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This report presents an overview of recent studies demonstrating a bulk-state reaction involving mechanical bonding through the
application of high-pressure torsion (HPT) processing on two dissimilar engineering metals. This processing approach was developed by
revising the sample set-up and applying the simple procedure of alternately stacking two different metal disks using several different metal
combinations. Thus, this report describes the development in microstructure after the bulk-state reactions and the mechanical properties of the
HPT-induced Al­Mg, Al­Cu, Al­Fe and Al­Ti alloy systems. A microstructural evaluation confirmed the capability of the HPT procedure for
the formation of heterostructures across the disk diameters in these processed alloy systems. Tribology tests and hardness values together with
density measurements demonstrated an improved wear resistance and an exceptional specific strength in these alloy systems. The bulk-state
reaction by HPT demonstrates a considerable potential for the bonding of dissimilar metals and the fabrication of unique metal systems.
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1. Introduction

An advancement in mechanical properties is always
needed in engineering metallic materials in order to satisfy
the functions and the operation conditions of components
or structure for new and advanced industrial applications.
Among metallic materials, a number of non-ferrous metals
and alloys demonstrate high specific strength in comparison
with ferrous metals due to their light-weight densities and
these have been widely applied for structural applications
in the automotive, aerospace and electronic industries.1,2)

Nevertheless, further improvements in these materials are
indispensable when considering the increased consumption
and expanded applications of these alloys.

The processing of bulk nanostructured materials through
the application of severe plastic deformation (SPD)3­5) has
been well-recognized in the last two decades for advancing
the properties and functionalities by the arrangement and
control of grain boundaries in a wide range of engineering
metals. Among the reported SPD techniques, one of the most
effective procedures for grain refinement refers to processing
by high-pressure torsion (HPT)6) where a metal disk is
subjected to severe torsional straining under a very high
compressive pressure: a comprehensive history of the HPT
processing technique is available elsewhere.7) In practice, it
is found that exceptional microstructural refinement through
HPT is available by comparison with other SPD procedures.8)

Moreover, the processing technique permits the introduction
of significant amounts of point and line defects promoting
fast atomic mobility even at ambient temperature.9)

Accordingly, numerous demonstrations are currently reported
for the use of HPT in the bonding of machining chips10­12)

and the consolidation of metallic powders.13­22)

Considering these benefits of HPT processing, a new
approach of a bulk-state reaction was studied recently which

utilizes conventional HPT processing for the synthesis of
hybrid nanostructured metallic materials.23­31) Specifically,
this approach was applied for light-weight metals and alloys
to extend their upper limits of mechanical properties, such
as strength and ductility, while maintaining constant or
further lowering the alloy density during microstructural
refinement and the concurrent solid-state reaction during
HPT. Accordingly, this paper was prepared to provide an
overview of the procedures of the reported bulk-state
reactions by HPT and the consequent detailed developments
in microstructure and mechanical properties of the synthe-
sized alloy systems.

2. Unique Sample Set-Up for a Bulk-State Reaction by
HPT

There are several unique sample set-ups for inducing bulk-
state reactions by utilizing a conventional HPT technique in a
quasi-constrained setting.32,33) The first report was demon-
strated on separate Al and Cu metals as shown in Fig. 1(a)
where the materials, in a semi-circle shape, were placed on
the anvil and processed concurrently by HPT under 6.0GPa
for up to 100 turns: the appearances of the disk sample before
and after processing are shown in Fig. 1(b).23) It was
demonstrated that the microstructure after HPT involved a
combination of nano-scale Al- and Cu-rich phases as well
as two intermetallic phases of Al2Cu and Al4Cu9. A similar
concept of the processing procedure was developed for
architecturing a spiral microstructure by HPT. This process
is depicted in Fig. 2 where (a) the schematic and (b) the
actual sample set-up are shown by applying four quarter-
circle disks of Al6061 alloy and Cu which were placed on
the lower anvil and processed at 2.5GPa for 1 turn.24) These
samples are expected to show the spiral hybrid texture as
shown in Fig. 2(c) and (d).

