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Abstract 

The mechanical properties and structural stability of a high-pressure torsion (HPT)-induced bulk 

nanostructured metastable Al-Mg system were examined after natural aging at room temperature 

for 60 days. The sample demonstrated a high yield strength of 1.3-1.5 GPa with an excellent 

plasticity by achieving a high strain rate sensitivity of 0.036. The high hardness is attributed to the 

concurrent contributions of grain refinement and solid solution strengthening. An X-ray diffraction 

analysis revealed a high compositional microstrain of ~0.0202 due to the supersaturation of Mg in 

the Al matrix after processing. This microstrain increased to ~0.0274 after natural aging due to the 

heterogeneous distribution of supersaturated Mg solutes without any nucleation of a second phase, 

thereby demonstrating a reasonable structural stability. 
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1. Introduction 

The formation of bulk nanostructured materials has been studied intensively in the last two 

decades together with the development of severe plastic deformation (SPD) processing techniques 

[1-3]. Among the available SPD techniques, one of the most attractive methods is high-pressure 

torsion (HPT) [4] where often the process is operational at room temperature for most hard-to-

deform metals and composites and significant grain refinement may be anticipated by comparison 

with other SPD procedures [5]. Accordingly, processing by HPT has been utilized for the bonding 

of machining chips [6-8] and the consolidation of metallic powders [9-15] which may ultimately 

produce intermetallics and supersaturation phases leading to composites [16,17].  

Considering these benefits of HPT processing, a new approach into the mechanical-

bonding processes was developed for the synthesis of hybrid nanostructured metallic materials 

where this approach applies the conventional HPT technique for diffusion bonding of dissimilar 

bulk metal disks. Various combinations of dissimilar metals were examined to date: Al/Cu [18-

23], Al/Mg [24-32], Al/Fe [33], Al/Ni [22], Al/Ti [33], Al/Mg/Cu/Fe/Ti [34], Ag/Cu [20], Ag/Ni 

[35], Cu/Ta [36,37], Cu/ZnO [38], Fe/V [39,40], V-10Ti-5Cr/Zr-2.5Nb [41], Zn/Mg [42-44] and 

Zr/Nb [35,45]. These studies demonstrated the successful synthesis of intermetallic phases during 

HPT-induced diffusion bonding at room temperature.  

The experiments showed that these metastable phases including intermetallic compounds 

are nucleated at the vicinity of the interfaces of dissimilar metals when severe shear is introduced 

by the HPT-induced mechanical bonding and the mechanism can be understood through the 

formation of tribomaterials [46]. In practice, there are unique flow patterns, similar to the flow of 

liquids, that appear as vortices adjacent to the interfaces when a Kelvin-Helmholtz (K-H) shear 

instability [47,48] occurs under shear or sliding deformation. These K-H instabilities were 
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documented in an earlier report on HPT processing [49] and they are consistent with observations 

from many areas of physics including in fluid flow [50], plasma physics [51], atmospheric physics 

[52] and oceanography [53]. Recent reports demonstrated a physical explanation of the 

microstructural patterns at the dissimilar solid interfaces during plastic flow that is driven by 

plastic instabilities due to local blocking of shear deformation [22,54,55]. Thus, the interfaces in 

the mechanically-bonded metals undergo severe shear at high pressure by HPT and this introduces, 

through plastic instability, large volumes of nanocrystalline tribomaterials during the phase 

mixture and grain refinement.  

As one of the ultimate states during the introduction of an Al-Mg tribomaterial, a very 

recent study showed the formation of a bulk nanostructured metastable Al solid solution with a 

homogeneous supersaturation of Mg when Al and Mg are mechanically bonded through 100 HPT 

turns at 6.0 GPa [32]. Accordingly, the present study was initiated to examine the mechanical 

response and structural stability of the HPT-induced bulk nanostructured metastable Al-Mg alloy 

by applying nanoindentation and an X-ray diffraction (XRD) peak profile analysis.   

