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Abstract

Metals processed by severe plastic deformation [SPD] techniques, such as equal-channel
angular pressing [ECAP] and high-pressure torsion [HPT], generally have submicrometer
grain sizes. Consequently, they exhibit high strength as expected on the basis of the Hall-

Petch [H-P] relationship. Examples of this behavior are discussed using data on Ti, Al-Mg



and Ni. These materials typically have grain size above ~50 nm where softening is not
expected. An increase in strength is usually accompanied by a decrease in ductility. High
strength and ductility can be achieved simultaneously by imposing high strains to give both
ultrafine grain sizes and a high fraction of high-angle grain boundaries. An example is
presented for a cast Al-7% Si alloy processed by HPT. In some cases, SPD may produce a
fine grain size but also lead to a weakening due to microstructural changes as in ECAP of an
Al-7034 alloy and HPT of Zn-22% Al. In SPD-processed materials, grain boundary
segregation and nanostructural features are present which may lead to higher strengths

than those predicted by the H-P relationship in some alloys having nano grain sizes.
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PREAMBLE

[t is a very great pleasure for us to have this opportunity to prepare this report in tribute to
Professor James C.M. Li on his 90t birthday. One of the authors [NB] was one of the
earliest graduate students working on his doctoral thesis under the direction of Professor
Li at Columbia University. He obtained his D.Eng.Sci. degree in 1970. The other author
[TGL] worked with Li at the Edgar C. Bain Laboratory of the U.S. Steel Corporation in
Monroeville, PA, in 1967/68. Both of us have retained very close friendship with Li over
the last forty years. Strength, deformation and the role of grain size and grain boundaries
are the research areas where Li has made significant contributions. Accordingly, we have

chosen this topic for our paper as this special tribute.

I. INTRODUCTION

[t is well established that the grain size plays a predominant role in developing the
mechanical properties of materials. [12] The strength of a polycrystalline material depends
on grain size as shown by the Hall-Petch [H-P] relationship[34] which relates the yield

stress, Gy, to the grain size, d:

Oy = Go + ky d1/2 [1]

where o, is a lattice friction stress and ky is a constant of yielding. In addition, small grain
sizes give rise to superplastic flow at high temperatures [>7] so that complex shapes are

easily formed as in the superplastic forming industry.8!

With smaller grain sizes, the strain rates for superplasticity are increased and this leads to

higher productivity by processing objects in shorter times or to the possibility of achieving



superplasticity at lower temperatures giving energy savings. This follows from the

equation for the superplastic strain rate, ¢ _ , which is given by [%]
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where Dgy is the coefficient for grain boundary diffusion, G is the shear modulus, b is the
Burgers vector, k is Boltzmann’s constant, T is the absolute temperature and ¢ is the flow
stress. The dependence on temperature is expressed in terms of T and Dg, which contains
an Arrhenius term. In the equation, the activation energy for superplastic flow is identified
as the activation energy for grain boundary diffusion, Qg, and the relationship was
proposed for conventional superplastic materials based on a model in which grain
boundary sliding is the mechanism for superplasticity with accommodation by
intragranular slip. In practice, however, this same relationship applies also to ultrafine-
grain [UFG] metals and this is illustrated in Figs 1[a] and [b] where experimental data are
plotted for a wide range of Al and Mg alloys using data obtained by equal-channel angular
pressing [ECAP] and high-pressure torsion [HPT]. [7.10] The experimental results shown in
Fig. 1[a] are taken from various reports for Al alloys,[11-29] and in Fig. 1[b] there are similar
sets of data for a range of Mg alloys[30-491 where the upper solid lines in Figs 1[a] and [b]
show the predicted normalized strain rates derived using eq. [2]. It is readily apparent that
all datum points for both sets of alloys lie close to the theoretical lines and similar results
are obtained when processing by either ECAP or HPT. Thus, there is generally very good

agreement with the theoretical model.



