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The present study demonstrates an innovative approach of utilizing high-pressure
torsion (HPT) processing for the mechanical bonding of dissimilar metals during
the microstructural refinement process. This processing approach has been
developed recently for introducing unique alloy systems with improving physical
and mechanical properties. Accordingly, the present study focuses specifically on
the microstructural evolution and development in micro-mechanical responses in
the mechanically bonded Al-Mg and Al-Cu hybrid alloy systems when synthesized
by HPT processing for very high number of turns up to 60 under 6.0 GPa at room
temperature. The microstructural and hardness evaluations confirm the capability
of the HPT procedure for the formation of heterostructures with extreme hardness
at the disk peripheries and with low hardness at the disk centers in these processed
alloy systems. Nanoindentation measurements demonstrate that both hybrid alloy
systems exhibit excellent plasticity at the disk edges, where the hardness is the
highest. There is a considerable potential for applying the solid-state reaction
through the HPT process for the bonding of dissimilar metals as a manufacturing
technique and for the development of hybrid alloy systems.

1. Introduction

Professor Terence G. Langdon has a long and distinguished
research career devoted to describing flow mechanisms of engi-
neering metals and ceramics, processing of ultrafine-grained

(UFG) materials through the application
of severe plastic deformation (SPD), and
evaluating the mechanical behavior of
UFG materials. Among many of his publi-
cations, the comprehensive review articles
on processing of UFG metals processed
by equal-channel angular pressing[1] and
by high-pressure torsion (HPT)[2] have
become significant contributions to our
general understanding of SPD processing
of UFG materials and those fundamental
mechanical properties. Accordingly, it is
appropriate that the present study, written
to honor Prof. Langdon on his 80th birth-
day, should be devoted to the examination
of microstructural evolution and the
mechanical responses of mechanically
bonded UFG Al-Mg and Al-Cu alloy sys-
tems processed by HPT for high number
of turns.

The grain refinement of metallic alloys is
achieved in general through the application
of thermo-mechanical processing, where

different types of treatments are available for separate alloys.
However, the achieved grain size in this way is �2–5 μm, and
thus, over the last two decades, significant attention was diverted
to the application of SPD techniques that are feasible to produce
much smaller grain sizes in the submicrometer or nanometer
ranges.[3–6] Among the available SPD techniques, one of the most
effective procedures for grain refinement is the use of HPT,
where a bulk metal in the shape of a disk is subjected to a very
high compressive pressure and concurrent severe torsional
straining.[2] A comprehensive history of the HPT processing
approach is available elsewhere.[7] As SPD processing allows
the introduction of significant amounts of point and line defects
promoting fast atomic mobility even at ambient temperature
within bulk specimens, several SPD techniques including
HPT have been proposed as solid-state recycling techniques.[8]

Moreover, numerous studies are conducted using HPT in the
bonding of machining metal chips[9–12] and the consolidation
of metallic powders.[13–22]

The approach of solid-state reaction through HPT has been
developed recently for the mechanical bonding of dissimilar bulk
metals. In practice, the HPT processing involves a unique sam-
ple setup, where two different disk-shaped metallic materials are
placed alternately on the lower anvil during the regular process-
ing procedure. This approach is often applied for lightweight
metals and alloys to improve their upper limits of mechanical
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properties, such as strength and ductility, while maintaining
constant or further lowering the material density during micro-
structural refinement and the concurrent bulk-state reaction
during processing. Most studies have focused especially on
two combinations of Al and Cu[23–26] and Al and Mg.[27–30]

Figure 1 shows an overview of the sample cross-sections with
the corresponding hardness contour maps for a series of the
Al-Mg alloy system processed by the HPT process for 5–20 turns
under 6.0 GPa.[31] This series of research described the success-
ful bonding of the dissimilar metal disks without any segregation
and the nucleation of intermetallic compounds through the dif-
fusion bonding so that the hardness increased significantly at the
disk edges where a few different intermetallic phases are created
due to severe torsional straining after 10 and 20 turns by HPT.

