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Herein, the characterization of microstructures and mechanical properties of
Al–Zn alloys ultrafine-grained (UFG) by using high pressure torsion (HPT) is
surveyed. Emphasis is placed on the decomposition of the solid solution
structures due to the HPT process, leading to unique mechanical and plastic
properties of the UFG alloys. The decomposed microstructures, the grain
boundaries wetted by Zn-rich layers, as well as the softening, grain boundary
sliding (GBS) with usually high strain rate sensitivity and super-ductility of the
HPT-processed samples are described and discussed. Furthermore, the
innovation potential of intensive GBS at room temperature is briefly considered.

1. Introduction

It is well-known that among the binary Al-based alloys, the best
known Al–Zn system is particularly suitable for studying the
mechanisms and kinetics of both solid solution- and precipitation-
strengthening.[1] Some typical compositions, such as eutectic
Al–95 wt% Zn, eutectoid Al–70 wt% Zn, and solid solutions with
Zn contents lower than 31.6 wt%, have been extensively studied.[2–20]

In general, the mechanical and plastic behavior of a given
material is dominantly determined by its microstructure, which
depends not only on the chemical and phase compositions but

also on the grain-size, for instance, via the
Hall–Petch equation[21,22] describing the
strengthening effect of the grain size, d, by

σy ¼ σ0 þ A·d�1=2 (1)

where σy is the yield strength necessary for
the onset of plasticity of a polycrystalline
material, σ0 is the friction stress, and A is
a positive material constant related to the
stress required to extend the dislocation
activity into adjacent grains. Equation (1)
demonstrates that for a given composition,
the yield strength increases with decreasing

the grain size. Furthermore, taking into account also the impor-
tant role of grain size in superplastic deformation by considering
the constitutive equation[23–26]
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where ε̇ is the strain rate of the superplastic flow, D is the coeffi-
cient of grain-boundary diffusion, μ is the shear modulus of the
investigated material, b is the magnitude of the Burgers vector,
k is the Boltzmann constant, T is the absolute testing temperature,
p is the grain-size exponent, σ is the flow stress of the deformation
process, q is the stress exponent, and A* is a dimensionless
constant, it can be expected that a decrease of grain-size, d, should
improve the occurrence of superplasticity at relatively low temper-
atures and/or relatively high strain rates.

The improvements in the strength and ductility of materials
would have positive economic impacts. The significance of both
Equation (1) and (2) was a strong motivation of several first
efforts to get finer grain sizes in conventional materials using
severe plastic deformation (SPD).[26–32] In the last two decades,
the application of SPD processing has shown the possibility to
change the grain size significantly and the mechanical properties
of many metals and alloys. Several methods such as high-
pressure torsion (HPT),[26,27,32–39] equal-channel angular pressing
(ECAP),[31,40–47] and accumulative roll-bonding (ARB)[48,49] were
used to apply SPD on different materials.

In this review, some recent results on the characterization of
microstructural and mechanical properties of HPT-processed
Al–Zn alloys are summarized. The main results contain the grain
refinement and decomposition of the microstructures, the
formation of special grain-boundaries leading to intensive grain
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boundary sliding (GBS), as well as the unique plastic behaviors of
these materials. Possible practical importance of intensive GBS
is also reviewed.

This article summarizes several results of previous joint
researches where the present authors have had opportunities
to cooperate with Professor Terence G. Langdon. We have learnt
so much from Langdon about the superplasticity of ultrafine-
grained (UFG) materials, the important role of GBS, and so on.
We could count on his assistance almost at any time, remotely
by e-mail or personally in conferences, workshops. Hereby,
the authors would like to express their warm thanks to Prof.
Terence G. Langdon and are glad to contribute to this special
issue honoring his anniversary.

