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Abstract Ultrafine-grained (UFG) materials with grain
sizes in the submicrometer or nanometer range may be
prepared through the application of severe plastic defor-
mation (SPD) to bulk coarse-grained solids. These mate-
rials generally exhibit high strength but only very limited
ductility in low-temperature testing, thereby giving rise to
the so-called paradox of strength and ductility. This para-
dox is examined and a new quantitative diagram is pre-
sented which permits the easy insertion of experimental
data. It is shown that relatively simple procedures are
available for achieving both high strength and high duc-
tility in UFG materials including processing the material to
a very high strain and/or applying a very short-term anneal
immediately after the SPD processing. Significant evidence
is now available demonstrating the occurrence of grain
boundary sliding in these materials at low temperatures,
where this is attributed to the presence of non-equilibrium
grain boundaries and the occurrence of enhanced diffusion
along these boundaries.
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Introduction

It is now well established that the grain size is an excep-
tionally important, and perhaps the dominant, structural
parameter in polycrystalline metals. At low temperatures,
typically at temperatures up to ~0.57,, where T, is the
absolute melting temperature, the measured yield stress,
Gy, varies with the grain size, d, through the Hall-Petch
relationship which is given by [1, 2],

oy = (70—|—kya’71/2 (1)

where G, is the lattice friction stress and k, is a yielding
constant. It follows from Eq. (1) that a reduction in grain
size leads to an increase in the overall strength. Accord-
ingly, thermo-mechanical processing operations are used
regularly in industry in order to produce significant grain
refinement. Nevertheless, the grain sizes produced by these
procedures are typically of the order of a few micrometers
and it has proven generally impossible to reduce the grains
to within the submicrometer range.

This situation changed in 1988 with the demonstration
that much smaller grains, lying within the submicrometer
range, may be produced through the application of severe
plastic deformation (SPD) to bulk coarse-grained solids
[3]. Specifically, it was demonstrated that the application of
SPD processing to an Al-4 % Cu-0.5 % Zr alloy reduced
the grain size to ~0.3 um thereby giving both high
strength and superplastic properties. Following this report,
a world-wide interest developed, and has continued to the
present day, in using SPD processing in order to achieve
ultrafine-grained (UFG) materials with average grain sizes
in the submicrometer or even the nanometer range.

The fundamental principle of SPD processing is that a
very high strain is imposed on the material without intro-
ducing any significant change in the overall dimensions of
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the sample. This means in practice conventional metal
processing techniques, such as extrusion, rolling, and
drawing, are necessarily excluded. Nevertheless, various
SPD techniques are now available and they have been
summarized and analyzed in several recent reviews [4-8].
To date, most interest has centered on the two SPD tech-
niques of equal-channel angular pressing (ECAP) and high-
pressure torsion (HPT) [9-11], primarily because ECAP is
relatively easy to conduct in any mechanical testing labo-
ratory and HPT, by comparison with ECAP, produces
materials having both smaller grain sizes [12, 13] and a
higher fraction of high-angle grain boundaries [14]. In
ECAP the material is in the form of a rod or bar and it is
pressed through a die constrained within a channel bent
through a sharp angle [15] whereas in HPT the sample is in
the form of a thin disk and it is subjected to a high pressure
and concurrent torsional straining [16].

A critical development arising early in the processing of
these UFG metals was that the materials exhibit high
strength but only very limited ductility. This led to the so-
called paradox of strength and ductility [17] which is
appropriately summarized by the maxim that “materials
may be strong or ductile, but rarely both at once” [18, 19].
This loss in ductility at very small grain sizes is due to the
low rate of strain hardening in these materials combined
with the low value for the strain rate sensitivity, m. Thus,
when the rate of strain hardening is high, dislocations
accumulate within the grains and, combined with a high
value of m, the onset of necking is delayed so that the
materials are able to exhibit reasonable levels of tensile
ductility. This behavior contrasts with UFG metals where
the very small grains interfere with the easy storage of
dislocations and instead the dislocations are absorbed at the
grain boundaries so that the rate of strain hardening is low
and the materials achieve only limited elongations to fail-
ure [20-22].

