£ —
£

@
s
E
5
o
2
]
€
H
g
H
2
S
£
=
§
g
5
8
]
£
£
=
2
§
g
8
<

D.J.;

Fi sher,
$335141

1

me | 1yb eg | dde 10 's'n Jepun paiiwiad sasn uley 1dedxa ‘Jaysi|gnd 8y woy uo iss wiad NOYI M wio ) Aue ul paonpoidal aq 1ou KGN paAlesal sIyb 1l |y D17 Wn




A Compendium of
Deformation-Mechanism Maps
for Metals

David J. Fisher

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Copyright © 2022 by the authors

Published by Materials Research Forum LLC
Millersville, PA 17551, USA

All rights reserved. No part of the contents of this book may be reproduced or transmitted
in any form or by any means without the written permission of the publisher.

Published as part of the book series
Materials Research Foundations
Volume 116 (2022)

ISSN 2471-8890 (Print)

ISSN 2471-8904 (Online)

Print ISBN 978-1-64490-168-7
ePDF ISBN 978-1-64490-169-4

This book contains information obtained from authentic and highly regarded sources.
Reasonable efforts have been made to publish reliable data and information, but the
authors and publisher cannot assume responsibility for the validity of all materials or the
consequences of their use. The authors and publishers have attempted to trace the
copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged, please write and let us know so we may
rectify in any future reprint.

Distributed worldwide by

Materials Research Forum LLC
105 Springdale Lane

Millersville, PA 17551

USA

http://www.mrforum.com

Printed in the United States of America
10987654321

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Table of Contents

A Compendium of Deformation-Mechanism Maps for Metals...... 1
INErOAUCHION .. ettt 1
ATUMINTUN- Lottt et e st e st e e saee e ateesnneeas 6

IMAZNESTUII-......eeiiiiiieeiiiieeeiie e et e e ettt e e e tte e e st ee e ateeeesbaeesssaeeessaeeeansseeennseeennens 53
NICK I .o e e e et e e e e e e e e e e e e eaee e e aaaaeeeeeaaaaeeeeanans 65
POTASSTUIT .ottt e et e e e e ee e e e e e e e e e e e eaaeeaanaeeeanaseesnaseannseesnaaaees 82

Keyword IndexX......cccovvvvnnnnnnenneicccccssssssssnnssssesccssssssssssssssssssssssssssssss 117
ADout the AUthOr......cccovivivvrrnnnnriiiccccssssssssssnnsseeseccsssssssssssssssssssssssss 119

RETEICIICES eeeeeuerreneereneeereecersecessecssssessssessssessssessssssssssssssssssssessssessassese 120

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

A Compendium of
Deformation-Mechanism Maps for Metals

Introduction

Equilibrium phase diagrams are an invaluable guide to the obtention of metallic
structures having a desired structure, even when the preparation conditions are quite far
from equilibrium. Having created such structures, deformation-mechanism maps should
be an equally invaluable guide to predicting the optimum processing conditions for a
material. But following an initial enthusiasm for the plotting of such maps, their use is
now surprisingly limited.

There exist voluminous encyclopaedic maps of processing conditions, usually in the form
of strain-rate versus temperature. A typical example is the comprehensive volume edited
by Prasad et al.! Although they are useful, such strain-rate versus temperature plots fail to
capture the more fundamental aspects of deformation because there are so many variables
which vary from material to material.

Deformation-mechanism maps summarize the fields of stress and temperature within
which a particular plastic-flow mechanism predominates. Most materials are able to
deform via alternative independent mechanisms, such as dislocation glide, diffusional
flow and dislocation creep. Each of them appears as a field on the map. A given point
then predicts the dominant mechanism and the associated strain-rate. The maps permit
study of the effect of crystal structure and atomic bonding upon plastic flow. They can
guide the design of experimental studies of a given flow mechanism and also the
identification of missing mechanisms; rather in the manner that the periodic table of the
elements predicted missing entries. They are also useful in matching a material to a given
engineering application. They are particularly useful when they are related to the most
fundamental properties.

It helps, for example, to normalize the temperature by dividing it by the absolute melting-
point. There is, after all, the metallurgist’s rule-of-thumb that deformation at an
homologous temperature which is higher than 0.5 counts as ‘hot-working’; even if the
actual temperature is the ambient temperature in the case of lead, for example. It is also
useful to divide the applied stress by a suitable elastic constant. This again permits a more
meaningful comparison to be made between the deformation-mechanism maps of
differing materials.
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The dominant mechanism which controls deformation changes from point to point over
the map, and its predominance depends very much upon stress, temperature, grain size,
dislocation density, efc. Weertman was the first>® to suggest the construction of such
maps, and his original efforts concentrated on creep phenomena, with the normalized
stress being plotted against the homologous temperature for a given grain size (figure 1a).
Such maps can be constructed by using known constitutive equations to describe a given
mechanism. The map is then naturally divided into various fields, depending upon which
mechanism governs deformation.

-1
10 Theoretical Strength
[0 O WS .....................................................
Andrade Creep
High-Temperature
L T P\ s | ........
L\D : Nabarro-Herring Creep ——p
6 Logarithmic Creep |
Low-Temperature : ‘
TCORAR T I, NS e
10‘5 Yield Stress of Annealed Crystals
: 1
AnelasticiCreep |
Recover;'able I
1 0—6 2
0 0.5 1.0
T/Tm

Figure la. An early deformation-mechanism map

It was then shown by Ashby that the deformation mechanism map could be immediately
simplified by plotting the normalized stress versus the reciprocal of the homologous

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. ebgo. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

temperature. This caused the boundaries which separated the various fields to become
straight lines. Constant strain-rate contours could also be approximated by straight lines.

10°

108

107

10°

d/b

10°

10° fre . o5tk WS SRS S

[T A Meee—

102

10!

10% 107 10° 107 104 1073 102
o/G

Figure 1b. Expansion of the Harper-Dorn creep field
with incorporation of the Peierls stress

A new form of map was later introduced which was based upon the grain size. The
Weertman and Ashby maps of normalized stress versus homologous temperature had two
problems. One was that they were relevant to a given grain size but covered a huge range
of temperatures; even though the choice of temperature was not usually in the gift of the
engineer for a given application. The other problem was that the various fields were again
separated by curved lines. Determining the position of the latter offered considerable
mathematical difficulties.
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The construction method for the new maps, taking account of only climb, Nabarro-
Herring and Coble processes, involved for example the comparison of two mechanisms
which exhibited the same dependence upon stress but which involved differing
diffusivities and differing power-law dependences upon b/d, where b was the Burgers
vector and d was the grain size. At the boundary between two fields, the strain-rates were
equal and the equation could be solved for d/b. The same principle could be applied when
two mechanisms exhibited the same dependence upon temperature, but had differing
power-law exponents for o/G. At the boundary between two fields, the strain-rates were
equal. A complete map could be constructed for a given high temperature by noting that
Nabarro-Herring and Coble creep exhibited the same dependence upon o/G, and the
value of d/b at which these mechanisms were equal then furnished a value of d/b. Given
that the stress dependences of the two mechanisms were the same, this provided a
horizontal line crossing the map. Other boundaries could be determined by similarly
equating Nabarro-Herring and climb processes. Having constructed a map for one
homologous temperature, it was then easy to obtain a new map for another homologous
temperature. When more than three deformation mechanisms were involved, the
necessary calculations were similar but it was important to select only the boundaries
which were relevant to the most rapid mechanisms at a given point.

The maps, as originally conceived, considered simple situations in which individual
deformation mechanisms operated in parallel; that is, independently of one another.
Ashby nevertheless considered the possibility that some of the mechanisms could act in
series; that is, could be coupled and act sequentially. This could occur, for example,
during the high-temperature creep of solid-solution alloys, where dislocation climb and
viscous glide are sequential processes. Its effect can be seen in the deformation-
mechanism map for Al-3at%Mg.

A valuable feature of the maps was that their comparison often clearly reveals how the
various fields change in shape, size and position as a function of changes in other
variables. For example, the Peierls stress is an important factor which controls the
transitions between Harper-Dorn creep, grain-boundary sliding and power-law creep
regimes. The effect of the magnitude of the Peierls stress upon the boundaries between
the various mechanisms can be clearly seen in a deformation-mechanism map (figure 1b),
which dramatically reveals that Harper-Dorn creep can be the dominant mechanism over
wide ranges of grain size and stress* for a given material. Its effect can also be compared
for a wide range of materials (figure 1c)°.
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Figure Ic. Dependence of the transition from power-law
creep to Harper—Dorn creep upon the Peierls stress

In spite of the usefulness of deformation-mechanism maps, especially those in which
experimental variables are normalized with respect to fundamental material constants
such as melting-point, mechanical moduli and Burgers vectors, their use seems to have
fallen off somewhat since the original enthusiasm. They are also scattered over a wide
range of individual papers. It is hoped that the compendium which makes up the
remainder of this work will serve as a useful reference work and also encourage the more
extensive use of deformation-mechanism maps.
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Figure 2. Deformation mechanism map for aluminium,
with a grain size of 32um, at a critical strain rate of 10°%/s

An early map for aluminium (figure 2) pointed out® the Nabarro and Coble creep fields
and the particularly large dislocation-creep field. In calculating the boundaries, the
atomic volume of aluminium was taken to be 1.66 x 102°cm?, the Burgers vector was
2.86 x 10%cm, the room-temperature shear modulus was 2.54 x 10''dyne/cm? and the
temperature-dependence of the shear modulus was 5.4 x 10*%/K. In addition, the bulk and
grain-boundary diffusivities were given by

Di(cm?/s) = 0.035exp[-28.8(kcal/mol)/RT]

Dgb(cm?/s) = 0.1exp[-14.4(kcal/mol)/RT]
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Figure 3. Deformation-mechanism map for aluminium with a grain size of 100um

A later map’ (figure 3) demonstrates the beneficial effect of using the reciprocal
homologous temperature; the field boundaries are now completely straight.

Later work® has considered the effect of stress relaxation in thin films rather than in bulk
material. The relaxation mechanisms of internal stress in thin films were analyzed by
using deformation-mechanism maps (figures 4 to 6) and incorporated features which
were associated with structure, phase instability and size effects. In particular, the
dependence of stress upon temperature during thermal cycling in vacuo was addressed.
Defectless flow was here taken to refer to flow which did not depend upon the structural
defect density in the specimen.
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At homologous temperatures greater than 0.2, and under a sufficiently high tensile stress,
stress relaxation in the films occurred mainly via dislocation climb and the strain-rates
were greater than 10°%/s. Dislocation climb which was controlled by pipe self-diffusion
led to stress relaxation in grain-boundary regions of the film. High-temperature
dislocation climb was due to lattice self-diffusion controlled stress relaxation within the
grains of the film.