2. Characterization of the Microstructure of
HPT-Processed Al–Zn Alloys

2.1. Grain-Refinement and Decomposition

Al–Zn alloys having a Zn content from 2 to 30 wt%were obtained
from high purity (5N Al and also 5N Zn) components. After
casting, the billets were homogenized at 500 �C for 5 h. The homo-
genized microstructures have a grain size of about 60–70 μm.
Disc-shaped samples having a diameter of 20mm and a thick-
ness of 1.4 mm were fabricated and always (again) homogenized
at 500 �C for 1 h, followed by room temperature (RT) water quench-
ing to get solid solution state immediately before HPT processing.
The homogenized discs were processed by HPT[8,13,14] at a rotation
speed of 1 rpm, applying a pressure of 6 GPa. All studies in this
subject have shown a significant grain-refinement and a decom-
position of the microstructure in the Al–Zn samples after HPT-
processing up to 10 revolutions at RT). The final grain size was
lower than 1 μm and depended on the Zn content. The average
grain-size of Al–2 wt% Zn, Al–5 wt% Zn, Al–10 wt% Zn, and
Al–30 wt% Zn alloys were about 950, 500, 435, and 350 nm,
respectively.[14] Hereafter, these compositions are denoted as
Al–2Zn, Al–5Zn, Al–10Zn, and Al–30Zn, respectively. The trans-
mission electron microscopy (TEM) images in Figure 1 show, for
instance, the microstructure of the HPT-processed Al–30Zn
sample.

In addition to the grain refinement, HPT processing has also
resulted in decomposition of the solid solution states, as shown
in Figure 1b for Al–30Zn sample. The experimental results[8]

showed that Zn particles formed in the triple junctions of Al/Al
grain boundaries and also inside the Al grain interiors. The
size and distribution of the Zn particles formed during HPT
processing depend on the Zn content. In the case of the lowest
Zn-concentrated Al–2Zn alloy, Zn particles with the size lower
than 20 nm can be found,[14] but for the high Zn contents of
10 and 30wt%, well-developed particles of about 150–200 nm
are formed in the triple junctions of the Al grains. For these higher
Zn-containing alloys, smaller Zn particles with the size of only
5–15 nm can also be observed inside the Al grains (Figure 1b).

Concerning the characteristics of the HPT-processed samples,
Figure 2 shows the dislocation density and the coherent domain
size of the Al matrix as a function of the nominal Zn concen-
tration.[18] It can be seen that both parameters are “normally”
changing, similar to the behavior of Al–Mg alloys.[50] Due to

the pinning effect of the solute atoms and precipitates, the disloca-
tion density increases and correspondingly the coherent domain
size decreases with increase in Zn concentration. It should be
noted that the coherent domain size corresponds to the subgrain
size; therefore, it is smaller than the grain size determined by
microscopy.

2.2. Grain Boundaries Wetted by Zn-Rich Layers
in HPT-Processed Al–Zn Alloys

Together with the grain refinement and the decomposition of the
solid solution into Al matrix and Zn particles, microstructural
investigations taken by using TEM and energy-dispersive X-ray
spectroscopy (EDS)[12,14,20] have also revealed a special structure
of the grain boundaries wetted by the segregation of Zn solute
atoms in high Zn-containing Al–10Zn and Al–30Zn alloys. In the
case of Al–30Zn sample, more than 50% of the Al/Al grain
boundaries is wetted by Zn-rich layers as shown in Z-contrast
high-angle annular dark field (HAADF) image and EDSmapping
of Figure 3.

A wetting layer having thickness of about 2 nm can be seen in
the high-resolution transmission electron microscopy (HRTEM)
image of Figure 4. It should be noted that the phenomenon of
deformation-induced phase transformation as the decomposition
of a supersaturated solid solution is well-established in other
alloys, for instance, in Al–Mg[3] and Cu-based alloys.[51]
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In the present case of Al–Zn alloys, the Al grains, Zn particles,
and the Zn-rich layers formed due to the decomposition are
certainly new components in the decomposed microstructure.
It can be expected that the decomposedmicrostructure will change
significantly the mechanical and physical behaviors of the original
alloys. Before reviewing the mechanical and plastic properties
of the HPT-processed Al–Zn samples, let us see the effect of
the decomposed microstructures on the thermal stability studied
by calorimetry.

