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Abstract. The processing of bulk metals through the application of severe plastic deformation
(SPD) provides an opportunity for achieving excellent grain refinement to the submicrometer or
even the nanometer range. These SPD procedures produce materials exhibiting improved me-
chanical properties including very high strength. This report describes recent results demon-
strating the strengthening of conventional metallic alloys processed by high-pressure torsion
(HPT).  It shows also that exceptionally high strength may be achieved by synthesizing a metal
matrix nano-composite using HPT to simultaneously process two different metal disks.  Special
emphasis is placed on the significance of grain refinement in producing strengthening by HPT.

1. INTRODUCTION

For all structural applications, the strength of a metal
remains the pre-eminent property and the charac-
teristic that most readily defines and differentiates
different materials.  In practice, the strength is de-
pendent upon many separate properties such as
the crystal structure and the presence of alloying
elements in solid solution or as precipitates.  Nev-
ertheless, a major factor contributing to the overall
strength of any selected metal is the grain size within
the polycrystalline matrix.  Within the thermally-
activated regime at ambient and relatively low tem-
peratures, where diffusion occurs very slowly, the
yield stress of a metal, 

y
, is most readily defined in

terms of the grain size, d, using the Hall-Petch rela-
tionship which is given by [1,2]
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  (1)

where 
0
 is the lattice friction stress and k

y
 is a

constant of yielding.  It follows from this relation-
ship that the strength of a metal increases with de-
creasing grain size and therefore high strength is
achieved most readily by performing thermo-me-
chanical treatments to reduce the grain size to the
smallest possible level. There are now many reports
documenting and supporting Eq. (1) in a very wide
range of metals [3,4].

The importance of grain size, and the significance
of thermo-mechanical treatments, is well-known in
industrial practice but generally these treatments
cannot reduce the grain size to a level smaller than
a few micrometers.  This situation changed more
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than two decades ago with the demonstration that
exceptional grain refinement may be achieved, even
to the nanometer level, by processing metals
through the imposition of severe plastic deforma-
tion (SPD) using techniques in which very high
strains are imparted to the metal but without incur-
ring any significant changes in the overall dimen-
sions of the work-pieces [5].  Several different SPD
processing techniques are now available but the two
procedures receiving the most attention are equal-
channel angular pressing (ECAP) [6] and high-pres-
sure torsion (HPT) [7].  Comparing these two tech-
niques, it is now established that HPT is the most
effective because it produces the smallest grain
sizes [8,9] and also it introduces, by comparison
with ECAP, a higher fraction of grain boundaries
having high angles of misorientation [10].

An inherent difficulty in HPT processing is that it
entails the use of a thin disk and the equivalent strain,


eq
, then varies across the disk through a relation-

ship of the form [11]
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where N is the number of revolutions in torsional
straining, r is the radius of the disk and h is the
height (or thickness) of the disk.  This means that
care must be taken examining the grain size and
the strength across each HPT disk and in practice
the strength is most readily evaluated by measur-
ing the micro-hardness at selected positions within
the disk diameter.

Professor Ilya Ovid’ko has made important con-
tributions to our understanding of the properties of
bulk nanocrystalline materials and accordingly, in
honor of his 55th birthday, this paper is designed to
examine typical measurements of strength in sev-
eral different metallic systems.  Initial attention is
given to the strengthening of conventional metallic
alloys through SPD processing but then recent re-
sults are described where it is possible to achieve
exceptionally high strength, and the development
of a metal matrix nano-composite, through the si-
multaneous HPT processing of disks of two differ-
ent metals.

2. STRENGTHENING OF
CONVENTIONAL METALS BY HPT
PROCESSING

There are now a large number of separate reports
describing the application of HPT processing to
simple metallic systems. In this section, attention
will be devoted to two typical metals, an Al-3% Mg

solid solution alloy and a commercial magnesium
ZK60 (Mg-5.5% Zn-0.5% Zr) alloy as representative
of f.c.c. and h.c.p. materials, respectively.