Based on these early studies, a simpler approach for
introducing a multi-layered microstructural formation was+Corresponding author, E-mail: megumi.kawasaki@oregonstate.edu
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demonstrated by the direct bonding of separate Al and Mg
disks which were stacked alternately in the order of Al/
Mg/Al as shown in Fig. 325) and processed by HPT for up
to 5­10 turns25­27) and up to 20 turns28) under 6.0GPa.
Specifically, these reports demonstrated a unique nano-
structural formation which ultimately led to metal matrix
nanocomposites (MMNCs) by introducing a few different
types of nano-scale intermetallic compounds. Enhanced
mechanical properties and functionality were demonstrated
by the extended strength and plasticity25,27,28) of the Al­Mg
system and these developments were anticipated by the fast
atomic diffusivity of Mg which was attributed to the high
pressure atmosphere in the Al matrix during HPT.26) This
HPT processing procedure was further applied for several
different metal systems including Al­Cu,29) Al­Ti and Al­
Fe30) and Mg­Zn.31) It should be noted that the stacking order
of the dissimilar alloy disks for the HPT processing follows
the successful cladding of Al and Cu plates that was
presented earlier by the accumulative roll bonding process

in which a hard phase of Cu was placed between the soft
phase of Al.34)

A consistent concept of the mechanical bonding of two
dissimilar metals by HPT is used for producing a bi-layered
structure of an Al­Mg system by using two disks of Al and
Mg under 6.0GPa for up to 20 turns35) and for bonding
alternately stacked 19 Cu and 18 Ta thin foils to produce a
bulk solid under 4.0GPa for up to 150 turns.36) Moreover,
different types of quasi-constrained HPT was applied for the
three-disk procedure on steel and vanadium under 6.0GPa
for 5 turns.37,38) These numerous examples indicate the
feasibility and the effectiveness of the unique HPT procedure
for synthesizing hybrid alloy structures and ultimately
MMNCs. It should be noted that the mechanical bonding
by the noted bulk-state reactions by the application of HPT
involves the processing of bulk metal disks and it should be
differentiated from the mechanical alloying approach by
using HPT for powder consolidation and mixing.13­20,22)

3. Bulk-State Reactions by HPT

3.1 Mechanical bonding of bulk metals
In this section, the mechanical bonding introducing severe

phase mixtures is described by examining the Al­Fe and Al­

(d)

(c)(a)

(b)

Fig. 2 (a) Four-piece HPT for Cu­Al6061 specimen (schematic). (b) Initial four-piece Cu­Al6061 specimen prior to HPT test (left) and
after a full turn of HPT anvil. (c) Reconstructed 3D image of the HPT-processed four-piece Cu­Al6061 specimen after a full turn of HPT
anvil. (d) Distribution of the equivalent von Mises stress after a half-turn of HPT anvil.24)

Fig. 3 Schematic illustration of the sample set-up for HPT processing.25)

Fig. 1 (a) Schematic illustration of HPT processing and (b) appearance of
Al­Cu sample before HPT and after HPT for 100 turns.23)

J.-K. Han, J. Jang, T.G. Langdon and M. Kawasaki1132



Ti systems.30) A set of Al and Fe disks were stacked on the
lower anvil in the order of Al/Fe/Al and these were
compressed at 6.0GPa and torsion stressed concurrently for
20 turns at room temperature. Figure 4(a) shows a micro-
graph taken at the vertical cross-section and a color-coded
hardness contour map measured at a consistent location (left)
and an X-ray profile taken on the mid-section of the disk
surface after 20 HPT turns (right).30) There is a darker phase
of Fe in the brighter matrix of an Al-rich phase and these
phases are well bonded without any segregation during the
HPT process at room temperature. In practice, the Fe-rich
phase at the center until r < 3.0mm remained in a large layer
where r is the distance from the disk center in which the
phase became finer and distributed homogeneously at the
disk peripheries at r > 3.0mm, so that there was the
formation of a gradient-type microstructure with radial
symmetry in the Al­Fe system after HPT for 20 turns.

The hardness map for the Al­Fe alloy after 20 HPT turns
shows very high hardness of Hv μ 350 at limited regions in
the disk periphery at r > 4.0mm whereas the central region
at r < 4.0mm shows a low hardness of Hv < 150. These
different hardness values and distributions may result in a
homogeneously-dispersed ultrafine-grained Fe-rich phase
within the disk edge but not in the central region. This is
supported by an earlier study on a pure Fe disk processed by
HPT for more than 4 turns at 6.0GPa which introduced a
saturated hardness of Hv > 300 while the low hardness of
<130 was observed where staining by torsion was close
to zero.39) The X-ray diffraction (XRD) profile shown in
Fig. 4(a) for the HPT-processed Al­Fe system describes the
presence of only Al and Fe phases over the entire mid-surface
plane after HPT for 20 turns.