2.3. The Effect of the Decomposition on the Differential
Scanning Calorimetry Thermograms

Typical differential scanning calorimetry (DSC) thermograms[18]

taken on the HPT-processed Al–Zn samples with different Zn

contents can be seen in Figure 5a. The curves obtained for
the HPT-processed Al–30Zn sample is plotted together with
that of the annealed state in Figure 5b. It can be seen that the
thermogram of the annealed sample has well-defined endothermic
peaks indicating the dissolution of Guinier–Preston (GP) zones
and the solution of Zn in Al.[52] However, for the HPT-processed
Al–30Zn sample, the first DSC peak was not observed, as SPD
facilitated the development of Zn particles without the formation
of metastable GP zones.

Comparing the thermograms of theHPT samples with different
(2, 5, 10, and 30 wt%) Zn contents (Figure 5a), it can be seen that
there is a conspicuous difference between the Al–30Zn sample
and the other three lower Zn-concentrated alloys. A double-peak
thermogram is observed only for Al–30Zn sample, which consists
of two peaks located at T¼ 525 and 555 K. The first peak at 525 K,
which is similar to the second peak of the annealed state, corre-
sponds to the dissolution of Zn in Al (see Figure 5b). The second
endothermic peak at 555 K for the HPT-processed Al–30Zn sample
most probably indicates the dissolution of the Zn-rich boundary
layers. This second peak cannot be observed at lower Zn contents.
Therefore, the presence of this peak indicates the significant
amount of the Zn-rich layers in the Al–30Zn alloy.

In the light of decomposed UFG microstructure, let us review
now the mechanical and plastic behaviors of the investigated
Al–Zn samples.

3. Characterization of the Mechanical Properties
of the HPT-Processed Al–Zn Alloys

3.1. The Normal Strengthening and Abnormal softening

Figure 6 shows the effect of Zn concentration on the hardness
of the HPT-processed Al–Zn alloys. For comparison, the hard-
ness values of the annealed samples are also plotted in Figure 6.

Figure 2. Effect of HPT processing on the dislocation density and
coherent domain size as a function of the nominal Zn concentration.
Reproduced with permission.[18] Copyright 2017, Elsevier.

Figure 1. Microstructure of the HPT-processed Al–30Zn sample, showing a) the UFG microstructure and b) Zn particles at triple junctions of Al/Al
boundaries and within Al grains. Reproduced with permission.[8] Copyright 2010, Springer.
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For Zn concentrations not more than 10 wt%, the normal strength-
ening effect of SPD can be observed as the hardness of the HPT-
processed samples is higher than that of the annealed samples.
In the case of the Al–30Zn alloy, however, there is a strong reduc-
tion in hardness, indicating an abnormal softening due to HPT.
The abnormal softening of the high Zn-concentrated Al–30Zn
alloy is certainly a consequence of the mentioned strong decom-
position of the annealed microstructure in this alloy,[12] leading
to significant decrease of the strengthening effect of the (Zn)
solute atoms.

The abnormal softening of the HPT-processed UFG Al–30Zn
sample was studied also by nanoindentation.[12] To emphasize
the significant changes, the indentation behavior of the HPT-
processed Al–30Zn sample is compared with that of the coarse-
grained (annealed) counterpart having the same composition,

as well as with that of coarse-grained and UFG pure Al.[12]

A series of 400 nanoindentation measurements were made at a
low maximum load of 0.5 mN so that the size of the indentation
pattern was close to or smaller than the grain size in this UFG
sample. Under these conditions, the indentation measurements
were carried out mainly on individual grains in both the UFG Al
and Al–30Zn samples. Figure 7 shows some typical load–depth
(F–h) indentation curves (Figure 7a) and the distribution of the
nanohardness (Figure 7b) obtained for the investigated samples.
It can be seen that the behavior of the UFG Al–30Zn sample
is rather similar to that of the UFG pure Al, and although
the UFG Al–30Zn is harder than the coarse-grained Al, it is
much softer than the coarse-grained annealed Al–30Zn sample,
also indicating the mentioned abnormal softening due to HPT
processing.