The classic paradox of strength and ductility was first
represented by the schematic illustration shown in Fig. 1
where the yield stress is plotted against the elongation to
failure and almost all UFG metals lie in the shaded area
below the solid curve [17]. This plot shows representative
datum points for Al and Cu where the numbers next to the
lines denote the strains imposed during rolling and the
original plot also includes points for other materials such as
Co, Mg, and Ti. Also shown in Fig. 1 are two points
labeled nano Ti and nano Cu where these nanostructured
metals exhibit combinations of exceptional strength and
ductility after processing through 5 turns of HPT and 16
passes of ECAP, respectively. It was concluded from these
limited results that it may be feasible to achieve both high
strength and good ductility in UFG metals by processing
through SPD to very large strains and thereby increasing
the strain rate sensitivity leading to the occurrence of grain
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Fig. 1 Conventional plot of yield stress against elongation to failure
illustrating the paradox of strength and ductility: almost all UFG
metals lie in the shaded area below the solid curve but the two points
labeled nano Ti and nano Cu are exceptions to the rule where
nanostructures were achieved by using SPD processing to impose
very large strains [17]

boundary sliding (GBS) [17]. This conclusion presents an
intriguing possibility which is examined in more detail in
the following sections.

Achieving a combination of high strength and good
ductility

Effect of processing to very high strains

Several different strategies have been proposed for
achieving both high strength and good ductility in UFG
metals [20, 23—-32] but often these strategies are applicable
only under limited conditions: for example, in precipita-
tion-hardened alloys [25] or in materials containing high
densities of nanotwins [32]. Accordingly, it is appropriate
to examine the possibility of achieving high strength and
good ductility by conducting conventional SPD processing
to very high strains.

The standard illustration of the strength-ductility para-
dox in Fig. 1 is qualitative in nature because there is no
definitive relationship delineating the solid curve which
separates high strength and high ductility in the upper part
of the diagram from conventional materials in the lower
part. Furthermore, Fig. 1 shows the absolute value of the
elongation to failure but this is known to be affected by the
gauge length to thickness ratio wherein a tensile specimen
with small gauge length to thickness ratio may artificially
show a very high elongation to failure [33, 34]. Accord-
ingly, it is first necessary to establish an alternative illus-
tration for the strength-ductility paradox.
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As described in detail in an earlier report [35], the flow
characteristics may be conveniently represented by plotting
the normalized yield stress, given by YSyrg/YScg, against
the normalized elongation to failure, given by €4.yrc/€a-cG»
where CG denotes the same material having a coarse grain
size. The principle of this type of plot is shown in Fig. 2
where the dashed horizontal and vertical lines depict the
situations where YSyrg/YScg and eq.uyrg/€n.cg are both
equal to 1.0. Any experimental points lying in the shaded
areas to the left of, and/or below, the dashed lines will
correspond to conventional behavior where either the
strength or the ductility is inferior to the CG material.
Alternatively, points lying in the open area in the upper
right of the diagram correspond to the high strength-high
ductility (HSHD) condition and this represents the region
where the paradox of strength and ductility breaks down. It
is interesting to note that the approach of plotting nor-
malized stress against normalized ductility minimizes the
inherent uncertainties that arise when comparing the duc-
tilities of samples having different gauge lengths. This is
because each of the datum point in Fig. 2 is normalized
with respect to a reference sample of the same geometry
and this minimizes the artificial effects that arise from
differences in the gauge length to sample thickness ratio.

It is important to recognize two points with respect to
Fig. 2. First, this plot is equivalent to the conventional
qualitative depiction in Fig. 1 except that it now becomes
feasible to insert quantitative information directly onto the
diagram. Second, and as shown earlier [35], other similar
and equally effective representations are also feasible by
plotting the ultimate tensile strength, given by UTSygg/
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Fig. 2 A quantitative and simple representation of the paradox of
strength and ductility where the normalized yield stress is plotted
against the normalized elongation: experimental points lying in the
shaded areas exhibit conventional behavior with strength and/or
ductility inferior to the coarse-grained material and points lying in the
open area at upper right exhibit both high strength and high ductility

UTScg, or the normalized uniform elongation, given by
Suniform—UFG/Suniform—CG-

In order to check the feasibility of overcoming the
strength-ductility paradox by imposing a very high strain,
experiments were conducted on a cast Al-7 % Si
hypoeutectic alloy where the material was processed by
HPT through different numbers of turns, N, under an
imposed pressure of 6.0 GPa at room temperature (298 K)
using an anvil rotation rate of 1 rpm [35]. Miniature tensile
specimens were machined from the HPT disks after pro-
cessing and then pulled to failure at 298 K using an initial
strain rate of 1.0 x 107> s~'. Representative stress—strain
curves are shown in Fig. 3 for the as-cast condition and for
samples processed by HPT through 1/4, 1, 5, and 10 turns,
respectively. Inspection of Fig. 3 shows that all stress—
strain curves are essentially similar with small regions of
strain hardening upon yielding and then, beyond the UTS,
extensive strain softening to failure. The values of the YS
and UTS are consistently higher after processing by HPT,
even for the specimen processed through only 1/4 turn, and
the highest elongations to failure are achieved when the
samples are processed through the highest values of five
and ten turns.