In view of the importance of grain size, there have been several efforts historically to obtain
small grain sizes by thermo-mechanical processing [TMP] and generally this permits the
refinement of grain sizes to the order of a few micrometers. Nevertheless, TMP is not
capable of producing grain sizes below 1 um and therefore alternative approaches are
necessary. Several procedures are now available which can produce submicrometer of
even nanometer grain sizes where these procedures are based on the application of severe
plastic deformation [SPD] which imposes a high strain on the specimens without any
changes in the overall dimensions of the samples.[5051] Thus, ECAP involves pressing a rod
or bar through a die which is constrained within a channel bent through a specified
anglel>2531 and HPT involves the processing of thin disks which are subjected to high
applied pressures and then concurrent torsional straining.[>4] In general, ECAP produces
grain sizes in the submicrometer range whereas, since a very high shear strain is imposed
on the sample in HPT, it is possible to use this technique to produce grain sizes in the
nanometer range. There are also several other methods of SPD processing such as equal-
channel forward extrusion, [55] accumulative roll bonding, [5¢] surface mechanical attrition
treatment [57] and repeated corrugation and straightening(58l. Methods are also available
for producing metals with grain sizes in the nanometer range that do not involve SPD
processing such as in the use of electroplating. [5°1 Recently, a 5 nm grain size was obtained

in Cu by applying a large sliding load in liquid nitrogen.[¢0]

Many experimental results are now available on UFG materials and the techniques for
characterizing them have also been developed. Nevertheless, there are some problems that
need to be addressed such as the limited ductility that is generally achieved in these high

strength metals. There are also questions regarding possible deviations from the Hall-



Petch relationship at the nanometer level, the detailed nature of the flow mechanisms
involving grain boundary sliding and dislocation emission and accumulation and the nature
and role of the grain boundaries formed in SPD processing such as non-equilibrium
boundaries and high-angle grain boundaries [HAGB} defined as those having
misorientation angles of 215°. These questions are examined in the following sections

based on recent data and concepts.

II. THE HALL-PETCH RELATIONSHIP FOR UFG MATERIALS

The yield point® " and associated phenomena like Liiders bands!®*®!

were for a long time
considered specific to iron and steel. But with the development of materials with smaller grain
sizes it was possible to observe these phenomena in fcc materials also. It was shown in alpha
brass with 13, 20 and 30% Zn and a grain size of 20 um that yielding occurred by propagation of
a Liiders band.[®® The velocity of Liiders band propagation was measured as a function of stress
and it followed a power law with an exponent equal to the dislocation velocity—stress exponent.
With the advent of UFG materials, discontinuous yielding and Liiders band deformation was
observed in ALY Cy,!® Mg,[69] Til"%™ and alloys[68’72] in addition to austenitic steels.[””!
Closely linked to this topic is the yield stress and its dependence on grain size. In general,
materials not processed by SPD have a lower slope for K, in eq. [1]. Experimental data, which is
also in reasonable agreement with theoretical calculations, show that the values of K, [in units of
MPa.mm" 2] are 1.4, 4.9, 5.0 and 0.43 for Al, Ni, Cu and Fe, respectively.”‘” The SPD-processed

materials have higher values as discussed in the following sections, and a high entropy alloy

CoCrFeNiMn with a grain size of 40 nm has a value of 27.7.17"]



A. The Hall-Petch Relation in Pure Ti

Pure Ti is preferred over Ti alloys in bio-medical applications. Accordingly, there is a
significant motivation to increase the strength of commercially pure Ti by SPD processing
in order to match the strength of alloys such as Ti-6Al-4V. The finer grain size after SPD
processing indeed contributes to strength and Fig. 2 shows that the H-P relation is valid
down to 9 nm in commercially pure Ti where the yield stress [YS] is taken as 1/3r4 of the
measured microhardness.[7¢] Based on five investigations,[76-80] the average H-P slope is
~13 MPa mm¥. A combination of HPT at 5.0 GPa for 10 rotations followed by annealing at
523-273 K (250-300°C) gives more than 1200 MPa in pure Ti with a grain size of 120 nm

and this is comparable to the reported strengths of Ti alloys.