100 H H H H
Defectless Flow :
N - T NS N S T S S SN S
10 P 1slocat10nz Ghde
T — T, .......... SO WOV SO SRS ST SO
: i \ Low-Températurie Dislocation Climb
Q H H H H H H H
= : : : :
103 Feoeeeeens ._. ......... , ......... ......
: : : EGrainéBoun(iary Déiffusioilal Cr%eep
10 foeeenes . - -} SPRRTRNNN OVHPRN: HTRRON SRS S S—
Elilstic Reginie
1o | VR IO WU NN N RU N

T/Tm

Figure 4. Deformation mechanism map for thin (0.2um) aluminium films with grain-
boundary strengthening

Two stages of stress relaxation in the films could be distinguished. In the first stage,
relaxation proceeded via the most rapid mechanism. When the stress became sufficiently
small, a second relaxation stage began which was controlled by the slowest plastic
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deformation mechanism. Situations were possible in which the second stage never
occurred; for example, if the most rapid deformation mechanism was associated with
stress relaxation within grains.

The effect of dislocations upon stress relaxation permitted the hysteresis in stress-versus-
temperature curves to be explained in terms of the Bauschinger effect. Reference to
deformation-mechanism maps gave views of the low-temperature and high-temperature
yield limits which corresponded to stress relaxation in the grain-boundary regions and
within the film grains, respectively.

10°

Defect]es;s Flov;v

Disiocation Glide

10°
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103

10*
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Figure 5. Deformation mechanism map for thin (0.2um) aluminium films with essentially
zero grain-boundary strengthening

The influence of grain boundary sliding upon the nature of deformation maps was
considered’. Phenomenological equations for grain boundary sliding, which could lead to
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fine-structure superplastic flow, were used to show how they modify the Ashby and
Langdon types of deformation-mechanism map. The former type of map was
reconsidered for the modulus-normalized stress versus homologous temperature plot at a
given grain size. The Langdon-type map was reconsidered for normalized grain-size
versus reciprocal homologous temperature at a high constant normalized stress.
Aluminium was chosen because of the earlier work, but the general conclusions were
deemed to be valid for any polycrystalline solid. Grain-boundary sliding had been shown
to be an important factor in the construction of deformation-mechanism maps, with large
fractions of the maps commonly being dominated by grain-boundary sliding. Coble creep
existed only at normalized stresses below 3.5 x 10™*. Nabarro-Herring creep was limited
to extremely low normalized stresses; of the order of less than 3.7 x 10

100 H H H H
i Defectless:Flow:
LI PO T N ..l.s.l.q. .‘a.l.t.!.o.n ..G.l.l.d.q ................... S
102 Jeorerrnn I 5 R R S O S S S
: 2 2 Low—Temperature Dislocatm;n Chmb
© :
= : : : : : : : : ;
103 ....., ......... ......... .......... .......... ......... ........... ......... .........
Elastic Regime
f g : Grain-Boundary Diffusional Créep
10% foeeneens — e 2o e R L R g e -
T — CHRNUUNE:SURUPOUR OV 1 EPPPRIRY - OOUORS - URTPOON SOOPROPN SRR S
0 0.2 0.4 0.6 0.8 1.0

T/Tm

Figure 6. Deformation mechanism map for thin (0.1um) aluminium films with grain-
boundary strengthening
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It was noted that, when constructing maps with d/b plotted against the inverse
homologous temperature (figures 7 and 8), the choice of the normalized stress was very
important. At a normalized stress of about 5 x 10, and with a grain size as large as 2um,
grain-boundary sliding would dominate deformation at all temperatures and diffusional
creep would not contribute to creep.

Creep was investigated!® in typical face-centered cubic metals at homologous
temperatures below 0.3. In the case of SN-purity aluminium, transmission electron
micrographs were taken following creep testing in order to identify the intragranular
deformation mechanism. All of the samples exhibited a marked creep behavior at the low
temperatures, with an apparent activation energy of 15 to 30kJ/mol and a stress exponent
of 2 to 5. The generation of dislocations within a cell appeared to be an enabling
intragranular mechanism.

107
10f Power-Law Creep
High-Temperature Low-Temperature
AR S | IS SO,
8 : -
0 . ..................................
ITACH TERE ..................................
Coble Creep
102 . ................................... ..................................
10
1.0 1.5 2.0 2.5
Tw/T

Figure 7. Deformation mechanism map for aluminium at
a normalized stress of 5 x 107, as originally conceived
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The results revealed a new creep region that had not appeared in other deformation-
mechanism maps for pure face-centered cubic metals. The original Langdon-type
deformation-mechanism map was re-drawn in order to incorporate the new insight
(figures 9 and 10). In the original map, the low-temperature dislocation-creep region was
widely spread at low temperatures. The re-drawn map included the new creep region at
low temperatures.

107
Power{Law Creep
100 frereereereerenreneenrensensenneaes Y ST R
High-Temperature Low-Temperature :
[[CE SO— B e
=2 - :
= 0 . R e e oo
Lattice-Diffusion Controlled Grain-BoundaryDn‘szusion Controlled
IC PR ..................................
Graip/Aoundary Sliding
102 Beeeees . ..................................
10!
1.0 1.5 2.0 2.5
Tw/T

Figure 8. Deformation mechanism map for aluminium, at a normalized
stress of 5 x 107, with the inclusion of grain-boundary sliding

It was noted'! that deformation-mechanism maps, which had originally been developed
for describing the high-temperature creep of materials having coarse grains (figure 11),
could be adapted to the description of nanostructured materials. A representative
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deformation-mechanism map was prepared for ultrafine-grained alloy which had been
subjected to equal-channel angular pressing or high-pressure torsion. Processing using
equal-channel angular pressing and high-pressure torsion reduce the grains of bulk solids
to sizes which are typically in the sub-micron range: 0.1 to 1.0um.

1 0_1 H H
: Idea:l Shear Stren.ggth
, : : Plasticf:ty :
(VR I S N A ST N
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107 fem.. ... LT W N
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g : : : :
104 fon — H!g.l.l..TE.‘!.‘R?I?.‘F.‘.‘..Y.?.P.‘ﬁ!ﬂﬁ?‘.ﬂ.‘?.‘.‘..@!ﬁ?ﬂ ....................
Cohle Creep
<« Nabarro:f—Herring (éreep
107
1 2 3 4 5 6 7

Tw/T

Figure 9. Original deformation mechanism map for
SN aluminium with a grain size of 140um

Because the processed samples are relatively large, it was easy to test them in tension at
high temperatures. Observations of ultrafine-grained materials reveal the occurrence of
superplastic elongations, with the ductilities being up to 1000%. It was therefore
important to produce deformation-mechanism maps which are able to depict such
properties. A theoretical model for superplastic flow in large-grained materials has also
been found to describe superplastic flow in ultrafine-grained materials. Using
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conventional creep mechanisms, maps could be constructed which described materials
which had been processed using equal-channel angular pressing and high-pressure

torsion.
10_1 H H
Ideal Shear Strel:lgth
102 oo W PlASEAY.
10 Potfver-Law Break(iown
2
(=
1074 Beoeeeeeneneneneneneeens ...........................
¢ 'Low-Tempgrature Dislocatjon Creep
EHigh-Temperai;ure Dislocation §Creep
EVREN correerereerre AR NS S SO
< Nabarro-HerEring Creep
10 '
1 2 3 4 5

Tw/T

Figure 10. New deformation mechanism map for
SN aluminium with a grain size of 140um

Further extension of this approach to materials having grain sizes in the nanometre range
requires a more detailed understanding of the deformation mechanisms which occur at
such small grain sizes. There was evidence of changes occurring in normal flow
processes when the grain size was in the nanometre range. Partial dislocations might be
emitted from the grain boundaries of these materials, leading to the formation of
deformation twins. A critical stress may control the production of nano-twinned
microstructures. The nanostructured materials may also contain non-equilibrium grain
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boundaries containing an excess of extrinsic dislocations. It was possible that grain-
boundary sliding could become an important flow process when the grain size was
greatly reduced.
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Figure 11. Deformation mechanism map for pure aluminium at o/G = 10°°

The then new type of deformation-mechanism map in which the normalized grain size
was plotted against the reciprocal of the homologous temperature, was ideal for the
analysis of high-temperature creep data and straightened the boundaries which separated
the various fields (figures 12 and 13). It was easy to construct and offered the advantage
that the basic form of the map was invariant with respect to stress for mechanisms which
were governed by the same stress exponent. It was noted!? that, under creep conditions,
pure metals and solid-solution alloys usually deformed via Nabarro-Herring and Coble
diffusional creep, and by dislocation-climb which was controlled by either core or lattice
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diffusion, at low and high temperatures, respectively. The status of Harper-Dorn creep
was not fully understood at that time. There were then also few unambiguous reports of
Coble creep in pure metals because the very slow creep rates required high-sensitivity
measuring equipment or complicated specimens.

10
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Figure 12. Deformation mechanism map for pure aluminium at o/G = 8.9 x 106

Burgers vector distributions and dislocation line directions were determined! as a
function of strain and strain-rate, showing that the Burgers vector distributions were
similar at superplastic and higher strain-rates, although there was a gradual increase in the
dislocation density and number of climbing dislocations as the strain-rate increased.
There was no sharp change in dislocation structure between the superplastic and high
strain-rate regions. Following deformation at the minimum strain-rate, the Burgers vector
distribution was uneven and insufficient dislocations were available to maintain grain
compatibility by slip alone. It was concluded that diffusion processes then became more
important. The present map was constructed for pure aluminium with a grain size of
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3um. Specimens which were deformed at the highest strain-rate were in a dislocation
creep region, while samples which were tested at lower strain-rates were in an area where
both dislocation motion and grain-boundary diffusion were important. The diffusion
paths for volume diffusion could be very short, and volume diffusion could therefore be
important at low strain-rates, in spite of the relatively low temperature.