Accordingly, the present study was initiated to evaluate the
microstructural evolution and the micro-mechanical responses
in the UFG Al-Mg and Al-Cu alloy systems synthesized by the
unique HPT procedure for high torsional revolutions up to
60 turns under 6.0 GPa at room temperature (RT). The evolution
in mechanical properties with increasing torsional straining was
evaluated for these alloy systems by the novel technique of nano-
indentation. The results of this study are expected to expand the
capability of the HPT technique from intensive grain refinement
to the synthesis of hybrid alloy systems having gradient micro-
structural features and to the manufacturing procedures of dif-
fusion bonding, welding, and mechanical joining technologies.

2. Experimental Section

The experiments for synthesizing an Al-Mg system were con-
ducted using two conventional metals of a commercial purity
Al (Al-1050) containing 0.40 wt% Fe and 0.25 wt% Si as major
impurities with <0.07 wt% Zn and <0.05 wt% of Cu and Mg
as a minor impurities and a commercial ZK60A magnesium
alloy containing 4.79 wt% Zn and 0.75 wt% Zr. A plate of Al with
a thickness of 1.2 mm was cut into disks with diameters of

�10mm by electric discharge machining. The Mg alloy was
received as extruded bars having a diameter of 10mm, and these
bars were sliced into disks with thicknesses of �1.2 mm. The
disks of Al and Mg were then polished to final parallel thick-
nesses of �0.80mm.

For the synthesis of an Al-Cu system, the consistent commer-
cial purity Al noted earlier and a commercial purity Cu were used
in the study. The Cu sample was received as an extruded bar hav-
ing a diameter of�10mm, and the bar was sliced into disks with
thicknesses of �1.2mm. The sliced disks of the Cu were
annealed at 673 K for 1 h for homogenization before processing.
The disks of Al and Cu were polished to final parallel thicknesses
of �0.95 and �0.83mm, respectively. As suggested in an earlier
report,[25] these different thicknesses of the Al and Cu metal
disks were selected after a number of careful trials for better mix-
ture of the dissimilar metal phases.

Processing by HPT was conducted with a unique sample setup,
which was first reported with a schematic drawing for an Al-Mg
system[27] with a quasi-constraint HPT facility. In practice, two Al
disks and either Mg or Cu disk were alternatively stacked in the
order of Al/Mg/Al and Al/Cu/Al without any glue or metal brush-
ing treatment between the disks, and these were placed in the
depression on the lower anvil for processing. This processing
was conducted under 6.0 GPa at RT for 40 and 60 turns for the
Al-Mg system and 20 and 60 turns for the Al-Cu system at a rota-
tional speed of 1 rpm. The processed Al-Mg disks were cut verti-
cally along the diameters into two semicircular disks, and a vertical
cross-section on each processed disk was polished to a mirror-like
surface and further examined by optical microscopy (OM). The
Vickers microhardness values (Hv) were measured at the consis-
tent cross-sections using Mitutoyo HM-200 facility with a load of
100 gf and a dwell time of 10 s. It should be noted that the Vickers
microhardness values of the separate Al, Mg, and Cu disks are
�20, �72 and �50, respectively.

The microstructural analysis at the disk peripheral regions
was conducted by micro X-ray powder diffraction (μXRD) with

Figure 1. Optical micrographs for the disks of the Al-Mg alloy system after HPT for, from the top, 1, 5, 10, and 20 turns, respectively, and the color-coded
hardness contour maps are overlapped with the right half of each optical micrograph. Reproduced with permission.[31] Copyright 2018, Cambridge
University Press.
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a Bruker D8-Discover using Cu Kα radiation at a scanning speed
of 1min�1 and a step interval of 0.01� for each examined region
of <1.0 mm2 at 3.5mm< r< 4.5 mm on a slightly polished disk
surface of the Al-Mg system after HPT for 40 and 60 turns, where
r is the distance from disk center. Phase identifications and per-
centages were quantified using XRD data analysis software,
Materials Analysis Using Diffraction (MAUD),[32] which is based
on the Rietveld method.

