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Consolidation of rapidly solidified aluminum alloy powder was carried out using a High Pressure 

Torsion (HPT) process at room temperature. The fabricated powders were Al-9.5Zn-3Mg-1.5Cu-0.04 

Ag (Meso10) and Meso10-1.3Zr (MZ13) in mass%. Each powder was strained by 10 rotations of an 

anvil, and consolidated into disks with a diameter of 10 mm. A dislocation cell structure was observed 

in the center of a Meso10 disk, and an ultra-fine grained structure with a diameter of 100-200 nm was 

observed in the fringe of the disk. On the other hand, in both the center and edge of a MZ13 disk, an 

ultra-fine grained structure was observed. No precipitates were detected by XRD in any of the 

as-processed disks. After aging at 383 K, a coarse stable η phase precipitated in all disks, although a 

metastable η’ phase generally precipitated in the Al-Zn-Mg series alloys during aging at 383 K. 

During aging of the Meso10 disk, the hardness decreased monotonically because recovery occurred 

with precipitation, reducing the dislocation density. On the other hand, in the MZ13 disk, age 

hardening was observed. 
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1. Introduction 

Powder metallurgy (P/M) allows the fabrication of rapidly solidified powders, which can contain 

solutes exceeding the equilibrium solubility limit [1]. Meso10 and MZ13 aluminum alloys were 

developed using P/M methods [2-4]. The tensile strength of T6-treated Meso10 and MZ13 are 

reported to be 790 and 879 MPa, respectively. The typical chemical compositions are 

Al-9.5Zn-3Mg-1.5Cu-0.04Ag and Al-9.5Zn-3Mg-1.5Cu-0.04Ag-1.33Zr in mass%. These alloy 

powders, fabricated by an air-atomization method, were consolidated by hot extrusion at 773 K. The 

reason for using hot extrusion was to strengthen the bonding between particles in the powder by 

destroying the alumina layer formed on the particle surfaces. However, when using hot extrusion to 

consolidate the powder, the rapidly solidified structure was broken by the heat load due to phase 

decomposition. Therefore, in this research, consolidation of rapidly solidified powders at room 

temperature was carried out using high-pressure torsion (HPT) processing, which is a severe plastic 

deformation (SPD) process. In the HPT process, which has a high grain refining ability, torsion 

deformation is applied along with high-pressure compression [5-7]. The microstructural change 

induced by the HPT process was investigated, and its correspondence with mechanical properties was 

studied. 

2. Experimental 

Meso10 and MZ13 alloy powders were fabricated by air-atomization at Toyo Aluminum K.K.. 

The cooling rate was estimated to be 2~5·10
5 

K/s [2]. The powders were collected after sieving to 

below 150 µm. HPT was conducted with an applied pressure of 8 GPa. Each powder was strained by 

10 rotations of an anvil, at a rotation speed of 1 rpm, and then consolidated into disks with a diameter 

of 10 mm and a thickness of 0.2 mm. The disks were aged at 383 K. The powders, HPT processed 
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Fig.1 SEM micrographs of 

(a)Meso10 and (b)MZ13 

atomized powders. 

Fig.2 XRD patterns of Meso10 and MZ13                                                            

atomized powders. 

disks, and aged disks were mechanically polished to a mirror-like surface, and the micro Vickers 

hardness was measured along center-to-fringe radii. A load of 0.49 N was applied for 15 s using an 

Akashi MVK-E micro Vickers hardness tester.  

 The microstructural changes with HPT processing and T6 aging were evaluated by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD). SEM 

observations were conducted for the powders and HPT-processed samples using a JEOL JSM-6500F 

field emission scanning electron microscope at an accelerating voltage of 10 kV. TEM observations 

were conducted for HPT-processed and aged samples. Disks 3 mm in diameter were punched out and 

mechanically polished to a thickness of 0.1 mm. The specimens were electro-polished by a twin-jet 

polisher with a solution of 66% HNO3 and 34% CH3OH at 243 K. The specimens were observed 

using a Phillips CM200F field emission transmission electron microscope at an accelerating voltage 

of 200 kV. XRD measurements were conducted for the powders, HPT-processed samples, and aged 

samples using a Brucker AXS D8 DISCOVER X-ray diffractometer with Cu Kα radiation. 

