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Abstract Processing by severe plastic deformation (SPD)
typically increases the strength of metals and alloys drastically by decreasing their grain size into the submicrometer or nanometer range but the ductility of such materials
remains typically low. This report describes the first
demonstration that it is possible to increase the room
temperature ductility of aluminum-based alloys processed
by SPD and to attain elongations to failure of[150% while
retaining the enhanced strength. This unique combination
of properties is due to the occurrence of grain boundary
sliding at room temperature. The sliding was obviously
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achieved by introducing a grain boundary wetting of the
aluminum/aluminum grain boundaries.

Introduction
It is now well established that processing by severe plastic
deformation (SPD) promotes grain refinement and formation of the ultrafine-grained (UFG) materials with mean
grain sizes in the submicrometer or nanometer range [1, 2].
Several recent investigations demonstrate also that the UFG
metals and alloys generally exhibit increased strength but
low ductility at room temperature [3, 4]. The low ductility at
ambient temperature restricts the use of these materials for
structural applications. That is why the enhancement of the
ductility of UFG materials is quite a topical problem and
several different strategies have been developed recently to
improve the materials’ poor ductility, including the introduction of a grain size distribution [5], the preexisting
nanoscale twins [6, 7], dispersions of nanoparticles and
nanoprecipitates [8, 9], transformation- and twinninginduced plasticities [10, 11] and some others. These
approaches are based on the increase of strain hardening
through dislocation storage capacity during deformation. At
the same time, the enhancement of the ductility of UFG
materials may be achieved also at the expense of enhanced
strain-rate hardening, when diffusion-controlled grain
boundary (GB) sliding becomes active [12]. For example, it
is applied at elevated temperatures where UFG materials
exhibit superplastic behavior at higher strain rates [13, 14].
In this work, we for the first time demonstrate the possibilities of enhancement of strain-rate hardening and ductility in the UFG Al alloy at room temperature by
stimulating GB sliding due to maintaining a high GB diffusion flux and the appearance of a GB wetting phase.
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Experimental
The test material was an aluminum-based alloy containing
30 wt% Zn prepared from high purity components
(99.9995% Al and 99.999% Zn) by vacuum induction
melting. As-cast disks of the alloy were prepared by
grinding and chemical etching and they were then
homogenized at 500 °C for 5 h and processed by highpressure torsion (HPT) at room temperature under an
imposed pressure of 6.0 GPa using a special HPT die [15,
16], which enables to process samples of diameters of
20 mm and thicknesses of *0.8 mm. The straining was
continued through a total of five turns at a rotation speed
of 1 rpm. After HPT of the homogenized samples, the
central part of each disk, having a diameter of *5 mm,
was excluded from any further investigation. Samples for
structural investigations were cut from the HPT disks at a
distance of 5 mm from the sample center where this distance corresponds to a shear strain of *6. Transmission
electron microscopy (TEM) was used with a JEOL2000EX microscope at an accelerating voltage of 120 kV.
X-ray phase analysis was performed using a Pan Analytical X’Pert (Philips) diffractometer in Bragg-Brentano
geometry with Cu Ka radiation and a position-sensitive
detector (Philips X’Cellerator). The Profit (Philips) software was used for X-ray peak profiles fitting and estimation of the lattice parameter, microstrain value and
coherently scattering region size. The average dislocation
density was derived using the well-known X-ray diffraction procedure [17]. Mechanical tensile testing was conducted at room temperature at strain rates from 10-4 to
10-2 s-1. Samples for mechanical tests were spark-cut
excluding the central part (*5 mm in diameter) of the
HPT-processed disks in order to avoid the microstructural
inhomogeneities. The testing conditions of temperature,
strain rate, and load were controlled by computer software
to within an error of 2–3%. The yield strength, r0.2, ultimate strength, rB, and ductility or relative elongation to
failure, d, were determined from the results of tests conducted on at least three samples having gauge dimensions
of 4.0 9 1.0 9 0.4 mm3.
Following either annealing or annealing together with
processing by HPT, specimens were prepared for examination using a microindenter. Each sample was electropolished at room temperature using a solution of 33%
HNO3 and 67% CH3OH. Micro-indentations were made at
room temperature with a Vickers diamond microindenter
using a depth-sensing ultra-microhardness testing machine
(Shimadzu DUH 202) operating under a force, F, that
increased linearly with time, t, using an imposed loading
rate, vl, between 0.7 and 70 mN s-1. It may be estimated
from an earlier analysis [18] that the loading rate in this
region corresponds to an equivalent strain rate between
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5 9 10-4 and 5 9 10-2 s-1 around the edge of the
indenter at the end of the indentation process.
After indentation, the changes in the surface topographies were examined around the indentations using an
atomic force microscope (Solver P47H) operating in the
semi-contact (frequency-modulation) mode with conductive silicon cantilevers having a resonant eigenfrequency of
120–190 kHz. In order to optimize the subsequent observations using AFM, it was necessary to consider both the
average grain size of the ultrafine-grained sample
(*0.4 lm) and the area available in the microscope for
high-resolution images (*20 9 20 lm2). It is apparent
that optimum results will be achieved if the indentation
pattern and the surrounding area are both contained within
the area of observation for the AFM. Repetitive indentations with different loads revealed an optimum condition
for the HPT sample where the maximum load used in the
indenter was 35 mN to give a depth of about 1 lm and a
Vickers pattern extending over an area of *6 9 6 lm2.
For the annealed sample, where the material was significantly harder because of the presence of a solid solution,
the optimum load was 50 mN to give an indentation having
a reasonably similar size as in the HPT sample.