 

2.  Experimental material and procedures 

A bulk nanocrystalline metastable Al-Mg was prepared by mechanical bonding of a 

commercial purity Al (Al-1050) and a ZK60 Mg alloy by stacking the metal disks having 10 mm 

diameter and 0.8 mm thickness in the order of Al/Mg/Al and processing through HPT for 100 turns 

at 6.0 GPa at room temperature. The synthesized metastable alloy was maintained at room 

temperature for natural aging for 60 days to investigate the structural stability. In an earlier study, 

this metastable Al solid solution showed an average Mg content of ~14 at.% with a maximum of 

38.44 at.% and a ultrafine-grained microstructure having ~35-40 nm grains in a fully metastable 
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state without any trace of h.c.p. Mg or intermetallic phases for both conditions of 100 HPT turns 

and after HPT and natural aging for 60 days [32]. 

Vickers microhardness measurements were conducted to construct hardness profiles along 

the diameters on the mid-sectional planes of the mechanically-bonded Al-Mg disks after HPT. The 

Vickers microhardness values, Hv, were recorded using a Mitutoyo HM-200 with an applied load 

of 50 gf and a dwell time of 10 s.  

The detailed mechanical responses were examined using a nanoindentation facility, 

Nanoindenter G200 XP, at the mid-radius of naturally-aged metastable Al-Mg disks. To validate 

the data, more than 15 indentations were conducted for the HPT-processed metastable Al-Mg after 

natural-aging. All measurements were undertaken using a predetermined maximum 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, 𝜀𝜀̇, of 1.25 × 10-4, 2.5 × 10-4, 5.0 × 10-4 and 1.0 × 10-3 s-1, 

respectively, according to an empirical relationship [56].   

The X-ray diffraction (XRD) analyses were performed using a Rigaku Ultima III over the 

entire disk surfaces to acquire overall structural information of the mechanically-bonded and 

naturally-aged materials. The XRD facility used Cu Kα radiation at a scanning speed of 1° min-1 

with a step interval of 0.01°. Further analyses were conducted by the XRD line profiles in order to 

identify the structural changes and quantifying microstrains. 

 

3.  Experimental results 

3.1. Mechanical response of metastable Al-Mg alloy 

 From the Vickers microhardness measurements, a homogeneous distribution of hardness 

with an average hardness of Hv ≈ 340 was recorded across the Al-Mg disk diameter after 100 HPT 
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turns [32]. Such extreme and homogeneous hardness across the disk diameter is in contrast to the 

mechanically-bonded Al-Mg disks after HPT for up to 60 turns [28,29]. These hardness results are 

summarized in Fig. 1 where the two lower dashed lines denote the saturated hardness values of the 

separate Al and Mg alloys when processed for 5 or more HPT turns at 6.0 GPa.  

The micro-mechanical responses of the metastable Al-Mg alloy after HPT followed by 

aging were examined using a nanoindentation technique and the results are compared with the 

alloy system processed by mechanical bonding of the Al-Mg sample after 40, 60 and 80 HPT turns. 

An evaluation of micro-mechanical responses considers the evolution of the strain rate sensitivity, 

m, as a critical materials property which is generally determined by 

 𝑚𝑚 = �𝜕𝜕 ln𝜎𝜎𝑓𝑓 /𝜕𝜕 ln 𝜀𝜀̇�
𝜀𝜀,𝑇𝑇

                                                                                       (1) 

where σf is the uniaxial flow stress and 𝜀𝜀̇ is the strain rate where these parameters are related at a 

given strain, ε, and temperature, T [57]. Moreover, σf can be estimated by Tabor’s empirical 

relation of 𝜎𝜎𝑓𝑓 ≈ 𝐻𝐻/𝐶𝐶  where C is a constrain factor of ~3 for fully plastic deformation at the 

constant nanoindentation strain rates [58] and H is the nanoindentation hardness. Thus, the value 

of m is estimated from the slope of a double logarithmic plot of H/3 vs. 𝜀𝜀̇ as shown in the inset of 

Fig. 2. From the positions of the lines, it is apparent that the Al-Mg system after 100 HPT turns 

demonstrated the highest strength of σf  = 1.3-1.5 GPa at the examined strain rates. There is also a 

clear trend of increasing m values with increasing HPT turns after 40 turns and the maximum value 

was computed as m = 0.036 for the bulk metastable Al-Mg after 100 turns.  