The results in Fig. 3 are similar to those obtained when
testing at 298 K at other strain rates in the range from
1.0 x 107*to 1.0 x 1072 s™" and the datum points for all
strain rates and each specimen are plotted in Fig. 4 [35]
using the new quantitative depiction of the yield stress
versus elongation to failure as shown earlier in Fig. 2. It is
now apparent that some specimens fall to the left of the
vertical dashed line so that the elongations are not suffi-
ciently high by comparison with the as-cast material
whereas other datum points fall in the HSHD region and
these specimens represent a clear breakdown in the
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Fig. 3 Representative plots of engineering stress versus engineering
strain for an Al-7 % Si alloy tested at 298 K with an initial strain rate
of 1.0 x 1072 s~ [35]: the gauge lengths and thicknesses of all
tensile specimens were 0.67 and 1 mm, respectively
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Fig. 4 Using the quantitative representation of strength and ductility
shown in Fig. 2 to illustrate datum points from a number of stress—
strain curves for the Al-7 % Si alloy tested at 298 K over a range of
initial strain rates from 1.0 x 10~*to 1.0 x 1072 s~: points lying in
the region at upper right show combinations of high strength and high
ductility which effectively overcomes the paradox of strength and
ductility [35]

conventional strength-ductility paradox. It was shown in an
earlier report that essentially the same information may be
obtained when plotting either the UTS or the uniform
elongation for each specimen [35]. However, it should be
noted that the instances of transitions to the HSHD region
are slightly reduced if the abscissa of Fig. 4 is replaced by
the normalized uniform strain [35]. This means, therefore,
that an increase in the numbers of turns in HPT produces a
clear transition to high strength and high ductility.
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Fig. 5 Using the conventional plot in Fig. 1 [17] to illustrate
experimental datum points for the Al-7 % Si alloy when testing at
an initial strain rate of 1.0 x 107> s~" after processing by HPT at 298
and 445 K: the arrow shows the effect of increasing the numbers of
turns in HPT [35]
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The results from these experiments with the Al-7 % Si
alloy may be plotted directly onto the strength-ductility
diagram as shown in Fig. 1. The result is given in Fig. 5
where the open triangle represents the initial as-cast con-
dition and the open circles and squares show experimental
points for the aluminum alloy when testing at an initial
strain rate of 1.0 x 107> s~' at HPT processing tempera-
tures of 298 and 445 K, respectively: the solid arrow
superimposed on Fig. 5 shows the effect of increasing the
numbers of turns in HPT [35]. Thus, it can be seen that the
Al-7 % Si alloy is significantly stronger than the high-
purity UFG aluminum shown in Fig. 1 [17] and, in addi-
tion, the strength and ductility are both increased by
imposing larger strains in the SPD processing. In practice,
these results show that the increase in ductility in the Al-
7 % Si alloy is more rapid than the increase in strength.
Nevertheless it is readily apparent that HPT processing to
high strains provides the capability of simultaneously
achieving both high strength and high ductility.

Effect of a short-term anneal after processing

As noted earlier, several of the strategies for overcoming the
strength-ductility paradox are restricted to a limited range of
materials involving nano-twinning or precipitation hardening.
However, it was shown in an early report on the processing of
Ti by HPT that it is possible to improve the overall ductility by
subjecting a material to a very short-term anneal after the SPD
processing [36]. The rationale behind this approach is that the
short-term annealing produces an ordering of the defect
structures within the grain boundaries so that they become
more equilibrated without the occurrence of any significant
grain growth. In addition, annealing may also decrease the
dislocation density in the grain interior of an SPD-processed
material, thereby facilitating effective dislocation storage, and
an enhanced storage capability may increase the strain hard-
ening leading to increased ductility in these materials. Sub-
sequently, similar results were reported for Cu processed by
ECAP [37], Ti processed by ECAP and drawing [38], Ti
processed by ECAP-Conform and drawing [39], and pure Ta
processed by HPT [40].

