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Abstract 
This study reports that solid-state reactions occur by the application of high-pressure torsion (HPT) 
to the Al–Cu system even at low homologous temperature. A bulk form of disc consisting of two 
separate half-discs of pure Al and pure Cu are processed by HPT at ambient temperature under a 
pressure of 6 GPa. X-ray diffraction analysis and high-resolution transmission electron microscopy 
confirm the formation of different intermetallic phases such as Al2Cu, AlCu and Al4Cu9, as well as 
the dissolution and supersaturation of Al and Cu in each matrix. It is shown that the diffusion 
coefficient is enhanced by 1012–1022 times during the HPT processing in comparison with the lattice 
diffusion and becomes comparable to the surface diffusion. The enhanced diffusion is attributed to 
the presence of a high density of lattice defects such as vacancies, dislocations and grain boundaries 
produced by HPT processing. 
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1. Introduction 
There are several processing methods to achieve solid-state reactions in metallic systems such 

as diffusion bonding, mechanical milling of elemental powders, rolling and folding of laminated 
thin layers, drawing or extrusion of banded fibrous wires, and so on [1]. The solid-state reactions 
can be promoted by increasing temperature and/or by imposing intense plastic strain, and thus both 
attempts enable the reactions faster in bulk forms [1]. In particular, severe plastic deformation 
(SPD) is gaining much attention in these days because it can attain not only significant grain 
refinement of bulk metallic materials [2] but also consolidation and bonding of metallic powders [3], 
composites [4] and machining chips [5] at ambient temperatures without the conventional sintering 
process. 

Typical processes of SPD include equal-channel angular pressing (ECAP), accumulative-roll 
bonding (ARB) and high-pressure torsion (HPT) [6]. Solid-state alloying was then achieved with 
such processes in different metallic systems: Al-Cu [7], Al-Zn-Mg-Cu [8] and Cu-Cr-Ag [9] by 
ECAP; Cu-Ag [10] and Cu-Zr [10] by ARB, Al-Mg [11], Al-W [12,13], Cu-Ag [14], Cu-Ni [15], 
Cu-Cr [16], Cu-Co [17], Cu-Fe [17], Cu-W [18], W-Ti [13] and W-Ni [13] and Ni-Al-Cr [19] by 
HPT. 

Among various SPD processes, HPT may be the most unique process [20]. It provides grain 
refinement of hard-to-deform materials such as W [21] and intermetallics [22] and induces phase 
transformation because of high pressure [23] or high strain [24]. Furthermore, solid-state reactions 
can be achieved with HPT: amorphization in Cu-Zr [25], Cu-Ag [25], Cu-Zr-Ti [26] and Ni-Ti [27], 
intermetallics formation in Al-Mg [11], Al-Ni [28] and Al-Ti [29], carbide formation in Cu-Nb-C 
[30] and hydride formation in Hf-H [31]. 

In this study, HPT is applied to a bulk form of discs in the Al-Cu system at ambient 
temperature and it is demonstrated that solid-state reactions well undergo during the HPT operation 
because of unusually enhanced lattice diffusion. 
 
2. Experimental procedures 

Rods of 10 mm in diameter were prepared from high purity Al (99.99%) and Cu (99.96%). 
They were annealed for 1 hour at 773 K for Al and at 873 K for Cu. Each rod was cut into two 
halves along the longitudinal axis using a wire cutting electrical discharge machine. The half-rods 
were sliced to the thicknesses of 0.8 mm. One half disc of Al and one half disc of Cu were placed 
together in a circular shallow hole of the lower HPT anvil, as shown in Fig. 1(a). The lower anvil 
was then raised to contact with the upper anvil having the same shallow hole at the center. While 
applying a pressure of 6 GPa at room temperature, both anvils were rotated with respect to each 
other at a rotation speed of 1 rpm and the rotation was terminated after either 1, 10 or 100 turns. The 
appearance of a sample before HPT and after 100 turns was shown in Fig. 1(b). The temperature 
during HPT operation was measured using a thermocouple placed 10 mm away from the bottom 
surface of the upper shallow hole. The temperature reached ~333 K during HPT operation after 100 
turns. Details concerning the temperatures rise during HPT was given in earlier papers [32,33]. The 
HPT-processed discs were first examined by X-ray diffraction (XRD) analysis using the Co Kα 
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radiation at a scanning speed of 0.2-0.4 o/min and a step interval of 0.01o.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. (a) Schematic illustration of HPT processing and (b) appearance of Al-Cu sample before 
HPT and after HPT for 100 turns. 