2.1. Al-3% Mg alloy

Experiments were conducted using an Al-3% Mg
alloy containing small amounts (<0.003%) of Si and
Fe impurities. A billet with a diameter of 10 mm was
annealed at 773 K for 1 hour to remove any residual
stress so that an average grain size of d  830 µm
was obtained in the initial condition. The billet was
sliced and polished to prepare disks having final
thicknesses of ~0.83 mm. These disks were then
processed by HPT at room temperature (RT) under
quasi-constrained conditions [12] using a compres-
sive pressure of 6.0 GPa and a speed of anvil rota-
tion of 1 rpm. A set of disks was processed by HPT
for total rotations, N, of 1/4, 1/2, 3/4, 1, 2, 5 and 10
turns.

The HPT-processed disks of the Al-3% Mg alloy
were examined to record the Vickers microhardness
values along the disk diameters and the variation of
hardness across each disk is shown in Fig. 1 where
the lower dashed line denotes the hardness value
of Hv  50 for the as-annealed sample prior to HPT
[13]. It should be noted that a ratio of disk thick-
ness to diameter of ~1/13 is one of the critical pa-
rameters for hardness consistency in the direction
of the disk thickness [14] where the present HPT

Fig. 1. Variation of Vickers microhardness values
along diameters of Al-3% Mg alloy disks after HPT
processing for different numbers of turns: the lower
dashed line denotes the hardness value before HPT
processing of Hv  50 in the as-annealed condition,
adapted from our work [13].
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disks had ratios of ~1/12.5 and thus reasonably
agree with this condition. Moreover, pure Al and Al
alloys are typical materials showing reasonable
hardness homogeneity through the height directions
of the disks after HPT processing [15-17] and there
is no influence of the measurement section within
the disk thickness on the hardness variations along
the disk diameters.

It is apparent that there are gradual changes to-
wards homogeneity in hardness along the disk di-
ameter. Specifically, the hardness values are higher
even after 1/4 turn compared with the as-annealed
condition and, except at 10 turns, all disks showed
typical hardness behavior [18] in which the low hard-
ness at the disk center increases towards the disk
periphery with increasing equivalent strain by HPT
as given in Eq. (1). Thus, HPT for 1/4 turn provided
hardness values of ~75 and ~120 at the disk center
and edge, respectively, and with increasing num-
bers of turns the hardness values both at the disk
center and edge increase gradually and reach ~100
and ~180, respectively, after 5 turns. Thereafter, the
hardness attained an essentially homogeneous
hardness distribution with a high hardness of
Hv  180 throughout the disk diameter after 10 turns.

A concomitant microstructural evolution was
observed by transmission electron microscopy

Fig. 2. Representative microstructures of Al-3% Mg
disks processed by HPT for 1/4 turn on the left and
for 10 turns on the right where all microstructures
were taken on the plane parallel to the disk surface
either near the center at r  0 mm (upper row) or
close to the edge at r  3.5 mm (lower row), adapted
from our work [13].

(TEM) and representative microstructures are shown
in Fig. 2 for the Al-3% Mg alloy after HPT for 1/4
turn in the left column and 10 turns in the right col-
umn where for each disk the microstructures in the
upper and lower rows are for the centers at r  0
mm and close to the edge at r  3.5 mm, respec-
tively [13].

Processing by HPT for 1/4 turn introduced a ran-
dom non-cellular microstructure with many disloca-
tions within coarse grains at the disk center whereas
there are ill-defined boundaries forming insufficiently
equiaxed grains due to significant numbers of dislo-
cation introduced at the disk edge. With increasing
torsional straining through 10 turns, the grain bound-
aries become well-defined and there are reasonably
equiaxed ultrafine grains at the disk center which
are comparable to the ultrafine microstructure at the
disk edge. Therefore, a homogeneous ultrafine-
grained (UFG) microstructure with average fine grains
of ~180-190 nm was observed in the Al-3% Mg al-
loy after HPT for 10 turns. This refinement in grain
size is consistent with numerous earlier reports of
the grains sizes produced in various Al-Mg alloys
after processing by HPT at RT [19-29].