A set of three disks with a Ti disk between two Al disks
was processed by the consistent HPT procedure for 50 turns

under 6.0GPa at room temperature. Figure 4(b) shows the
optical micrograph and a color-coded hardness contour map
taken at the identical location of the vertical cross-section
(left) and an X-ray profile taken on the mid-section of the
disk surface after 50 HPT turns (right) for the processed Al­
Ti alloy.30) In the micrograph, the darker phase represents a
Ti-rich phase and the brighter phase represents the Al matrix.

The HPT-processed Al­Ti shows a very similar micro-
graph with the result demonstrated for the Al­Fe system in
Fig. 4(a). In practice, a radially-symmetrical distribution of
the large and fine Ti-rich phase is shown from the disk center
towards the periphery with a border at r μ 4.0mm and it
may reflect hardness variations where the high hardness
value of Hv > 350 is recorded while the hardness at the disk
center shows much lower values. For comparison purposes,
an earlier report showed that a commercially pure Ti
demonstrated an upper limit of hardness of ³350 after 4
turns by HPT at 6.0GPa whereas the hardness without HPT
was ³150­180.39) The XRD result proves that only two
phases of Al and Ti are present in the mid-sectional plane
of the alloy system.

It should be noted that an earlier study demonstrated a
mechanical alloying approach by the consolidation of Al and
Ti powders through HPT under 6.0GPa for 50 turns where
the conditions of HPT processing is consistent with the bulk-
state reaction on the Al and Ti disks shown in Fig. 4(b). In
contrast to the bulk-state reaction, the powder mixture and
consolidations by HPT introduced a TiAl intermetallic
compound within the Ti-rich and Al-rich phases.40) There-
fore, the bulk-state reaction using the whole metal disks
and the powder metallurgy technique are two very different
procedures and this should be recognized. Nevertheless, these
examples of bulk-state reactions by the HPT processing
demonstrated a severe mixture and direct bonding of bulk

Fig. 4 (Left) overviews of the processed disk microstructure and (right) the XRD profiles for (a) Al­Fe system for 20 turns at 1.0GPa and
(b) Al­Ti system after 50 turns at 6.0GPa, respectively.30)
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metals under the processing conditions and it is a promising
manufacturing technique for the mechanical bonding of
dissimilar metals and alloys.

3.2 Synthesis of metal matrix nanocomposites
Depending on the materials selection, the consistent

procedure by HPT for the bulk-state reaction permits the
synthesis of intermetallic-reinforced MMNCs. Two examples
including Al­Mg and Al­Cu systems are described in this
section.

Separate disks of a commercial purity (CP) aluminum, Al-
1050, and a magnesium alloy, ZK60, were processed in the
order of Al/Mg/Al by the consistent procedure of HPT as
explained earlier under 6.0GPa for 1, 5, 10 and 20 turns.25­28)

The cross-sectional overview of these processed disks is
shown in Fig. 530) where, considering a reasonable radial
symmetry of microstructure and the hardness development
during HPT,41) the color-coded contour hardness maps are
overlapped on the right side of the disk surfaces. In the
micrographs, the dark phase represents a Mg-rich phase and a
bright color represents an Al-rich phase while the darker grey
phases at higher numbers of HPT turns show a severe phase
mixture requiring more detailed analysis.

After 1 turn by HPT, a Mg-rich disk was well-bonded with
the Al disks after 1 turn with necking of the phases but
without any visible segregation. At the disk centers, similar
microstructural changes as demonstrated in the Al­Fe and
Al­Ti systems in Fig. 4 are shown for up to 20 turns where a
large Mg-rich phase remains within r μ 2.5mm. By contrast,
the disk peripheries showed an unexpected feature where
the finer Mg-rich phases which were visible at the disk edges
for up to 5 turns disappeared after 10 to 20 turns. In practice,
the disk edges after HPT for 10­20 turns tend to show a
single phase-like microstructure with fine flow patterns which
appear extensively and demonstrate a darker microstructure
especially after 20 HPT turns. Moreover, the peripheral
region without any visible Mg-rich phases is widened
reasonably to r > 3.0mm with higher numbers of HPT turns
after 10 to 20.