 
Each HPT-processed disc was cut into two halves along the radial axis using a wire cutting 

electrical discharge machine. The cross section of discs was examined using scanning electron 
microscopy (SEM) after mechanical polishing. For transmission electron microscopy (TEM) and 
scanning-transmission microscopy (STEM), foils were cut from the cross section of the discs at 
positions 3 mm from the center and were mechanically ground down to the thicknesses of ~30 µm. 
Note that the samples were intentionally prepared at 3 mm from the disc center to avoid a low 
strained area at the disc center [6] and a dead metal zone at the disc edge [34]. TEM specimens 
were further thinned by ion milling at an operating voltage of 4 kV. Microstructure analyses were 
conducted using Philips CM200 and TECNAI G2 F30 TEMs. 

Elemental mapping was also conducted by the Gatan Imaging Filter Tridium attached on the 
TECNAI G2 F30 TEM and the jump ratio method was employed to obtain energy filtered maps. 
High-angle annular dark-field (HAADF) observations as well as energy dispersive X-ray 
spectroscopy (EDS) were carried out in the STEM mode with the condenser aperture of 100 µm and 
nanoprobe mode using a beam size of ~3 nm. The chemical compositions and the dissolution of Al 
and Cu in each other were calculated by standard less method using a TIA software (TEM control 
software, Imaging and Analysis). 
 
3. Results 

Figure 2 shows back scattered electron (BSE) SEM images of the cross-sectional views for 
the samples after (a) 1 turn and (b-d) 100 turns. The brighter contrast corresponds to Cu-enriched 
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regions because all images were taken by BSE. For the sample after 1 turn, as shown in (a), an Al 
layer is present between the two Cu layers and the boundaries between Al and Cu are clear. For the 
sample after 100 turns, as in (b), a fine layered structure is visible throughout the disc with a 
complex nature. The high magnification views show that the layered structure is curved irregularly 
at the center as in (c), and it is heavily distorted at the edge as in (d). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SEM images of Al-Cu samples processed by HPT for (a) 1 turn and (b-d) 100 turns, 
where (c) and (d) are magnified views of regions indicated by A and B in (b), respectively. 
 
An XRD profile the sample after 100 turns is shown in Fig. 3. The analysis indicates the 

presence of an Al2Cu phase as well as Al and Cu phases. The solid-state reaction and formation of 
intermetallic phases by HPT was reported in the other Al-based systems such as Al-Mg, Al-Ni and 
Al-Ti [11,28,29]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. XRD profiles of Al-Cu sample processed by HPT for 100 turns. 
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Figure 4 shows TEM micrographs and corresponding selected-area electron diffraction 
(SAED) patterns for the sample after 10 turns. The microstructure is inhomogeneous over a wide 
area and Al-enriched regions, as in (a), and Cu-enriched regions, as in (b), are present separately. 
Figure 4(a) shows that thin Cu layers with widths of less than ~100 nm are present in the thick fine 
grained Al layers in the Al-enriched regions. It is found that the Al layers consist of grains with the 
size of ~500 nm which is much finer than the grain sizes of 1-2 µm reported in earlier experiments 
using ECAP [35] and HPT [36]. Few dislocations are visible in most of the grains in the Al layers 
with smooth and well defined grain boundaries. Figure 4(b) shows that microstructure in the 
Cu-enriched region has an ultrafine-grained structure with an average grain size of ~300 nm with a 
high density of dislocations within grains. This microstructural feature is similar to the one reported 
in pure Cu subjected to ECAP [37] and HPT [38]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. TEM micrographs and corresponding SAED patterns of Al-Cu sample processed by 
HPT for 10 turns, showing (a) layered structure in Al-enriched region and (b) refine-grained 

structure in Cu-enriched region. 
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A TEM micrograph and a corresponding SAED pattern after 100 turns are shown in Fig. 5. It 
is apparent that a finer layered structure is developed when compared to that observed after 10 turns. 
The SAED analysis exhibits a ring pattern, indicating that the small grains are separated by high 
angles of misorientation without preferred crystallographic orientation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. TEM micrograph and corresponding SAED pattern of Al-Cu sample processed by HPT 
for 100 turns. 

