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Abstract. This presentation demonstrates a simple and very rapid synthesis of metal matrix 

nanocomposites (MMNCs) in Al-based hybrid systems which are achieved by processing 

stacked disks of two pure metals through the application of high-pressure torsion (HPT) at 

ambient temperature. These synthesized hybrid systems exhibit exceptionally high hardness 

through rapid deformation-induced diffusion and the simultaneous formation of different 

intermetallic compounds. The experiments also show further improvement in mechanical 

properties is available by increasing the numbers of HPT turns and additional short-term 

annealing. Thus, by demonstrating the fabrication of the Al-Mg and Al-Cu hybrid systems, the 

present paper suggests a potential for simply and expeditiously fabricating a wide range of 

MMNCs through HPT.    

1.  Introduction  

The light-weight metals including aluminum, magnesium and cupper are widely used for structural 

applications in the automotive, aerospace and electronic industries but improvements in the 

mechanical properties of these metals would be attractive for enhancing their future use. In practice, 

an earlier study on an aerospace-grade Al-7075 alloy reported an increase in the strength limit of the 

alloy by processing using high-pressure torsion (HPT) while maintaining reasonable formability [1]. 

Nevertheless, it is reasonable to anticipate that there is probably an upper limit in the maximum 

achievable mechanical properties when the processing is conducted directly on the alloy.  This 

suggests a new strategy for achieving superior properties of materials by bonding dissimilar metals 

and synthesizing new metal systems.   

Bulk nanostructured materials with ultrafine grains (UFG) can be fabricated through the application 

of severe plastic deformation (SPD) which is a promising technique for achieving significant grain 

refinement in bulk metals [2]. Among the reported SPD techniques, one of the most attractive methods 

refers to processing by HPT where this type of processing leads to exceptional grain refinement that is 

not generally achieved using other procedures [3]. The processed metals generally demonstrate an 

enhancement in the physical and mechanical characteristics through significant grain refinement at 

room temperature (RT) and the intensive introduction of point and line defects [4]. Because of the 
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introduction of intense plastic straining during processing, HPT has been applied also for the bonding 

of machining chips [5,6] and the consolidation of metallic powders [7-9].  

 Accordingly, a new approach of applying conventional HPT processing was studied for the 

formation of Al-Mg and Al-Cu hybrid systems and ultimately attaining a metal matrix nanocomposite 

(MMNC) from separate Al, Mg and Cu disks through diffusion bonding at RT under high pressure. 

Specifically, the present reports describe the unique microstructure, hardness distributions and the 

micro-mechanical response for an Al-Mg hybrid system synthesized by HPT. A study of post-

deformation annealing (PDA) was applied to demonstrate the improvement in plasticity by an increase 

in the strain rate sensitivity, m, in the synthesized alloy system. Moreover, the feasibility of the HPT 

processing in the preparation of new alloy systems is demonstrated by forming an Al-Cu alloy system 

recording very high hardness due to significant grain refinement during HPT.  

2.  Fabrication of an Al-Mg hybrid system 

A commercial purity Al-1050 alloy and a ZK60 magnesium alloy were used for the experiments. The 

extruded bars of the alloys having a diameter of 10 mm were cut into billets with lengths of ~65 mm 

and a number of disks was sliced from the billets and polished to achieve uniform thicknesses of ~0.83 

mm. The direct bonding of the Al and Mg disks was performed through the conventional HPT 

procedure at RT using a quasi-constrained facility under a hydraulic pressure of 6.0 GPa for 1, 5, 10 

and 20 turns at a rotational speed of 1 rpm. In particular, a set of the separate Al and Mg disks were 

placed in the depression on the lower anvil in the order of Al/Mg/Al where the Mg disk was positioned 

between the two Al disks but without using any glue or metal brushing treatment. A schematic 

illustration of the sample set-up between the conventional HPT anvils is shown in Figure 1(a) [10,11].   

Figure 1(b) shows overviews of the microstructure taken at the cross-sections of the Al-Mg disks 

by optical microscopy (OM) after HPT for 1, 5 and 10 turns from the top, respectively, where the 

bright regions denote the Al-rich phase and the dark regions correspond to the Mg-rich phase in these 

micrographs [10-12].  

A disk after 1 turn by HPT showed a multi-layered structure with fragmented Mg layers with 

thicknesses of ~200 µm without any segregation of Al and Mg phases throughout the disk diameter. A 

similar microstructure consisting of multi-layers of the Al and Mg phases was observed at the central 

regions at r <2.0 and <1.0 mm of the disks after 5 and 10 turns, respectively, where r denotes the 

radius of the HPT disk. However, the disk peripheries at r >2.5 mm after 5 turns demonstrated a 

unique microstructure involving a homogeneous distribution of very fine Mg phases having 

thicknesses of ~5-10 µm to even true nano-scale sizes of ~100-500 nm within the Al matrix. 