The micro-mechanical responses were examined at the disk
edges in the Al-Mg system after 40 and 60 HPT turns and in
the Al-Cu system after 20 and 60 turns using a nanoindentation
facility, Nanoindenter-XP (formerly MTS; now Keysight, Santa
Rosa, CA) with a three-sided pyramidal Berkovich indenter having
a centerline-to-face angle of 65.3�. More than 15 indentations were
conducted at the disk edges at each indentation strain rate to pro-
vide statistically valid data. All measurements were conducted
under a predetermined peak applied load of Pmax¼ 50mN at con-
stant indentation strain rates (ε̇i) of 0.0125, 0.025, 0.05, and
0.1 s�1, which are equivalent to general strain rates (ε̇) 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.[33]

3. Results

3.1. Microstructural Evolution and Hardness Development
of the Al-Mg System

The overview of the cross-sections and the corresponding hard-
ness distributions are shown in Figure 2 for the Al-Mg hybrid
system after HPT for 40 (upper) and 60 turns (lower). The darker
region represents an Mg-rich phase and the brighter region rep-
resents the matrix Al phase in the micrographs, and the hardness
values were exhibited in the color-coded contour maps with a cor-
responding color key in right. When comparing the results for up
to 20 HPT turns for the Al-Mg system as shown in Figure 1, it
was found that increasing numbers of HPT turns expanded the
peripheral regions without any visible Mg phases through 40 and

60 turns. It is apparent that these wider peripheral regions
recorded significantly high hardness of Hv� 330, while the con-
sistent hardness value was achieved at the small peripheral
region of the system after HPT for 20 turns as shown in
Figure 1. In practice, the high hardness was observed at the wide
peripheries of r� 2.0 mm and >2.0mm after 40 and 60 HPT
turns, respectively, and it was gradually reduced to reach to
the lowest hardness value of Hv� 120–150 toward the disk
centers at r< 1.5 mm and <0.7mm for 40 and 60 turns,
respectively.

It is reasonable to visualize the hardness evolution with increas-
ing numbers of HPT turns from 1 to 60 for the Al-Mg hybrid sys-
tem synthesized by the mechanical bonding. Figure 3 shows the
variation of the average Vickers microhardness recorded along the
disk diameters at the mid-thickness on the disk cross-sections of
the Al-Mg disks after HPT for up to 60 turns. The dotted horizon-
tal lines at Hv� 65[34] and �110[35] are the reference saturation
hardness observed for the Al-1050 and ZK60 alloys, respectively,
after HPT for 5 turns. It should be noted that the sample after
60 HPT turns shows a visible shift of the disk center in compari-
son with a typical radial symmetry in hardness distribution of
HPT-processed materials.[36] It is caused by the inevitable mis-
alignment of the HPT anvils during processing to such a high
number of turns. Nevertheless, it is reported that the achieved
hardness values with and without misalignment are reasonably
consistent except the shifting of the disk center.[37]

The hardness plot shows the saturation hardness of Hv� 330
at the disk edge after 20 turns, and it was reasonably maintained
constant up to 60 turns. There is a very slow but gradual increase
in hardness to Hv� 115 and �140 with increasing numbers of
turns to 40 and 60, respectively, at the Al-Mg disk centers. The
shrinkage of the disk central regions with low hardness as
shown in Figure 2 is also visible with increasing HPT turns
in the hardness variation plot. It is apparent that the HPT after
10 through 60 turns demonstrated a significant increase in the
hardness at the disk edges, and the previous studies on the Al-Mg
system processed through 20 HPT turns demonstrated that the
high hardness was due mainly to the significant grain refinement

Figure 2. Overview of the cross-sections and the corresponding hardness distributions for the Al-Mg system after HPT for 40 (upper) and 60 turns
(lower).
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with a small contribution from the formation of hard intermetal-
lic compounds of Al3Mg2 and Al12Mg17.