A compilation[8l] of results on the H-P relation in Ti from a wide range of investigations!82-
100] js shown in Fig. 3 where the designations of Grades 1 to 4 mean increasing impurity
contents of Fe, N and O which thereby increase the strength. It is apparent that the YS is
improved by SPD in all cases. A Grade 4 Ti after HPT at 6.0 GPa and 10 rotations gave the
highest strength of 1450 MPa with a grain size of 110 nm.[?°! In addition, a comparison of
the tribocorrosion performances of coarse-grained and UFG Ti showed improved wear

resistance in the UFG Ti with less plastic deformation under high contact pressures.[101]

A recent experimental report described the use of ECAP to consolidate chips from the machining
of Til'""  These experiments gave 6, = 182 MPa and k, = 11.4 MPa.mm'” in the H-P
relationship. The strengthening was attributed to low-angle grain boundaries [LAGBs], high-

angle grain boundaries [HAGBs], oxide dispersions and solid solution strengthening in addition



to the Peierls-Nabarro contribution. The contribution from HAGBs followed the H-P relation
and the calculated values of strength agreed with the experimental values.

B. The Hall-Petch Relation in Al alloys

There have been many studies on Al alloys but imposed strains are often insufficient to achieve
exceptional strengthening. For example, processing by HPT is often limited to only 5 turns. It is
now understood that larger numbers of turns may change the character of the grain boundaries
even after reaching a reasonable saturation smallest grain size. Thus, with increasing numbers of
turns a larger fraction of LAGBs turn into HAGBs and the mechanical properties improve. This

(1031 \here the results are

is shown by very recent results on an Al-5% Mg alloy [AA 5483]
summarized in Fig. 4 for microhardness data in the coarse-grained material and after processing

by HPT at 6.0 GPa by % to 10 turns. Except for the data at %, 2 and 1 turn, all results, including

for the coarse-grained alloy, are well represented by the equation:

H = Hy+ kyy d"1/2 [3]
where H is the hardness and H, and ky are material constants.

The data in Fig. 4 show that H, is ~72 and ky is estimated as ~1430 Hv.nm"?

. This corresponds
to 6,= 240 MPa and k, = 4.7 MPa.mm'?. The coarse-grained samples of the same material were
obtained by annealing the initial alloy at 573 K for one hour and at 673 K for one and five hours
and then plotting as shown in Fig. 4. Thus, all HPT results for the coarse and fine grain sizes lie
on the same line with the exception of the samples processed by HPT through %4, %2 and 1 turn
where the datum points fall below the line. After small numbers of turns there are significant
variations both in the distributions of the individual grain sizes and in the grain boundary

character distributions as demonstrated by measurements of the boundary misorientation angles.

For SPD-processed materials, the grain boundaries differ in their misorientation angles as a



direct consequence of the microstructural evolution that occurs during processing. Thus, as the
applied strain increases, the distributions in the misorientation angles are shifted to higher values
so that the fractions of HAGBs increases from about 55% to 80% when increasing the torsional

straining from %2 to 10 turns, respectively.

It is well established that slip transfer through LAGBs is much easier by comparison with
HAGBSs and therefore they represent weaker barriers for the movement of lattice dislocations.
The present results are consistent with a phenomenological model in which the HAGBs are
strengthening elements within the microstructure whereas the LAGBs make only a minor
contribution to the strength of the material.'® The stress is enhanced at HAGBs due to the
formation of dislocation pile-ups and yielding that take place when the stress is sufficiently large
to initiate slip from one grain to the next. In this model, the LAGBs are then less effective in
impeding dislocation slip due to the relatively smaller crystallographic misalignment across the

grain boundaries.