Results and discussions
After homogenization annealing, the solid solution microstructure had equiaxed grains with a mean size of *65 lm.
After SPD processing by HPT, the Al-based solid solution
dissociated and X-ray diffraction (XRD) spectra contained
only the peaks of pure Al and Zn. A similar dissociation of
a supersaturated solid solution after HPT was previously
reported in as-cast Al–Zn alloys [19]. The microstructure
after HPT contained equiaxed ultrafine Al grains having a
size of *380 nm as shown in Fig. 1a. Smaller Zn grains
having sizes between *50 and *150 nm were located at
the triple junctions of the aluminum grains as shown in
Fig. 1b. Furthermore, minor amounts of Zn, with sizes
of *5–15 nm, were also present within the aluminum
grains. The XRD peaks of Al revealed low microstrain
contributions in the peak broadening with microstrain
levels of *0.010 ± 0.002%. Using XRD, the average
dislocation density was estimated as *1012 m-2 where
this value correlates well with conventional data from
transmission electron microscopy (TEM) showing the
aluminum grains are almost free of lattice dislocations. The
evolution of microstructure correlates with the variation
in the microhardness. Thus, the microhardness was
*1670 MPa in the homogenized and quenched state and
decreased to *490 MPa after HPT. These measurements
show that processing by HPT gives a significant softening
of the samples due to decomposition in HPT of the Zn-rich
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Fig. 1 a Microstructure of the Al–30 wt% Zn alloy formed in the billet processed by HPT and b Zn phase precipitates at triple junctions and
within the Al grains

Al-based solid solution. A similar softening in HPT was
reported earlier for as-cast Al–Zn alloys [20].
Experimental results obtained by tensile testing show
both the flow stress, r, and the maximum elongation to
failure, d, depend strongly on the imposed strain rate, e_ , as
demonstrated in Fig. 2a. After HPT, the ultrafine-grained
Al alloy exhibits unusually high ductility at room temperature with a maximum elongation of *160% when testing
at e_ & 10-4 s-1. The dependence of the maximum flow
stress, rmax, on strain rate is shown in Fig. 2b where the
values of the strain rate sensitivity, m, are also given. It can
be seen that the strain rate sensitivity for strain rates
between *10-3 and *10-4 s-1 is high and of the order of
m & 0.24–0.29. Such high values of m are close to those
anticipated for a process such as the viscous glide of dislocations where m & 0.33 but usually this is found only in
conditions of high temperature creep at temperatures above
*0.5 Tm, where Tm is the absolute melting temperature.
Applying depth-sensing indentations at different loading
rates after HPT, the enhanced strain rate sensitivity,
m = 0.22, for the Al–30 wt% Zn sample was also measured, while for similar samples not processed by HPT the
strain rate sensitivity was very low and of the order of
*0.04. It should be noted that in general the strain rate
sensitivity of ultrafine-grained Al [21] and other fcc metals
such as Cu and Ni [22] is very low and lies between 0.01
and 0.03. The d and m values obtained in this investigation
after HPT reveal the development of a super-ductility at
room temperature. Such behavior was not previously
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Fig. 2 a Effect of strain rate on the true stress–strain curves and b the
variation of flow stress with strain rate and the values of the strain rate
sensitivity, m, for the Al–30 wt% Zn alloy processed by HPT