As an example of this approach, it is interesting to
consider recent results reported for an Al-1.0 % Mg solid
solution alloy where the processing was conducted by HPT
and the disks were subjected to short-term anneals of
10 min immediately following the HPT processing [41].
The annealed grain size of this alloy was ~400 pum prior to
HPT processing. However, this was reduced to ~200 nm
with a high fraction of high-angle grain boundaries through
processing by HPT for ten turns at room temperature under
an applied pressure of 6.0 GPa and with a rotation speed of
1 rpm. Following HPT, samples were annealed for 10 min
at selected temperatures from 373 to 523 K. Figure 6
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Fig. 6 Microstructures in an
Al-1 % Mg alloy after
processing by HPT through ten
turns and then annealing for
10 min at a 373, b 423, ¢ 473,
and d 523 K [41]

: F(?,, 10 turns+anneal at 373 K’ (b)

10 turns+anneal at 423 K.

% a T L

shows representative microstructures after processing
through 10 turns and then annealing for 10 min at (a) 373,
(b) 423, (c) 473, and (d) 523 K [41]. It is readily apparent
from these images that there is little or no grain growth at
373 K but the grains grow to ~360 nm at 423 K,
~940 nm at 473 K and ~1.98 pm at 523 K.

Figure 7 shows representative plots of engineering
stress against engineering strain for tensile tests con-
ducted at room temperature using initial strain rates of
(@ 1.0 x 107* and (b) 1.0 x 1072 s~ ! [41]. Thus, the
unprocessed annealed material consistently exhibits the
lowest flow stresses and the largest elongations to
failure. For samples processed by ten turns without
post-HPT annealing, the stresses are high but the
elongations to failure are very small. Nevertheless, the
introduction of a short-term anneal at 423, 473 or
523 K gives lower stress levels but much higher duc-
tilities. In general, these results suggest that a short-
term post-HPT annealing treatment at a temperature of
423 K appears to represent the optimum condition for
achieving both a reasonable level of strength combined
with a good tensile ductility.

Figure 8 summarizes the yield stress and elongation to
failure data of the Al-1 % Mg alloy as shown in Fig. 7 and
now presented in the form of Fig. 2: this plot also includes
experimental results for a strain rate of 1.0 x 107> s~'
which are not recorded in Fig. 7. It is apparent from
inspection of Fig. 8 that, irrespective of the strain rate, the
elongations to failure increase with the severity of the
annealing but at the same time the strength also decreases.
Nevertheless, although the short-term anneal increases the
ductility and alleviates the shortcoming of an essentially
brittle behavior after SPD processing, the datum points in
Fig. 8 are not displaced into the HSHD region. However, a
careful examination of Fig. 8 shows that the elongation to
failure of the processed material relative to the unpro-
cessed material increases more at the lowest strain rate of
1074 s7! and, furthermore, the decrease in yield stress
relative to the increase in ductility is minimum when the
sample is annealed at the lowest temperature of 423 K.
These observations suggest that a very short-term anneal of
the SPD-processed material at low temperatures followed
by tensile testing at very low strain rates may be effective
in moving the datum points into the HSHD region.
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Fig. 7 Representative stress—strain curves for an Al-1 % Mg alloy in
the annealed condition, after processing by HPT and after processing
by HPT and then annealing for 10 min at 423, 473 or 523 K: results

are shown for initial strain rates of a 1.0 x 107* and
b 1.0 x 1072 57! [41]
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Fig. 8 Quantitative summary of yield stress versus elongation to
failure as documented in Fig. 7 and now presented in the form of
Fig. 2: the yield stress and elongation to failure data are normalized
with respect to the annealed condition
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The role of GBS at these very low temperatures
Evidence for GBS in UFG materials

As described previously, Figs. 4 and 5 show clearly a
transition from the conventional behavior of high strength
and low ductility to HSHD for UFG metals processed
through SPD to very high strains. It should be noted that
the nano Cu and UFG Al-7 % Si samples lying in the
HSHD region of Figs. 4 and 5 were tested at room tem-
perature [17, 35] whereas the nano Ti was tested at 523 K
(~0.27T,) [17]. Such an increase in the ductilities of UFG
materials often occurs simultaneously with an increase in
the strain rate sensitivity [35, 42]. Therefore, it is reason-
able to anticipate that the increase in ductility and the
transition to HSHD may be associated with a different flow
mechanism such as the occurrence of GBS at low tem-
peratures [17, 19, 35, 42]. Nevertheless, GBS is a diffu-
sion-controlled process and hence it is generally considered
as a significant deformation mechanism only at tempera-
tures greater than or equal to ~0.57,, [43—46]. It follows,
therefore, that GBS is not expected at the relatively low
temperatures associated with the transition from conven-
tional behavior to HSHD but in practice there is direct
evidence for the occurrence of GBS at low temperatures in
these SPD-processed UFG materials. This evidence is now
examined.