[27–30]

Figure 4 shows the XRD line profiles taken by the μXRDmeas-
urements for the disk peripheries of the Al-Mg hybrid disks after
HPT for 40 (lower) and 60 turns (upper). It is apparent that con-
sistent strong peaks are detected for a pure fcc structure, such as
111, 200, 220, 331, and 222, thereby implying Al, and instead, no
clear peaks were found for the intermetallic compounds at both
disk edges. The volume fractions of phases estimated by MAUD
showed �0.01% of both Al3Mg2 and Al12Mg17, thereby confirm-
ing no intermetallic phase in the Al-Mg alloy both after 40 and
60 turns, while there was�24% of Al12Mg17 in the Al-Mg system
processed by HPT for 20 turns.[30] As there is almost no signifi-
cant change in the volume of the disk sample during processing

by HPT after 5 through 60 turns, it is expected that these inter-
metallic phases are dissolved into the matrix Al-rich phase at
the disk edges of the Al-Mg system during processing for
40 and 60 turns.

The changes in lattice parameter of Al were calculated in com-
parison with the lattice parameter of pure Al of 4.049 Å by the
XRD analysis to provide an estimate of the Mg solubility in
the Al matrix[38] at the disk edges for 40 and 60 HPT turns.
Moreover, the crystallite sizes and the micro-strain were calcu-
lated by the Williamson-Hall method using the XRD profiles
for the disk edges of the Al-Mg alloy. This method assumes
that the full width at half maximum of a Bragg peak is attributed
to the contribution of both coherent crystallite size and
micro-strain.[39,40]

The results are summarized in Table 1 for the disk edges of
the mechanically bonded Al-Mg system by HPT for 40 and
60 turns. Thus, there is a tendency of increasing lattice parameter
during HPT, and it is attributed to the increasing dissolution of
Mg atoms into the Al lattices with increasing numbers of HPT
turns to 40 and 60 turns under a reasonably consistent micro-
strain. The results support the increase of Mg concentrations
to 6.2 and >7.0 at% in the Al matrix after 40 and 60 HPT turns,
respectively, by the dissolutions of Mg atoms existed in the inter-
metallic phases at the disk edges and in the Mg-rich phase close
to the disk centers. Moreover, the microstructure at the disk
edges is refined further to a crystallite size of �40 and
�30 nm with increasing numbers of turns to 40 and 60, respec-
tively, in comparison with the consistent alloy system after HPT
for 20 turns, having a grain size of 60 nm measured by a trans-
mission electron microscope.[30] The actual grain size is expected
to be slightly larger than the crystallite size measured by XRD
analysis as described earlier.[27] However, this significant grain
refinement in the Al matrix is expected to provide a major con-
tribution to such high hardness at the disk edges of the Al-Mg
hybrid system after HPT for 40 and 60 turns as shown in Figure 2
and 3. Further investigations are necessary to examine the
detailed microstructural changes in the Al-Mg hybrid systems
after HPT for such a high number of turns.

3.2. Micro-Mechanical Properties of the Al Hybrid Alloy
Systems

Considering the significant microstructural evolution involving
the disappearance of intermetallic phases, it is reasonable to eval-
uate the changes in mechanical properties of the Al-Mg system
with increasing HPT turns. In practice, the use of the novel tech-
nique of nanoindentation is advantageous to acquire mechanical

Al-Mg

HPT: 6.0 GPa, RT, 1 rpm

Scattering vector (A-1)
3 4 5
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Figure 4. XRD line profiles obtained by μXRD for the disk peripheries of
the Al-Mg disks after HPT for 40 (lower) and 60 turns (upper).

Figure 3. The measured hardness values along the disk diameters at the
mid-thickness on the cross-sections of the Al-Mg disks after HPT for up to
60 turns.

Table 1. Summary of estimated lattice parameter of Al, the concentration
of Mg in the Al matrix, the crystallite sizes, and the micro-strain for the disk
edges of the Al-Mg alloy processed by HPT for 40 and 60 turns.