10®
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Figure 13. Deformation mechanism map for pure aluminium at o/G = 107

Two mechanisms, dislocation motion and diffusional flow, acted in series with grain-
boundary sliding to accommodate this deformation mode (figure 14). The faster of these
two mechanisms was rate-controlling. The fact that dislocations were created and mobile,
and the similarity of the Burgers vector distributions except at the lowest strain-rate,
implied that a dislocation process was the rate-controlling mechanism; at least near to the
high strain-rate limit of the superplastic region. The observations also implied that
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dislocation motion acted as an independent deformation mechanism during superplastic
flow. The climb of dislocations through grains or along grain boundaries, and subsequent
annihilation, were thought to be rate-controlling accommodation mechanisms.
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Figure 14. Deformation mechanism map for aluminium with a grain size of 3um

Maps were developed' for pure aluminum at two different homogeneous temperatures,
and the relative contributions of the various deformation processes were estimated as a
function of stress at differing grain sizes. The maps could be easily constructed from a
bare knowledge of the relevant constitutive equations for the various mechanisms. At the
time, there was considerable evidence that pure aluminium deformed mainly via some
form of dislocation climb process at high temperatures and relatively high stresses.
Harper-Dorn creep was expected to occur at very low stresses and at temperatures near to
the melting-point. The creep of aluminium having a large grain size occurred via Harper-
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Dorn creep. At low stress levels and small grain sizes, plastic deformation usually
occurred via the diffusion of vacancies through the crystalline lattice (Nabarro-Herring)
or along the grain boundaries (Coble). Noting that each of the mechanisms operated
independently, and that the various individual strain-rates were additive, predicted the
observed creep rate. Deformation-mechanism maps were constructed (figures 15 and 16)
for homologous temperatures of 0.5 and 0.9. The d/b values ranging from 10° to 108
correspond to grain sizes of 0.3um to 3cm and therefore cover all of the grain sizes which
are likely to be met with in pure aluminium.

The processing of bulk metal using extreme plastic deformation leads to grain
refinement, with the grain sizes typically being in the sub-micron or nanometre range. If
the small grains are suitably stable at high temperatures, the ultrafine-grained metals
exhibit marked superplastic properties in tension at high temperatures. Ultrafine-grained
materials are commonly produced using equal-channel angular pressing or high-pressure
torsion. This work demonstrated the feasibility of preparing deformation mechanism
maps which could provide comprehensive information concerning the flow mechanisms.
Considering Al-33%Cu alloy, tested at 723K'5, the results (figure 17) could be divided
into 3 distinct regions of flow. Region II, at intermediate strain-rates was the true
superplastic region, with elongations-to-failure of up to more than 2000%. Region III, at
high strain-rates, was due to a transition to a dislocation mechanism such as dislocation
climb. Region I, at low stresses, arose from the segregation of impurity atoms at grain
boundaries.

This map (figure 18) was the first demonstration'® of the possibility, mentioned in the
introduction, that two processes might interact in a sequential manner. The procedure
which was used in this study was of general utility validity and could be used for a wide
range of situations in which two mechanisms were known to operate sequentially.

There are specific ranges of stress and grain size in the present map, at an homologous
temperature of 0.9, within which each of 5 possible deformation mechanisms may be the
rate-controlling process.

Climb: strain-rate oc (DiGb/kT)(c/G)*

Glide: strain-rate oc (DIGb/kT)(c/G)?

Harper-Dorn: strain-rate oc (DiGb/kT)(c/G)
Nabarro-Herring: strain-rate oc (DiGb/kT)(b/d)?*(c/G)
Coble: strain-rate oc (DgprGb/kT)(b/d)*(c/G)
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Figure 15. Deformation mechanism map for pure
aluminium at an homologous temperature of 0.5

On the other hand, because too small a grain size is unstable at this temperature, the field
of existence of Coble creep is not of much significance in practice. Strain arises from
glide in both the glide and the climb fields, and the division between these fields depends
only upon the relative magnitudes of the rates of climb and glide. The slope of the line
between any 2 fields is known to be governed by the difference in stress exponent,
divided by the difference in inverse grain-size exponent for the mechanisms on either
side of that line. There is therefore a slight change in slope in going from the boundary
between climb and Nabarro-Herring behavior to the boundary between glide and
Nabarro-Herring behavior.
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In general, the value of d/b which separates Nabarro-Herring and Coble fields decreases,
with increasing temperature, at a rate which is three times more rapid than the transition
value for Harper-Dorn and Coble creep. The boundary between Harper-Dorn and Coble
may be eliminated if it falls within the field of Nabarro-Herring creep. For a given
homologous temperature, the rate-controlling mechanisms acting under any conditions of
stress and grain-size may be known but do not reveal the relative contributions made by
the various mechanisms at a given point.
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Figure 16. Deformation mechanism map for pure
aluminium at an homologous temperature of 0.9

Thermal cycling of a sputter-deposited thin film of Al-1mol%Si alloy on a silicon
substrate was carried out'” between room temperature and 723K. The residual stress
increased with increasing cycles, up to the fourth. There was then a continuous decrease
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with further cycling. The initial increase in residual stress was attributed to an increase in
lattice dislocations and to tangling. The subsequent decrease in residual stress was due to
crack formation and delamination. Stress relaxation was monitored during isothermal
annealing at various temperatures, and analysis of the relaxation curves revealed three
temperature regions which reflected various deformation mechanisms. The boundaries
between the neighboring regions corresponded to the boundaries in a deformation-
mechanism map for a thin film of aluminium (figure 19).
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Figure 17. Deformation mechanism map for Al-33%Cu at 723K. Regions I, Il and 111
denote the plastic flow associated with superplastic metals in sigmoidal, Nabarro-
Herring and Coble creep

The superplastic behavior of Al-12.7Si-0.7wt%Mg was investigated'®, and reasonable
elongations were found, for samples having a 9.1um grain size, at 733 to 793K, under
strain-rates of 1.67 x 10 to 1.67 x 102/s. A maximum elongation-to-fracture of 379%
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was found, together with a strain-rate sensitivity of 0.52 and an activation energy for flow
of 156.7kJ/mol at 793K and an initial strain-rate of 1.67 x 10-*/s. This value was close to
the activation energy for lattice diffusion in aluminium. Dislocation observations made in
aluminium grains showed that intragranular slip was the accommodation mechanism
involved in grain-boundary sliding. Most of the grain boundaries were high-angle,
indicating that boundary sliding and grain rotation occurred during deformation.
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Figure 18. Deformation mechanism map for Al-3%Mg
at a homologous temperature of 0.9

The deformation mechanism map (figure 20) showed that the experimental data were in
very close agreement with its predictions. Most cavities formed around silicon particles,
suggesting the operation of a cavity-formation mechanism. Filaments were observed on
fracture surfaces, and their quantity or density increased with increasing test temperature.
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This was attributed to a transition from dislocation viscous glide creep to grain-boundary
sliding at high temperatures. The formation of filaments was related to the deformation
mechanisms and to the lattice diffusion at high temperatures.
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Figure 19. Calculated deformation mechanism map for aluminium thin film on silicon

Plastic deformation of sub-um sized metals at different temperatures is influenced by
factors which are absent from their bulk counterparts, including surface diffusion assisted
softening and mechanical/thermal annealing-induced hardening. The test temperature and
sample size therefore strongly affect the mechanical behavior, necessitating the
construction of new deformation-mechanism maps. Here, based upon results from in situ
quantitative compression tests on micro-pillars at various sizes and temperatures ranging
up to 400C, maps were constructed'® for monocrystalline sub-micron scale aluminium,
consisting of elasticity, diffusive plasticity and displacive plasticity regimes. In the
sample-size versus stress map (for a fixed temperature), a so-called strongest size was
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found at the triple junction of three regimes; above which smaller was stronger, and
below which smaller was weaker. In the diffusive plasticity regime, deformation is
localized within the top pillar volume and demarcated by a moving-front interface, which
is likely to be a newly formed grain boundary that is impenetrable to impinging
dislocations below a critical stress of ~1GPa.

10°
108 Leeeennes .......... .......... .......... .......... .......... ......... .......... ........ , ......
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Figure 20. Deformation mechanism map for AI-Si alloy at 793K, a — diffusional flow
controlled by grain-boundary diffusion and a stress exponent of 1, b — superplastic grain-
boundary sliding controlled by lattice diffusion and a stress exponent of 2, ¢ — dislocation

slip controlled by lattice-diffusion and a stress exponent of 5, d — dislocation slip
controlled by lattice-diffusion and a stress exponent of 7, e — dislocation pipe grain-
boundary diffusion and a stress exponent of 4, superplastic grain-boundary sliding
controlled by grain-boundary sliding and a stress exponent of 2
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The hot-deformation behavior of Al-0.2Sc—0.04wt%Zr was investigated?® by conducting
hot-compression tests at temperatures of 440 to 600C and at strain-rates ranging from
0.001 to 5/s. The characteristics of the true stresses and strains which were acquired in
the hot-compression tests were investigated, and the influence of processing parameters
upon the microstructure of the deformed samples was observed by using optical
microscopy and electron back-scattered diffraction.
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Figure 21. Deformation mechanism map for cadmium,
with a grain size of 32um, at a critical strain rate of 10°%/s

Recent experiments have shown that inhomogeneous deformation in amorphous alloys
depends critically upon the environmental temperature and the applied strain rate, and
that the temperature field inside the shear-band can attain the glass transition
temperature’!. A free-volume based, thermo-viscoplastic constitutive law was
developed?? in which the thermal transport equation included contributions arising from
heating due to plastic work and from heat conduction. For homogeneous deformation, the
instantaneous temperature rise during the strain softening stage could lead to thermal
softening and promote the initiation of shear bands. A linear stability analysis was carried

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. e@%. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

out in order to examine the conditions for the unstable growth of temperature
fluctuations. It was found that short-wavelength fluctuations, the amplitudes of which
decayed at low strain-rates and moderately high temperatures (but still much lower than
the glass transition temperature), became unstable at high strain-rates and low
temperatures, so that the resulting shear-band spacing was shorter. A deformation-
mechanism map was constructed in order to delineate this transition in inhomogeneous
deformation from coarse to fine shear-band arrangements. The theoretical results agreed
well with a nano-indentation experiment with a varying applied strain-rate and
temperature, and with a micro-indentation experiment in which the evolution of the
effective strain-rate during loading influences the spatial distribution of the shear-band
spacing which was observed.
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Figure 22. Deformation mechanism map for CoCrFeMnNi alloy at 1023K

This was an initial attempt* to develop a deformation-mechanism map for a member of
the new class of high-concentration solid solutions known as high-entropy alloys. It was
found that diffusion was not appreciably slower in such alloys, and that superplastic
deformation adhered to the standard model deduced for conventional polycrystals. The
data suggested that deformation at higher stresses occurred via dislocation glide creep,
followed by a power-law breakdown regime. It was necessary to be cautious when
interpreting spherical nano-indentation creep data, but some results on nanocrystalline
samples suggested that room-temperature deformation occurred via Coble diffusion
creep.
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Figure 23. Deformation mechanism map for polycrystalline copper

A new approach to creep studies was illustrated*® with regard to polycrystalline copper.
The complex stress- and temperature-dependences of the minimum creep-rate and the
rupture-life, together with the exact form of the deformation-mechanism map could be

predicted directly.