The evolution of m with increasing HPT revolutions through 5-100 turns is shown for the 

Al-Mg samples in the main part of Fig. 2. A low strain rate sensitivity of <0.01 and close to a 

negative value was recorded when mechanical bonding of Al and Mg was conducted through the 

lower numbers of HPT turns of 5 and 20, respectively, and this is due to the introduction of hard 
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intermetallic phases of Al2Mg3 and Al12Mg17 through diffusion bonding during microstructural 

refinement by HPT leading to the formation of metal matrix nanocomposites [26-28]. Thereafter, 

the estimated m values increase with increasing HPT turns through 100 turns. This is reasonable 

because of the formation of a single solid solution phase of Al having an f.c.c. crystal structure by 

the complete dissolution of these intermetallic phases only at the disk edges after 40 and 60 HPT 

turns while the disk centers demonstrate multi-layers of Al and Mg [29] and thereafter through the 

entire metastable body of the Al-Mg disk after 100 turns followed by natural aging [32].  

In general, a high value of m corresponds to a high capacity to produce improved plasticity 

of the material and therefore the trend shown in Fig. 2 implies exceptional increases in both 

strength and plasticity in the HPT-induced bulk metastable Al-Mg after 100 HPT turns under the 

present testing conditions. It should be noted that these values of m after HPT are similar to or 

even higher than the values for UFG Al alloys (e.g., m ≈ 0.02 for Al-1570 after 20 HPT turns 

having a grain size of d <100 nm [59]), UFG Mg alloys (e.g., m ≈ 0.035-0.045 for ZK60 after 2 

HPT turns having d <1.0-1.5 µm [60]), and various UFG metals and alloys after different types of 

SPD processing [61]. Thus, the present bulk metastable Al-Mg exhibits reasonably high plasticity 

while demonstrating extreme 𝜎𝜎𝑓𝑓 and hardness.  

 

3.2 X-ray line broadening 

Earlier compositional analysis using STEM investigations confirmed an Mg supersaturated 

concentration leading to a metastable Al alloy after HPT for 100 turns where the highest recorded 

dissolved quantity of Mg was ~38.5 at.% [32]. In order to determine whether such high Mg 

supersaturation occurs homogeneously rather than locally, and to examine the stability of the 
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structure after 60 days of natural aging, the Mg concentration in the metastable Al solid was 

examined by utilizing the XRD line profiles taken integrally over the whole sample surface plane. 

Figure 3 shows the distributions of the lattice parameters estimated from the four separate 

XRD peaks for a pure f.c.c. structure, such as 111, 200, 220 and 331, with an arbitrarily selected 

counting probability for the metastable Al alloy immediately after HPT (upper) and after natural 

aging (lower) where the vertical dashed line in each plot denotes the lattice parameter for pure Al 

of a0 = 4.049 Å. Maintaining cubic symmetry, the distributions of the lattice parameter tend to be 

independent of these four reflections for both sample conditions so that the four separate curves 

overlap reasonably. Assuming a change in lattice parameter of the metastable Al solid solution 

because of the strain caused solely by the lattice strain effects, the top abscissa measures the lattice 

deviation from pure Al in the total strain by εchemical = ∆a/a0 = -∆G/G0 for any of the scattering 

vectors Ghkl of the four observed reflections.  

It is readily apparent from inspection of Fig. 3 that the plateau behavior in the XRD line 

profile is strengthened in the plot for the metastable material after natural aging. This particular 

broadening is attributed mainly to a heterogeneous Mg concentration in many different grains. In 

practice, for the aged metastable Al alloy the distributions of Mg for the higher order reflections 

of 220 and 311 tend to shift to a lower Mg concentration as compared to the lower order 111 and 

200 reflections. Specifically, this heterogeneous distribution of Mg solute during natural aging can 

be explained by the clustering and segregation of Mg atoms and ultimately to the decomposition 

of Al3Mg2 precipitations at grain boundaries [62] with very specific orientations with respect to 

the f.c.c. Al matrix [63] whereas there is no second phase in the present metastable Al after natural 

aging for 60 days.    