3.2. Characteristics of Plastic Deformation

Several investigations of the plastic behaviors of materials are
rather focused on strain rate sensitivity (SRS) because it is well
established that this parameter correlates to the ductility.[53]

Because of the significance of this parameter, several methods
were developed for determinations of the SRS, including the
conventional tensile testing,[54–59] impression creep[60–62] and
depth-sensing indentation testing[63–67] techniques.

Recent experimental results have also shown a correlation
between SRS and viscous properties of UFG Al–Zn alloys.[68]

The SRS values determined by applying the indentation creep
method[65] on the HPT-processed Al–Zn samples are 0.08, 0.14,
0.17, and 0.25 for Al–2Zn, Al–5Zn, Al–10Zn and Al–30Zn,
respectively.[18] Experimental results show that the SRS increases
with Zn content, and an unusually high value (0.25) was obtained
for the Al–30Zn alloy. In general, the UFG materials produced
by SPD exhibit extremely low SRS of about 0.01–0.03.[69] In the
present case, the relatively high SRS should be attributed to the
Zn addition. Furthermore, the unexpectedly high SRS obtained
for the HPT-processed Al–30Zn sample is a consequence of the
high fraction of Al/Al grain boundaries wetted by Zn-rich layers,

Figure 3. Zn-rich layer at an Al/Al grain boundary in the HPT-processed Al–30Zn alloy, demonstrated by a) TEM and b) results of EDS line profile analysis.
Reproduced with permission.[12] Copyright 2014, Wiley.

Figure 4. HRTEM image showing a wetting layer along an Al/Al grain
boundary in the HPT-processed Al–30Zn sample. Reproduced with
permission.[20] Copyright 2014, Elsevier.
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which lead to intensive GBS and then to a super-ductility,[8] as
shown in Figure 8.

The stress–elongation curves of Figure 8 demonstrate that
both the stress and the total elongation of the Al–30Zn samples
deformed at RT depend strongly on the strain rate. The HPT-
processed UFG Al–30Zn samples exhibit unusually high ductil-
ity of about 160% when testing at strain rate of 10�4s�1 at RT.[8]

To characterize the role of the grain boundaries, nanoindenta-
tion measurements were made in different conditions, causing
plastic deformation at different scales.[11] A series of 400 nano-
indentationmeasurements weremade first at a very lowmaximum
load of 0.5 mN—similar to the conditions of measurements
presented in Figure 7—so that the size of the indentation pattern
was about equal to the average grain size of the UFG Al–30Zn
alloy. In this case, as it has already beenmentioned, most probably
the measurements were carried out on individual grains in both
UFG Al and Al–30Zn samples. Figure 9 shows the distribution of

Figure 6. Effect of HPT processing on microhardness of different Al–Zn
alloys, showing both “normal” strengthening and “abnormal” softening.
Reproduced with permission.[18] Copyright 2017, Elsevier.

Figure 5. DSC thermograms taken at a heating rate of 20 Kmin�1 on a) HPT-processed Al–Zn alloys with different Zn contents and b) both annealed and
HPT-processed Al–30Zn samples. Reproduced with permission.[18] Copyright 2017, Elsevier.