Examples of GBS were first presented using micro-in-
dentation on the metallographically polished surfaces of
UFG samples of high-purity Al [47, 48]. An example is
shown in Fig. 9 which depicts the formation of material
pileup due to an indentation at room temperature [47]. This
sample was processed through 8 passes of ECAP and the
resultant grain size was ~1.2 um. Although material
pileup is expected around an indentation, the inset in Fig. 9
also reveals the formation of steps at grain boundaries
which is a characteristic feature of GBS. Thus, Fig. 9
provides direct evidence for the occurrence of GBS at a
low temperature in a UFG material processed through SPD.

Confirmation for the occurrence of GBS was presented
recently in additional experiments conducted on high-pu-
rity Al after processing by ECAP. Figure 10 shows a tilted
view of a trench fabricated through focused ion beam (FIB)
milling in an aluminum sample tested in tension [49, 50].
As schematically depicted in Fig. 10a, GBS leads to the
formation of a sharp step at the upper surface of a tested
sample and examples of GBS-induced surface steps are
marked by arrows in Fig. 10 thereby confirming the
occurrence of GBS in the SPD-processed Al at room
temperature. These experimental observations support the
importance of GBS in enhancing low temperature ductility
in SPD-processed UFG materials as well as providing an
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Fig. 9 An AFM scan showing
material pileup near the
indentation on a
metallographically polished
surface of UFG high-purity Al:
the lines labeled ECAP-1 and
ECAP-2 denote two directions
where line profiles were
generated to measure the GBS
steps in the material pileup and
the inset shows a magnified
view along line ECAP-1 [47]

Fig. 10 a A profile view
schematically showing the a
relative positions of two grains

after GBS, and the inset shows a

tilted view of a trench milled

into a deformed UFG sample of u
Al and the method for
determining the GBS vertical
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arrows [49] Grain A

Grain B

explanation for the transition from conventional behavior
to HSHD.

The Al sample shown in Fig. 9 had a grain size of
~1.2 pm [47] but it is important to note that this is orders
of magnitude larger than the grain sizes used in the early
molecular dynamic simulations which provided the first
theoretical predictions for the occurrence of GBS in
nanocrystalline (NC) materials [51-53]. Thus, it appears
initially that the observations of GBS in UFG materials at
low temperatures, as demonstrated in Figs. 9 and 10, may
be anomalous.

The primary reason for the apparent anomalous occur-
rence of GBS at low temperatures in these SPD-processed
UFG materials lies in the presence of a large volume of
non-equilibrium grain boundaries [19, 54-57]. These non-
equilibrium boundaries contain an excess of extrinsic

dislocations giving a more distorted structure, a higher
energy, a larger free volume, and generally a higher dis-
location density than in normal grain boundaries in CG or
annealed materials [57]. In practice, it is also clear that the
excessive straining during SPD processing leads readily to
the formation of these non-equilibrium grain boundaries
[19, 54, 57].

Strain mapping analysis based on transmission electron
microscopy has shown that these non-equilibrium grain
boundaries are significantly wider than normal grain
boundaries [57, 58] and this is consistent with early
observations by high-resolution electron microscopy of
excess dislocations lying in narrow zones close to the
boundaries [56]. In addition, due to the high energy and the
large free volume or vacancy concentration associated with
these non-equilibrium boundaries, diffusion along the
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boundaries is significantly faster than in normal boundaries
[59-61]. Due to the higher diffusivity, wider grain
boundary width, and the overall larger numbers of grain
boundaries in UFG materials produced through SPD pro-
cessing, the material transport through these grain bound-
aries is expected to be significantly higher than in
conventional materials. It follows, therefore, that this
extraordinary and unique feature of SPD-processed UFG
materials, together with the presence of large fractions of
high-angle grain boundaries, are generally considered
responsible for the relatively easy occurrence of GBS at
low temperatures [19].