 From the viewpoint of the characterization technique, it is important to also consider 
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another explanation for the observed plateau line broadening for the metastable Al after HPT 

followed by natural aging. The mass absorption coefficients for X-rays at 8 keV are taken for Mg 

and Al as ΣMg = 40.61 cm2/g and ΣAl = 50.33 cm2/g, respectively, from the NIST Standard 

Reference Database [64]. The elemental densities of Al and Mg are ρAl = 2.700 g/cm3 and 

ρMg = 1.738 g/cm3, respectively [65]. Taking the atomic concentrations of cMg = 0.4 and cAl = 0.6 

as estimated for the metastable Al-Mg alloy, it is reasonable to estimate the density of the 

metastable Al as ρ = cMg ρMg + cAl ρAl = 2.3152 g/cm3 and similarly the mass absorption 

coefficient of Σ = cMgΣMg + cAlΣAl = 46.442 cm2/g. The attenuation length in X-ray scattering, t, at 

which the intensity drops to 1/e times its incident flux (e = exp(1) = 2.7182818,  Eulerian number) 

is then given by t = 1/(ρΣ) = 93.0 µm. As the four observed Bragg reflections 111, 200, 220 and 

311 diffract under their specific incident angles of θ ={19.14, 22.25, 32.38, 38.90}° in a Bragg-

Brentano geometry, their beam paths through the metastable Al are different at computed probing 

depths of τ = t/2 sin(θ) = {15, 18, 25, 29} µm, respectively, from the surface of the material. 

Therefore, a depth gradient of concentration will produce various lattice parameter distributions 

measured by the different reflections. 

 The present X-ray diffraction analysis illustrates a unique feature of diffractograms where 

the aged material demonstrates the inclined plateaus for the low-order reflections 111 and 200 in 

contrast to the flat plateaus of the higher order observations at 220 and 331. This is attributed not 

only to the heterogeneous distribution of Mg solutes on the measured surface but also to the 

heterogeneous compositions which were developed through the thickness of the processed disk 

during aging. Since the 311 reflection probes the material twice as deeply as the 111 reflection, it 

is speculated that such a depth-dependent variation exists when the material contains the 

heterogeneous distributions of alloying elements in the sample height (or thickness) direction. This 
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finding is consistent with a very recent report demonstrating a thickness-resolved order-disorder 

phase transition in titanium aluminide after HPT for 10 turns [66] and the formation of 

architectured materials by severe changes of internal structural patterns during SPD [67], and these 

effects are anticipated due to the heterogeneous deformation produced by the rolling vortices and 

swirls that are developed through simple shear in HPT processing [20, 49, 68-71]. 

 A conventional Williamson-Hall plot is shown in Fig. 4 displaying full width at half 

maximum (FWHM), ∆Q, of the XRD peak profiles against the scattering vector, Q, so that the 

result of microstrain, both compositional and stress-induced, as crystal imperfection and distortion 

of ε = ∆Q/Q may be estimated from the slopes of the fitted straight lines. Thus, the values of 

~0.0202 and ~0.0274 for the HPT-induced metastable Al alloy and after natural aging, respectively, 

repeat the FWHM on the upper strain axes, εchemical, of Fig. 3 and represent the average lattice 

strain values due to compositional strain. An earlier report on a nanocrystalline Al-5 at.% Mg alloy 

prepared by a mechanical alloying approach demonstrated a supersaturation of 4.5 mass% Mg (= 

5.0 at.% Mg) in the Al matrix with a lattice strain of 0.0016 [72].  

 

4.  Discussion 

4.1 Significance of solution strengthening 

In the earlier study, the HPT-induced metastable Al in a solid solution state barely exhibited 

deformation twinning [32]. The limited potential of deformation twinning is supported by a study 

applying generalized planar fault energy calculations [73] computing the maximum twinnability 

of the Al-Mg dilute solution demonstrating much less than pure Cu. These results are also 

consistent with an earlier experiment on an Al-5.8 wt.% Mg alloy where there was no deformation 
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twinning in grain sizes of ~100-200 nm but instead there was an agglomeration of Mg atoms 

observed as clusters of ~5-10 nm at grain boundaries during HPT for up to 20 turns [59]. 