Furthermore, the Mg phases disappeared at the disk edge and thus there was no evidence of visible Mg 

phases at ~3< r <5 mm after 10 turns.  

The distributions of Vickers microhardness was examined over the vertical cross-sections of the 

processed disks and the data set was visualized by constructing color-coded hardness contour maps as 

shown in Figure 1(c) for 1, 5 and 10 turns from the top, respectively, where the hardness values are 

indicated in the key on the right. For reference, the Al-1050 alloy and the ZK60 alloy show a 

saturation hardness of Hv ≈ 65 and ~110 across the disk diameters after HPT for 5 turns providing 

sufficient torsional straining.  

The total cross-section after HPT for 1 turn shows an average microhardness value of ~70. This is 

similar to the value of ~65 for the base material of the Al-1050 alloy after HPT for 5 turns and this 

hardness value remains constant at the centers at r <2.5 mm of the Al-Mg disks up to 10 turns. 

However, additional HPT turns to 5 introduced high hardness with a maximum of Hv ≈ 130 in the 

peripheral region where the fine Mg phase is homogeneously distributed within the Al matrix.  

Moreover, there is a significant increase in Hv after 10 turns where a maximum hardness of ~270 was 

recorded at the peripheral region at r >3.0 mm. These high hardness values measured in the Al-Mg 

system after HPT are much higher than the base alloys of Al and Mg after HPT and a detailed 

microstructural analysis is necessary to understand the hardening mechanism of this unique Al-Mg 

system produced by HPT processing. 
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Processing by HPT was continued up to 20 turns to evaluate the possibility of achieving further 

improvement in hardness. Moreover, PDA at 573 K for 1 hour was applied to investigate the change in 

microstructure and the enhancement in mechanical properties in the Al-Mg alloy system. There are 

several recent reports demonstrating the significance of PDA on the mechanical properties at RT of 

HPT-processed materials [13-15]. Microstructures taken at the vertical cross-sections and the color-

coded hardness contour maps are shown in Figure 2(a) and (b), respectively, for the Al-Mg disks after 

HPT at RT for 20 turns (upper) and after HPT followed by PDA at 573 K for 1 hour (lower) [16].    

It is apparent that the deformed microstructure after HPT for 20 turns is reasonably similar to the 

sample conditions in the Al-Mg system after HPT for 10 turns as shown in Figure 1(b) where there are 

multi-layered Al and Mg phases at the disk center but there is a complete dissolution of Mg in the Al 

matrix. A similar microstructure was observed after PDA whereas the outer region involving the 

complete mixture of Mg within Al was reduced. Accordingly, the synthesized Al-Mg system after 

HPT and after PDA consists of gradient-type microstructures across the disk diameters.  

There is a drastic increase in hardness in the Al-Mg disk after HPT for 20 turns. Specifically, a 

Vickers microhardness of Hv ≈ 60 and slightly higher was observed at the central region of the disk at 

r < 2.5 mm and then a transition in hardness to ~150-240 was measured at r ≈ 2.5-3.5 mm followed by 

an exceptionally high hardness of Hv ≈ 330 at r ≈ 4.0-5.0 mm. This high hardness is significantly 

higher than the highest value of Hv ≈ 270 observed in the Al-Mg disk processed by HPT for 10 turns 

as shown in Figure 1(c). After PDA, there was a slight reduction in hardness to Hv ≈ 30 in the central 

regions up to r ≈ 3.0 mm and a reduction to Hv ≈ 220 at the outer region of the disk at r ≈ 4.0-5.0 mm.  

Thus, the changes in microstructure correlate directly with the values of hardness in the Al-Mg system 

after HPT and there is a significant hardness variation in the synthesized Al-Mg through the HPT 

processing. Accordingly, the detailed microstructures at the disk peripheries demonstrating 

exceptional hardness were examined by TEM and the microstructures are displayed in Figure 3 for the 

samples after (a)-(b) 20 HPT turns and (c) HPT followed by PDA. In addition, the XRD profiles for 

these two samples are demonstrated in Figure 3(d) and (e), respectively.   