Experimental procedures for measuring GBS
in UFG materials

Figure 11 schematically illustrates the occurrence of stress-
induced GBS at a pair of adjacent grains where (a) and
(b) depict the initial and the final configurations of the
grains, respectively [62]. Thus, as shown in Fig. 10, GBS
results in an abrupt discontinuity in a straight line drawn
parallel to the applied stress at the boundary between the
two sliding grains. In principle, an offset in a maker line
perpendicular to the applied stress is representative of the
GBS vector and the magnitude of this offset may be used to
estimate the sliding contribution [63, 64].

As shown in Fig. 11, two types of marker lines may be
placed on a metallographically polished surface of a test
specimen. The first on the top surface of the sample reg-
isters the horizontal offset, w;, at a grain boundary as given
in the top view of Fig. 11b and the second on the side
surface registers a vertical offset, v;, due to GBS as shown
in the side view of Fig. 11b. In the absence of internal
makers, the offset v; is equal to the step formed at the top

Fig. 11 Schematic illustrations (a)
in isometric and side and top

views showing the

configurations of two

neighboring grains, 1 and 2,

a before and b after GBS in

response to an applied axial

stress: the bold lines represent

marker lines drawn parallel to

the applied stress which incur

sharp offsets at grain boundaries

equal to v; and w; on the side

and top surfaces, respectively,

due to the occurrence of GBS »
[62] \ ‘

Side view
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surface, vj, as shown in the side view in Fig. 11b. The first
type of offset is easily observed under a scanning electron
microscope (SEM) [65, 66] and the second type of offset
may be measured using a surface profilometer such as an
atomic force microscope (AFM) [62, 67-69] or by milling
a trench using FIB followed by observations with SEM [49,
50].

In practice, numerous readings of w; or v; are taken at
consecutive grain boundaries using a set of marker lines or
milled cross sections and the average values of w; and v; are
then calculated as (w) and (v), respectively. Although the
magnitudes of the v; offsets are dependent upon the precise
nature of the surface configuration [64], in practice either
parameter may be used to directly measure the strain due to
GBS, &gps, through the relationships [63]

Egbs = (?bl@: ¢2%7

. @

where ¢; and ¢, are constants which are generally set
equal to 1.5 [64, 70] and L is the mean intercept length of
the grains. Furthermore, the contribution of &g, to the total
strain, g, defined as &, is then determined as
Egbs
¢= o (3)
For NC or UFG materials, where the grain sizes and
hence the expected GBS offsets are much smaller than in
conventional materials, it is often extremely difficult to use
marker line methods to measure the offsets w; or v; and
hence it is generally not easy to determine the magnitude of
€. For a determination of GBS using vj, it is first necessary
to prepare an excellent metallographically polished surface
and secondly it is important to recognize that the offset
measurements are dependent upon the surface topography

(b)

Top view

Side view

Top view
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at the grain boundaries. In practice, it is feasible to use
AFM or SEM to measure v; with the high accuracy that is
needed in order to measure the very small offsets in NC
and UFG materials [62, 67, 69, 71-73].

It was shown very recently that surface profiling using
AFM in the non-contact mode is highly effective for
measuring v; and producing overall topographic profiles of
the type shown schematically in Fig. 12 for the Al-7 % Si
alloy [62]. The main advantage of conducting AFM scans
in the non-contact mode is the simultaneous generation of
amplitude error maps which are sensitive to changes in
slope and hence may be used to identify grain boundaries
and produce conventional height maps [74]. Thus, as
shown by the solid double arrows in Fig. 12, v; can be
determined using the height map precisely at the grain
boundaries which are identified using the amplitude error
map. Due to the easy identification of the grain boundaries
using this procedure, the large topographic contrast arising
from the deformation of a ductile material to a very high
strain does not prevent an unambiguous measurement of
GBS. Accordingly, this method was successfully employed
to measure GBS in UFG samples tested in tension to failure
with accumulated total strains up to >70 % [62]. In prac-
tice, the profile for v; as shown in Fig. 12 may be generated
also from SEM micrographs of an FIB-milled trench in the
deformed sample as shown in Fig. 10.