Accordingly, excluding the contribution of deformation twins to the total strength, the yield 

strength of the metastable Al, σy, may be estimated as 

  σy = σHP + σSS                                                                                                                (2)  

where the strength contributed by grain refinement, σHP, is defined by the Hall-Petch relationship 

[74,75]: 

σHP = σ0 + 𝑘𝑘𝑦𝑦𝑑𝑑−1/2                                                                                                         (3)   

where σ0 is the friction stress and ky is a yielding constant, and the increase in stress due to solid 

solution strengthening, σSS, is obtained from the following equation [76]: 

σSS = 𝑀𝑀�
3
8
�
2/3

�
1 + 𝜈𝜈
1 − 𝜈𝜈

�
4/3

�
𝑤𝑤
b
� 𝜇𝜇|ε𝑚𝑚|4/3𝑋𝑋𝑀𝑀𝑀𝑀2/3                                                       (4) 

where M is the Taylor factor, ν is Poisson’s ratio, w is a material parameter designated the 

interaction force range, b is the Burgers vector, µ is the shear modulus, εm is the misfit strain 

calculated by (𝑎𝑎 − 𝑎𝑎0)/𝑎𝑎0 and XMg is the concentration of Mg.  The computation process involves 

taking σ0 = 10 MPa [77] for pure Al, ky = 0.2 [78] for Al-Mg alloys, M = 3.06 [79], µ = 26.5 GPa 

[80], ν = 0.347 [80] and w = 5b [76] for Al-based solid solutions, with 𝑎𝑎0 = 4.049 Å for pure Al 

and a = 4.1125 Å for the present metastable Al in a supersaturated solid solution based on the XRD 

analysis. 

 Figure 5 shows a comparison of yield strengths between an average of 1.24 GPa converted 

from the measured Vickers microhardness by recalculating as load divided by the projected area 

instead of surface area of the indented location as well as 1.3-1.5 GPa measured by nanoindentation 

for the metastable Al as shown by the horizontal dashed line and the horizontal hatched bar, 

respectively, together with the computed strength by applying eqs (2)-(4) with an anticipated range 
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of grain sizes of ~30-40 nm for the nanostructured metastable Al in a supersaturated solid solution. 

In practice, the estimated yield strength is shown from a minimum solution strengthening with XMg 

= 0 at.% as a blue line to a maximum with XMg = 40 at.% as a red line with a weighted average Mg 

concentration of 14.2 at.% above the calculated strength by Hall-Petch strengthening which is 

shown in gray.  

 It is readily apparent that there is excellent agreement between the estimated yield strength 

for the nanostructured metastable Al having an average Mg concentration of 14.2 at.% and the 

experimentally measured strengths by Vickers microhardness measurements and nanoindentation 

that involve some scatters attributed in the indentation size effect demonstrating an increase in 

hardness with decreasing depth of penetration [81]. Nevertheless, it is important to note that the 

mean Mg concentration in Al is estimated to contribute >200 MPa to the total strength. Although 

there is a significant contribution from the grain refinement strengthening, it is clear that a 

supersaturation of Mg in the Al matrix is an essential requirement for achieving such high strength 

in the metastable Al in the supersaturated solid solution condition. It should be noted that high 

hardness at the disk edge of the mechanically-bonded Al-Mg alloy after 10 turns was demonstrated 

by the highest contribution of grain refinement with concurrent small contributions of solid-

solution strengthening and the precipitation strengthening attributed to the presence of 

nanostructured Al2Mg3 and Al12Mg17 intermetallic compounds [25]. Therefore, the structural 

transformation provides significant contributions to the total hardness value of the Al-Mg alloy 

synthesized by HPT. Moreover, it is anticipated that there will be a softening of the metastable Al 

with further aging leading to a decomposition of the Al-Mg intermetallic phases [62] and further 

investigations will be needed to fully explore these possibilities.  
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4.2 Structural stability and microstrains 

Several reports are currently available for estimating the crystallite sizes and microstrain 

from analyses of X-ray diffraction data on bulk nanostructured materials processed by SPD 

techniques [66,82-86], nanomaterials synthesized by powder metallurgy and a mechanical alloying 

approach [72,87-92] and nanoparticles and thin films [93-96]. These results are summarized in Fig. 