As seen in Figure 3(a) and (b), there is a mixture of regions with a layered structure and an 

equiaxed microstructure at the disk edge immediately after HPT for 20 turns. In practice, the layered 

microstructure has an average thickness of ~20 nm and these layers contain numerous dislocations 

which subdivide the layers in a vertical sense. The equiaxed grains showed an average grain size of d 

≈ 60 nm. By contrast, it is apparent from Figure 3(c) that after PDA the HPT-processed Al-Mg system 

contained a homogeneous equiaxed microstructure with an average grain size of d ≈ 380 nm. 

Figure 1. (a) Schematic illustration of 

the sample set-up for HPT processing 

and (b) an overview of the microstructure 

and (c) color-coded hardness contour 

maps taken at the vertical cross-sections 

along the disk diameters after HPT for 1, 

5 and 10 turns, respectively [10-12]. 
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The results of the X-ray analysis are shown in Figure 3 (d) and (e) where additional compositional 

analysis based on the X-ray profile through MOUD was displayed as a table in each plot. It should be 

noted that the samples at the disk edges were carefully prepared by removing the central regions so 

that the measurements focused only on the peripheral regions where Mg was completely dissolved into 

the Al matrix after HPT for 20 turns and after PDA as seen in Figure 2 whereas the inevitable 

concentrations of the Mg-rich phase existed close to the mid-radius of the processed samples.   

The disk edge immediately after HPT for 20 turns showed there is evidence of a γ-Al12Mg17 

intermetallic compound in the Al matrix whereas after PDA there is an Al-7% Mg solid solution phase 

with two different β-Al3Mg2 and γ-Al12Mg17 intermetallic compounds. Thus, it is established that 

processing by HPT for 20 turns and additional PDA produced two different types of deformation-

induced MMNCs containing intermetallic compounds at the disk edges of the Al-Mg system.   

The synthesis of intermetallic compounds at RT is feasible due to the accelerated diffusivity of Mg 

atoms into the Al matrix that is attributed to SPD under high pressure [10]. Several recent studies 

demonstrated experimental evidence for enhanced atomic diffusion in nanostructured materials 

processed by ECAP [17] and HPT [10,18]. Moreover, a recent review describes the significance of the 

fast atomic mobility during SPD by recognizing the significant increase in the vacancy concentration 

through SPD processing [19]. Accordingly, the present experimental results also anticipate that the 

formation of these intermetallic compounds provides an excellent potential for reinforcing the Al 

matrix by improving the hardness and strength.   

Figure 3. Representative 

TEM bright-field images 

taken at the disk edges after 

(a)-(b) HPT for 20 turns and 

(c) HPT followed by PDA in 

the Al-Mg system and the 

X-ray diffraction profiles for 

the disk edges of the Al-Mg 

system after (d) HPT for 20 

turns and (e) HPT and PDA 

[16]. 

Figure 2. (a) The OM 

micrographs of the Al-Mg 

disks after HPT at room 

temperature under a pressure 

of 6.0 GPa and (b) color-coded 

contour maps of the Vickers 

microhardness for the vertical 

cross-sectional planes after 

HPT for 20 turns (upper) and 

after HPT and PDA (lower), 

respectively. [16]  
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3.  Micro-mechanical response of the MMNCs in the Al-Mg system 

The micro-mechanical response was examined by applying the nanoindentation technique for the disk 

edges consisting of MMNCs in the Al-Mg system after HPT for 20 turns and subsequent PDA.  The 

analysis used a nanoindentation facility, Nanoindenter-XP (formerly MTS; now Agilent, Oak Ridge, 

TN) with a three-sided pyramidal Berkovich indenter having a centerline-to-face angle of 65.3°. More 

than 15 indentations were conducted at each specific phase at the measured locations to provide 

statistically valid data. All measurements were conducted under a predetermined peak applied load of 

Pmax = 50 mN at constant indentation strain rates of 0.0125, 0.025, 0.05 and 0.1 s-1 which are 

equivalent to general strain rates of 1.25 × 10-4, 2.5 × 10-4, 5.0 × 10-4 and 1.0 × 10-3 s-1 calculated 

through an empirical relationship [20].   

Figure 4 shows representative load-displacement curves for the Al-Mg disk edges after (a) HPT for 

20 turns and (b) HPT and PDA when measuring at four strain rates [16]. The disk edge after HPT for 

20 turns demonstrated no strain rate dependency where all four load-displacement curves placed in 

reasonably consistent locations as shown in Figure 4(a). However, there is a slight tendency of less 

displacement when the strain rate is slower, thereby indicating a negative strain rate dependency of 

plasticity. By contrast, the Al-Mg system after HPT followed by PDA demonstrated an apparent 

positive strain rate dependency where increasing displacements were achieved at slower strain rates of 

nanoindentation as shown in Figure 4(b). It is also apparent by comparing the load-displacement 

curves between the two samples that the MMNC immediately after HPT shows much lower 

displacements than the MMNC after HPT and PDA at all strain rates, thereby demonstrating the high 

hardness of the MMNC in the Al-Mg disk edge immediately after HPT for 20 turns. This result is fully 

consistent with the Vickers hardness measurements as shown in Figure 2(b).    