 
In order to analyze the elemental distributions of Al and Cu, energy filtered images were 

taken from the sample after 100 turns. A TEM bright-field image and the corresponding elemental 
maps of Al and Cu are shown in Figs. 6(a-c) from a representative area and in Figs. 6(d-e) from 
another representative area. Note that the sample is the same as the one used in Fig. 5, but the 
images were taken from different areas. Bright contrasts in the Al and Cu maps indicate the 
presence of Al-enriched and the Cu-enriched regions. Figure 6(a-c) clearly shows that there are 
isolated Cu-enriched regions with the size of 10-30 nm in the Al layers. Some elongated grains are 
also visible in the Al layer and it appears that the Cu-enriched particles lie along the grain 
boundaries, as indicated by the arrows in Fig. 6(b). 

Close inspection of the elemental maps in Fig. 6(e) reveals that there should be four 
distinctive regions associated with the difference in contrast. Regions A and D should be based on 
Al and Cu, respectively, because they exhibit the brightest and darkest contrasts. Regions B and C 
can be intermetallic phases with Al-rich and Cu-rich compositions, respectively. The bright-field 
image in Fig. 6(d) shows that all regions consist of ultrafine grains with the sizes of 50 to 500 nm, 
where the grain size tends to be smaller with increasing the fraction of Cu. Micro-diffraction was 
carried out by positioning a focused beam on regions B and C to identify the phases. The diffraction 
patterns from regions B and C are shown in Fig. 7(a) and (b), respectively. It turns out that the 
diffraction pattern from region B is consistent with the [131] zone axis pattern of Al2Cu phase and 
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the diffraction pattern from region C is consistent with the [113] zone axis pattern of Al4Cu9 phase. 
The calculated diffraction patterns for the Al2Cu and Al4Cu9 phases are shown in Figs. 7(c) and (d), 
respectively, for comparison. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. (a,d) Bright-field images and corresponding energy filtered elemental maps of (b,e) Al 
and (c,f) Cu in Al-Cu sample processed by HPT for 100 turns. 

 
 
Figure 8 shows an HAADF image of the sample processed by 100 turns, where brighter 

contrasts correspond to regions containing more Cu. EDS analysis was then carried out to determine 
local chemical compositions by positioning a focused beam on the locations marked 1 to 7 in Fig. 8. 
Table 1 documents the compositions obtained by the EDS analysis. Position 1 is the Cu phase 
containing ~6 at.% of Al in the form of solid solution. Position 2 must be the Al4Cu9 phase which 
corresponds to region C in Fig. 7. Compositions of positions 3, 5 and 7 can be well matched with 
the one derived from the Al2Cu phase and therefore, corresponds to region B in Fig. 7. Position 4 is 
an supersaturated Al phase where Cu is dissolved by 2 at.%. The composition at position 6 neither 
matches with the Al2Cu phase nor with the Al4Cu9 phase. Based on the Al-Cu equilibrium phase 
diagram, position 6 is considered to correspond to the AlCu phase, although such a presence was 
not detected within the sensitivity limit of XRD and SAED analyses. The changes in the 
concentration of Cu from the Cu-enriched region 1 to the Al-enriched region 4 in Fig. 8 clearly 
confirm that the reactions are controlled by atomic diffusion. 
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Figure 7. Micro-diffraction patterns obtained from grains (a) B and (b) C in Fig. 6, and simulated 
diffraction patterns of (c) Al2Cu in [131] direction and (d) Al4Cu9  in [113] direction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. HAADF image for Al-Cu sample processed by HPT for 100 turns, including positions 
where the EDS analysis was conducted (EDS results are given in Table 1). 
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4. Discussion 
A question arises from the current investigation why the solid-state reaction and the formation 