Cold-spray processing is a solid-state coating technique and an emerging method for
additive manufacturing, in which metal powder particles are bonded through high-
velocity impact-induced deformation. However, the severe plastic deformation of powder
particles at extremely high strain rates, high strain gradients, and localized elevated
temperatures yields rather complex and heterogeneous microstructures in the materials
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produced in cold sprayed coating or bulk forms*. A good understanding, and even
prediction, of such heterogeneous microstructures is essential for determining suitable
post-processing conditions as well as the final properties of cold sprayed products. A
cold-spray system was used to deposit copper coatings over a temperature range of 373 to
873K, and a systematic investigation was made of the microstructural evolution of the
coatings using electron back-scatter diffraction and transmission electron microscopy.
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Figure 24. New deformation mechanism map for 4N copper with a grain size of 44um

Diverse microstructures were observed®, including recrystallized grains, annealing twins,
shear bands, sub-micron grains, deformation twins and nanometre-sized grains. In order
to understand the formation of such complex microstructures, the local strains, strain-
rates and temperatures of the cold-sprayed powder particles were deduced by using finite-
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element methods. Based upon experimental and simulation results, a first deformation
mechanism map was created for cold-sprayed coatings so as to interpret and predict
heterogeneous microstructural evolution in copper by using the local Zener-Hollomon
parameter and plastic strain. Such a map could be used to predict and design the
microstructures of cold-sprayed copper samples on the basis of processing parameters
and could also be extended to other severe plastic deformation processes such as cutting,
extrusion, solid-phase welding and divers solid-state additive manufacturing processes.
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Figure 25. Deformation mechanism map for 1um copper
film with a grain size of 0.1um on silicon

The mechanical response of in situ copper-chromium composite was modeled?’” by using
the deformation-mechanism map approach. The stresses in each phase were predicted as
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a function of temperature and strain rate. From this the ratio of phase stresses, and hence
the degree of load transfer, was obtained. The extent of load transfer and the predicted
deformation modes of the two phases were then related to the expected failure
mechanisms of the composite. Three modes of composite failure were predicted. Copper-
chromium in situ composites, and pure copper, were produced via a casting and swaging
route. The mechanical properties were then characterized experimentally by tensile
testing. Mechanical tests confirmed that the composite exhibited a significantly higher
strength than that of the unreinforced material. The observed failure modes of the
composite were compared with the predictions.
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Figure 26. Deformation mechanism map for 1um copper
film with a grain size of 1um on silicon
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On the basis of existing creep models, a prediction was made?® of the stresses developed
in thin films of copper on silicon wafers that were subjected to thermal cycling. The
results were plotted on deformation-mechanism maps which identified the predominant
mechanism which operated during thermal cycling.
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Figure 27. Deformation mechanism map for 1um copper
film with a grain size of 10um on silicon

The predictions were compared with temperature-ramped and isothermal stress
measurements of a 1pum-thick sputtered copper film at 25 to 450C. The models predicted
the rate of stress relaxation when the film was held at a constant temperature, and the
stress-temperature hysteresis which occurred during thermal cycling. In the case of 1um-
thick copper films which were cycled at 25 to 450C, the deformation maps indicated that
grain-boundary diffusion controlled stress relief at temperatures above 300C, where only
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a low stress could be maintained in the films. Power-law creep was important at
intermediate temperatures and determined the maximum compressive stress.

Deformation-mechanism maps were constructed® for CuNi thin films. In determining the
plastic deformation mechanisms, use was made of the strain-rate equations for bulk
material. Modifications were made for thin films. The results showed that the plastic
deformation which was associated with dislocation motion was over-estimated, and that
diffusive effects strongly affected the form of the map, the predominant deformation
mechanism and the strain-rate. It was concluded that such maps could offer only an
approximate guide to the operating plastic deformation mechanisms.
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Figure 28. Deformation mechanism map, biaxial stress versus temperature,
for Cug.sNio.4 thin films with a thickness and grain size of 400nm
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Although cavity formation had been reported in copper thin films, its mechanism had not
been understood. The present work was aimed®® at understanding the cavitation
mechanism in relation to deformation and stress-concentration mechanisms. The samples
consisted of layers of Cu/Ta/Si0,/Si. The tantalum layer was deposited as a diffusion-
barrier. Stress changes were measured in copper thin films during thermal cycling at
heating and cooling rates of 0.056K/s at temperatures ranging from ambient to 723K.
Morphological changes were monitored by using scanning and transmission electron
microscopy. Analysis of stress-temperature curves indicated that the stress state was
tensile during cooling and compressive during heating. The resultant stress-temperature
curve was compared with a calculated deformation-mechanism map. It was found that
deformation occurred mainly via a dislocation-glide creep mechanism during cooling,
and via a grain-boundary diffusion creep mechanism during heating. Microstructural
observations revealed that cavities formed at twin|twin and twin|grain-boundary
intersections. Based upon these results, the cavity formation mechanism could be
understood by proposing that elastic anisotropy of neighboring twin variants gave rise to
the concentration of shear stress at twin interfaces. This then caused the twin interfaces to
be preferential dislocation glide planes, leading to dislocation pile-up and cavitation at
the intersection.
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Figure 29. Deformation mechanism map for iron,
with a grain size of 32um, at a critical strain rate of 10°%/s

Stress-strain curves, the relationship between differential stress and macroscopic sample
strain, of polycrystalline e-iron were obtained®' at pressures of 17GPa, three different
temperatures (600, 400, 300K) and various strain rates between 3.8 x 10 and 2.3 x 10
3/s. Five independent stress-strain curves were obtained®? upon axial shortening, and the
sample exhibited an overall ductile behavior. At above 4% axial strain, the sample
stresses reached saturation and the sample exhibited steady-state deformation. The stress
exponents at temperatures of 400 and 600K were determined to be ~31 and ~7,
respectively. These results indicated that e-iron deforms in the plastic regime when below
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400 K and that the dominant deformation mechanism at 600K may be low-temperature
power-law creep. The overall deformation behavior for e-iron was consistent with that of
zinc; suggesting that the deformation-mechanism map of e-iron resembled those of other
hexagonal metals.
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Figure 30. Deformation mechanism map for FeAl

The creep behavior of Fe-Ni-Al alloys having the intermetallic (Ni,Fe)Al phase (B2
structure) as matrix and o-Fe precipitate particles (disordered body-centered cubic
structure) was studied® at 900 and 1000C and compared with that of single-phase B2-
(Ni,Fe)Al and other two-phase Fe-Ni-Al alloys containing the (Ni,Fe)Al phase. The
observed creep behavior was controlled mainly by a dislocation creep which was
described by conventional power-law (Dorn equation) with a threshold stress for the
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strengthening precipitates. Deformation-mechanism maps were calculated. The creep
resistance of the alloys was of the order of that of the nickel-based superalloy, Inconel
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Figure 31. Deformation mechanism map for 1Cr-Mo-V steel with a grain size of 23um

Short-term creep tests were performed®* on a 9%Cr (P-91 type) steel at 873 to 923K, and
at stresses below 100MPa, by using the helicoid-spring specimen technique. The steady-
state creep rates corresponded to viscous behavior under the above conditions, and were
characterized by an apparent stress exponent which was close to unity. Because the
stress-exponent at higher stresses was about 10, the change in the deformation
mechanism at lower stresses was evident. The deformation-mechanism map which
resulted showed that the loading conditions responded to the viscous creep. Extrapolation
from the power-law creep regime to low stresses could lead to a serious under-estimation
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of the predicted deformation rates. The primary stage could be described by Li's equation.
Preliminary annealing at 873 K for 1.8 x 10’s reduced the primary strain, but it had no
effect upon the steady-state creep rate.
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Figure 32. Deformation mechanism map for 1Cr-Mo-V steel at 565C

Various studies by different investigators had produced?® high strain-rate superplasticity
in numerous materials. These materials had, in common, ultra-fine grain sizes (1 um and
less) and maximum ductilities at high strain-rates (0.1/s and above) when deformed at
elevated temperatures. A model which had been proposed for high strain-rate
superplasticity when incipient melting was not present, used grain boundary sliding -
accommodated by dislocation glide across sub-grains -  with a rate-controlling
contribution from dislocation-pipe diffusion to explain the observed behavior. Predictive
equations for this and other mechanisms were used to construct deformation-mechanism
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maps. Data on an ultra high-carbon steel were compared with the predictions. A
numerical model was used to predict the tensile ductility as a function of the stress
exponent; which was controlled by the dominant deformation mechanism. At
temperatures where incipient melting was not expected, these predictive relations
explained the observed high strain-rate superplastic behavior.
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Figure 33. Deformation mechanism map for 1.23Cr-1.2Mo-0.26V steel

The establishment of a creep-fatigue life prediction method is important for the
assessment of the remaining life of high-temperature components. Creep-fatigue tests
with strain-hold durations which included 100 hours per cycle were carried out*® on high-
temperature component materials. The relationship between the creep-fatigue life and the
damage evolution during strain-holds was examined. It was suggested that creep-damage
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during stress relaxation should be divided into matrix creep damage and grain-boundary
creep damage, on the basis of a comparison of experimental results and the creep-
deformation-mechanism map. A non-linear damage accumulation model was proposed
which was based upon experimental results and theoretical considerations. The creep-
fatigue lives of high-temperature materials could be predicted with high accuracy.
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Figure 34. Deformation mechanism map for 25Cr-20wt%Ni
austenitic stainless steel at an homologous temperature of 0.7