6. The dashed line shows the typical trend for the relationship between microstrain and crystallite 

size for these nanostructured materials and nanomaterials and it is readily apparent that a high 

microstrain may be attained only in materials having very small crystallite sizes.  

The present experimental data on the metastable Al immediately after HPT and after 

natural aging are also displayed in Fig. 6 by applying the microstrains estimated in Fig. 4 with a 

grain size of 35-40 nm as crystallite sizes for the HPT-processed nanostructured metastable Al. At 

these levels of the crystallite sizes, a very high microstrain is visualized in the metastable Al and 

this microstrain is even larger after natural aging. As noted earlier, this is attributed to the 

compositional line broadening caused by a heterogeneous distribution of Mg supersaturation in 

the Al matrix during the aging process. Also, there may some stressed-induced broadening which 

is superimposed but it cannot be separated from the dominant chemical strain in this study. 

Although some materials show supersaturated solid solution phases [72,85,87], the total volumes 

of supersaturated solutes are not comparable to the present experiments involving supersaturated 

Mg solutes with a maximum solubility of ~38.4 at.% in Al as shown by the large peak shifting in 

the X-ray diffraction analyses. Very limited information is available to date on an Al-Mg system 

but nevertheless the present HPT-induced bulk metastable Al-Mg after 100 turns and natural aging 

appears to contain a significantly higher microstrain while maintaining a single-phase state.   
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5. Summary and conclusions 

1. Bulk nanostructured metastable Al solid solution alloys with supersaturation of Mg demonstrate 

excellent mechanical responses including strength and plasticity, and with structural stability after 

60 days of natural aging.  

2. The excellent plasticity was recorded by estimating the strain rate sensitivity of m ≈ 0.036 for 

the bulk metastable Al-Mg after 100 turns. The extreme strength of ~1.5 GPa for the metastable 

alloy is satisfactorily explained through a summation of strengthening by grain refinement and 

solid solution strengthening.      

3. Unique line broadening with a plateau shape was observed in the HPT-induced metastable Al 

alloy followed by natural aging, revealing a heterogeneous distribution of supersaturated Mg 

solutes within the disk surface and in the disk height direction.  

4. Significant XRD peak shifting from pure Al due to exceptional microstrains of ~0.0202 and 

~0.0274 were observed without any nucleation of a second phase for the metastable Al after HPT 

and after natural aging, respectively.  
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Figure captions 
 
Fig. 1 Hardness values of an HPT-induced Al-Mg system after HPT for 1 to 100 turns including 

the hardness values reported earlier for up to 60 turns [27,28] under 6.0 GPa at room 
temperature. 
 

Fig. 2 Variation in strain rate sensitivity with different levels of torsional straining for the 
mechanically-bonded Al-Mg. (an inset shows the value of m estimated from the slope of 
the double logarithmic plot of H/3 vs. 𝜀𝜀̇ for the samples after HPT for 40-100 turns). 

 
Fig. 3 Distributions of lattice parameters (lower transverse axis) and the chemical strain (upper 

transverse axis) for the four separate XRD reflections for the metastable Al after HPT 
(upper) and after natural aging (lower), respectively; a vertical dashed line denotes the 
lattice parameter of 4.049 Å for pure Al in each plot. 
 

Fig. 4 Williamson-Hall plot for the metastable Al immediately after HPT for 100 turns and the 
material after natural aging. 
 

Fig. 5 Comparison of yield strength between the yield strength of 1.24 GPa converted from the 
measured Vickers microhardness value as well as 1.3-1.5 GPa measured by 
nanoindentation and the estimated hardness from a combination of Hall-Petch 
strengthening and solid solution strengthening with grain sizes of 30-40 nm for the 
nanostructured metastable Al in a supersaturated solid solution. 
 

Fig. 6 A plot of the microstrain versus crystallite size measured by XRD analysis on bulk 
nanostructured materials processed by SPD [66,82-86], nanomaterials synthesized by 
powder metallurgy and a mechanical alloying approach [72,87-92] and nanoparticles and 
thin films [93-96].   
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