3. Experimental results and discussion 

3.1 Atomized powder 

 Figure 1 shows backscattered electron images of Meso10 and 

MZ13 atomized powders. A typical dendritic structure was shown in 

all powders, and no precipitate was observed in any of the powders. 

In the dendritic arms, because the backscattered electron intensity 

was comparatively high, the Zn, Cu, and Zr atoms with atomic 

numbers higher than that of Al were considered to be segregated. It 

has been reported that there are one or a few grains in the atomized 

Al-Zn-Mg series alloy powders [8]. Figure 2 shows XRD profiles of 

Meso10 and MZ13 atomized powders. In both powders, only two 

diffraction peaks were observed, from (111)Al and (200)Al, and it 

was confirmed that the particles had not crystallized during the 

atomization process and that the atomized powders had a solid 

solution state.  

 Figure 3 shows the full width at half maximum (FWHM) of (111)Al 

diffraction peaks. The FWHM from the MZ13 powder was higher 

than that of the Meso10 powder. This was because the lattice 

constant increased in the dendrite arms when the added Zr atoms 

segregated, increasing the difference between the lattice constants of 

the arm and inter-arm regions. 

 

3.2 HPT processed samples 

 Figure 4 shows backscattered electron 

images of HPT-processed Meso10 and 

MZ13 samples. Although some voids 

with diameters of about 1 µm were 

observed in the samples, it was 

confirmed that the powders had 

combined with each other, and that 

this consolidation was possible in the 

HPT process. Dendtric structures were 

still observed in the center of the 

HPT-processed Meso10 sample, and 

in the powder. On the other hand, no dendritic structure was evident in the fringe. This was because 
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Fig.3  FWHM of (111)Al diffraction peaks 

from powders, HPT-processed samples, 

and samples aged at 383K for 360ks. 

Fig.4 SEM micrographs of HPT-processed samples at the (a) 

center, (b) fringe of Meso10, and at the (c) center  and (d) fringe 

of MZ13. 

the shear strain introduced by the HPT process 

increases in proportion to the radius, and the 

dendritic arms were fragmented by the large shear 

strain in the fringe. On the other hand, in both the 

center and fringe of the MZ13 sample, fragmented 

dendtric arms were observed. Figure 5 shows TEM 

images and selected area electron diffraction 

(SAED) patterns from HPT-processed Meso10 and 

MZ13 samples. In the center of the Meso10 sample, 

coarse grains containing a number of tangled 

dislocations were observed. In the fringe, since 

Debye rings were observed, ultra-fine grains were 

present and had randomly distributed crystal 

orientations. The refinement of grain size was 

achieved, reaching a grain size of 100-200 nm, 

because the shear deformation was remarkably large in the fringe of the sample. 

On the other hand, in MZ13 samples after HPT, since Debye rings were observed in both the fringe 

and the center, ultra-fine grains with random orientations were distributed over the entire samples. 

Since the grain refinement by HPT occurred by grain subdivision of initially coarse grains, the 

fragmentation of dendritic arms also occurred in regions containing ultra-fine grains after HPT. In all 

samples after HPT, no precipitated phase was observed, and no peaks except for (111)Al and (200)Al 

were detected by XRD, as shown in Fig. 6. There was no formation of a new phase during the HPT 

process, and the samples after HPT remained in a supersaturated solid solution state. As indicated in 

Fig. 3, the FWHM of the (111)Al peak increased during the HPT, and the amount of increase in the 

fringe was larger than that in the center. This was because the increase in FWHM derived from an 

increase in lattice defect density and a decrease in crystallite size. Although the grain size in the center 

of the MZ13 sample was finer than that of MZ13 after HPT, the FWHM increase in Meso10 by HPT 

was larger than that of MZ13. This implies that the dislocation density had a stronger effect on 

FWHM change during HPT than 

grain size did, in this case. 