The hardness measured at the disk edges at r ² 4.0mm
showed exceptionally high values of Hv μ 270 and ³330
after 10 and 20 HPT turns, respectively. For comparison
purposes, the base materials of the Al-1050 and the ZK60

alloys exhibited homogeneous hardness distributions with
Hv μ 65 and ³110, respectively, along the disk diameters
after HPT for 5 or more turns. It is also apparent that the high
hardness regions at the disk edges expand with increasing
HPT turns by 10 to 20 in the Al­Mg system. Therefore,
detailed microstructural analysis was conducted at the disk
edges after 10 turns25­27) and 20 turns.28)

Figure 6 shows a set of a transmission electron microscopy
(TEM) micrographs and an XRD profile measured at the
disk edges of the Al­Mg system after HPT for (a) and (b) 10
turns25) and (c) and (d) 20 turns,28) respectively. It should
be noted that, in a part of the XRD analysis, the disk edges
were scanned by carefully removing the central regions at
r ² 2.0mm and the data were quantitatively evaluated by
MAUD to acquire the phase fractions of Al, Mg and any
additional phases, and the result is listed in each XRD profile.
The procedure of removing the central region was to
eliminate relatively large Mg-rich regions close to the disk
centers whereas it is inevitable to remove them completely
from the XRD measurement area and some remaining Mg
phase was involved during the analysis.

Both disk edges demonstrated an equiaxed nanostructure
with average grain sizes of d μ 90 nm and ³60 nm after 10
turns and 20 turns, respectively. Moreover, in both disk
peripheries, a series of TEM examinations suggested any
Mg-rich phase was present after HPT over 10 turns. The
XRD results indicate there is evidence of a £-Al12Mg17
intermetallic compound in the Al matrix at the disk edges
after HPT for 10 and 20 turns. Some additional proof by
compositional analysis and further TEM measurements
confirmed the presence of the intermetallic phases of the
£-Al12Mg17 as well as an ¡-Al3Mg2 phase in the ultrafine-
grained matrix, thereby demonstrating synthesis of MMNCs
at the disk edges of the Al­Mg system by HPT. The presence
of these hard intermetallic phases in the ultrafine-grained
matrix phase are anticipated to introduce such exceptional
hardness at the disk peripheries as shown in Fig. 5.

Synthesis of an MMNC through the HPT technique was
demonstrated recently on an Al­Cu29) system by applying a
consistent sample set-up using the Al and Cu disks in the
order of Al/Cu/Al. In practice, the Al­Cu system processed
by HPT demonstrated the formation of an MMNC containing
three intermetallic phases of Al2Cu, AlCu and Al4Cu9 within
the equiaxed ultrafine matrix having an average grain size of
³30 nm after 60 turns under 6.0GPa. As was demonstrated
in the Al­Mg system, a consistent trend of high hardness at
the disk peripheries was demonstrated at wider peripheries
with increasing numbers of HPT turns from 20 to 60 turns
with a significantly high hardness of Hv μ 500 in the Al­Cu
system after 60 turns. In conclusion, these reported results
demonstrate there is a considerable potential for utilizing
HPT processing for the mechanical bonding of dissimilar
metals as a manufacturing technique and for the development
of new alloy systems and ultimately for the formation of
MMNCs.

4. Tribological and Mechanical Properties

The microstructure formed through the mechanical
bonding by HPToften contains a gradient-type microstructure

Fig. 5 Optical micrographs for the disks of the Al­Mg alloy system after
HPT for, from the top, 1, 5, 10, 20 turns, respectively.25­28) The color-
coded hardness contour maps25,28) are overlapped with the right half of
each OM micrograph.30)
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or a heterogeneous structure42­46) in terms of grain sizes and
compositions as seen in the radial direction from the centers
of the HPT-processed disks. These heterostructured materials
demonstrate a high potential for exhibiting excellent me-
chanical properties and functionalities.47) Thus, this section
describes two selected properties of tribological effects and
specific strength of the mechanically-bonded Al­Fe system
and of the MMNCs in the Al­Mg and Al­Cu systems.