HPT: 40 turns HPT: 60 turns

Lattice parameter of Al (Å) 4.0773 4.0796

Mg concentration in the Al matrix (at%) 6.62� 0.3 7.14� 0.3

Coherent crystallite size (nm) �41 �28

Micro-strain 0.0143 0.0113

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 1900483 1900483 (4 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


properties from a small sample volume including large micro-
structural and hardness heterogeneities.[41] Thus, the micro-
mechanical response was examined using a nanoindentation
technique at the disk edges of the Al-Mg hybrid system processed
by HPT for 40 and 60 turns.

Figure 5 shows the representative curves of load versus dis-
placement measured at four equivalent strain rates from
1.25� 10�4 to 1.0� 10�3 s�1 for the edges of the Al-Mg disks
after HPT for 40 (upper) and 60 turns (lower). Each curve was
obtained as an average of at least 15 measurements, and, in prac-
tice, there was no visible broadening between the curves obtained
from these separate examinations at each strain rate. Moreover,
less broadening, and thus constant mechanical responses, is
observed between the curves obtained at four strain rates in
the Al-Mg system after HPT for both 40 and 60 turns. From
the closer inspection, there are slightly higher displacements
after 40 turns than after 60 turns at the maximum load of
50mN at all strain rates but both samples show positive strain
rate dependency of the Al-Mg system synthesized by HPT.

A previous report demonstrated that the Al-Mg disk edge after
HPT for 5 turns demonstrated a wide deviation in micro-
mechanical response for all 15 nanoindentation measurements
at all strain rates, thereby indicating the plastic instability.[29]

Plastic instability was attributed to the reinforcements of a lim-
ited volume of heterogeneously distributed intermetallic phases
and the fine Mg-rich phases within the matrix Al-rich phase at
the Al-Mg disk edge after 5 HPT turns.[28] With increasing num-
bers of HPT turns to 20, such plastic instability was not observed
at the disk edge due to the presence of a large volume of inter-
metallic phases.[30] The present study demonstrated the consis-
tent result with stable mechanical responses at the disk edges of
the Al-Mg hybrid system after HPT for 40 and 60 turns.
However, from the results, it was found that the Al-Mg hybrid

system exhibits the stable plasticity due to the presence of single
Al-rich phase without any intermetallic phases as shown in
Figure 4.

The present study applied the consistent nanoindentation
tests on an Al-Cu alloy system synthesized by the HPT process-
ing for 20 and 60 turns. The detailed microstructural evolution
during processing was demonstrated in a previous study.[25] For a
better understanding on the synthesis of the hybrid alloy, it is
reasonable to show in Figure 6a the overview cross-sections of
the Al-Cu disks processed by HPT for 10, 20, 40, and 60 turns[25]

where the Al-rich phase is shown as a bright phase and the
Cu-rich phase is shown in dark-bright color, while these two
highly mixed phases are shown in slightly darker gray color in
the cross-section micrographs. There is a strong color contrast
at the centers of these disks up to 60 turns, where two separate
phases of Al and Cu remained without segregation. On the
contrary, the disk edges with a grey color represent a mixture
of Al and Cu phases, which expanded significantly with
increasing numbers of HPT turns. In practice, the disk edge

Figure 5. Representative curves of load versus displacement measured at
four equivalent strain rates from 1.25� 10�4 to 1.0� 10�3 s�1 at the
edges of the Al-Mg disks after HPT for 40 (upper) and 60 turns (lower).

Figure 6. a) Overview cross-sections of the Al-Cu disks processed by HPT
for 10, 20, 40, and 60 turns. Reproduced with permission.[25] Copyright
2018, John Wiley and Sons.; b) Fifteen separate load-displacement curves
recorded at an equivalent strain rate of 2.5� 10�4 s�1 at the edges of the
Al-Cu disks after HPT for 20 (upper) and 60 turns (lower).
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at r> 3.5mm after 10 turns includes very fine Cu phases within
the Al matrix. A similar type of microstructure with visible fine
Cu phases was observed at the disk edge after 20 turns, while the
well-mixed regions of Al and Cu were expanded to r> 2.0mm.
A severe mixture of the Al and Cu phases was further expanded
at the disk edges of r> 1.0mm without any visible Cu phases
after HPT for 40–60 turns. Moreover, not only the good mixture
and the complete dissolution of Cu, but also the higher amounts
of intermetallic phases of Al2Cu, AlCu, and Al4Cu9 were
observed at the disk edges for 60 turns, while the amount
of intermetallic compounds was limited at the disk edge after
20 turns.[25]