of intermetallic phases are achieved by the HPT processing. It is reasonable that the atomic reaction 
may be enhanced by the following three factors during the HPT operation: (1) an increase in 
temperature due to plastic deformation and shear friction, (2) a reduction in atomic diffusion 
distance by microstructural refinement as discussed in an earlier report [28] and (3) an increase in 
the density of lattice defects such as vacancies, dislocations and grain boundaries. The relation 
between the diffusion distance, x, and diffusion coefficient, D, is generally described for a given 
period of time, t, as [39] 

Dtx =  (1) 

First, temperature was monitored during HPT operation using a thermocouple located at 10 
mm above the bottom surface of the shallow hole on the upper anvil. The temperature gradually 
increased and reached 333 K after 20 turns and leveled off during further turns. This measurement 
indicates that the temperature of the sample does not exceed 340 K, as discussed in details in Refs. 
[32,33]. Furthermore, differential scanning calorimetry measurements confirmed that there were no 
peaks appearing at least below the temperature of 473 K by thermal reactions. It is considered that 
340 K should not be high enough to promote the solid state reaction as this temperature corresponds 
to ~0.4Tm where Tm is the melting temperature taken from the Al- 33 wt% Cu eutectic composition 
(the lowest melting point in the Al-Cu system). Therefore, although more quantitative evaluation 
will be given below, the solid-state reactions and the formation of the ordered phases cannot be 
attributed to the temperature rise during the HPT processing. 

Second, as discussed in an earlier report [28], the grains are significantly elongated so that the 
widths of the elongated grains are considerably reduced by shear strain introduced by HPT 
processing. Considering the diffusion paths for solid-state reaction be equal to the widths of 
elongated grains and the time for diffusion be 6000 s corresponding to 100 turns in the HPT 
operation, the diffusion coefficients are estimated using Eq.(1) to be D = 10-19-10-17 m2/s as 
documented in Table 1 together with the average path lengths for regions 1-7 in Fig. 8. For 
comparison, Table 1 also includes diffusion coefficients calculated from the following equation [39] 







 +
−=

RT
PVQDD Fexp0  (2) 

where D0 is the frequency factor, Q is the activation energy for diffusion, P is the applied pressure, 
VF is the activation volume, R is the gas constant and T is the absolute temperature. The values for 
D0 and Q were taken from Ref. [40], and P and T were used as 6 GPa and 340 K, respectively. To 
examine the effects of pressure and temperature rise during the HPT operation, calculation was also 
attempted without application of pressure and at temperatures of 300 and 340 K. For all selected 
compositions, VF was assumed to be 6.1x10-6 m3/mol, which is an average of VF for Al (6.5x10-6 
m3/mol) and Cu (5.7x10-6 m3/mol) [41]. Referring to Table 1, comparison shows that the estimated 
diffusion coefficients using Eq. (1) are 1012-1022 times higher than those calculated using Eq. (2) for 
the lattice diffusion in the Al-Cu system under a pressure of 6 GPa and at a temperature of 340 K. It 
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is noted that the temperature rise from 300 K to 340 K during HPT operation increases the diffusion 
coefficient by ~102 -104 times but this is insufficient to account for the high diffusion coefficients 
obtained using Eq. (1). The application of the pressure, 6 GPa, for the HPT operation rather reduces 
the diffusion coefficient by ~5x106 times. 
 
Table 1. Chemical analyses for Al and Cu obtained by EDS analysis from selected regions in Fig. 9, 

diffusion path (x) or average width of selected regions, and diffusion coefficients (D) for selected 
regions calculated using Eqs. 1 and 2. 

 Regions in Fig. 8 

 1 2 3 4 5 6 7 

Al (at.%) 6 30 64 98 63 47 60 

Cu (at.%) 94 70 36 2 37 53 40 

x (nm) 150 600 300 100 450 480 430 

D1 (m2/s) 4X10-18 6X10-17 1X10-17 2X10-18 3X10-17 4X10-17 3X10-17 

D2 (m2/s) 1X10-39 3X10-31 3X10-30 2X10-30 3X10-30 7X10-33 3X10-30 
D1 obtained using Eq. (1). 
D2 calculated using Eq. (2) with P = 6 GPa, T = 340 K. 