Figure 7. a) Typical indentation depth-load curves obtained on different
materials and b) distribution of the nanohardness, demonstrating
the abnormal softening of the HPT-processed UFG Al–30Zn alloy.
Reproduced with permission.[12] Copyright 2014, Wiley.
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the nanohardness obtained for different loading rates on the UFG
Al–30Zn sample. It can be seen that these nanohardness spectra
are almost the same, indicating that under this condition, the
nanohardness of UFG Al–30Zn is not sensitive to the loading
rate. This means that when only one grain is deformed in UFG
Al–30Zn, the SRS is very low so that the deformation process or
the nanohardness is not sensitive to the strain rate.[11]

When the maximum load was increased to 1mN, the size of
the indentation pattern was�1–1.5 μm, which is about 3–4 times
larger than the average grain size of the UFG Al–30Zn alloy
so that the indentation pattern covers a group of at least �5–7
grains. In this case, the experimental results shown in Figure 10a
reveal that the distribution of the nanohardness obtained on the
UFG Al–30Zn alloy becomes sensitive to the loading rate. Fitting
Gaussian functions to the measured spectra and taking the peak
value, similar to the results of the mentioned indentation creep

method,[18] a SRS of m � 0.25 was estimated. This result shows
clearly that, when a group of grains is plastically deformed in the
UFG Al–30Zn alloy, the role of the grain boundaries should be
taken into account. The nanoindentation results presented in
Figure 10b confirm the low SRS of UFG pure Al as the nano-
hardness distribution of this material appears insensitive to the
loading rate.[11]

Performing microhardness measurements at different testing
temperatures, the activation energy characterizing the process
of plastic deformation in the UFG Al–30Zn alloy has been
determined.[11] The experimentally determined activation energy
of 65 kJ mole�1[11] is lower than the values for self-diffusion in
Al (142 kJ mole�1[70]), self-diffusion in Zn (92 kJ mole�1[70]), or
grain boundary diffusion in Al (84 kJ mole�1[70]). Therefore,
it can be supposed that in the UFG Al–30Zn the process of plastic
deformation is controlled neither by the self-diffusion of Al nor
by the self-diffusion of Zn atoms.
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Figure 8. Stress–strain curves obtained at different strain rates on
HPT-processed Al–30Zn samples deformed by tensile test, showing the
super-ductility of this sample at RT. Reproduced with permission.[8]

Copyright 2010, Springer.

Figure 9. The distribution of hardness obtained at the maximum load of
0.5mN with two different loading rates on UFG Al–30Zn alloy. The solid
lines indicate Gaussian fit of the spectra, showing the very low sensitivity of
the deformation process in small (about one grain) scale. Reproduced
with permission.[11] Copyright 2012, Elsevier.

Figure 10. The distribution of nanohardness obtained at the maximum
load of 1mN with two different loading rates on a) UFG Al–30Zn alloy and
b) UFG pure Al. The solid lines indicate the Gaussian fit of the spectra,
showing the higher sensitivity of the deformation process in larger (a group
of several grains) scale in the case of UFG Al–30Zn sample. Reproduced
with permission.[11] Copyright 2012, Elsevier.
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Using some reasonable parameters,[11] the diffusion coeffi-
cient in the UFG Al–30Zn alloy was estimated as having a value
that correlates with the measured, relatively high diffusivity
(�10�15 m2 s�1) for Zn along Al/Al grain boundaries.[71,72] This
suggests that the process of plastic deformation in UFG Al–30Zn
alloy at RT is controlled mainly by Zn diffusion along the Al/Al
grain boundaries, emphasizing the importance of the Zn-rich
layers covering Al/Al boundaries in the UFG Al–Zn alloys.
The accelerated diffusion of Zn along the Al/Al boundaries may
serve to enhance the development of GBS. It has been reported
earlier[7] that the fraction of Al/Al boundaries plays a critical role
in the Zn–22% Al eutectoid alloy processed by SPD, as these
boundaries generally exhibit an essentially lower sliding contri-
bution than the Zn–Zn and Zn–Al boundaries.

Both the high diffusivity and the mentioned high SRS are
predicting significant role of GBS in the UFG Al–30Zn alloy,
leading to the super-ductility and even superplasticity (over 400%
tensile elongations) at RT, as it was recently shown on the UFG
alloy Al–30 at%Zn (Al–60 wt%Zn)[73] tested at strain rate of
5.5� 10�5 s�1. To check experimentally this prediction, as well
as the relationship between SRS and plasticity, micropillars (having
diameters of �3 μm and heights of �10 μm) were prepared and
deformed by nanocompression.[12] In the next section, some
examples for micropillar compressions will be overviewed.