In addition to this direct method for measuring GBS,
micro-indentation testing of the type shown in Fig. 9 fol-
lowed by AFM analysis of the topography of the material
pileup may be used also to quantitatively determine the
role of GBS in the deformation of UFG materials [47, 48].
Furthermore, the magnitude of GBS can be ascertained, at
least qualitatively, by using orientation image mapping
[75] or micro-texture analysis [76]. Thus, a displacement in

]

<

( 1=

Fig. 12 A schematic illustration of the surface topographic profile of
a deformed sample of the Al-7 % Si alloy as determined using an
AFM scan: the dashed line represents the actual profile, the solid lines
are best fits to the profiles of the grains, and the vertical offsets vj, are
determined at the points marked by the vertical double arrows [62]

the relative locations of neighboring grains in grain ori-
entation maps acquired before and after the deformation
provides a direct confirmation of the occurrence of GBS
[75] and similarly a decrease in the maximum texture
intensity following deformation also qualitatively demon-
strates the occurrence of GBS [76].

The implication of GBS in UFG materials at low
temperatures

As shown in Figs. 4 and 5, the processing of an Al-7 % Si
alloy by HPT reveals a clear transition from conventional
behavior to the HSHD region with the imposition of additional
strain. Concurrently, there was also a measured increase in the
strain rate sensitivity from ~ 0.02 in the conventional region
to ~0.12-0.14 in the HSHD region [35, 62]. Furthermore, the
samples falling within the HSHD region registered a moderate
contribution of GBS (¢ ~ 15-20 %) whereas the samples
exhibiting conventional behavior showed negligible GBS
[62]. These observations directly relate the increase in the
strain rate sensitivity to the enhanced occurrence of GBS and
they unambiguously establish the significant role of GBS in
achieving high ductilities at low temperatures and in pro-
moting the transition from conventional behavior to the
HSHD region.

There is also another important implication associated
with the occurrence of GBS at low temperatures in UFG
materials. Figure 13 shows the result of compression test-
ing of a miniaturized sample of an Al-30 % Zn alloy,
prepared in the form of a micro-pillar from an HPT disk,
where the compression was conducted at room temperature
using a depth-sensing ultra-microhardness testing facility
and the grain size of the material was in the range of
~200-400 nm [77, 78]. Due to the very limited number of
grains that are generally available in micro-pillars prepared
from conventional CG materials, they invariably suffer
from strain avalanches which arise due to the occurrence of
complex and intermittent dislocation slip events [79-83].
By contrast, and as is evident from the protrusion of mul-
tiple grains in Fig. 13, the micro-pillar of this SPD-pro-
cessed UFG material comprises multiple grains across the
diameter and height of the sample and this leads to sig-
nificant GBS so that the deformation field in the micro-
pillar becomes uniform and the stress—strain curve is
smooth and free of any strain avalanches [77, 78]. Fur-
thermore, UFG micro-pillars of this type also show higher
strain hardening and a higher strain rate sensitivity com-
pared to micro-pillars of the conventional CG alloy [77].
This remarkable result attests to the overall homogeneity of
the deformation and accordingly to the potential for mak-
ing use of these materials in micro-devices.

The experimental results described in this section firmly
establish that, due to the unique features of the grain
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Fig. 13 A micro-pillar sample of a UFG Al-30 % Zn alloy after HPT
and compression testing at a low, b intermediate and ¢ high
magnifications: the sample was processed through five turns of HPT
giving a grain size of ~200-400 nm [77]

boundaries in SPD-processed UFG materials, GBS occurs
even at temperatures which are exceptionally low by con-
ventional standards. Furthermore, due to the unique com-
bination of Hall-Petch strengthening as described by
Eq. (1) and the enhanced ductilities that are a direct

@ Springer

consequence of the occurrence of GBS at low tempera-
tures, it is readily concluded that continued processing by
SPD to high strains provides a simple procedure for
simultaneously achieving both high strength and high
ductility in these UFG materials.

Summary and conclusions

(1)  Ultrafine-grained materials may be prepared through
the application of severe plastic deformation to bulk
solids but testing at low temperatures shows these
materials generally have high strength but only
limited ductility.

(2) There is experimental evidence demonstrating that it
is often possible to achieve both high strength and
high ductility by processing the material by SPD to a
very high strain and/or by giving the material a
short-term anneal immediately after processing.

(3) The development of reasonable ductility is attributed
to the occurrence of grain boundary sliding. Sliding
is a possible deformation mechanism even at these
relatively low temperatures because of the presence
of a large volume of non-equilibrium grain bound-
aries exhibiting enhanced diffusivity.
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