 
Thus, the third factor, which is related to the population of lattice defects, must be very 

important to explain the difference. Earlier papers reported that the diffusivity can strongly be 
enhanced by SPD processing because of the presence of large fractions of high-angle grain 
boundaries formed during SPD [42-45]. It was also reported that the phase transformations are 
accelerated because of enhanced diffusivity in the SPD-processed materials [23,24,28,24]. Eq. (2) 
may be described in more detail with the form as [39,40] 

)exp()exp(
RT
H

R
SACD MM

V
−

=  (3) 

where A is a constant depending on the attempted frequency, lattice parameter and crystallographic 
structure, SM and HM are the vacancy migration entropy and enthalpy, respectively, and CV is the 
vacancy concentration given by the following equation [39,40] 

)exp()exp()exp()exp(
RT

PVE
R

S
RT
H

R
SC FFFFF

V
+

−=
−

=  (4) 

where SF, HF and EF are the vacancy formation entropy, enthalpy and energy, respectively. Thus, D0 
and Q in Eq. (2) are represented as 

)exp(
R

SSAD MF
0

+
=  (5) 

FM EHQ +=  (6) 

It is reasonable that EF and HM should be affected significantly by the presence of lattice defects 
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whereas the effect may be minimal on SF and SM. Because many vacancies are expected to be 
present in the sample after HPT processing, EF should be lower than that in annealed state [46]. It is 
also considered that HM should be small [47-49] because a high density of lattice defects are 
available during the HPT processing [50]. It is well known that both dislocations and grain 
boundaries play roles as rapid diffusion paths. A precise estimation is difficult for EF and HM but, 
given QL the activation energy for lattice diffusion, Q may be selected as 1/2-2/3 of QL for 
dislocation-core diffusion (pipe diffusion) and grain boundary diffusion, and as 1/4-1/3 of QL for 
surface diffusion. It should be noted that the strain introduced during the HPT processing may 
influence the diffusivity via the changes of solute-vacancy binding energy [51], although this effect 
was not considered in this study. 

Figure 9 plots the diffusion coefficients obtained using Eq. (1) for the corresponding Cu 
concentrations in regions 1-7 and compares with those calculated using different magnitudes of Q 
through Eq. (2). It is shown that they are well comparable with those for surface diffusion. It is then 
concluded that the solid-state reaction and the formation of intermetallic phases are controlled by 
rapid diffusion due to the presence of many vacancies, dislocations and grain boundaries. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Estimated diffusion coefficients during HPT processing plotted against Cu content in 
comparison with the reference data calculated using three different activation energies such as 
lattice diffusion (Q = QL), grain boundary diffusion (Q = (1/2-2/3)QL) and surface diffusion (Q = 
(1/4-1/3)QL). Diffusion coefficients obtained from Eq.(1) are labeled 1-7 corresponding to regions 

1-7 in Fig.8. 
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5. Summary and conclusions 
HPT was applied to a bulk form of disc consisting of two separate half-discs of pure Al and 

pure Cu. The following conclusions were obtained. 
1. Alternating Al-Cu layered structures with well-defined Al/Cu interfaces are formed with a 

stacking sequence along the disc normal at an early stage of straining. With increasing the 
imposed strain (the number of turns), distorted lamellar Al-Cu structures are extended over the 
disc.  

2. Processing by HPT promotes solid-state reaction of Al and Cu so that the formation of Al2Cu, 
AlCu and Al4Cu9 intermetallic phases occurs as well as the dissolution of Al and Cu in each 
matrix.  

3. The diffusion coefficients estimated from the formation of the ultrafine structures during HPT 
processing appear to be 1012-1022 times higher than lattice diffusion and be comparable to 
surface diffusion. 

4. The solid-state reaction and the formation of intermetallic phases are controlled by intense rapid 
diffusion due to the presence of many vacancies, dislocations and grain boundaries. 
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