Therefore, although the grain 

size in the center of the Meso10 

sample after HPT was coarser 

than that of MZ13, the dis- 

location density was signifi- 

cantly higher 

 Figure 7 indicate the Vickers 

hardness of the powders and 

HPT processed samples. At the 

powder state, the hardness of 

Meso10 is larger than that of 

MZ13. This is caused by the 

increase of solid solution hard- 

ening by the addition of 1.3 

mass% Zr. By HPT process, the 

hardness remarkably increases 

and the amount of increase is 

137.3HV in the center of 

Meso10 and 131.9HV in the 

center of MZ13 and 181.6HV in 
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Fig.5 TEM micrographs and diffraction patterns of 

HPT-processed samples at the (a)center, (b)fringe of Meso10, 

and at the (c)center and (d)fringe of MZ13. 

Fig.7 Vickers hardness of  powders and HPT- 

processed samples. 

Fig.6 XRD patterns of HPT-processed Meso10, aged 

Meso10, HPT-processed MZ13, and aged MZ13 

samples, from the bottom to the top. The aged samples 

were aged at 383K for 360ks. 

the fringe of Meso10, 157HV in 

the fringe of MZ13, respectively. 

The hardness increase in the 

fringe is larger than that in the 

center and it is considered that 

the grain refinement and the 

increase of dislocation density 

by the increase of shear strain 

from the center to fringe con- 

tribute the hardness increase. 

The hardness increase of Meso 

10 is larger than that of MZ13 

both in the center and fringe. 

This is because the increase of 

dislocation density of Meso10 

by HPT process is larger than 

that of MZ13 as is clear from the 

change of FWHM. As the result 

of the hardness increase by HPT 

process, Meso10 samples have 

218.7HV in the center and 

263.5HV in the fringe, respectively. 

Meso10 is classified into 7000 series 

aluminum alloy and it is reported that 

η’ metastable phase precipitate and 

the precipitation hardening occur 

during T6 aging treatment. The 

maximum hardness of aged Meso10 

extrudate is reported to be 210HV[9]. 

Though there is no precipitate in HPT 

processed Meso10 sample as is clear 

from TEM and X-RD measurement, 

the HPT processed Meso10 sample 

have the hardness which is higher than 

the conventional Meso10 extrudates. 
 

3.3 Aged samples 

 Figure 8 shows the Vickers hardness change 

with 383 K aging. In the center of the 

Meso10 sample, the hardness remained 

relatively unchanged for 10.8 ks, and then 

increased gradually. On the other hand, in the 

fringe of the Meso10 sample, the hardness 

monotonically decreased with aging. In both 

the center and the fringe of the MZ13 sample, 

the hardness gradually increased with aging, 

and a maximum aging hardness of 270.3 HV 

was attained after 36 ks of aging. The 

hardness increase by aging was 9.8 HV in the 

center of Meso10, and 16.3 HV and 12.7 HV 
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Fig.8 Vickers hardness change of Meso10 

and MZ13 samples by 383K aging. 

Fig.9 TEM micrographs of  sample aged at 383K for 360ks in 

the(a)center of Meso10, (b)fringe of Meso10, (c)center of 

MZ13, and (d)fringe of MZ13. 

in center and fringe of MZ13, respectively. The 

hardness increase of MZ13 was larger than that of 

Meso10, and the hardness increase in the center 

tended to be larger than at the fringe. 