A critical review of previous creep studies concluded that traditional approaches such as
steady-state behavior, power-law equations and the assumption that diffusional creep
mechanisms were predominant at low stresses, should be seriously reconsidered®’. In
particular, creep strain-rate versus time curves showed that a decaying primary rate led on
to an accelerating tertiary stage; thus giving a minimum rather than a secondary period. It
was propose that conventional steady-state mechanisms should therefore be abandoned in
favor of an understanding of the processes which govern strain-accumulation and of the
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damage phenomena which cause tertiary creep and fracture. It was pointed out that creep
always takes place via dislocation processes, with no change to the diffusional creep
mechanisms with decreasing stress; thus negating the concept of deformation-mechanism
maps. Alternative descriptions were provided by normalizing the applied stress, using the
ultimate tensile stress and yield stress at the creep temperature. In this way, the resulting
Wilshire equations permitted an accurate prediction to be made of 100000h of creep data,
by using property values which arose from tests lasting only 5000h, for a series of 2.25Cr

steels.
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Figure 35. Deformation mechanism map for 25Cr-20wt%Ni
austenitic stainless steel with a grain size of 40um

The domains of existence of deformation mechanisms in a map which was associated
with phase transformation, and mechanical effects related to aging processes, were
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investigated®® in austenitic stainless steels. The incidence of grain-boundary sliding, as
both an additional deformation mechanism and a damage-accumulation process was
considered. A predictive analysis of two typical high-temperature engineering systems
was attempted on the basis of the map information. This prediction indicated the
possibility of grain-boundary sliding and creep-strain jumps interfering with the expected
operational life of components in systems operating at high temperatures.
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Figure 36. Deformation mechanism map for 25Cr-20wt%Ni
austenitic stainless steel with a grain size of 160um

The deformation-mechanism map of 2.25Cr-1Mo steel was determined® by using creep
data which had been obtained for a wide range of creep rates extending down to 107!/s.
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The stress-dependence of the minimum creep-rates of the steel was similar to that of
particle-strengthened materials: with high (H), intermediate (I) and low (L) stress regions.
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Figure 37. Deformation-mechanism map for 25Cr-20wt%Ni
austenitic stainless steel with a grain size of 600um

The stress-exponent and activation energy for the creep rate suggested that dislocation
creep controlled by lattice diffusion was the deformation mechanism in regions I and L,
which including typical service conditions for the steel. A transition to diffusion creep
occurred at a lower creep-rate than that expected from the deformation-mechanism maps.
Region H appeared above the athermal yield stress. During loading in this region,
athermal plastic deformation took place via dislocation-glide, and then dislocation creep
began. The dislocation creep in region H was different to that in regions I and L, due to
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the plastic deformation suffered during loading. A modified creep-mechanism map for
2.25Cr-1Mo steel was proposed on the basis of the experimental results.
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Figure 38. Deformation mechanism map for AISI304L

Deformation-mechanism maps for a 1CrMoV steel were used* to describe the damage
which occurred during high-temperature cyclic-hold tests. A grain-boundary sliding
regime was used to indicate the onset of wedge-crack formation. The strain-rate
transitions which bounded regimes of known predominant damage mechanism were
deduced for temperatures ranging from 450 to 650C. The transition strain-rate data were
incorporated into a ductility-exhaustion approach to life-prediction. The transitions then
permitted an accurate demarcation to be established between creep and fatigue damage.
Cyclic life predictions which were based upon the ductility-exhaustion approach to
cyclic-hold tests at 565C yielded excellent agreement with observations.
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A deformation-mechanism map was constructed*' for 1.23Cr-1.2Mo-0.26V rotor steel as
a function of published temperature, stress and strain-rate creep-test results. In place of
diffusional creep, grain-boundary sliding accommodated by various deformation
processes predominated at lower strain-rates. The grain-boundary sliding-dominated
region could be further sub-divided into two parts; one where grain-boundary sliding was
accommodated by wedge-type cracking at homologous temperatures below 0.5, and one
where the accommodation process changed to creep cavitation at homologous
temperatures above 0.5. The form of the map was confirmed by experimental data and
mathematical modelling. The latter could predict the predominance of various
deformation mechanisms over wide ranges of stress and temperature.
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Figure 39. Deformation mechanism map for AISI3 16
stainless steel with a grain size of 150um
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Deformation-mechanism maps for a precipitate-free 25Cr-20wt%Ni austenitic stainless
steel were expressed* in terms of normalized stress, reciprocal homologous temperature
and normalized grain size. The maps were based largely upon experimental results rather
than upon constitutive strain-rate equations predicted by deformation mechanisms. The
maps systematically classified the complex creep behaviors of the stainless steel, clearly
revealing the transitions in creep behavior with changes in stress, temperature and grain
size. When such maps were prepared only on the basis of constitutive equations, they
were not in agreement with experimental results.

The behavior of AISI304L stainless steel was studied* by using constant-stress tensile
creep tests at 250 to 650C. No creep deformation was detected* between 250 and 400C.
After an initial stress-dependent loading strain, no further deformation occurred. At
650C, creep curves having a characteristic shape were observed, with a relatively large
loading strain being followed by a long primary-creep range. No steady-state creep
behavior with a constant creep rate was observed. The creep-rate instead increased due to
the superposition of primary and tertiary creep. Microstructural observations, performed
following deformation to various points of the creep curve, showed that the development
of sub-grains continued up to fracture®>. An acceleration of the creep rate was caused by
the formation and growth of cavities and wedge cracks.
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Figure 40. Deformation mechanism map for lead,
with a grain size of 32um, at a critical strain rate of 10°%/s

A deformation-mechanism map was constructed*® for the mechanisms of strain relaxation
in thin films of lead which had been deposited*’ onto oxidized silicon wafers at room
temperature, and then thermally cycled between liquid helium and room temperatures.
The stress level was deduced from strains measured using X-ray diffraction. During
cooling, the strain relaxed rapidly in the field of dislocation glide for films which were
thicker than 0.2um. During heating, most of the strain was again probably relaxed by
glide. In the case of a 0.5um-thick film, the stress following primary relaxation was
between 1 x 10° and 1.5 x 10°dyne/cm? for cooling and between 0.17 x 10° and 0.24 x
10°dyne/cm? for heating at 200 to 280K. Slow secondary relaxation occurred following
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primary relaxation. The compressive-strain relaxation-rate at room temperature was very
close to the rate calculated on the basis of grain-boundary diffusion creep, thus
suggesting that the secondary relaxation mechanism of compressive strain was grain-
boundary diffusion creep at temperatures close to room temperature. Dislocation slip-
lines were observed within grains, and hillocks were observed on grain boundaries.
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Figure 41. Calculated deformation mechanism map for lead
thin film with a thickness of 0.5um and a grain size of 2.5um

The maximum-work principle was used®® to analyze the axisymmetrical co-deformation
in face-centered cubic crystals for twinning on (111)<112> and slip on {111}<112>
systems. The influence of &, the ratio of critical resolved shear stress for twinning to slip,
upon the yield stress states and corresponding active slip or/and twinning systems for
orientations in the standard stereographic triangle of a cubic crystal was systematically
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investigated. The Taylor factors and the anisotropy of yield strength for three important
orientations [100], [110] and [111] in orientation space were analyzed. It was found that
the yield-strength asymmetry for the case of axisymmetrical deformation of tension and
compression could be explained on the basis of the microscopic theory of crystal
plasticity. The concept of an orientation factor for twinning ability was proposed, and the
deformation-mechanism map in orientation space was established for the case of
axisymmetrical deformation. The deformation-texture formation and the development of
face-centered cubic crystals with low stacking-fault energy for axisymmetrical tension
could be explained qualitatively on the basis of the results.
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Figure 42. New deformation-mechanism map for 4N lead with a grain size of 310um

Creep was investigated” in typical face-centered cubic metals at homologous
temperatures below 0.3. All of the samples exhibited a marked creep behavior at these
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temperatures, with an apparent activation energy of 15 to 30kJ/mol and a stress exponent

of 2 to 5. The results revealed a new creep region that had not appeared in other
deformation-mechanism maps for pure face-centered cubic metals.
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Figure 43. Deformation mechanism map for pure
magnesium at an homologous temperature of 0.67

The superplastic behavior of thin rolled sheets of AZ61 and AZ31 alloy was evaluated
at 573 to 693K, and was compared with as-received materials having relatively coarse
grains. Existing deformation-mechanism maps for face-centered cubic and body-centered
cubic metals were found to be deficient for the prediction of the deformation behavior of
magnesium alloys having an hexagonal close-packed structure. By using experimental
data for magnesium alloys which were associated with various competing deformation
mechanisms at high temperatures, deformation-mechanism maps for such alloys could be
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constructed. Excellent predictive capabilities of the maps were demonstrated at 573 to
673K.

The superplastic properties and formability of AZ31 sheet, processed by strip-casting and
subsequent warm-rolling, were studied’!. The microstructure of sheet having a thickness
of 1.3mm was uniform and comprised equiaxed grains with an average size of 6.6um.
Such sheets exhibited an excellent superplasticity, with a maximum elongation of 800%
at 673K. A small grain-size, and slow grain growth during deformation, resulted in
improved superplastic properties at 673K. The governing deformation mechanism which
operated at a given strain-rate and temperature-range could be predicted by the
deformation-mechanism maps.
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Figure 44. Deformation mechanism map for Mg—3A1-1%Zn at 573K

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. e541. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

A study was made of the hot-deformation behavior of the as-cast Mg alloys, AM30 and
AMS50. The alloys were investigated® with regard to mechanical and microstructural
evolution at 423 to 623K and strain-rates ranging from 107 to 10/s. A safe processing
domain was identified for as-cast AM30 and AMS50 alloys on the basis of the strain-rate
sensitivity map. The deformed microstructures of both AM30 and AMS50 revealed the
occurrence of dynamic recovery and recrystallization at temperatures above 523K.
Although the two alloys exhibited similar behaviors in the hot-deformation regime, they
deviated at 623K and low strain-rate, where AM30 was fully recrystallized while AMS50
exhibited a necklace structure following deformation. This was attributed to the
difference in the rate of dynamic recovery in the two alloys, owing to the difference in
aluminium concentration. Continuous dynamic recrystallization was the recrystallization
mechanism which was active in the processing regime.
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Figure 45. Deformation mechanism map for Mg—3A41—1%Zn at 623K
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Figure 46. Deformation mechanism map for Mg—3A41—1%Zn at 673K