The evolution in the microstructural features is expected to
influence the mechanical response of the Al-Cu alloy system.
Figure 6b shows 15 separate load-displacement curves recorded
at an equivalent strain rate of 2.5� 10�4 s�1 at the edges of the
Al-Cu disks after HPT for 20 (upper) and 60 turns (lower). It is
apparent that a series of the curves show a large deviation in
micro-mechanical responses for all 15 measurements, thereby
indicating the plastic instability at the disk edge after 20 HPT
turns. The consistent behavior was recorded for the sample at
other three indentation strain rates. However, with increasing
numbers of HPT turns to 60, the disk edge of the Al-Cu system
tends to show consistent micro-mechanical responses with lower
displacement than that after 20 turns, and thus higher hardness,
for 15 measurements. Therefore, the mechanically bonded Al
hybrid systems involve a gradual phase mixture with a heteroge-
neous nucleation of intermetallic compounds that tends to dem-
onstrate the plastic instability when torsional strain is not high
enough but further straining by increasing numbers of turns
leads to consistent mechanical response.

4. Discussion

4.1. Micro-Mechanical Behavior of Hybrid Systems after HPT

The analysis of a series of load-displacement data sets provides
an important mechanical property of plasticity by computing the

strain rate sensitivity (m) for the disk edges in the Al-Mg system
after HPT for 40 and 60 turns and in the Al-Cu system for 20 and
60 HPT turns, respectively. In the analysis, the value of m was
determined at a given strain (ε) and absolute temperature (T) by
considering Tabor’s empirical prediction,[42] assuming that the
flow stress is equivalent to H/3 in a fully plastic deformation
stage at a constant strain rate ε̇, where H is the nanoindentation
hardness estimated according to the Oliver–Pharr method[43]:

m ¼
� ∂lnσf

∂lnε̇

�
ε,T

¼
�
∂lnðH=3Þ

∂lnε̇

�
ε,T

(1)

Thus, the slope of the line in a logarithmic plot ofH/3 against
ε̇ provides an estimated value of m for each sample and the plots
are shown in Figure 7 for the disk edges of the HPT-induced
Al-Mg and Al-Cu alloys. For comparison purposes, the base
materials of commercial purity Al and Cu after HPT for 10 turns
and their respectivem values are also included in Figure 7b, where
these separate materials generally show a reasonable saturation in
their hardness responses after >5 HPT turns,[36] thereby assum-
ing no significant changes in m with further increase in HPT
turns. A tabulation of strain rate sensitivity (m) is available in a
previous review for a variety of UFG metals processed by various
SPD techniques at specific strain rate ranges at RT measured
using different testing methods and conditions.[41] It should be
noted that although the hardness evolution of the Al-Cu hybrid
alloy was reported previously[25] and is now shown in this study,
the axis of H/3 in the plot provides a positive trend of increasing
hardness with increasing numbers of HPT turns.

For the mechanically bonded Al-Mg system by HPT, the
m value was estimated to be 0.018 after 40 turns and it increased
to 0.022 after 60 turns. These values are similar to m value of
0.02 for the base Al after 10 HPT turns as shown in
Figure 7b and slightly smaller than m� 0.03 obtained by nano-
indentation at a mid-diameter of a high-purity Al disk after HPT
for 5 turns.[44] By contrast, a previous study showed the high m
values of 0.035–0.045 measured by nanoindentation of a ZK60
alloy after HPT for 2 turns.[45] However, considering the negative