An earlier study reported 6, = 62 MPa and ky = 4.7 MPa.mm'? in an Al-3% Mg alloy processed
by ECAP.!") However, in processing of this alloy by HPT there was a decrease in the H-P
slope at a grain size of ~150 nm.!"%! Using accumulative roll bonding, there are reports of G, =~ 6
MPa and ky= 3.3 MPa.mm'"? for Al 1100."°” In practice, the slopes for UFG materials are
generally higher than for materials not so processed so that, for example, there is a reported value

of ky= 1.1 MPa.mm"? for a coarse grain AL

III. OBSERVATIONS ON THE PARADOX OF STRENGTH AND DUCTILITY

[108]

It is generally true that materials having high strength also have poor ductility. Furthermore,

this problem is enhanced in UFG materials because of their low rate of strain hardening and low



strain rate sensitivity. The situation is admirably summarized in Fig. 5 which plots the YS
against the measured elongation to failure for a number of metals where the numbers next to the
lines for Al and Cu denote the strains imposed during rolling and the two points labeled nano Ti
and nano Cu are nanostructured metals processed through 5 turns of HPT and 16 passes of

[109

ECAP, respectively. ] Plastic instability is initiated when the stress, G, exceeds the strain

hardening coefficient, do/de, where € is the strain. Hence, localized deformation may be shifted
to higher stresses if the strain hardening coefficient is high. In practice, much research has
focused on the problem of ductility since other mechanical properties of industrial importance,
such as fatigue and fracture strength, also depend on ductility. Methods have been developed
which are specific to some materials such as short term [~10 minutes] anneals after ECAP for
Cu" and Ti,"'""""*) or after HPT for Ta!'"*! and an Al-1% Mg alloy.!""" The principle of this
approach is to equilibrate the grain boundaries after SPD without incurring any significant grain
growth and thereby to move dislocations from the grain interiors to the grain boundaries so that

strain hardening is increased leading to higher ductility.

A more general method is simply to increase the numbers of rotations in HPT so that, even after
the grain size has been reduced and reasonably saturated, the fraction of HAGBs is further
increased. In Fig. 5, the nano Cu after 16 passes of ECAP and nano Ti after 5 turns of HPT are
two examples of this approach since these nanomaterials have both high strength and high
ductility.!"®! The paradox of strength and ductility may be addressed also through a combination
of HPT and other strategies such as the chemical composition for lattice softening and the
development of a multimodal structure consisting of equiaxed nanograins, lamellar coarse grains
and fine precipitates.!"” The Fe-Ni-Al-C alloy was designed with an ultrahigh strength of ~1.9

to 2.2 GPa and a uniform ductility of ~16-19% after HPT at 6.0 GPa and 50 turns.!""” These



[116-120]

results, as well as other examples using the above strategies, are shown in Fig. 6 using the

same conventional display as in Fig. 5.!'""!

In Figs 5 and 6 the curve separating the new and improved nanostructured materials at upper
right from the conventional materials at lower left is schematic and qualitative. This means it is
not well defined and this type of plot cannot be used for a rigorous evaluation of strength and
ductility characteristics. To overcome this limitation, a quantitative approach was developed
recently in which the data are plotted in terms of the normalized yield stress, YS [or the ultimate
tensile stress, UTS], against the normalized uniform elongation [or the normalized elongation to

1.1'*" This normlization is conducted with reference to the starting material which is

failure
represented by co-ordinates [1,1] as shown in Fig. 7. Using this approach, conventional
materials then fall to the left of the vertical broken line or below the horizontal broken line as
shown in the shaded area whereas materials exhibiting high strength and high ductility [HSHD]

lie in the area at the upper right of the diagram where both co-ordinates simultaneously have

values greater than 1.