Small-scale sliding tests were conducted to evaluate the
morphology or the wear scar, and thus to determine the type
of wear behavior, under a load of 10.0N and a sliding stroke
of 2.0mm at a sliding speed of 0.004m s¹1 for a total sliding
distance of 20m on the surfaces at the disk edges of the
Al­Fe system after 20 turns of HPT as shown in Fig. 4(a).
The results are shown in Fig. 7 where (a) provides a three-
dimensional depth-sensing photo at a vertical section in the
middle of the wear track with a color key denoting the
detailed depth information, (b) shows an SEM micrograph
of the worn surface and (c) shows the optical micrograph
magnifying the vertical worn section of the Al­Fe system
after HPT for 20 turns. For both the SEM and optical
micrographs in Fig. 7(b) and (c), a darker phase represents
an Fe-rich phase and the brighter phase represents an Al-rich
phase. It is evident from the depth-sensing photo in Fig. 7(a)
that there is a consistent width of <60 µm and a depth of
<4.0 µm at the middle of the worn trace. The SEM photo
in Fig. 7(b) capturing the end of the sliding track shows the
stacked wear debris, thereby demonstrating an adhesive wear
behavior in the HPT-processed Al­Fe system where this type

of wear mechanism is generally observed in ductile metals
and alloys.

A promising wear characteristic can be seen in the Al­Fe
system processed by HPT. At the disk edge of the HPT-
processed metals after high numbers of HPT turns,
homogeneous distributions of the Al and Fe phases were
visible in Fig. 4(a). It is apparent at the vertical section of
the worn surface in Fig. 7(c) that the widely distributed hard
Fe-rich phases are located over the worn surface. Thus, the
additional volume loss by wear was prevented by the presence
of the hard Fe phases after the soft Al phases above the Fe
phase were taken during wear testing. This result suggests an
excellent potential for making use of the HPT processing for
mechanical bonding of dissimilar metals having different
hardness to improve the wear resistance in addition to
increasing the hardness of the processed metal systems.

Small-scale sliding tests were also conducted on the disk
edges forming MMNCs in the Al­Cu system after HPT for
20 and 60 turns at 6.0GPa.29) The testing used loads of 10­
60N and a sliding distance of 2.0mm at a speed of
0.002m s¹1 for a total sliding distance of 100m on the Al­
Cu disk peripheral surfaces. Evaluating the wear properties
within the consistent metal system, it is reasonable to
compute the wear rate, wR, by measuring the wear volume
(or volume loss), V, and applying the sliding distance, L, in
the following form:

wR ¼ V

L
¼ w

Lµ
ð1Þ

Fig. 6 TEM bright-field images and the XRD profiles with the MAUD estimations taken at the Al­Mg disk edges after HPT for (a) and
(b) 10 turns25) and (c) and (d) 20 turns28) by HPT.
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where W is the weight loss and µ is the density of the
material. Figure 8 describes the changes in the wear rate
with increasing applied loads for the Al­Cu system processed
through 20 and 60 HPT turns where the densities of the
disk edges were carefully measured as 4.466 and
4.321 g cm¹3 for the samples after 20 and 60 HPT turns.29)

There is a large increase in the wear rate accelerating the
wear of the Al­Cu system at 20­30N after 20 HPT turns
and this increase shifts to 45­50N after HPT for 60 turns.
Thus, this behavior confirms a significant improvement in
wear resistance by extending the range of the applied load
and lowering the wear rate in the Al­Cu system with
increasing HPT turns.

In order to compare the wear properties in different
materials, it is reasonable to estimate the specific wear rate,
k, from Archard’s equation:48)

k ¼ V

PL
¼ W

PLµ
ð2Þ

where P is the applied normal load. Accordingly, the specific
wear rates are calculated and summarized for the alloys
introduced by the bulk-state reaction through the HPT
processing of the Al­Mg, Al­Cu and Al­Fe systems. For
comparison purposes, the evaluations were processed
including the initial materials of CP Al, Cu, Fe and the ZK
60 Mg alloys after HPT for 10 turns. Specifically, the small-
scratch tests with a 2.0mm stroke were conducted under a
load of 3.0N for a total distance of 20m for the Al­Mg28) and
Al­Fe30) systems after HPT as well as CP Al, Mg and Cu,
and under 30N for a total distance of 100m for the Al­Cu
alloy29) and for a total distance of 50m for the CP Cu.