Figure 7. Logarithmic plots of H/3 against ε̇ for the disk edges of the HPT-induced (a) Al-Mg alloy and (b) Al-Cu alloy.
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strain rate sensitivity of m��0.001 after 20 HPT turns in the
HPT-induced Al-Mg alloys,[30] the present Al-Mg hybrid alloy
demonstrates significant improvement in the strain rate sensitiv-
ity, and thus plasticity, with increasing numbers of HPT turns to
40 and 60, respectively. This enhancement in plasticity at the disk
edges of the Al-Mg system after 40–60 turns is attributed to the
disappearance of the hard intermetallic phases, which pin
dislocation motions under severe plastic deformation, while
increasing contents of intermetallic compounds as nano-layers
embedded in the nanocrystalline matrix led to a typically strong
but brittle property relationship in the alloy system at least up to
20 HPT turns.

The strain rate sensitivity was estimated as m� 0.03 at the
disk edge of the Al-Cu system after HPT for 20 turns in
Figure 7b, where the estimation implies the possibility of a lower
strain rate sensitivity due to the wider error bars arising from the
plastic instability. However, the m value of the Al-Cu disk after
20 HPT turns is between 0.02 and 0.04, which are the estimated
m values of the base metals of Al and Cu, respectively, after HPT
for 10 turns. By contrast, the Al-Cu alloy after 60 HPT turns shows
an increased m value of �0.08. It is important to note that the
microstructure in the disk edge after 20 HPT turns demonstrated
a layered nanostructure with layer widths of 20–30 nm, which was
thereafter evolved into an equiaxed nanostructure with grain sizes
of �30 nm after 60 turns.[25] As intermetallic phases in the Al-Cu
system also followed the consistent configurational changes from
the layers to the equiaxed grains with increasing numbers of
HPT turns, it is expected to accelerate the activity of grain bound-
ary sliding, and thus to improvem value, of the alloy system at RT.
Therefore, increasing the number of HPT turns for the hybrid sys-
tem significantly enhancesm value and thus provides the potential
for achieving improved plasticity.

Together with the extreme hardness, the observed excellent
plastic responses at the disk edges of these Al hybrid alloys proc-
essed by HPT lead to the conclusion that the mechanical bonding
and concurrent grain refinement through HPT is an excellent
strategy for fabricating lightweight hybrid alloy systems with
the possibility of synthesizing a wide variety of new engineering
nanomaterials.

4.2. Synthesis of Hybrid Alloys Processed by HPT

The unique sample setup for the conventional HPT processing
procedure demonstrates the synthesis of Al hybrid alloys with
different levels of gradation in both microstructure and mechan-
ical properties depending on the amount of total straining. In
order to visualize a trend of the severe mixture of dissimilar met-
als by the HPT procedure, it is reasonable to estimate the
changes in a boundary radius, rb, which is the distance from
the disk center dividing the multilayered structure appearing
at disk centers from the severe mixture of metal phases appear-
ing at disk edges with increasing numbers of HPT turns in the
Al-Mg and Al-Cu systems. The appropriate values of rb were esti-
mated using OM images with the sudden hardness increase
shown in Figures 1 and 2 for the Al-Mg alloy and in OM images
shown in Figure 6a for the Al-Cu alloy.

Figure 8 demonstrates a relationship between rb and the esti-
mated equivalent strain and the shear strain for both Al-Mg and

Al-Cu systems after HPT for 1, 5, 10, 20, 40, and 60 turns and 10,
20, 40 and 60 turns, respectively, under 6.0 GPa. In order to cal-
culate both equivalent strain and shear strain, a disk thickness of
h� 0.7–0.8 mm was used because the compression stage before
commencing the torsional straining provided an outward mate-
rial flow around the periphery of the disk so that the thickness of
the disk under the torsional stage was reasonably constant at
�0.7–0.8 mm as shown in Figures 1 and 2 and 6a for both
the Al-Mg and Al-Cu systems.