This procedure may be illustrated using results from a thorough investigation of a cast Al -7% Si
alloy which is a material used in automotive applications where an increase in ductility will be
profitable.!"*!! This alloy was processed by HPT at 6.0 GPa up to 10 turns at temperatures of 298
K (25°C) or 445 K (172°C), the processed grain size was ~0.4 um, the strain rate sensitivity
increased with increasing numbers of HPT turns from ~0.03 to ~0.14 and the average Si particle
size was reduced from ~2.8 to ~0.12 pm after 5 cycles of HPT."*?! Figure 8 shows
representative curves of engineering stress versus engineering strain for the material processed
by HPT at 298 K (25°C) for different numbers of turns and then tested at room temperature [298

K (25°C)] at a strain rate of 1.0 x 10~ s™'. It is apparent from Fig. 8 that the values of YS and
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UTS increase in value even after 4 rotation and the highest elongations to failure are achieved
after 5 to 10 turns. Results from the tests at four different strain rates are shown in Fig. 9 using
the new quantitative diagram with normalized coordinates. Although there are a few datum
points lying in the region of conventional behavior, there are several points that lie clearly in the
region at upper right denoting HSHD. By contrast, experiments showed that short-term
annealing after SPD increased the elongation but not sufficiently to move the datum into the
HSHD region in materials such as the Al-1% Mg alloy."*!! Thus, the quantitative diagram in
Fig. 7 is a useful tool for assessing different materials and processing methods when attempting

to achieve HSHD.

A fundamental question concerns the explanation for the superior ductility that may be achieved
when nanomaterials are processed by many passes of ECAP or many turns of HTP. There are
three significant observations that shed light on this question and identify the features promoting
ductility. Firstly, even after reaching the smallest diameter grain size, the fraction of HAGBs
increases with further straining. An example for the Al-7% Si alloy is shown in Fig. 10 where
the elongation to failure increases with the fraction of HAGBs.!'*! Secondly, the strain rate
sensitivity increases with the imposed strain. The strain rate sensitivity of Cu, for example,
increases from ~0.06 to ~0.14 after 16 passes of ECAP!'* and for the Al-7% Si alloy there is an

increase from ~0.03 to ~0.14 after 10 turns of HTP.!'*?!

A higher strain rate sensitivity is
essential for grain boundary sliding which leads to ductility. In the as-cast Al-7% Si alloy, grain
boundary sliding contributes only 1% to the total strain but in the SPD-processed alloy the
contribution is ~14%.!"**) This shows the increasing importance of grain boundary sliding as a

flow process under these experimental conditions. Thirdly, high resolution transmission electron

microscopy has provided direct evidence for the presence of non-equilibrium grain boundaries
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containing an excess of extrinsic dislocations in alloys processed by SPD!'** and it is reasonable
to anticipate that the movement of these extrinsic dislocations permits relatively easy sliding.

In practice, grain boundary siding is generally associated with high temperatures of at least one-
half the melting point and an activation energy equal to that for grain boundary diffusion.!'*”!
Nevertheless, there is experimental evidence for grain boundary sliding [GBS] at room
temperature. For example, the occurrence of GBS was identified in UFG pure Al processed by

ECAP using a depth-sensing indentation technique!'*®!

and there is also a similar report for pure
Al using focused ion beam [FIB] milling.!"*” Micropillars of an Al-30% Zn alloy were prepared
by HPT and FIB milling and tested in compression at room temperature within a depth-sensing
ultra-hardness testing machine and this gave a high strain rate sensitivity and direct evidence for
the occurrence of GBS.!"*! In addition, these experiments showed that the strain avalanches that
conventionally occur in the coarse-grained alloy during flow are absent in the UFG material.
Furthermore, recent experiments on UFG Pd, a metal with a very high melting point, also

1291 Eor the Al-7% Si alloy discussed earlier, the

showed evidence for GBS at room temperature.
contribution of GBS to the total strain was as high as ~14% after 5 turns of HPT and ~17% after
10 turns.!"**!" Further confirmation for the possibility of low temperature GBS in UFG metals
comes from diffusion data on pure Ni processed by ECAP which show ultra-fast diffusion at
lower temperatures [<400 K (127°C)] with a low activation energy but relaxation of the non-

equilibrium grain boundaries at high temperatures [>400 K (127°C)].l"*%3!]