The second to the fifth columns in Table 1 show a
summary of the carefully measured density at the disk edges
after HPT and the volume loss after the wear tests, and
estimated volume loss and the specific wear rate for the Al­
Mg, Al­Cu and Al­Fe systems after the mechanical bonding
by HPT and the initial materials of Al, Cu, Mg, and Fe alloys.
There are two important points in the wear results. Firstly, it
is apparent that the density of the alloys after the mechanical
bonding by HPT takes values between the two density values
of the corresponding initial metals, thereby demonstrating the
light-weight of the engineering metals when these are simply
bonded by HPT. Secondly, comparisons of the specific wear
rates provide a consistent demonstration of significantly
reduced specific wear rates, thereby developing the wear
resistance in all mechanically-bonded Al­Mg, Al­Cu and
Al­Fe systems by comparison with the initial metals
processed by HPT.

From the measured density and hardness values which can
be computed to the equivalent yield strength, an additional
essential property of specific strength is estimated for the

Fig. 8 The change in wear rate with increasing applied load for the Al­Cu
system after 20 and 60 HPT turns.29)

Fig. 7 (a) A three-dimensional depth-sensing photo showing a vertical section in the middle of the wear track, (b) an SEM micrograph of
the wear surface from the top and (c) an optical micrograph magnifying the vertical section of the wear track for the Al­Fe system after
HPT for 20 turns.
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HPT-induced Al­Mg, Al­Cu and Al­Fe alloy systems. The
summarized Vickers microhardness values and the estimated
specific strengths are listed in the last two columns in
Table 1. The summary demonstrates significantly improved
hardness values, thereby showing excellent specific strengths
of 296MPa cm3g¹1, 455MPa cm3g¹1 and 300MPa cm3g¹1,
are estimated due to the lowered densities by the severe
mixture of the dissimilar metals in the Al­Fe system after
HPT and by the formation of hard intermetallic phases in the
nanostructured matrix in the Al­Mg and Al­Cu systems,
respectively. The specific hardness of these mechanically-
bonded metals is significantly higher than the base materials
of the Al, Mg and Cu, and in fact they are higher than
any other structural metals including steels exhibiting ³150
MPa cm3g¹1 and the engineering polymeric composites,
ceramics and carbon fibers showing ³200MPa cm3g¹1.1)

In summary, therefore, the present report outlines a
significant potential for the bulk-state reactions by HPT
processing for successfully introducing the mechanical
bonding of dissimilar metals and synthesizing lightweight
and strong alloy systems using separate conventional metals.

5. Conclusions

(1) Bulk-state reactions by the mechanical bonding of
engineering metals was successfully demonstrated by
utilizing conventional HPT processing on two dissim-
ilar metal disks by introducing Al­Fe, Al­Ti, Al­Mg
and Al­Cu systems. In practice, the Al­Fe and Al­Ti
systems demonstrated severe mixture of the Al-rich
and the corresponding other phases in each system at
the disk edges. By contract, the Al­Mg and Al­Cu
systems demonstrated the synthesis of MMNCs by the
formation of intermetallic phases at the disk edges after
HPT.

(2) Small-scale tribology testing on the Al­Fe system
showed an improved wear resistance due to the
homogeneously-distributed Fe-rich phases within the
Al matrix in the alloy system processed by HPT. All
HPT-induced alloy systems demonstrated an excellent

wear resistance with a lowering of the specific wear
rates by comparison with their corresponding base
metals.

(3) Excellent lightweight characteristics with improved
hardness confirm the introduction of exceptional
specific strength at the disk edges of these alloy
systems processed by the solid-state reactions through
HPT. The HPT processing demonstrates the feasibility
of the introduction of heterostructures in bulk metals
leading to variations in mechanical properties and
functionalities that may attract future applications for
these bulk nanostructured materials. Moreover, there
is a considerable potential for applying the solid-state
reaction by HPT for the bonding of dissimilar metals
as a manufacturing technique and for the development
of new alloy systems.
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