reported in any Al-based alloys at this low temperature. It
should also be emphasized that the microstructure of the
HPT-processed Al–30 wt% Zn samples remains stable
during deformation. No grain growth was observed during
the indentation taking place for different dwell times from
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15 up to 1500 s. This microstructural stability is an
important advantage of the investigated ultrafine-grained
alloy against some nanocrystalline metals, which have
instable microstructure leading to fast grain growth and
also softening during relatively short dwell times of the
indenter [23, 24].
Figure 3 shows typical atomic force microscopy (AFM)
images of the surfaces of samples after indentation with a
Vickers microindenter for (a) the annealed or recovered
condition and (b) after processing by HPT: the scales on
the right denote the vertical levels on the images. Qualitatively, both indentations are of a similar size with lateral
edges of *6 lm but the morphologies of the surrounding
surfaces are different. For the recovered condition in
Fig. 3a, where the size of the Vickers pattern is much
smaller than the average grain size of *70 lm, the surface
surrounding the indentation is relatively smooth, whereas
after HPT in Fig. 3b the surrounding area shows small
grains having sizes of *400 nm. It will be shown through
detailed measurements that this apparent rumpling corresponds to the displacements of individual ultrafine grains
within the crystalline matrix.
Quantitative measurements were undertaken on both of
these samples by recording the surface height profiles from
points located on the edges of the indentations, following
the two separate sampling paths labeled ‘‘Recovered’’ in
Fig. 3a and ‘‘HPT-deformed’’ in Fig. 3b. The height profiles were determined along each path using implemented
software and the results recorded in the form of plots of the
vertical profile against the position from the edge of the
Vickers pattern. Representative measured profiles, designated hm, are shown in Fig. 4 and they were fitted using a
9-order polynomial to give the global profile [25, 26],
designated hg, which are shown by the smooth curves in
Fig. 4. Considering the global characteristics of the
deformation processes, these scans demonstrate that, for
both conditions, the values of hg decrease with increasing
distance from the indentation because of the enhanced
deformation occurring at the peripheries of the indentations
for all ductile metals [27].
In order to study the nature of the deformation processes, it is necessary to consider the local vertical deviations from the global behavior which are defined
quantitatively at any position by the value of the term
(hm - hg). These values are plotted in Fig. 5a, b for the
same sampling paths and, for easy comparison, all data are
plotted using the same scale. For the recovered sample in
Fig. 5a, the perturbations in the vertical scale, with maximum heights of *5–7 nm, correspond to the general
roughness of the polished surface. By contrast, for the
HPT-deformed sample in Fig. 5b the perturbations display
larger oscillations and there are local maxima or minima
occurring at relatively regular intervals of the order
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Fig. 3 Indentations produced on the polished surfaces of Al–30 wt%
Zn in a the recovered condition and b after HPT processing: the scales
on the right denote the vertical levels and the surface height profiles
were recorded along the labeled paths

of *0.5 lm which correlate with the measured grain size
of *0.4–0.5 lm. The larger displacements recorded in
Fig. 5b have heights up to a maximum of *40 nm and,
since they occur at discrete intervals of *0.5 lm, they
must correspond to the relative movements of adjacent
grains in the vicinity of the indentation. These repetitive
oscillations provide direct evidence for the occurrence of
extensive grain boundary sliding during dynamic indentation of the ultrafine-grained Al–Zn sample.
Typical profiles across the Vickers microhardness patterns are shown in Fig. 6 for samples in both conditions.
There is a significant difference in the shapes of the piledup material for these two samples. While the material
formed in the case of the recovered sample is only shortterm in nature and is sharply defined only in the immediate
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Fig. 4 Plots of the vertical profiles against the position from the
edge of the Vickers pattern for a the recovered condition and b the
HPT-deformed state

vicinity of the Vickers pattern, the material associated with
the HPT-deformed sample is relatively long-term and
spreads out over several micrometers from the indentation.
This behavior is a direct consequence of the relatively high
strain rate sensitivity in this sample.
Due to the vertical movement of the ultrafine grains in
the HPT sample, the areas of piled-up material observed
around the Vickers indentations in this sample, labeled
AHPT,left and AHPT,right in Fig. 6, are larger than those in the
recovered sample designated ARe,left and ARe,right. Considering the formation of these distorted materials, it follows
that the effective contribution of grain boundary sliding to
the total strain in the ultrafine-grained sample may be
represented by the ratio
AHPT  ARe
 100
AHPT