It is apparent from the plot in Figure 8 that there is a linear
relationship between rb and strain but the rate of change in rb
depends on the combination of the dissimilar metals. In practice,
for a set of metals having wider hardness differences, in the pres-
ent case for Al-Cu by comparison with Al-Mg, there is a require-
ment for higher number of HPT turns and thus higher
equivalent strain to increase the edge region with a severe mix-
ture of the metal phases. This analysis implies that more than
80 turns and 140 turns are required for the Al-Mg and Al-Cu
systems, respectively, to reduce the multilayered central regions
to less than 0.5 mm to achieve microstructural homogeneity.
There may be additional factors that can accelerate the solid-state
reaction and assist the severe mixture, such as the small heat
generation during HPT,[46] but further experiments are neces-
sary to evaluate the significance of these additional effects.

The present study demonstrated the mechanical bonding of
dissimilar bulk metal disks through the application of HPT.
As shown in In the literature, the first two demonstrations of
mechanical bonding required different types of sample setups
for HPT processing, where a complete disk consisting of two sep-
arate pure Al and Cu semi-circular disks was processed at ambi-
ent temperature for up to 100 turns[23] and a similar approach
was applied with alternately placed two quarter-circles of an
Al-6061 alloy and pure Cu at RT for 1 turn.[24] Afterward, the
HPT processing procedure was further modified for the bonding
of separate Al and Mg disks through the stacking of two disks for
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Figure 8. A relationship between rb and the estimated equivalent strain
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5, 10, 20, 40, and 60 turns and 10, 20, 30, and 40 turns, respectively, under
6.0 GPa.
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up to 20 turns,[47] as well as the stacking of three disks, as shown
in the present investigations, in order to produce bilayered and
multilayered structures, respectively.

The approach of a bulk-state reaction by HPT was studied
mainly for the synthesis of hybrid metal systems by utilizing con-
ventional HPT processing through the direct mechanical bond-
ing with significant grain refinement of bulk dissimilar metal
disks. In practice, this type of bulk-state reaction by HPT has
been demonstrated for Al-Fe,[31] Al-Ti,[31] Cu-Al,[26] Mg-Zn,[48]

Fe-V,[49,50] and V-10Ti-5Cr/Zr-2.5Nb[51] systems and a micro-
structural evaluation has confirmed the capability of the unique
HPT processing for rigid bonding with severe mixture of the dis-
similar metals and ultimately the formation of unique hybrid
nanomaterials in these processed alloy systems. Moreover, this
strategy can be successfully applied to a set of alternately stacked
19 Cu and 18 Ta thin foils to form a bulk solid under pressure for
up to 150 turns.[52] Demonstrating improved both hardness and
plasticity in the HPT-induced hybrid alloy systems in comparison
with the base metals, this study provides a significant contribu-
tion to current developments in diffusion bonding, welding, and
mechanical joining technologies.

5. Summary and Conclusions

1) The mechanical bonding of engineering metals was success-
fully demonstrated by using conventional HPT processing under
6.0 GPa at RT through 60 turns for introducing Al-Mg and Al-Cu
hybrid alloy systems. 2) The disk edges of the mechanically
bonded Al-Mg alloy system by HPT demonstrated exceptional
hardness of Hv� 330 after 40–60 turns. The μXRD and
MAUD analyses estimated the alloy system containing a fully
Al-rich phase without any intermetallic phases with crystallite
sizes of 40 and 30 nm after 40 and 60 HPT turns, respectively.
Moreover, the alloy system demonstrated improved plasticity at
the disk edges due to the disappearance of intermetallic phases
through such high HPT turns. 3) The Al-Cu system after HPT for
20 turns demonstrated the plastic instability with the strain rate
sensitivity of m� 0.03. The mechanical response became stable
to show reasonably consistent plastic behavior with the improved
strain rate sensitivity of �0.08 after HPT for 60 turns, thereby
exhibiting excellent plasticity. 4) Processing by HPT of dissimilar
metals demonstrated the feasibility of the introduction of heter-
ostructures in hybrid metals systems leading to variations in
mechanical properties. Moreover, the processing procedure ena-
bles to develop a wide variety of new hybrid alloy systems and
provides a significant contribution to developments in the cur-
rent bonding and joining manufacturing techniques.
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