A comprehensive study®® combined in sifu scanning electron microscopy experiments and
atomistic simulations in order to quantify the effect of crystal size upon the change in
deformation modes of a-axis oriented magnesium single crystals at room temperature.
The experimental results indicated that deformation was dominated by the nucleation and
propagation of tensile twins. The stress which was required for twin propagation was
found to increase with decreasing sample size, revealing a typical so-called smaller is
stronger behavior. An anomalous increase in strain-hardening was reported, for
microcrystals having diameters greater than ~18um, which was induced by twin-twin
and dislocation-twin interactions. The hardening rate gradually decreased toward the bulk
response as the microcrystal size increased. Below 18 um, the deformation was
dominated by the nucleation and propagation of a single tensile twin, followed by basal-
slip activity in the twinned crystal; leading to no apparent hardening. In addition,
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molecular dynamics simulations indicated a transition from twinning-mediated plasticity
to dislocation-mediated plasticity for crystal sizes which were below a few hundred
nanometres in size. A deformation-mechanism map for twin-oriented magnesium single
crystals, ranging from the nano-scale to bulk, was proposed on the basis of the
simulations and experiments. This predicted size-affected deformation mechanism for
twin-oriented magnesium single crystals could lead to an improved understanding of the
competition between dislocation plasticity and twinning plasticity.
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Figure 47. Deformation mechanism map for AZ31 magnesium alloy at 573K

Mg-6Li-3Zn alloy sheets were prepared® by melting and casting, and rolled to a total
reduction of 94%. The high-temperature mechanical behavior, microstructures and
deformation mechanisms were investigated. A maximum elongation to failure of 300%
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was demonstrated at 623K and an initial strain-rate of 1.67 x 1073/s. Optical microscopy
and transmission electron microscopy revealed that appreciable dynamic recrystallization
and grain refinement occurred in banded grains at 573K and an initial strain-rate of 1.67 x
10-3/s, where the sub-grain contour was ambiguous and the dislocation distribution was
relatively uniform. It was shown by using the new deformation-mechanism map that the
high-temperature deformation mechanism in Mg-6Li-3Zn alloy sheet with banded grains,
at 573K and an initial strain-rate of 1.67 x 10-3/s, was dislocation viscous glide controlled
by lattice diffusion. The stress-exponent was 3 (strain-rate sensitivity exponent of 0.33)
and the deformation activation energy was 134.8kJ/mol; the same as the lattice-diffusion
activation energy for magnesium.
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Figure 48. Deformation mechanism map for AZ31 magnesium alloy at 623K
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Deformation-mechanism maps for 0 to 883K and shear strain-rates of 1071° to 10%s were
built up®® from available rate equations for deformation mechanisms in pure magnesium
or magnesium alloys. It was found that the grain size had little effect upon the fields of
plasticity and phonon or electron drag, but it had a marked effect upon the fields of
power-law creep, diffusion creep and Harper-Dorn creep for the above ranges of
temperature, strain-rate and grain size. A larger grain size was predicted to be helpful in
increasing the field range of power-law creep, but decreased that of diffusion-creep when
the grain size was less than ~204 um. Harper-Dorn creep dominated the deformation due
to diffusion creep at grain sizes ranging from 204 to 255 pum.
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Figure 49. Deformation mechanism map for AZ31 magnesium alloy at 673K

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. eﬁgz. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

The maps included only plasticity, phonon or electron drag and power-law creep when
the grain size was greater than ~255um, when the grain size had little influence upon the
maps. Upon comparing the reported data for Mg-Gd-Y alloys with maps built up from
available rate equations, it was concluded that the maps were an effective tool for
predicting the deformation behavior of the Mg-Gd-Y alloys and for systematically
classifying discrepancies in the deformation mechanism. Differences nevertheless existed
in the deformation mechanisms of the alloys according to the reported data and that
predicted by the maps. Refinement of the maps with regard to mechanical twinning and
adiabatic shear was suggested to be necessary.

Stress-temperature curves at constant strain-rate were summarized®® for the steady-state
flow conditions of single crystals and polycrystals, and fields of predominating
microscopic mechanisms were proposed. The superplastic deformation behavior of fine-
grained AZ61 magnesium alloy sheet during equi-biaxial tensile deformation was
investigated®’. Thin circular diaphragms were successfully deformed into hemispherical
domes at 673K, using gas pressures ranging from 0.46 to 1.20MPa. Within this pressure
range, an average shell stress ranging from 7 to 23MPa and an average deformation-rate
ranging from 2 x 10 to 5 x 1073/s were imposed on the deforming hemisphere. The
thickness profile of the resultant shape, which was sensitive to the strain-rate sensitivity
and the degree of deformation, was compared with an analytical model. Under low-
pressure (0.46MPa) conditions the forming process obeyed the model, but this was not so
at high (0.8 or 1.2MPa) pressures. In the latter cases, according to the deformation-
mechanism map for magnesium, the rate-controlling deformation mechanism changed
from lattice-diffusion controlled grain-boundary sliding to lattice-diffusion controlled
dislocation-climb creep during forming; due to dynamic grain growth. The degree of
uniformity of thickness distribution was less than that predicted by the theoretical model.
The reduction in strain-rate sensitivity value resulted from this change in deformation
mechanism.
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Figure 50. Deformation mechanism map of ZK60 magnesium alloy at 493K. Deformation
in region 1 is controlled by a stress exponent of 5, deformation in region Il is controlled
by a stress exponent of 7 and deformation in region Il is again controlled by a stress
exponent of 5

The high-temperature deformation behavior of AZ91 alloy with ultrafine grains was
studied®® at 473 to 573K. Analyses based upon the deformation mechanism maps for
magnesium, and a comparison of the experimental data with the values predicted by
equations for several deformation mechanisms, indicated that Coble creep was the rate-
controlling deformation mechanism in the low strain-rate range. The critical grain size at
which Coble creep could be detected in magnesium at a given strain-rate and temperature
was calculated.
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Figure 51. Deformation mechanism map of ZK60 magnesium alloy at 573K. Deformation
in region 1 is controlled by a stress exponent of 5, deformation in region Il is controlled
by a stress exponent of 7 and deformation in region Il is again controlled by a stress
exponent of 5

Fine-grained sheets of Mg-7.83%Li and Mg-8.42%Li alloys were prepared by melting
and casting, heavy rolling (reduction of more than 92%) and nitrate-bath annealing, and
their superplasticity, microstructure, cavitation, fracture morphology and deformation
mechanism were investigated®®. The diffusivities and Gibbs free energy of the a-phase
(5.7%L1) and B-phase (11%L1i) at 573K were calculated in order to deduce the reason for
superplastic grain growth. The results showed that a few cavities were distributed
randomly and in isolation along the gauge length of Mg-8.42L1i alloy at 573K and 1.67 x
1073/s. Transgranular fracture appeared at 573K and 5 x 10*/s in Mg-8.42Li alloy and
dimple fracture along the grain boundary appeared at 573/K and 1.67 x 10”%/s in Mg-
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7.83Li alloy. A maximum superplasticity of 850% and 920% was obtained in Mg-
7.83%Li and Mg-8.42%L1i, respectively. Obvious superplastic grain growth at 573K
appeared in Mg-7.83Li alloy. A comparison of normalized experimental data with a
deformation-mechanism map which incorporated dislocation densities within grains
revealed that the dominant deformation mechanisms in the two alloys were grain-
boundary sliding, accommodated by slip that was controlled by lattice diffusion.
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Figure 52. Deformation mechanism map for Mg—Li at 573K, a — Harper-Dorn slip
controlled by lattice-diffusion and a stress exponent of 1, b — diffusion creep controlled
by grain-boundary diffusion and a stress exponent of 1, ¢ — superplastic grain-boundary
sliding controlled by lattice-diffusion and a stress exponent of 2, d — dislocation slip
controlled by lattice-diffusion and a stress exponent of 5, e - dislocation slip controlled
by lattice-diffusion and a stress exponent of 7, f— dislocation pipe grain-boundary sliding
controlled by pipe-diffusion and a stress exponent of 4, g — superplastic grain-boundary
sliding controlled by grain-boundary diffusion and a stress exponent of 2
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Double-shear creep testing was used® to study the creep behavior of AZ31 alloy which
had been processed by equal-channel angular pressing in order to produce an average
grain size of about 2.7um. Rapid creep rates were observed in the early stages of
deformation, due to grain-boundary sliding in the fine-grained structure. The creep rate
decreased with increasing deformation, due to grain growth. The stress exponent for flow
in the early stages was about 2 and the activation energy was some 92kJ/mol. These
values were consistent with those expected for grain-boundary sliding under superplastic
conditions. Annealing (723K, 24h) before creep-testing led to a markedly greater grain
size of about 50um. This prevented grain-boundary sliding and led to an increased stress
exponent at higher stresses. Deformation-mechanism maps were constructed which
incorporated the new experimental results for fine-grained alloy, plus published data for
the alloy. The maps then constituted a useful means for choosing the required
experimental conditions for superplastic forming.

The superplastic behavior of ZK60 indicated®! the occurrence of deformation via grain-
boundary sliding. Dislocation climb became the rate-controlling mechanism at higher
stresses, but the rate-controlling mechanism at lower stresses remained unclear. Study of
the development of superplasticity showed that an increase in the stress exponent and a
decrease in the elongation occurred at low stresses. The deformation-mechanism maps
exhibited a patchwork of deformation regimes.