AHPT;left þ AHPT;right  ARe;left þ ARe;right

¼
 100
AHPT;left þ AHPT;right

Rð%Þ ¼

ð1Þ
Measurements were taken along two mutually
orthogonal directions at five selected Vickers patterns in
both the recovered and the HPT-deformed samples thereby
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Fig. 5 Plots of the local vertical variations against the position from
the edge of the Vickers pattern for a the recovered condition and b the
HPT-deformed state

Fig. 6 Plot of the vertical profiles across the centers of the Vickers
patters for samples in the recovered and HPT-deformed conditions:
ARe,left and ARe,right, plus AHPT,left and AHPT,right, represent the areas of
the pile-ups observed on the two opposite sides of the Vickers
patterns for the recovered and HPT-deformed samples, respectively

giving a total of 10 separate measurements of AHPT and
ARe. From these measurements, Eq. 1 was used to estimate
the area values as AHPT & 1.95–2.35 lm2 and ARe &
0.95–1.15 lm2. Taking these estimates for AHPT and ARe,
the value of R changes between 40 and 60%. These
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calculations suggest, therefore, that grain boundary sliding
makes a significant contribution to the accommodating
strain in the ultrafine-grained sample especially when it is
noted that measured sliding contributions of *60%
typically represent situations where all of the strain is
produced by the sliding process [28].
The high value of the strain rate sensitivity and the
estimated significant role of grain boundary sliding are
mutually consistent and they both provide an explanation
for the super-ductility observed in the Al–Zn alloy at
ambient temperature. The reason for this unusual behavior
can be attributed to the development of thin layers of a
Zn-rich grain boundary phase, which leads readily to the
occurrence of enhanced sliding. In this model, the high
ductility state corresponds to the ultrafine-grained structure
where large fractions of the Al/Al boundaries are wetted
with thin Zn layers. This structure may be a consequence of
a grain boundary wetting phase transformation in which the
transformation proceeds at a temperature TwGB, where the
grain boundary energy, cGB, becomes higher than the
energies 2cSL for the two solid/liquid interfaces or 2cSS for
the two solid/solid interfaces [29–32].
From the bulk Al–Zn phase diagram, it is deduced that
the Al–Zn system belongs to the classical system with a
critical point for a binary solution [33]. In practice,
boundary wetting by both the solid and liquid phases is
feasible in the Al–Zn system due to the relatively low
energy of the Al/Zn interfaces [34, 35]. Recent experiments
measured the mean contact angle in polycrystalline Al–Zn
between the Al/Al boundaries and boundary particles of the
Zn phase after long anneals below the monotectoid temperature of Tmon = 277 °C [36]. These measurements
show the contact angle decreases with decreasing temperature and a condition of full wetting by a Zn-layer is fulfilled at room temperature for all Al/Al boundaries. This
means that all of the Al/Al boundaries are wetted by a layer
of Zn at room temperature and this layer may be relatively
thin depending on the Zn content and the time for equilibration. Moreover, during SPD processing and the formation of ultrafine grains, the vacancy concentration and
the diffusion coefficient increase by *4–5 times and the
boundary energy increases by *70–80% due to the
appearance of an excess defect density [37, 38], which also
contributes to the formation of this thin boundary layer of
Zn. This hypothesis of forming lubricating Zn boundary
layers in this alloy is supported by the estimation of the
sliding contribution to the total ductility. Since the Zn wets
the Al grain boundaries during grain refinement by SPD
processing, it can be supposed that the Zn layer provides
lubrication and thereby facilitates easier GB sliding and a
consequent enhancement in ductility. The origin and role
of the Zn layers will be checked experimentally in our on
going studies.
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Summary
This research suggests the potential for achieving high
strength and high ductility in ultrafine-grained alloys using
a GB wetting transition at room temperature. In principle,
the high strength is ensured by the ultrafine grains of
component A with a high melting temperature and the high
ductility is ensured by the thin equilibrium wetting layers
of component B having a lower melting temperature and
lying along the A/A interfaces.
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