Considering Tabor’s empirical prediction where the flow stress is equivalent to one-third of 

hardness, H, measured through nanoindentaion testing for fully-plastic deformation at a constant strain 

rate, the strain rate sensitivity, m, was determined from the slope of the line for each examined sample 

in a logarithmic plot of H/3 against the strain rate as shown in Figure 4(c) for the disk edges of the Al-

Mg system after HPT for 20 turns and after HPT followed by PDA [16].  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Representative load-displacement 

curves for the Al-Mg disk edges after (a) HPT 

for 20 turns and (b) HPT and PDA when 

measuring at four strain rates at 1.0 × 10-3 - 1.25 

× 10-4 s-1 under a predetermined maximum peak 

load of 50 mN and (c) variations in the strain 

rate sensitivity with increasing strain rate for 

the disk edges of the Al-Mg system after HPT 

for 20 turns and after HPT and PDA [16]. 
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The analysis estimated the m values of 0.001 and 0.1 for the MMNCs at the Al-Mg disk edges 

immediately after HPT and after HPT followed by PDA, respectively. It has been well described that 

there is generally a significant loss of ductility in bulk nanostructured materials where a marked 

increase in hardness and strength is achieved by grain refinement through SPD [21-23]. Specifically, 

the lower overall ductility in the UFG materials is attributed to an inter-relationship between the lower 

strain hardening and an increasing strain rate sensitivity [24,25]. Nevertheless, the present 

nanoindentation analysis shows that there is a significant increase in the strain rate sensitivity in the 

HPT-induced MMNC after PDA. Thus, a PDA treatment is a feasible procedure for enhancing the RT 

plasticity in the MMNC in the Al-Mg hybrid system synthesized by HPT while maintaining 

reasonably high hardness as shown in Figure 2(b).   

The significance of PDA was demonstrated earlier for improving the overall ductility of 

nanostructured Ti after HPT [13]. A recent review demonstrated that a PDA treatment produces an 

ordering of the defect structures within the grain boundaries leading to an equilibrium state without 

any significant grain growth [23]. In addition, short-term annealing reduces the dislocation density in 

the grain interior of the UFG material after SPD so that the dislocation storage capability may increase 

and thus the strain hardening capability is enhanced leading to the possibility of high ductility in the 

SPD-processed material. Accordingly, by the addition of a PDA treatment, the MMNC in the Al-Mg 

system produced by HPT has a great potential for demonstrating both high hardness and superior 

ductility.   

4.  Future potential of the HPT technique for synthesizing new metal systems 

There are only limited numbers of demonstrations to date of the fabrication of hybrid material 

showing high mechanical performance by bonding dissimilar bulk metals to form new metal systems 

through HPT. A first report demonstrated a solid-state reaction in an Al-Cu system through the 

bonding of semi-circular half-disks of commercial purity Al and Cu using HPT at ambient temperature 

for up to 100 turns [26]. Thereafter, a similar approach was applied for forming a spiral texture by 

processing of an Al-Cu hybrid material though HPT where four quarter-disks, including two of pure 

Cu and two of an Al-6061 alloy, were positioned to make a complete disk and then processed by HPT 

at RT for 1 turn [27]. However, this study described only the computational calculation of the 

distribution of equivalent stress in the processed Al-Cu disk using a finite element method and there 

was no detailed microstructural analysis of the processed disk. 

Accordingly, a simpler approach for utilizing conventional HPT processing for the bonding of 

separate Al and Mg disks was processed by stacking a set of two disks for up to 20 turns [28] and 

stacking three disks for 5-10 turns [10-12] and for 20 turns [16] for producing bi-layered and multi-

layered structures, respectively, in an Al-Mg system through HPT at RT. It should be emphasized that 

the MMNCs synthesized at the disk edges of the Al-Mg system receive very high straining through 

HPT but in the present study the final bulk metal contains a gradient-type microstructure or a 

heterogeneous nanostructure which involves gradations of not only grain size but also compositions 

[29]. This is a new category of bulk structure in engineering materials and it is expected to lead to a 

significant potential for exhibiting excellent mechanical properties and functionalities which extend 

the fields of applications of the HPT-induced hybrid materials. 