3.3. Intensive GBS at RT and its Effect on the Deformation
Process

For the micropillars deformed by compression, it should be
noted that the pillars fabricated on the surface of the UFG
Al–30Zn sample having a grain size of �300�400 nm can be
regarded as polycrystalline specimens at the micro scale. The
micropillars in the annealed, coarse-grained samples, however,
are rather single crystals. Figure 11 shows a scanning electron
microscopy (SEM) image presenting the preparation process
of the pillars on the coarse-grained Al–30Zn sample. Four pillars
can be seen on three grains having different orientations (see
Figure 11a). The orientations of these grains were determined
using the electron back-scattered diffraction (EBSD), as shown
in Figure 11b.

Figure 12 shows some stress–strain curves characterizing the
compression of micropillars on the surfaces of both coarse-
grained annealed and UFG Al–30Zn samples. It can be seen that
the flow stresses of the coarse-grained Al–30Zn samples are
much higher than that of the UFG alloy, again expressing the
abnormal softening of the HPT-processed sample.

Considering the deformation of the micropillars, further
significant differences can be observed between the behaviors
of the coarse-grained and UFGmaterials. While the compression
curves of the coarse-grained samples show the presence of visible
strain avalanches, the curves obtained for the UFG pillars are
smooth and there is a marked absence of any strain avalanches.[12]

Strain avalanches are well-known phenomena characterizing
the plasticity of micrometer-scale single crystals.[74–79] In the case
of the UFG polycrystalline micropillars, however, the role of
the grain boundaries must be taken into consideration, when
interpreting the plastic behavior of these UFG samples. In this
context, grain boundaries can act as obstacles against moving

dislocations but also they may become sources for dislocations.
Furthermore, if grain boundary diffusion is accelerated, leading
to the occurrence of significant GBS, the deformation process
will take place primarily through the motion of grain boundaries.
Because of these compensating effects, it follows that strain
avalanches cannot take place in the polycrystalline pillars and

Figure 11. Images demonstrating the preparation of micropillars on the
annealed, coarse-grained Al–30Zn sample, showing a) the beginning of
the milling by focused ion beam (FIB) and b) the orientation of the pillars
detected by EBSD. There is a triple junction of three grains having different
crystallographic orientations in the middle of the image, showing the
grains having orientation near<100> and <111> on left and upper right,
respectively. Reproduced with permission.[12] Copyright 2014, Wiley.
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therefore the smooth flow of the UFG samples should be attrib-
uted to the effect of the grain boundaries.

The examination of the compressed micropillars by SEM
has also revealed significant differences between the surface
morphologies of the coarse-grained and UFG samples. Figure 13
shows typical surface morphologies of both samples. In the case
of the coarse-grained sample (see Figure 13a,b) strain localiza-
tions and extreme slip bands are observed near to the direction
of maximum shear stress at 45� relative to the orientation of the
compression stress. By contrast, no strain localizations and
extreme slip bands can be observed on the surface morphologies
of the compressed UFG micropillars as shown in Figure 13c,d
in different magnifications.

It is well-established that the mechanism of GBS can be made
visible by using atomic force microscopy (AFM).[8,80,81] Figure 14
shows an indentation pattern formed by pressing a Vickers
indenter on the surface of an UFG Al sample. Analyzing the
morphology of the surface around the pattern, it can be seen that
there is a rumpling around the indentation, which corresponds
to the movement of grains within the UFG matrix. It can be con-
cluded that the grains having a size of about 1 μm move with
respect to each other, providing a good evidence for the occur-
rence of intensive GBS as a significant mechanism for deforma-
tion process of UFG pure Al at RT.[81]

It is also well known that GBS is the main mechanism for high
temperature superplastic deformation,[82–84] which is generally

Figure 12. Typical compression stress–strain curves obtained for micro-
pillars on the surface of both coarse-grained and HPT-processed UFG
Al–30Zn samples, demonstrating strain avalanches in the single crystal
pillars on the coarse-grained sample, and smoothly stable deformation
without avalanches in the UFG pillars. The single crystal pillars A and B
have orientations near <100> and <111>, respectively. Reproduced with
permission.[12] Copyright 2014, Wiley.