Maximum superplastic elongations of 850 and 920% were observed®® in Mg-7.83Li and
Mg-8.42Li alloys at 573K, using initial strain-rates of 1.67 x 102 and 5 x 10%/s,
respectively. Dynamic grain growth appeared at 573K. The differing atomic mobilities of
magnesium and lithium in the a-phase 5.7Li and B-phase 11Li, and the differing Gibbs
free energies of these phases contributed to the dynamic grain growth at 573K. By
comparing the experimental stress exponents, grain-size exponents and deformation
activation energies with constructed deformation-mechanism maps which incorporated
dislocation processes within grains, it was deduced that the predominant deformation
mechanisms in the alloys were grain-boundary sliding that was accommodated by lattice-
diffusion controlled slip.
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Figure 53. Deformation mechanism map for nickel
with a grain size of 10um as originally conceived

Tensile tests over a wide range of strain rates (1.04 x 10 to 1.04/s) were performed®® on
electrodeposited nanocrystalline nickel and Ni-Co alloys with various grain sizes in order
to investigate systematically the coupling effects of strain rate and grain size upon
mechanical behavior. It was found that the grain size significantly affected the
dependence of mechanical responses upon the imposed strain rate. In particular, peculiar
fluctuations of flow stress and elongation-to-failure with changes in strain-rate were
observed in the Ni-8.6wt%Co alloy with the finest grain size. By carefully analyzing the
changes in strain-rate sensitivity exponent and apparent activation volume, such unique
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phenomena were rationalized in terms of a synergy of grain size and strain-rate with
regard to the transition in deformation mechanisms including thermally-activated and
mechanically-driven grain boundary activities, interactions of dislocations with grain
boundaries and diffusional creep; which acted alone or in concert so as to dominate the
plasticity. Building upon a classification of the characteristics of plastic deformation at
the nanoscale, a two-dimensional deformation-mechanism map was proposed which
elucidated the interactive effects of grain size and strain-rate on the deformation
mechanisms and the related mechanical behaviors of face-centered-cubic nanocrystalline
nickel and nickel-based alloys.
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Figure 54. Deformation mechanism map for nickel with a grain
size of 10um, with the inclusion of grain-boundary sliding
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Figure 55. Deformation mechanism map for solid nickel with a grain size of 30um

The results of high-temperature grain-boundary engineering of an experimental low
stacking-fault energy nickel-based superalloy were compared® with those for a
commercially available superalloy, RR1000. Deformation-mechanism maps for
thermomechanical processing were compared along with the resultant length-fractions of
>3 boundaries following sub-solvus and super-solvus annealing. Compared with the hot-
deformation processing characteristics of RR1000, lowering the stacking-fault energy
reduced the dislocation mobility and expanded the range of temperatures and strain-rates
over which dislocation-based plastic flow mechanisms were operative in the low
stacking-fault alloy. For both alloys, processing conditions which were conducive to
dislocation-based plasticity allowed for the storage of strain-energy, within the
microstructure, that was utilized for strain-induced boundary migration and the formation
of X3 boundaries upon annealing. Based upon the results, alloying changes that serve to
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reduce the stacking-fault energy of nickel-based superalloys also make the alloys more
amenable to grain-boundary engineering techniques that involve hot-deformation.
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Figure 56. Deformation mechanism map of nickel foam with a relative
density of 20%, a cell-size of 400um and a grain size of 20um

The creep-deformation mechanisms at intermediate temperature in ME3, a modern
nickel-based disk superalloy, were investigated® using diffraction contrast imaging. Both
conventional transmission electron microscopy and scanning transmission electron
microscopy were utilized. Distinctly different deformation mechanisms became operative
during creep at temperatures between 677 and 815C and at stresses ranging from 274 to
724MPa. Both polycrystalline and single-crystal creep tests were conducted. The single-
crystal tests provided new insight into grain orientation effects upon the creep response
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and deformation mechanisms. Creep at temperatures of up to 760C resulted in thermally-
activated shearing modes such as micro-twinning, stacking-fault ribbons and isolated
superlattice extrinsic stacking-faults. On the other hand, these faulting modes occurred
much less frequently during creep at 815C under lower applied stresses. The principal
deformation-mode was instead dislocation-climb by-pass. In addition to the difference in
creep behavior and creep-deformation mechanisms as a function of stress and
temperature, it was also observed that microstructural evolution occurred during creep at
760C and above, where the secondary y'-phase coarsened and the tertiary y’-phase
precipitates dissolved. Based upon this work, a creep-deformation mechanism-map was
proposed which emphasized the influence of stress and temperature upon the underlying
creep mechanisms.
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Figure 57. Deformation mechanism map for nickel foam with a relative
density of 4%, a cell-size of 400um and a grain size of 20um
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The effects of thermo-mechanical processing parameters upon the resulting
microstructure of an experimental nickel-based superalloy containing 24wt%Co were
investigated®®. Hot-compression tests were performed at temperatures ranging from 1020
to 1100C and strain-rates ranging from 0.0005 to 0.1/s. The mechanically deformed
samples were also subjected to annealing treatments at sub-solvus (1115C) and super-
solvus (1140C) temperatures. The aim was to quantify and understand the behavior and
evolution of both the grain-boundary structure and length-fraction of X3 twin boundaries
in the low stacking-fault energy superalloy. Over the above range of deformation
parameters, the corresponding deformation-mechanism map revealed that dynamic
recrystallization or dynamic recovery was dominant.
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Figure 58. Deformation mechanism map for nickel,
with a grain size of 32um, at a critical strain rate of 10%/s
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These conditions largely promoted post-deformation grain refinement and the formation
of annealing twins following annealing. Samples which were deformed at strain-rates of
0.0005 and 0.001/s at 1060 and 1100C exhibited extensive grain-boundary
sliding/rotation that was associated with superplastic flow. Upon annealing, deformation
conditions that resulted predominately in superplastic flow were found to provide
negligible enhancement of twin boundaries and produced little or no post-deformation
grain refinement.

A deformation mechanism map for a nickel-based superalloy was presented®’ for cyclic
loading at low (300C), intermediate (550C) and high (700C) temperatures and low
(0.7%) and high (1.0%) applied strain amplitudes. Strain-mapping was performed using
digital image correlation during interrupted fatigue experiments at elevated temperatures
and 1, 10, 100 and 1000 cycles, for each specified loading and temperature condition.
The digital image correlation measurements were performed in a scanning electron
microscope, which permitted high-resolution measurements to be made of heterogeneous
slip events and a vacuum environment ensured stability of the speckle pattern for digital
image correlation at high temperatures. The cumulative fatigue experiments showed that
the slip bands were present in the first cycle and intensified with increasing number of
cycles; resulting in highly localized strain accumulation. The strain mapping results were
combined with microstructure characterization via electron back-scatter diffraction. The
combination of crystal orientations and high-resolution strain measurements was used to
determine the active slip planes. At low temperatures, slip bands followed the {111}
octahedral planes. As the temperature increased however both the {111} octahedral and
{100} cubic slip planes accommodated strain. The activation of cubic slip via cross-slip
within the ordered intermetallic y’-phase was well-documented in nickel-based
superalloys and is generally accepted as being the mechanism responsible for the
anomalous yield phenomenon. The present results represented an important quantifiable
study of cubic slip-system activity at the mesoscale in polycrystalline y-y’ nickel-based
superalloys and was a key advance in calibrating the thermal activation components of
polycrystalline deformation models.
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Figure 59. Deformation mechanism map for NiAl with a grain-size of 0.34um

Material design and property modifications are traditionally associated with
compositional changes, but subtle changes in the manufacturing process parameters can
also have a dramatic effect upon the resultant material properties. An integrated
computational materials engineering framework® was adopted in order to tailor the
fatigue performance of the nickel-based RR1000. An existing fatigue model was used to
identify those microstructural features which promote an enhanced fatigue life: that is, a
uniform fine grain-size distribution, a random orientation, a distinct grain-boundary
distribution (especially a high twin-boundary density and limited low-angle grain
boundaries).

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. e@@. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

1072

Obstacle-Céntrolled Gli(i;e

Power-Lfaw Creep

10

o/p

Diffusionf Creep

Diffusion-Créen Threshold Strefss

104

0.6 0.7 0.8 0.9 1.0
T/Tm

Figure 60. Deformation mechanism map for IN738LC
with an average grain size of 0.3mm

A deformation mechanism map and process models for the grain-boundary engineering
of RR1000 were used to identify the optimum thermo-mechanical processing parameters
for the obtention of desirable microstructural features. Small-scale forgings of RR1000
were produced and heat-treated so as to produce fine-grained or coarse-grained
microstructures that reproduced conventionally processed and grain-boundary engineered
conditions, respectively. For each of the four microstructural variants of RR1000, the
twin density and grain size were characterized and were in agreement with the desired
microstructural attributes. In order to validate the deformation mechanisms and fatigue
behavior of the material, high-resolution digital image correlation was performed in order
to generate strain-maps for the microstructural features. A high density of twin
boundaries was confirmed to inhibit the length of slip bands, and this was directly linked
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to an extended fatigue life. This demonstrated the successful role of models, for both
process and performance, in the design and manufacture of nickel-based superalloy disk
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Figure 61. Deformation mechanism map for IN738LC turbine blades

The critical rotating components used in the hot section of gas turbines are subjected to
cyclic loading conditions during operation, and the life of these structures is governed by
their ability to resist fatigue. Since it is well known that microstructural parameters such
as the grain size can significantly influence the fatigue behavior of the material, the
conventional processes which are involved in the manufacture of these structures are
carefully controlled in an effort to engineer the resultant microstructure. Again for the
nickel-based RR1000, the development of process models and deformation mechanism
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maps has permitted not only control of the resultant grain size but also the ability to tailor
and manipulate the resultant grain-boundary character-distribution. The increased level of
microstructural control was coupled with a physics-based fatigue model in order to form
an integrated computational materials engineering framework that was then used to guide
the design of damage-tolerant microstructures. Simulations of a three-dimensional
crystal-plasticity finite-element model were used to identify the microstructural features
which are associated with strain-localization during cyclic loading and to guide the
design of polycrystalline microstructures which are optimized for fatigue resistance.
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Figure 62. Deformation mechanism map for Incoloy 800H
with an average grain size of 100um
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Conventionally processed and grain-boundary engineered forgings of RR1000 were again
produced in order to validate the design methodology. For nominally equivalent grain
sizes, high-resolution strain-maps, generated via digital image correlation, confirmed that
a high density of twin boundaries in the grain-boundary engineered material were
desirable microstructural features as they contributed to limiting the overall length of the
persistent slip bands that often serve as precursors for the nucleation of fatigue cracks.
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Figure 63. Deformation mechanism map for Incoloy S00H
with an average grain size of 50um

A study was made of the low-cycle fatigue behavior of a new nickel-based superalloy in
the temperature range of 650 to 760C%. Two initial microstructures having differing
precipitate distributions were produced, and the low-cycle fatigue behavior of these
microstructures was characterized by using mechanical parameters such as cyclic
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anisotropy, plastic strain accumulation and back-stress evolution. The deformation
response was confirmed via detailed electron microscopy. A deformation-mechanism
map which illustrated the defect activity occurring under various testing conditions was

constructed on the basis of the microscopy results.
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Figure 64. Deformation mechanism map for Incoloy 800H with an average grain size of