IV. WEAKENING BY SPD

Contrary to general behavior, some alloys are weakened by ECAP or HPT.!"** For example,

when the spray-cast Al-7034 alloy is processed by ECAP at a temperature of 473 K (200°C) the

12



grain size is reduced from ~2.1 to ~0.3 um after 6 passes but subsequent tensile testing shows an
overall weakening which is attributed to the partial loss during ECAP processing of the
hardening metastable 1" phase.!'* An example of this weakening is shown by the results
obtained for this alloy in compression testing at room temperature using an initial strain rate of
5.5x 10 s where the upper curve in Fig. 11 is for the as-received unprocessed alloy and the
lower curves are for samples processed through 1, 2 and 6 passes of ECAP: the designation Z
direction refers to cutting the samples perpendicular to the flow direction and perpendicular to
the upper surface of the ECAP billet.!"** Figure 11 shows also that there is a lower rate of strain

hardening after yielding when processing by ECAP.

Weakening also occurs in the Zn-22% Al eutectoid alloy and an example is shown by the
hardness measurements in Fig. 12 for samples processed by HPT at room temperature under a
pressure of 6.0 GPa with an anvil rotation of 1 rpm.!"**! In Fig. 12 the hardness values are
plotted against the distance from the center of the disk, the upper broken line corresponds to the
unprocessed annealed condition and results are shown for up to a total of 20 turns. It was
demonstrated using transmission electron microscopy that rod-shaped precipitates of the stable
hcp Zn phase, which are contained within the Al-rich grains in the annealed condition, are

absorbed by the Zn-rich grains during processing of the Zn-22% Al eutectoid alloy.!**'?"!

Similar weakening was also reported in other materials such as the Pb-62% Sn eutectic alloy'"**

and the Bi-42% Sn eutectic alloy.!"*"!

V. SUPERSTRENGTH BY SPD

In addition to a fine grain size, materials processed by SPD may contain additional features such

as nanoparticles, nanotwins, non-equilibrium grain boundaries and grain boundary segregation
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and the presence of these additional features may permit higher strengths than those predicted by

the standard H-P relationship.!"*"

For example, Fig. 13 contrasts the YS of Ni after HPT or ECAP and rolling!"*"! with that of

142-144]

electrodeposited Nil shown by the continuous line which corresponds to 6, = 7 MPa and

k,~ 5.7 MPa.mm'?. For the latter condition, the grains contain no dislocation substructure and
normal H-P behavior is observed. The upper dashed line is for UFG Ni processed by HPT or
ECAP and subsequent rolling in order to achieve a higher strength. """ The YS in this case may
be calculated by adding the contribution of LAGBs and HAGBs and the non-equilibrium grain

boundaries [NGBs] so that!'*"

Oy =0, T 6 LaGB T O HAGB T O NGBs [4]
and
6,=6,+M aGb[[1.5S, O/b] Lacs] “+kd"*+Ma Gb[pseps] * 5]

where O, is the threshold stress, M is the Taylor factor [=3], a is a constant [~0.24], the term Sy
is related to the cell size, © is the misorientation angle of the LAGBs and pgsps is the density
of the extrinsic grain boundary dislocations. It was shown that the values calculated using

this procedure are in good agreement with the experimental results.[140]

The occurrence of superstrength materials led to the observation that there are two critical
lengths in the H-P relationship, d.;; and d,, as shown in Fig. 14."%) For UFG materials the H-P
exponent may vary from -1/2 to -1 in the region dy,; < d < di;; and for d < dy, the value is -3
where this gives a positive slope and exceptional hardening as shown by the upper curve 2. By
contrast, the lower curve 1 corresponds to the conventional H-P relationship with the advent of a

[

negative slope or a softening behavior at very small grain sizes.'"**'*"! Some experimental
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evidence is now available for the positive slope at very small grain sizes ['"**) and generally the

strengthening is attributed to the presence of significant grain boundary segregation at grain sizes
smaller than ~100 nm.""*>"*°! This is an area requiring further investigation but generally it is
reasonable to anticipate SPD materials will exhibit improved strength and improved functional
properties associated not only with their ultrafine grains but also with other nanostructural

features that are not generally available in conventional coarse-grained materials.!*"!