The significant increase in hardness as shown
in Fig. 1 is due to the dramatic reduction in grain
size as demonstrated in Fig. 2 and it is explained
by Hall-Petch strengthening as given in eq (1) when
the relationship is reformulated in terms of hardness
in the form

,dkHH H
2

1

0


  (3)

where H is the hardness and H
0
 and K

H
 are the

appropriate material constants associated with the
hardness measurements. The validity of utilizing the
modified Hall-Petch relationship in terms of Vickers
microhardness was demonstrated in an earlier re-
port using Al-3% Mg and Al-5.5% Mg-2.2% Li- 0.12%
Zr alloys after processing by ECAP [30].

Accordingly, the grain refinement and the hard-
ness increase was correlated by applying the rela-
tionship in Eq. (3) by plotting as a function of d-1/2 for
the Al-3% Mg alloy in an as-annealed condition with-
out HPT and after HPT for 1/4, 1, 5 and 10 turns at
the edge and center positions. This plot is shown in
Fig. 3 [13] with additional datum points for the Al-
3% Mg alloy after HPT for 5 and 10 turns followed
by static annealing at 673 K for 1 h which gave con-
sistent grain sizes of ~50-55 µm and a hardness of
Hv  50 and for a similar Al-3% Mg alloy processed
either by ECAP [30] or HPT [21].
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An excellent description of Hall-Petch strength-
ening through grain size reduction is provided in this
analysis where there is a conventional linear rela-
tionship between hardness and the values of d-1/2 for
all sample conditions in the present Al-3% Mg alloy
from coarse grain sizes in the initial condition and
after processing and annealing to ultrafine grain sizes
after HPT. In practice, all of the experimental points
for this Al-Mg alloy lie close to a single trend line
given by Eq. (3) with H

0
 59.7 Hv and K

H
 43.3 Hv

µm-1/2. As seen in the reference datum points, a
consistent relationship between hardness and grain
size was reported on a similar alloy after ECAP and
HPT with a recording of H

0
  46-47.5 Hv and

K
H
 35.0-41.0 Hv µm-1/2 [21,30]. Also, the consis-

tent trend of Hall-Petch strengthening was reported
in a dilute Al alloy with 1.5% Mg after HPT to a true
logarithmic strain of 7 [19].

It should be noted that the saturated value of
hardness in the present Al-3% Mg alloy is consis-
tent with the alloy in the same composition after
HPT under 5 GPa [21] but it is higher than the hard-
ness value of ~130 after ECAP at RT [21,30] and
this is due to the severe grain refinement during the
HPT procedure which is more effective than process-
ing by ECAP [31]. Moreover, recent reports showed
that an Al-1% Mg alloy processed through HPT un-

Fig. 3. Plot of Vickers microhardness as a function
of d-1/2 for the Al-3% Mg alloy in an initial state with-
out HPT, after HPT for 1/4, 1, 5 and 10 turns at the
center and edge positions and after HPT followed
by static annealing at 673K for 1 h: for comparison
purposes, additional datum points are included for
a similar Al-3% Mg alloy processed either by ECAP
[30] or HPT [21].

der 6.0 GPa after >3 turns demonstrated a hard-
ness saturation with Hv  110 [28] and an Al-5% Mg
alloy showed a homogeneous distribution of hard-
ness with Hv  240 after HPT at 6.0 GPa for 10
turns [29]. Considered together with the present
hardness experiments, these results lead to the
conclusion that higher Mg contents lead to higher
hardness values at the saturation stage after HPT
and this trend continues up to at least 10% of Mg in
the Al matrix after 10 turns by HPT [25].

2.2. ZK60 Magnesium alloy

A commercial-quality ZK60A magnesium alloy was
prepared as a bar after extrusion with a diameter of
10 mm and a set of the disks was prepared in the
same way as noted in the previous section. The
ZK60A disks were then processed by HPT at RT
under 6.0 GPa and a rotational speed of 1 rpm for
total revolutions of 1/4, 1/2, 1, 2, 3 and 5 turns.

