

that the as-cast Cu-Al alloys are of a face-centred cubic crystal

structure, i.e., the alloys are single-phase Cu (Al) solid solu-

tions. The grain sizes in the as-cast samples are usually several

microns. Room temperature HPT processing was conducted on

disks with a diameter of �10 mm and a thickness of �1 mm

under a pressure of 6 GPa for 5 revolutions. Transmission elec-

tron microscopy (TEM) characterization was carried out using

FEI Tecnai F30 and JEOL 3000F working at 300 kV. The

JEOL 3000F is equipped with an x-ray energy dispersive spec-

trometer (XEDS).

After 5-revolution HPT processing, the grain sizes of

samples at the edge of HPT disks have been refined to a few

tens of nanometers. A typical image of the microstructure at

the edge of 5-revolution disks is shown in Fig. 1(a), in which

equiaxed grains with sizes in the range of �10 nm�50 nm

are surrounded by amorphous grain boundaries (GBs) in the

form of white contrast in the figure. Amorphous GBs were

also found in nanocrystalline CuZn19 and NiTi20 alloys pro-

duced by HPT. Previous investigations reveal that the forma-

tion of amorphous GBs is associated with excessive

accumulation of dislocations at the original crystalline GBs,

and dislocation accumulation introduces significant elastic

strain which has been theoretically and experimentally pro-

ven to play a critical role in the nucleation of an amorphous

structure at dislocation cores.19–21 The formation of the

amorphous structure effectively releases the high elastic

strain and reduces the energy of the system. Twin bounda-

ries, which appear as straight lines, are also seen in some of

the nanocrystalline grains, which is a typical feature of SPD

nanocrystalline Cu and Cu-Al alloys.22,23

Detailed high-resolution TEM analysis provides clear

evidence of elemental separation in some areas of the struc-

ture. Figure 1(b) shows a typical high-resolution TEM image

of a grain with a size of �40 nm. The grain appears very

dark because it is imaged along a h011i zone axis. In con-

trast, the amorphous GB area appears bright. Between the

dark grain and the bright amorphous GB at the right-hand

side of the grain is a narrow grey belt with a width of �2 nm

or less. Careful examination of the grey belt area indicates
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that the grey belt area is of a crystalline structure with a lat-

tice parameter larger than that of the grain and that some lat-

tice planes in the Cu grain and in the grey area are parallel to

each other. Misfit dislocations can be found at the interface

of the grain and the grey belt area, indicating that this is a

semi-coherent boundary. Part of the belt area, which is indi-

cated by an arrow in Fig. 1(b), is further magnified and

shown in Fig. 1(c). Two white lines parallel to a group of

{111} planes in the grain are drawn in Fig. 1(c). The two

white lines are positioned in such a way that there are 8 Cu

{111} lattice planes and 7 parallel lattice planes in between

the two white lines in the Cu grain and the grey area, respec-

tively. In other words, the distance of 9 Cu {111} planes is

equal to the distance of 8 lattice planes in the grey area. The

ratio of 9 over 8, which equals to 1.125, coincides with the

ratio (1.122) of the lattice parameters of Al (0.405 nm) and

Cu (0.361 nm), indicating that the grey area is the Al phase,

which is confirmed by compositional analysis using XEDS.

This result indicates that Al is separated from the Cu matrix

and precipitated at the interface of Cu grains and the amor-

phous GBs when the Cu grains are refined to a few tens of

nanometers.

It is interesting to note that the degree of the elemental

separation increases with reducing Cu grain sizes. Therefore,

the separation can be seen more clearly in finer grains. Fig.

2(a) shows a typical example of this trend. A twinned Cu

grain with a grain size of �30 nm is completely surrounded

by Al precipitates. The cube-cube orientation relationship is

seen in the upper-right and the bottom areas of Fig. 2(a). A

magnified image of the upper-right area of Fig. 2(a) is shown

in Fig. 2(b) to see the detailed structure of the area. Two par-

allel lines with an equal length were drawn perpendicular to

a group of Cu {111} planes. One line falls in the Cu grain

and the other line is located in an Al precipitate. Again,

when the length of the lines equals to the inter-planar dis-

tance of 9 Cu {111} planes, it matches the inter-planar dis-

tance of 8 Al {111} planes, further confirming that the

precipitates are Al. Note that the Al/Cu atomic ratio for the

grain in Fig. 2 is higher than the nominal composition of

CuAl alloys investigated in this work, indicating that the sep-

aration was a continuous process during the HPT and grain

refinement process and that this resulted in a non-uniform

elemental distribution among different areas/grains. Indeed,

separation was seen in some nanograins but not in some

other nanograins.