VI. SUMMARY AND CONCLUSIONS

1. The Hall-Petch relationship is followed over a wide range of grain sizes, including the
nanometer range produced by SPD. The slope and intercept values are higher for ultrafine-
grained materials produced by SPD than for conventional coarse-grained materials.

2. An increase in strength is generally accompanied by a decrease in ductility. In ultrafine-
grained materials it is possible to simultaneously achieve high strength and high ductility
[HSHD] by imposing a very high strain in SPD. This is because SPD leads to an increase in
the strain rate sensitivity, a higher fraction of high-angle grain boundaries and enhanced
grain boundary diffusion. All of these factors favor grain boundary sliding even at
relatively low temperatures.

3. A quantitative diagram is available to distinguish HSHD materials based on the
normalized strength and normalized elongation. An example is presented for an Al-7% Si
alloy. This approach has the advantage that it is possible to characterize all ultrafine-
grained materials for HSHD using the same diagram.

4. In some materials, ECAP or HPT may produce weakening even in the presence of grain

refinement. At grain sizes below ~50 nm there is also a potential for developing a super-

15



strength in some materials processed by SPD due to the introduction of nanostructured

features such as increased grain boundary segregation.
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FIGURE CAPTIONS

Figure. la. Effect of grain size on superplastic strain rate in Al alloys;'” datum points for ECAP

120 are in black and for HPT *'*) in red; the encircling ovals are in blue for ECAP and pink

for HPT and the solid line corresponds to eq. (2) in the text.
Figure. 1b. Effect of grain size on superplastic strain rate in Mg alloys;'” datum points for ECAP
[30-45) ;0 4 HPT. 46491

Figure 2. Microhardness-grain size relation in commercial purity Ti;"’% the H-P relationship

holds down to 9 nm using experimental data.!*

Figure 3. The H-P relationship for Ti;'*!! grades 1 to 4 denote increasing orders of impurities for

Fe, N and O and using experimental data.[®'-'%!

Figure 4. The H-P relationship for coarse- grained and HPT processed Al-5% Mg;!'®*! with
increasing numbers of turns, HAGBs develop and the H-P relationship is followed so that data

from coarse grain samples fall on the same line as HPT specimens.

[109

Figure 5. The strength ductility relation;!' high strength is generally accompanied by low

ductility [shaded region] but, exceptionally, ultrafine—grain Ti and Ni have high strength and

high ductility.

Figure 6. Strength vs. ductility for Fe-Ni-Al-C alloy; !'"*! data for amorphous alloys !'*'2%,

118 [117]

nanotwins '), bimodal structure ''® and lattice softening and nanotwins are also included.

Figure 7. Strength and ductility presented in a quantitative form as normalized yield stress vs.

(2] materials in the upper open area have gained both high strength and

normalized elongation;
high ductility as a result of processing.

Figure 8. Stress-strain diagram for Al-7% Si alloy showing the increase in strength and ductility

due to HPT and tensile testing at 298 K (25°C).1#
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Figure 9. The improvement in the Al-7% Si alloy due to HPT plotted on the quantitative diagram

shown in Fig. 7; points in the upper region exhibit both high strength and high ductility.!'**!

Figure 10. Elongation to failure correlated with the fraction of HAGBs measured in an Al-7% Si
alloy processed by HPT. !'#!]

Figure 11. Stress-strain curves for Al-7034 showing the weakening through increasing numbers
of ECAP passes.[13 4

Figure 12. Weakening in Zn-22% Al with increasing numbers of HPT turns.!*”

Figure 13. Superstrength in Ni subjected to ECAP and subsequent rolling;'*”' the dashed line
shows UFG Ni "* and the solid line shows H-P behavior in nano-Ni fabricated by
electroplating. !'4>144!

Figure 14. Schematic illustration of the H-P relationship in superstrong and conventional

materials. ['+!
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Yield Stress, MPa
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Vickers hardness (Hv)
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Yield strength (MPa)
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Stress (MPa)
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Engineering stress (MPa)
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Vickers microhardness (Hv)
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