The microstructure at the edges of the ZK60A
disks after HPT was examined using an optical mi-
croscope. Representative microstructures are shown
in Fig. 4 for (a) the as-extruded condition and for the
samples after HPT for (b) 1/4, (c) 1/2 and (d) 2 turns
[32]. The as-extruded microstructure prior to HPT
consisted of a bi-modal grain distribution with a frac-
tion of >50% of coarse grains of ~25 µm surrounded
by several small grains having sizes of ~4-5 µm as
shown in Fig. 4a. A noticeable change is visible in
the microstructure after HPT for 1/4 turn where the
fraction and size of the coarse grains were reduced
to ~35% and ~20 µm, respectively, and the fine
grains were reduced to ~2-3 µm with an increased

Fig. 4. Representative optical micrographs taken
at the edges of ZK60A disks (a) in the as-extruded
condition and after HPT for (b) 1/4, (c) 1/2 and (d) 2
turns, adapted from our work [32].
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area fraction of ~65% as shown in Fig. 1b. After 1/2
turn in Fig. 1c, the coarse grain sizes remain the
same size at ~20 µm with a slightly lower fraction
than earlier whereas there are fine grains having an
average size of ~1.0-1.5 µm with a high area frac-
tion of ~75%. Thereafter, the microstructure re-
mained constant with increasing torsional straining
though 2 turns as shown in Fig. 1d. It is apparent
that HPT processing introduces a reasonable level
of microstructural saturation up to at least 2 turns
in the ZK60A alloy.

The bi-modal grain size distribution observed in
the alloy after HPT for 2 turns is in excellent agree-
ment with a ZK60 alloy after ECAP at 473K [33]
and after HPT at RT under 2.0 GPa for 5 turns [34].
This unique microstructural evolution in magnesium
alloys is explained by the necklace-like dynamic
recrystallization (DRX) where the concentration of
deformation occurs across the new fine grains [35].
It is concluded that the saturated grain structure
depends on the initial grain size, the size of the
new grains and the magnitude of the imposed strain
within magnesium alloys.

The evolution in microstructure produces appre-
ciable changes in hardness so that the degree of
microstructural evolution may be determined by the
alternative approach of evaluating the variation of the
measured microhardness values with increasing
equivalent strain as calculated using Eq. (2). This
approach was first demonstrated for an austenitic
steel processed by HPT for increasing numbers of
HPT revolutions under a pressure of 5.3 GPa [36]
and a recent review used this approach for examin-
ing the hardness evolution in a large number of
metals and alloys after processing by HPT [18].
Although a unique hardness behavior of materials
was observed at a cryogenic temperature [37], there
are currently three simple models of hardness evo-
lution towards homogeneity that depend on the na-
ture of microstructural recovery with increasing im-
posed strain within the material [38-40] together with
an experimental factor of the homologous tempera-
ture of HPT processing [17,18].

Fig. 5 shows the alternative approach of plotting
the variation of the measured microhardness values
against the calculated equivalent strains using Eq.
(2) for the ZK60A alloy after HPT for 1/4, 1/2, 1, 3
and 5 turns at 6.0 GPa where the lower dashed line
denotes the hardness value of ~72 in the as-ex-
truded condition and the error bars again denote
the 95% confidence level [41]. This type of hard-
ness behavior is the most common model of hard-
ness evolution exhibiting a high hardness with in-

creasing equivalent strain, thereby confirming the
occurrence of strain hardening as in the present
results for the ZK60A alloy and the Al-3% Mg alloy
described in an earlier section. It is readily appar-
ent that the hardness increases rapidly with increas-
ing strain in the early stage of HPT but this trend
becomes slower at equivalent strains around 20 and
ultimately the hardness essentially saturates at a
high Hv value of ~110 at high strains.

For a better understanding of the significant level
of strain hardening occurring in the early stage of
plastic deformation, a further quantitative analysis
was conducted on the HPT-processed ZK60A alloy
in order to estimate the degree of strain hardening
by calculating the hardenability exponent, , which
corresponds to the slope in a double-natural loga-
rithmic plot of the Hv values versus equivalent strain.
This approach was first demonstrated on a Ti-6%
Al-4% V alloy after HPT from two different initial
phase conditions and gave hardenability exponents
of 0.031 and 0.052 [42].