Figure 13. The surface morphologies of the deformed micropillars on the surface of a,b) the coarse-grained Al–30Zn sample in two different positions
(separated by 60� rotation), demonstrating strain localizations and extreme slip bands corresponding to the avalanches visible on sample A in Figure 12. c,d)
the HPT-processed UFG Al–30Zn sample at low and high magnifications, respectively, showing a direct evidence for the occurrence of intensive GBS
without strain localizations and extreme slip. Reproduced with permission.[12] Copyright 2014, Wiley.
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characterized by a relatively high SRS. In the case of UFG pure
Al, despite the significant role of GBS, the value of SRS and
the ductility is very low. As it has been mentioned, in general,
a low value between 0.01 and 0.03 is typical for the SRS of face-
centered cubic (fcc) metals deformed at low temperatures.[69]

Comparing with the plastic properties of the UFG Al alloy,
the behavior of the HPT-processed UFG Al–30Zn is quite unique
and prominent due to its superductility with a total elongation
higher than 150% and a corresponding unusually high SRS at RT.

The unique properties of the HPT-processed Al–30Zn alloy
at RT are due to the special sliding of grain boundaries wetted
by thin Zn layers. Figure 15 shows a typical AFM image of the
surface pattern after indentation with a Vickers indenter on the
UFG Al–30Zn sample.[8] It can be observed that the surrounding
area of the Vickers pattern looks like it has been scattered by

“sand-like” grains having a size of about 400 nm. Detailed meas-
urements[8] have revealed that, similar to the situation shown in
Figure 14 for UFG pure Al, the rumpling picture also corresponds
to the movements of the individual ultrafine grains within the
ultrafine crystalline matrix.

Considering the relationship between SRS and the contribu-
tion of GBS to the total deformation process, it should be empha-
sized that while there is a significant difference between SRS of
UFG Al and UFG Al–30Zn, there is no quantitative difference in
the contribution of GBS for these two materials. This contri-
bution to the total deformation process has been measured as
50%–60% for both materials,[8,80,81] but the SRS of the UFG
Al is very low, only about 0.03.[11] An interpretation has been
given by considering the shapes of the pile-ups around the
Vickers patterns shown in Figure 14 and 15, where there is a
significant qualitative difference in the flow process for these
two materials.[11,19]

Figure 16a shows typical vertical profiles across the Vickers
indentation patterns for the UFG pure Al and UFG Al–30Zn

Figure 14. An AFM image of the surface of a UFG pure Al sample
deformed by indentation using a Vickers indenter. Reproduced with
permission.[81] Copyright 2006, Elsevier.

Figure 15. An AFM image of the surface of the UFG Al–30Zn sample
deformed by indentation using a Vickers indenter. Reproduced with
permission.[8] Copyright 2010, Springer.