  For examining the feasibility of the HPT processing with the simple sample set-up for fabricating 

new metal systems, a further examination was conducted for producing an Al-Cu system through 10, 

20 and 60 turns by HPT under 6.0 GPa at RT from the commercial purity Al and Cu. Overviews of the 

HPT-processed Al-Cu metal disks are shown in Figure 5(a) for 10 and 60 turns. It should be noted that 

at the central regions in both disks the bright regions denote the Al-rich phase and the dark regions 

correspond to the Cu-rich phase whereas the grey color at the overall disk edges may describe a 

complete mixture of Al and Cu as was demonstrated in the Al-Mg system.      

There is a consistent trend of microstructural evolution between the Al-Cu and the Al-Mg systems 

during HPT with increasing numbers of turns. Thus, due to diffusion bonding of the Al and Cu phases, 

the Al-Cu disk obtained a multi-layered microstructure in a wide region from the disk center towards r 
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≈ 3-4 mm and a mixture of very fine Cu phases within the Al matrix in the remainder of the region at 

the disk edge after 10 HPT turns. Additional HPT through 60 turns demonstrated a significant 

influence to reduce the multi-layered region at the disk center to r <2 mm and the wide peripheral 

region showed a complete mixture of Al and Cu.    

Representative TEM micrographs are shown in Figure 5(b) and (c) for the Al-Cu disk edges after 

HPT for 20 and 60 turns, respectively. Processing by HPT for 20 turns produced a layered 

nanostructure with an average thickness of ~20 nm where the microstructure consists of a simple 

mixture of the Al-rich phase with a brighter color and the Cu-rich phase with a darker color as shown 

in Figure 5(b). By contrast, after 60 HPT turns the Cu is completely dissolved into the Al matrix and 

there was no evidence of the Cu-rich phase at the disk edge. Significant grain refinement was achieved 

so that true nano-scale grains with an average grain size of ~30 nm were observed in an equiaxed 

microstructure as shown in Figure 5(c).   

The Vickers microhardness was recorded at the mid-height along the disk diameters of the Al-Cu 

disks after HPT for 10, 20 and 60 turns and the results are shown in Figure 5(d) where the hardness of 

the base materials of Al and Cu after 10 HPT turns are denoted by the dashed lines at Hv ≈ 65 and 

~150, respectively. The central regions of r <3-4 mm after 10 turns and r <1 mm after 60 turns where 

the areas hold the layered microstructure as seen in Figure 5(a) demonstrated the lower hardness 

values which are consistent with the hardness of the base material of Cu when processed separately by 

HPT for 10 turns. The hardness at the peripheral regions recorded exceptionally high hardness values 

of Hv ≈ 250, 400 and 500 with increasing numbers of turns to 10, 20 and 60, respectively.    

These results on the Al-Cu system were obtained from preliminary examinations and further 

studies are necessary to investigate the detailed compositional changes through the diffusion bonding 

during HPT, the strengthening mechanism and the functionalities of the synthesized system after HPT. 

Nevertheless, the exceptionally high hardness is greater than the hardness which is achievable by grain 

refinement on the separate base metals and thereby it indicates the synthesis of new phases exhibiting 

excellent hardness in the HPT-processed Al-Cu system. Thus, the present study demonstrates a 

considerable potential for applying HPT processing for the synthesis of new alloy systems containing 

gradient-type microstructures, especially by simply and expeditiously fabricating a wide range of 

MMNCs from simple metals and alloys and by incorporating an additional treatment of PDA to 

further improve the mechanical properties of these HPT-processed materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) an overview of the microstructure of the Al-Cu system after HPT for 10 and 60 

turns, TEM micrographs at the disk edges of the Al-Cu system after HPT for (b) 20 turns and 

(c) 60 turns and (d) Vickers microhardness variations of the Al-Cu disks after HPT. 
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5.  Summary and conclusions 

The synthesis of an MMNC by forming intermetallic compounds was demonstrated in an Al-Mg 

system using conventional HPT processing for 20 turns at RT through the diffusion bonding. The 

significance of applying PDA was demonstrated by improving the strain rate sensitivity leading to an 

excellent potential for achieving high plasticity in the Al-Mg system. Moreover, a potential for making 

use of HPT at ambient temperature was demonstrated for synthesizing an Al-Cu system exhibiting 

exceptionally high strength after HPT through 60 turns.  Additional results are now needed to confirm 

the feasibility of using this approach for other metallic systems. 
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