The constructed double-natural logarithmic plot
of the Hv values versus 

eq
 is shown in Fig. 6 for the

ZK60A alloy after HPT for up to 5 turns under 6.0
GPa in which the Hv values are taken from Fig. 5 up
to 

eq
 20 where a high degree of strain hardening

is observed before reaching the hardness satura-

Fig. 5. Variation of the measured microhardness
values with equivalent strain for the ZK60A alloy af-
ter HPT for 1/4, 1/2, 1, 3 and 5 turns under an ap-
plied pressure of 6.0 GPa: the lower dashed line
denotes the microhardness value of Hv  72 in the
as-extruded condition prior to HPT and the error bars
show the 95% confidence level,  adapted from our
work [41].



18 M. Kawasaki, H.-J. Lee,J.-l. Jang and T.G. Langdon

tion [41]. The solid line in Fig. 6 describes the trend
of all datum points which denotes the following form:

0.0784 .
eq

Hv    (4)

Thus, a high level of strain hardening with   0.07
was recorded in the early stage of HPT processing
for the ZK60A alloy where a positive exponent de-
notes strain hardening. This result is consistent with
the value of   0.08 for an AZ31 magnesium alloy
after HPT for 1 and 5 turns at 6.0 GPa [41] and
these Mg alloys demonstrate a stronger strain hard-
ening behavior than the processed Ti alloy reported
earlier [42].

For UFG materials after SPD, the measured
ductility is always an issue due to the essential
character described by the paradox of strength and
ductility where UFG materials generally exhibit high
strength but very limited ductility at RT [43-45]. Ac-
cordingly, micro-mechanical behavior was evaluated
for the UFG ZK60A alloy after HPT by applying a
novel nanoindentation technique.

The nanoindentation tests were conducted on
the initial as-extruded sample and on the disk edges
of the ZK60A alloy after HPT up to 2 turns at four
different indentation strain rates from 0.0125 to 0.1
s-1 using two different indentation procedures: con-
stant strain rate (CSR) testing and strain-rate jump
(SRJ) testing. These two separate procedures were
performed by utilizing a three-sided pyramidal

Fig. 6. A double-natural logarithmic plot of the mea-
sured Hv values versus 

eq
 for the ZK60A alloy after

HPT for up to 5 turns under an applied pressure of
6.0 GPa where the plot covers data up to 

eq
 20

and the error bars show the 95% confidence level,
adapted from our work [41].

Fig. 7. Variations of the strain rate sensitivity with
different levels of torsion straining: datum points are
shown for CSR and SRJ testing,  adapted from our
work [32].

Berkovich indenter for estimating the strain rate
sensitivity, m, where the m values are determined
by following the earlier procedures and applying the
measured hardness, H, through nanoindentation
[46]. The results are summarized in Fig. 7 where
N = 0 denotes the as-extruded condition and the es-
timated m values are plotted with increasing num-
bers of turns [32]. It should be noted that the es-
sential merit of the SRJ test is that the estimation
is conducted from a single indentation whereas
multiple indentations are required in the CSR tests.

There is an overall consistency in the trend of
the m values with increasing numbers of HPT turns
for these two testing methods through the
nanoindentation analysis although slight differences
are recorded in the m values such as ~0.048 from
SRJ and ~0.043 from CSR after HPT for 2 turns.
Thus, the m value of ~0.035-0.040 in the initial con-
dition prior to HPT was enhanced significantly to m
H” 0.043-0.047 after HPT for 1/2 turn and thereafter
the values remain reasonably constant through 2
turns. Thus, the examination through
nanoindentation showed that the UFG Mg alloy dem-
onstrated a high potential for exhibiting an improved
plasticity at RT after HPT even after successful mi-
crostructural refinement leading to high hardness.
A very recent review summarized the nano- and
micro-mechanical properties of UFG materials after
SPD [47] and a comprehensive tabulation of avail-
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able experimental data was presented which dem-
onstrated that an enhancement in ductility of UFG
metals at RT is anticipated by the sustained plas-
ticity by activating different flow mechanisms such
as grain boundary sliding. This accounts for the in-
crease in the m value with the increasing amount of
straining by SPD.