In addition to areas in which nanocrystalline grains are

surrounded by amorphous GBs, there are also nanocrystal-

line areas without amorphous GBs. Fig. 3(a) shows a typical

image of such areas. High-resolution TEM images do not

reveal clear evidence of Al separation at GBs, i.e., an area

without amorphous GBs is of only the single Cu (Al) solid

solution phase. However, XEDS data indicate that Al separa-

tion to the GB area still occurs in the nanocrystalline grains

FIG. 1. (a) A typical bright-field TEM image showing a nanocrystalline

grain structure. Amorphous GBs with bright contrast are seen surrounding

nanocrystalline grains; (b) a high-resolution TEM image of a grain taken

from a h011i zone-axis; (c) a magnified image of the area indicated by an

arrow in (b). Two parallel straight lines are drawn in (c).

FIG. 2. (a) A high-resolution TEM image of a grain with a size of �20 nm,

showing Al separation covering the complete GB. White zig-zag lines in the

grain indicate the twin relationship in different parts of the grain; and (b) a

magnified image of the upper-right area of (a). Two parallel straight lines

are drawn in (b).
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in such an area. An example of a nanocrystalline grain with a

grain size of �30 nm is demonstrated in Fig. 3. XEDS data

were collected from four spots in the grain, which are

marked with white dots in Fig. 3(a). Two spots are located at

GBs while the other two spots are in the grain interior.

XEDS data from spots marked with “b” and “c” in Fig. 3(a)

are shown in Figs. 3(b) and 3(c), respectively, which clearly

shows that the relative intensity of the Al peak at spot “b” is

stronger than that at spot “c,” which indicates Al separation

to the GB. Similar results were obtained from the other two

spots in Fig. 3(a).

In an alloy system in which solutes and solvents are of

very different sizes, large substitutional solute elements

impose compressive strains in their vicinity. These solute

elements tend to diffuse and segregate to areas with tensile

strains so as to partially reduce the overall strain energy in

the system. This kind of elemental separation has been

widely reported in crystalline defects including dislocations

and GBs,2,24,25 and in strained nanostructures.26 It is

expected that excessive lattice (tensile) strain and disloca-

tions exist at the GB areas of the nanocrystalline grains pro-

duced by SPD.27,28 These strained areas are preferred

locations for Al separation. Further, a SPD nanocrystalline

material usually has a very high density of vacancy defects,29

which significantly accelerates the diffusion process of sub-

stitutional solute atoms. The combined effect of the high

(tensile) strains at GBs and a high density of vacancies

results in Al separation to the GBs. Experimental results

show that Al separation at amorphous GBs (Figs. 1 and 2) is

more significant than at crystalline GBs (Fig. 3). This is

because the amorphous structure is able to dissipate the

strain that would be built up by significant elemental separa-

tion at crystalline GBs.

Grain size plays a significant role in the elemental sepa-

ration process. It is expected that only when the grain size is

smaller than a critical value will the elemental separation be

possible. This can be explained by the following qualitative

thermodynamic analysis of the Gibbs free energy as a func-

tion of grain size.

Assuming a spherical grain with a diameter of 2r (or a

radius of r), its Gibbs free energy before separation (the

mixed state) can be expressed as

Gm ¼
4pr3

3
G0

m þ
4pr2

2
cm; (1)

where G0
m and cm are the volume free energy per unit volume

and GB energy per unit area in the mixed state, respectively.

Note that the division by 2 in the second term is because

each GB is shared by two neighbouring grains.

After separation, a core/shell structure is formed and the

grain size remains approximately the same. Assuming the

inner Cu core has a radius of rCu and the Al shell has a thick-

ness of hAl. The following approximations are used for vol-

ume calculations: at the early stages of the separation

process, because the Al shell has a very small thickness, the

radius of the Cu core can be treated as being approximately

equal to r, and therefore the volume of the core remains

approximately the same as the volume of the original grain

size; the volume of the shell can be written as 4pr2h for first-

order approximation. The Gibbs free energy after separation

can be expressed as

Gs ¼ 4pr2hG0
Al þ

4pr3

3
G0

Cu þ
4pr2

2
cAl þ 4pr2cAl�Cu; (2)

where G0
Al, G0

Cu, cAl, and cAl�Cu are the volume free energy

per unit volume of the Al shell, the volume free energy per

unit volume of the Cu core, GB energy per unit area of the

Al shell, and interfacial energy per unit area of the Al–Cu

interface, respectively.