Figure 16. Vertical profiles across the centers of the Vickers patterns
a) showing the development of pile-ups as qualitative difference in
GBS of UFG pure Al and Al–30Zn and b) schematically demonstrating
the deformation profile under the Vickers indenter and the correlation
between GBS and SRS. Reproduced with permission.[19] Copyright
2011, Trans Tech Publication.
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presented in Figure 14 and 15, respectively. These profiles reveal
that the pile-ups formed on the surface of UFG pure Al are
short-range and appear sharp only in the close vicinity of the
Vickers pattern whereas in the case of the UFG Al–30Zn alloy
the pile-ups seem to be long-range and spread over relatively
long distances from the Vickers pattern. This difference can be
explained by the significantly higher mobility of the Zn-wetted
grain boundaries in the Al–30Zn alloy, the behavior of which
tends to that of liquids, so that this UFG material becomes
super-ductile at RT. This difference in the flow process correlates
directly with the values of the SRS of these two materials, as illus-
trated schematically in Figure 16b. In the case of UFG Al–30Zn
alloy, because of a relatively high SRS, high pile-ups cannot form
around the Vickers pattern, which is similar to the phenomenon
in tensile testing when the strain/stress will not concentrate locally
so that a neck is not formed. Instead, the pile-ups spread over
a large area, homogenizing the deformation and consequently
leading to the super-ductility of this alloy at RT. Physically, the
higher SRS of the HPT-processed UFG Al–30Zn hinders more
effectively the local deformation in the vicinity of the Vickers
pattern where the strain and the strain rate are the highest. In this
way, the deformation process tends to spread over larger distances
from the pattern.

4. Innovation Potential of Intensive GBS at RT

Let us review the deformation processes occurring in the coarse-
grained and UFGmicropillars shown in Figure 12. The significant
differences between the deformation of these samples can be
interpreted using the results of the SEM investigations shown
in Figure 13. The strain localizations and extreme slip bands
observed in the coarse-grained samples (Figure 13a,b) correlate
directly with the strain avalanches visible in the compression curves
of the micropillars for the coarse-grained samples (Figure 12).
In general, the large strain fluctuations may lead to uncertainties
in plastically forming micrometer-scale single crystals because of
the possibility of catastrophic failure.[75] For this reason, in practical
application, micrometer-sized samples of coarse-grainedmetals are
not suitable for use in the fabrication of microdevices.

By contrast, no strain localizations or extreme slip bands
can be observed in the deformed UFG micropillars as shown
in Figure 13c,d. In addition, the observed surface morphologies
provide a very clear demonstration of the occurrence of intensive
GBS in the plastic deformation of the UFG materials. In the case
of these UFG samples, the compensating effect of the grain
boundaries has certainly converted the global maximum shear
stress along a direction of 45� into the motion of individual
ultrafine-grains, leading to deformation which exhibits cylindrical
symmetry as rings of refined grains displaced around the
sample. The observations presented in Figure 13c,d are unam-
biguously consistent with the smoothly stable compression
load-depth curves of the UFG samples shown in Figure 12. The
stable deformation by GBS of the UFG micropillars—without
the occurrence of any catastrophic avalanches—emphasizes
again the advantage of the sliding mechanism and suggests
an important potential for using the UFG materials in the
fabrication of microdevices.

5. Summary

Characterization of microstructures and mechanical properties
of HPT-processed UFG Al–Zn alloys by using TEM, SEM, EDS,
tensile and microhardness tests, depth-sensing indentation (DSI),
micropillar compression, and DSC is reviewed. The following are
the main points of the review: 1) For low Zn contents, normal
strengthening was dominant, whereas for the highest Zn
concentration an abnormal softening was observed due to micro-
structural decomposition. 2) The strong microstructure decom-
position in high Zn-concentrated alloy leads also to the formation
of Zn-rich grain boundary layers, which wet the Al/Al grain
boundaries and enhance the role of GBS in plasticity with an
unusually high SRS. 3) The present results demonstrate the
importance of an enhancement in diffusion along the grain boun-
daries, which promotes flow by GBS. The occurrence of intensive
GBS at RT in the UFG Al–30Zn alloy led to super-ductility at RT.
4) Due to the significant role of grain boundaries in plasticity of
UFG materials, the deformation process is relatively homogenous
and stable at the microscale without the detrimental strain
avalanches. Engineering of the microstructure, for example by Zn
segregations along the boundaries of aluminum grains, makes
it possible to achieve superplasticity at low temperatures, and this
effect may have important practical implications in electronic
industry and especially for using these materials in microdevices.
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