3. SYNTHESIS OF AN EXTRA HARD
HYBRID METAL BY HPT
PROCESSING

Processing by HPT generally provides the potential
for achieving high hardness in most bulk metals due
to significant grain refinement. In recent years, be-
cause of the introduction of intense plastic strain
during processing, HPT has also been applied for
the consolidation of metallic powders [48-54] and
the bonding of machining chips [55,56]. Applying
the conventional processing of HPT, it is anticipated
that it may be possible to produce a new metal sys-
tem from a combination of simple dissimilar metal
solids and, in addition, the metal system may ex-
hibit superior mechanical properties which are above
the upper limits of the properties that these indi-
vidual base metals can achieve through SPD. Ac-
cordingly, a new approach for the formation of an Al-

Mg hybrid system was demonstrated by process-
ing two commercial metal disks of the Al-1050 and
ZK60 alloys through HPT and Figs. 8 and 9 show
the unique microstructure and hardness distributions
and a detailed analysis of the strengthening mecha-
nism, respectively, for the Al-Mg hybrid system
formed by HPT [57-59].

This experiment used commercial Al-1050 and
ZK60A alloys where these alloys are very similar or
consistent alloys as described in the earlier sec-
tions. The disks of these alloys were prepared us-
ing the regular procedure and conventional HPT pro-
cessing was conducted at RT under quasi-con-
strained conditions. In particular, two separate disks
of the Al and Mg alloys were piled up with the order
of Al/Mg/Al where the Mg disk was placed between
two Al disks without placing any glue or using any
metal brushing treatment as shown in Fig. 8(a)
[57,58]. Then, a set of the piled up disks was pro-
cessed by HPT at RT under 6.0 GPa for totals of 1,
5 and 10 turns at a constant rotational speed of 1
rpm.

An overview of the microstructure was obtained
using an optical microscope at the vertical cross-
sections along the disk diameters after HPT pro-
cessing followed by polishing and chemically etch-

Fig. 8. (a) Schematic illustration of the sample set-up for HPT processing using three different disks and (b)
an overview of the microstructures after processing through 1, 5 and 10 turns 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,
adapted from our works [57-59].
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ing and the micrographs are shown for 1, 5 and 10
turns from the top, respectively, in Fig. 8b [57-59].
As is apparent in Fig. 8b, a multi-layered structure
with fragmented Mg layers with thicknesses of ~200
µm appearing in a dark color was visible in the Al
matrix appearing in a bright color without any seg-
regation throughout the disk after 1 turn and in the
central region at r <2.0 and <1.0 mm of the disks
after 5 and 10 turns, respectively. However, the disk
edge at r >2.5 mm after 5 turns demonstrated a
unique microstructure where there is a homogeneous
distribution of very fine Mg phases with thicknesses
of ~5-10 µm to even a true nano-scale of ~100-500
nm within an Al matrix. Moreover, there were no vis-
ible Mg phases at the disk edge at ~3< r <5 mm
after 10 turns.

Detailed microstructural analysis through TEM
showed that a true nanostructure was formed with
spatial grain sizes of ~190 nm and ~90 nm at the
disk edges after 5 and 10 turns, respectively [57]. A
detailed chemical analysis by energy-dispersive X-
ray spectroscopy (EDS) in a scanning transmis-
sion electron microscope (STEM) observed a small
volume with <5 vol.% of an irregularly-distributed
intermetallic compound, -Al

3
Mg

2
, as a form of thin

layers of ~20 nm and ~30 nm in the Al matrix after
5 and 10 turns, respectively. In addition, a high reso-
lution TEM analysis and an X-ray diffraction (XRD)
analysis using Materials Analysis Using Diffraction
(MAUD) software revealed the formation of another
intermetallic compound of -Al

12
Mg

17
 in the Al ma-

trix where this is within the matrix in a supersatu-
rated solid solution state at the disk edge after 10

Fig. 9. Estimated Vickers microhardness values
with increasing Mg content in Al solid solutions in
disks processed by HPT for 10 turns, adapted from
our works [57].

turns due to rapid diffusion of Mg from the fine Mg-
rich phases which are visible after 5 turns of HPT.
Thus, the simultaneous processing by HPT of the
Al and Mg disks synthesizes an intermetallic-based
Al metal matrix nanocomposite (MMNC) in the highly
deformed region around the peripheries of the disks
after HPT.