Therefore, the total free energy change for the elemental

separation is

DG¼ Gs�Gm ¼ 4pr2hG0
Alþ

4pr3

3
G0

Cuþ
4pr2

2
cAl

þ 4pr2cAl�Cu�
4pr3

3
G0

m�
4pr2

2
cm

¼ ðG0
Cu�G0

mÞ
4p
3

r3þð2hG0
Alþ cAlþ 2cAl�Cu� cmÞ

4pr2

2
:

(3)

Elemental separation or phase transformation will be

possible only when the total free energy change is negative,

i.e., DG < 0. The critical radius rc can be calculated by set-

ting DG ¼ 0 in Eq. (3)

rc ¼
3ðcm � 2hG0

Al � cAl � 2cAl�CuÞ
2ðG0

Cu � G0
mÞ

: (4)

Below the critical value rc, DG is negative, separation is

favoured.

From Fig. 1(b), Al separation from the Cu-Al matrix

occurs at a grain size as large as �40 nm. Assuming there

is only one atomic layer of Al (0.2 nm), which is much

smaller than the grain size, at the very beginning of a sepa-

ration process, the Al shell thickness h in Eq. (4) can be

approximately treated as 0. Equation (4) can therefore be

further simplified as

FIG. 3. (a) A typical bright-field image of a nanocrystalline area without

amorphous GBs. Four white spots indicate areas where compositional analy-

sis using XEDS was conducted; (b) and (c) show the XEDS data obtained

from spots “b” and “c” in (a), respectively.
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rc ¼ �
3Dc
2DG

; (5)

where

Dc ¼ cAl þ 2cAl�Cu � cm (6)

and

DG ¼ G0
Cu � G0

m: (7)

It is expected that DG is a positive since the mixture of

Al and Cu is favoured in large grains. The value of Dc,

which is GB and interfacial energy difference before and af-

ter separation, must be negative to make the separation pro-

cess possible. In other words, the separation process must

result in the reduction of total GB and interfacial energy.

The larger the Dc absolute value, the larger the critical radius

rc and the more significant of the separation phenomenon.

From Eqs. (4) and (5), the critical grain radius rc

depends on the materials properties including Gibbs free

energies, GB energies, and interfacial energy between the

two elements in a binary system. It is expected that separa-

tion will occur only in systems in which the separation will

lead to the reduction of the total free energy of the systems.

Smaller grain size favours elemental separation not only en-

ergetically but also kinetically because the distance needed

for the diffusion of a solute atom to a GB is shorter.

Furthermore, the excessive amount of vacancies induced by

SPD also makes the diffusion of solute atoms very easy.

The phenomenon of elemental separation at GBs in a bi-

nary alloy in which the two elements form an equilibrium

single-phase solid solution in coarse grains indicates that the

available equilibrium phase diagrams of some materials have

to be modified when the grain sizes of the materials are

reduced to the nanometer regime and are smaller than critical

values. Some phase separation phenomena have been reported

in the literatures. For example, phase separation occurs in ball-

milled FeSn and Fe2Ge3 alloys and this was attributed to local

melting30 caused by the high energy introduced by ball milling

that brings materials into an unstable state, leading to the

decomposition of the materials.31 This separation mechanism

cannot explain the phase separation reported here because the

maximum HPT-induced temperature increase was only

120–140 K.32 The HPT-induced temperature increase in the

Cu-Al alloys should be much lower than the maximum value

because the materials are relatively soft. Deformation-induced

nanoscale phase separation in Co-Fe alloys at room tempera-

ture was also reported and the possible mechanisms were shear

deformation and deformation-enhanced atomic diffusion.33 It

is believed that nanocrystalline grain size also plays a signifi-

cant role in the separation of Co-Fe although the authors did

not claim this. Elemental separation was recently reported in a

nanocrystalline W-20 at. % Ti alloy annealed at 1100 �C
because of the nanograin sizes although Ti is soluble to

48 at. % in W at the temperature.34 The effect of nanograin

size on the elemental separation in the last two systems should

be very similar to that in the Cu-Al alloys reported here.

The elemental separation may have significant impact

on the properties of nanocrystalline materials. For example,

the separation at GBs may pin the boundaries and therefore

improve the thermal stability of the nanocrystalline materi-

als.24,35 It may also affect significantly the catalytic perform-

ance of nanoparticle catalyst.36 It would be interesting to

explore detailed effects of the phenomenon on materials

properties including physical, mechanical, and chemical

properties. Finally, to design a nanocrystalline alloy with ele-

mental separation, we need to choose an alloy element that

produces a large negative Dc.

In summary, Al separation at GBs occurs in nanocrystal-

line Cu-Al alloys produced by high-pressure torsion process-

ing. The extent of the separation increases with decreasing

grain size, indicating that grain size plays a significant role

in the elemental separation, which has been qualitatively

explained based on the Gibbs free energy of the nanocrystal-

line materials.
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