 Figure 9 shows TEM micrographs of samples aged 

at 383 K for 360 ks. In all samples, no remarkable 

coarsening was observed and the grain size remained 

ultra-fine in the fringe of Meso10, the center of 

MZ13, and the fringe of MZ13. In the center of the 

Meso10 sample, many precipitates about 20 nm in 

diameter were distributed in the matrix. Although it 

is not clearly observed due to the strong contrast of 

the ultra-fine grains, precipitates of equivalent size 

were also detected in the fringe of Meso10, the center 

of MZ13 and the fringe of MZ13, as indicated in the 

black arrows in Figure 9(d). It has been reported that the η’ metastable phase, with a diameter of 

about 5 nm, precipitates by aging under the same conditions  (383K, 360ks) in Meso10 extrudate. The 

metastable η’ phase is semi-coherent to the matrix, and the age-hardening by the η’ phase was 80 HV 

in Meso10 extrudate. Compared to the diameter of this η’ phase, the diameter of the precipitate 

formed in the HPT-processed samples was quite large, and the age-hardening of HPT-processed 

samples was much less than that of Meso10 extrudate. 

 The diffraction peaks of the MgZn2 phase can be detected at a diffraction angle of 2θ = 40~42 

degrees in the X-ray diffraction profiles of aged Meso10 and MZ13 samples, as shown in Fig. 2. This 

indicates that the coarse precipitates with a diameter of about 20 nm shown in the aged samples were 

MgZn2. MgZn2 is the η stable phase, and is incoherent to the matrix. Generally, during 383 K 

aging, η stable phase does not precipitate because of the high activation energy for the precipitation, 

but η’ metastable phase, which 

has low activation energy, does 

precipitate. However, since a 

very high density of dislocations 

was introduced in the HPT- 

processed samples, and because 

these dislocations acted as pre- 

ferential nucleation sites, the 

activation energy for the precipi- 

tation of η phase decreased, and 

the η phase precipitated more 

easily. Since it has been reported 

that the contribution to age- 

hardening by an incoherent phase 

is smaller than that of a coherent 

phase, and the amount of age- 

hardening is inversely propor- 

tional to the diameter of pre- 

cipitates, the extent of age-hard- 

ening by coarse incoherent η 

phase was much less than in 

Meso10 extrudate. 

 Figure 3 shows the FWHM change with aging. The FWHM decreased after aging at 383 K for 360 ks. 

Since no remarkable coarsening of the grains was observed, these decreases were considered to result 
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from the decrease in dislocation density. In the fringe of the Meso10 sample, because of the large 

FWHM decrease, the decrease in dislocation density was considered to be large, and the 

corresponding hardness decrease was also large. As a result, in the fringe of Meso10, the weakening 

of the work-hardening was exceeded by the increase in precipitation hardening by the η phase, and 

age-softening was observed. On the other hand, in the center of the Meso10 sample, since the 

hardness decrease by the decrease of dislocation density is comparable to the hardness increase by the 

precipitation hardening of the η phase, the hardness remained relatively unchanged till 36 ks of aging. 

In the MZ13 sample, compared to the Meso10 sample, the decrease in FWHM tended to be small. 

This indicates that the decrease in dislocation density due to aging was small. Since supersaturated Zr 

atoms reduce the dislocation mobility, the annihilation of dislocations became rare, and the rate of 

dislocation density decrease by aging slowed. As a result, in the MZ13 sample, the decrease of 

work-hardening was comparatively small, and age-hardening was observed from the beginning of 

aging. 

4. Summary 

1. Rapidly solidified aluminum alloy powders of Meso10 and MZ13 were consolidated into disk-like 

samples using an HPT process. 

2. The HPT-processed samples remained in the solid solution state and had no precipitation. In the 

center of the Meso10 sample, coarse grains with high-density dislocations were observed. On the 

other hand, in MZ13 and at the fringe of Meso10, an ultra-fine grained structure with a diameter of 

100-200 nm was observed. The hardness increased to 263.5 HV because of work hardening and a 

grain refining effect in the fringe of Meso10. 

3. During aging at 383 K, a coarse η stable phase precipitated in the matrix. In the center of the 

Meso10 sample, since the decrease of work hardening by recovery exceeded the increase by 

precipitation hardening, the hardness monotonically decreased with aging. On the other hand, in 

MZ13, since Zr solutes prevented recovery, the decrease by work hardening was comparatively 

small, and age hardening was observed. As a result, the hardness increased to 270.3 HV in the 

fringe of MZ13. 
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