Subsequently, the distribution of Vickers
microhardness was examined over the vertical cross-
sections of the processed disks and the data set
was visualized by constructing color-coded hard-
ness contour maps as shown in Fig. 8c for 1, 5 and
10 turns from the top, respectively, where the hard-
ness values are indicated in the key on the right.
For reference, the initial values of Hv were ~65 for
the Al-1050 alloy [60] and ~110 for the ZK60 alloy
as shown in Fig. 5 after HPT for 5 turns and these
Hv values reached a saturation level across the disk
diameters through sufficient torsional straining.

The total cross-section after HPT for 1 turn shows
an average microhardness value of ~70 which is simi-
lar to the value of ~65 for the base material of the Al-
1050 alloy after HPT for 5 turns and this value re-
mains constant at the centers at r <2.5 mm of the
Al-Mg disks up to 10 turns. However, high hardness
with a maximum of Hv  130 was achieved in the
peripheral region after 5 turns where the fine Mg
phase is homogeneously distributed within the Al
matrix. There is a significant increase in Hv after 10
turns where a maximum hardness of ~270 was re-
corded at the peripheral region at r >3.0 mm. The
high hardness values of the Al-Mg system after HPT
are much higher than the HPT-processed base al-
loys of Al and Mg and thus these results demon-
strate that the formation of intermetallic compounds
leading to the synthesis of MMNC may provide the
possibility of improving the upper limit on the maxi-
mum hardness value in the hybrid Al-Mg system
through HPT processing.

The major strengthening mechanisms were evalu-
ated for achieving exceptional hardness in the inter-
metallic-based MMNC synthesized by HPT for 5
and 10 turns under 6.0 GPa at RT. Thus, the achiev-
able Vickers microhardness value was estimated
by the sum of the separate strengthening mecha-
nisms expressed by Hall-Petch strengthening due
to significant grain refinement, solid solution
strengthening because of the high content of Mg
atoms leading to the increased frictional stress within
the crystal lattices, and precipitation hardening by
the thin layers of the -Al

3
Mg

2
 intermetallic com-

pound. The estimated total hardness is shown in
Fig. 9 with increasing Mg content in an Al solid so-
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lution matrix in the disk after HPT for 10 turns [57].
Since the synthesized MMNC after 10 turns con-
tained very small volumes of intermetallic com-
pounds in the form of thin layers, Hall-Petch strength-
ening by grain refinement was anticipated to pro-
vide the highest contribution to the total hardness
whereas there was an increasing contribution of
solution strengthening with increasing Mg contents
in the Al matrix. This estimate was in excellent
agreement with the experimental values of hardness
in the synthesized Al-Mg alloy after HPT, thereby
confirming the simultaneous occurrence of these
separate strengthening mechanisms which is a
consequence of the low processing temperature and
the short operating time which prevents the occur-
rence of any significant microstructural recovery. It
should be noted that the rapid diffusivity of Mg at-
oms into the Al matrix is a key process for the diffu-
sion bonding of Al and Mg though HPT and 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 [61].

4. FUTURE POTENTIAL FOR HPT
PROCESSING

Extensive investigations have been attempted to
improve the physical and mechanical properties of
metals and materials by grain refinement through

the application of SPD. In particular, research in the
last decade has demonstrated that SPD process-
ing is also feasible for the production of unusual
phase transformations and in the introduction of a
range of nanostructural features [62,63]. Therefore,
not only improving hardness, strength and ductility
of a single material as demonstrated earlier for the
Al-3% Mg and ZK60 alloys but also processing by
SPD can be developed for the alternative approach
of introducing high performance materials through
diffusion bonding of dissimilar metals. This is
achieved by synthesizing new metal systems and
ultimately producing MMNCs as demonstrated for
the bonding of Al and Mg alloys through HPT. There
are at present only a limited number of reports dem-
onstrating a sold-state reaction in an Al-Cu system
through the bonding of semicircular half-disks of Al
and Cu through HPT at ambient temperature through
100 turns [64] and a vision of architecturing hybrid
metals through HPT by computational calculations
[65].

Considering the future potential of the hybrid
materials processed by SPD, it is reasonable to
visualize an enhancement in the specific strength
of the MMNC synthesized at the disk edges of the
Al-Mg system by comparison with the base metals
of Al and Mg alloys and some other engineering
materials. Fig. 10 shows a toughness-strength dia-
gram reported earlier and delineating the range of
fracture toughness and strength-to-weight ratio for

Fig. 10. The range of fracture toughness and strength-to-weight ratio for many metals and materials [66]
where the synthesized Al–Mg system after HPT is incorporated as the region of HPT-induced aluminum
MMNC without delineating any upper limits, adapted from our works [59].
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many metals and materials [66]. Assuming a gen-
eral similarity in the trends of plasticity and tough-
ness of materials [67], the synthesized Al-Mg sys-
tem after HPT is now incorporated into the diagram
without delineating any upper limits [59]. The border
line for the field of the Al-Mg system was applied with
the extraordinary strength of the hybrid Al-Mg sys-
tem after 10 HPT turns demonstrating an excellent
strength-to-weight ratio of ~350 MPa.cm3.g-1 under
a measured density of 2.48 g.cm-3 and the recorded
hardness of Hv  270 which is equivalent to ~865
MPa in tensile strength. Thus, the strength-to-weight
ratio of the Al-Mg system after HPT is anticipated
to be much higher than many steels and Ti alloys
and it may even be similar to some strong engi-
neering polymeric composites.

Finally, it should be emphasized that the bulk
materials produced through the HPT processing of
separate disks may contain a gradient-type micro-
structure [68-70] or a heterogeneous nanostructure
[71] according to grain size and composition [57-
59,72] as was seen in the radial direction from the
centers of the HPT disks in Figs. 8b and 8c. A re-
cent report defined this kind of new materials orga-
nization as heterogeneous architecture materials
[73]. Although this type of microstructure is com-
mon in many biological systems [74,75], it is a new
category of structure in engineering materials and it
is expected to lead to a significant potential for ex-
hibiting excellent mechanical properties.

5. SUMMARY AND CONCLUSIONS

1. This report demonstrates the successful HPT pro-
cessing of an Al-3% Mg alloy and a ZK60A mag-
nesium alloy leading to significant grain refine-
ment and high hardness. These two alloys dem-
onstrate a common strain hardening behavior such
that there is a hardness evolution towards homo-
geneity with a saturated high hardness after larger
numbers of HPT revolutions.

2. Conventional HPT processing was applied suc-
cessfully for the synthesis of a hybrid Al-Mg al-
loy system having a unique microstructural dis-
tribution within the disk through the diffusion bond-
ing of separate Al and Mg alloy disks. A unique
microstructure was observed with an Al-Mg multi-
layered structure at the disk center and with a
metal matrix nanocomposite at the disk edge af-
ter processing through 5-10 turns.

3. An excellent description of Hall-Petch strength-
ening was demonstrated in the Al-3% Mg alloy
through the grain size reduction. The exceptional
hardness in the MMNC at the Al-Mg disk edge

was verified as a consequence of Hall-Petch
strengthening having the highest contribution
whereas solid solution strengthening and precipi-
tation hardening contributed simultaneously with
relatively minor contributions.

4. It is concluded that there is an excellent poten-
tial for making use of HPT processing in intro-
ducing new alloy systems from different metals
and in developing unique materials having gradi-
ent or heterogeneous microstructures. Further in-
vestigations are now needed to fully exploit this
new approach.
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