Amorphous Ni-Mo-P films were successfully deposited onto CoCrFeNi high-entropy
alloys by electroless plating with the aim’
mechanical properties, plastic deformation and fracture mode of the coating|substrate
system. The yield strength and ultimate tensile strength of a specimen which had been
plated for 1h were 260 and 760MPa, respectively, with a 44.4% (yield strength) and
14.2% (ultimate tensile strength) improvement as compared with the uncoated high-
entropy alloy’s yield strength and ultimate tensile strength of 180MPa and 560MPa,
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respectively. This was attributed to the back-stress and repulsive image stress having
suppressed the nucleation and mobility of dislocations. Due to substrate confinement, the
deformation mode gradually changed from cracking (with homogeneous flow) to shear
banding (with homogeneous flow). Fully-homogeneous flows eventually occurred, with
decreasing film thickness, and a deformation-mechanism map was developed so as to
express the transition in deformation mode. Brittle fracture at a high velocity, originating
from the amorphous films, led to cleavage-cracking on the surface of the high-entropy
alloy substrate. A thicker film had a higher crack velocity and caused deeper crack
penetration into the substrate, thus reducing the substrate ductility.
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Figure 65. Deformation mechanism map for GTD-111 with a grain size of 1.2mm
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A novel nickel-based superalloy was designed which had ¢y'-phase precipitate-
strengthening, controlled y/y" lattice-misfit and a high configurational entropy of the y-
phase matrix, thus imparting an improved high temperature performance up to 800C’".
The alloy contained nano-sized y’-phase precipitates, MC and other grain-boundary
carbides. Three variants of the alloy were fabricated using vacuum induction melting, a
computationally-based homogenization cycle for reducing solidification segregation and
the thermo-mechanical processing steps of forging followed by hot-rolling to produce
plates from which standard test specimens were extracted. Tensile testing at room
temperature, and at temperatures of up to 800C, revealed a yield stress which was
superior to that of Nimonic 105. The three variants of the alloy were machinable, with
maximum stresses that were comparable to standard results, as indicated by deformation-
mechanisms maps deduced using Gleeble testing and electron back-scatter scatter
diffraction. Due to the composition of experimental alloys falling outside of the typical
range used to tabulate thermodynamic data, differences in phase predictions and related
temperatures were detected between experimental and Thermo-Calc predictions. The 7y'-
phase forming elements, titanium and niobium, had a similar effect upon the y’-phase
precipitates and indirectly contributed to a change in the entropy of the y-phase matrix. It
was deduced that these alloys had a potential use at 800C in energy structural
applications.

A method was proposed’ for constructing deformation-mechanism maps, for open-cell
foams, by beginning with the deformation behavior of the constitutive material and
taking account of the foam geometry. This revealed the predominant foam-deformation
mechanisms as a function of temperature and applied-stress. The model was successfully
applied to experimental results on open-cell pure-nickel foams.

Densification kinetics during the spark plasma-sintering of FeAl and NiAl powders were
analyzed” by using creep parameters which were deduced from the densification data.
Model predictions were presented in the form of deformation-mechanism maps which
could predict the creep behavior on the basis of the densification data.
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Figure 66. Deformation mechanism map for GH4742 nickel alloy; a — Coble diffusional
flow controlled by grain-boundary diffusion and a stress exponent of 1, b — grain-
boundary sliding controlled by lattice-diffusion and a stress exponent of 2, ¢ — slip

controlled by lattice-diffusion and a stress exponent of 5, d — slip controlled by lattice-
diffusion and a stress exponent of 7, e — grain-boundary sliding controlled by pipe-
diffusion and a stress exponent of 4, f— grain-boundary sliding controlled by grain-
boundary diffusion and a stress exponent of 2

New experimental data were combined’™ with published data in order to construct high-
temperature deformation-mechanism maps. These revealed a high-stress plasticity regime
which was controlled by dislocation glide, a power-law creep field and a possible
vacancy-diffusion creep field at low stresses. There was no sign of a grain-boundary
diffusion creep field, but the curvature of temperature contours at high stress could be
attributed to low-temperature dislocation-core diffusion-controlled power-law creep, or to
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power-law breakdown, or both. The vacancy-diffusion creep field was significant
because extrapolation of the power-law creep data to low stresses could drastically
underestimate the creep strains which might occur during the lifetime of an engineering
component. The deformation maps were useful for summarizing data which spanned a
wide range of experimental conditions. The deduction of parameters from the data in
order to ensure that a change in mechanism occurred on predicted contours in the correct
place put extra limits, on the analysis of results, which were not imposed if the two
mechanisms were fitted separately.

Fifty-eight samples having average grain sizes ranging from 87.7 to 315um were creep-
tested” at 1023 to 1293K, using stresses of 14.1 to 105MPa, leading to the construction
of a deformation-mechanism map. The data were well-represented by both high-
temperature and low-temperature power-law creep mechanisms. The degree of influence
of diffusion-based creep mechanisms, especially Coble creep, required further
investigation. Extrapolation of the data in any direction out of the deformation-
mechanism map was somewhat dubious.

The creep of GTD-111, with its high volume fraction of y-phase, appears to involve
several deformation mechanisms which operate under various combinations of
temperature and stress. Their regions of operation can be described’® in terms of a stress-
temperature deformation-mechanism map. In order to construct the map, single-specimen
creep tests were performed under constant-stress versus variable-temperature and
constant-temperature versus variable-stress conditions. The map consisted of two
separate dislocation-controlled mechanism fields: a stacking-fault plus antiphase
boundary region and a dislocation-climb region. A diffusional creep mechanism operated
at lower stresses.

On the basis of high-temperature compression tests, laws were determined’’ which
related the strain-rate sensitivity index and the activation energy for deformation at
various strain-rates and deformation temperatures. Dislocation evolution laws and
deformation mechanisms, and the normalized flow stress were predicted by using
deformation-mechanism maps.
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Figure 67. Deformation mechanism map for potassium with a grain size of 100um

The flow strength of potassium rises steeply, at homologous temperatures of less than
0.1, to a value of 5.4 x 10~ at OK"®; a behavior which is typical of materials possessing a
strong lattice resistance: that is, there exists an intrinsic resistance to dislocation motion
which is caused by Peierls-Nabarro interaction of the dislocation with the lattice
potential. A Bordoni internal friction peak which is due to double-kink formation has also
been observed in potassium. The activation volume for the low-temperature plasticity of
potassium was about 30b’ at a stress of about p/1000. This was indicative of lattice-
resistance control.
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Figure 68. Deformation mechanism map for silver,
with a grain size of 32um, at a critical strain rate of 10°%/s

Silver typifies the behavior of the noble metals and of copper where, for all of these
metals, the homologous temperature which separates Nabarro and Coble-creep is
between 0.8 and 0.9. In the map for silver, an elastic field appears when the strain-rate is
too small to be measurable. In constructing this map, the atomic volume was taken” to be
1.71 x 103cm?’. The Burgers vector was 2.89 x 10%cm, the room-temperature shear
modulus was 2.64 x 10''dyne/cm? and the temperature-dependence of the shear modulus
was 4.36 x 10%/K. The bulk and grain-boundary diffusivities were given by Di(cm?/s) =
0.44exp[-44.3(kcal/mol)/RT] and  Dg(cm?s) =  0.09exp[-21.5(kcal/mol)/RT],
respectively.
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Figure 69. Deformation mechanism map for Sn—38%Pb alloy at 413K. Regions I, Il and
111 denote regions of flow associated with sigmoidal, Nabarro—Herring and Coble
diffusion creep

A Sn-38%Pb eutectic alloy containing 160ppm of antimony was processed®® using equal-
channel angular pressing at room temperature and tested in tension at 423K using strain-
rates ranging from 10 to 107!/s. High superplastic elongations occurred at intermediate
strain-rates, with a maximum elongation-to-failure of 2665%. The results were
summarized by a deformation-mechanism map, with the normalized grain size being
plotted against the normalized stress at 423K.
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The alloy was also tested®! in tension at a temperature of 413K. There was an increasing
superplastic elongation with decreasing strain-rate, with elongations sometimes greater
than 3000% at the lowest strain-rate. The experimental data were in excellent agreement
with the predictions of the deformation-mechanism map.

The map provided® strong evidence that superplasticity occurred only at grain sizes
which were sufficiently small, and a stable sub-grain structure was not formed during

deformation.
"X
107 Q
\
\
10° §
10° %

10*

10°
107 10°¢ 10° 104 10

Figure 70. Deformation mechanism map for Sn-38%Pb at 423K. Regions I, Il and 111
denote regions of flow associated with sigmoidal, Nabarro—Herring and Coble diffusion
creep
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Figure 71. Deformation mechanism map for thallium,
with a grain size of 32um, at a critical strain rate of 10°%/s

Hexagonal metals having non-ideal c/a ratios appear to differ from face-centered cubic
metals in that they are more susceptible to Nabarro creep. This then enlarges the Nabarro-
creep field at the expense of the Coble-creep field and pushes the transition temperature
between them towards lower temperatures. Thallium is the only hexagonal metal with an
almost ideal c/a ratio and does not exhibit the extended diffusional-creep field. In
constructing this map, the atomic volume was taken®’ to be 2.92 x 102>cm?. The Burgers
vector was 3.36 x 10-8cm, the room-temperature shear modulus was 0.55 x 10''dyne/cm?
and the temperature-dependence of the shear modulus was 17.0 x 104/K. The bulk and
grain-boundary diffusivities were given by Di(cm?/s) = 0.7exp[-20(kcal/mol)/RT] and
Dgb(cm?/s) = 1.0exp[-13.6(kcal/mol)/RT], respectively.
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Figure 72. Deformation mechanism map for titanium with a grain size of 100um. The
vertical dashed line indicates the division between the low-temperature hexagonal close-
packed a-phase and the body-centered cubic [-phase

The critical stress for twinning was predicted®* as a function of temperature, strain-rate,
grain size and stacking-fault energy. Plastic deformation via slip and twinning were
considered to be competing mechanisms. The twinning stress was equated to a slip stress
which was based upon plastic flow via the thermally-assisted movement of dislocations
over obstacles, leading to a successful prediction of the slip-twinning transition. The
model was applied to body-centered cubic, face-centered cubic and hexagonal close-
packed metals and alloys. An expression for the twinning stress in body-centered cubic
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metals was developed on the basis of dislocation emission from a source and the
formation of pile-ups as the rate-controlling mechanism. The critical size of the twin
nucleus and the twinning stress were related to the twin-boundary energy and, in turn, to
the stacking-fault energy in the case of face-centered cubic metals. Grain-scale pile-ups
were not the source of the stress concentrations that produced twinning in face-centered
cubic metals. The description of the slip-twinning transition was incorporated into
Weertman-Ashby deformation-mechanism maps, thus introducing a twinning domain.
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Figure 73. Redrawn original deformation mechanism map for titanium. The vertical
dashed line marks the transition between the alpha (right) and beta (left) phases

Tensile deformation of single crystal titanium nanowires with sizes ranging from 3 to
20nm along [00e1] was investigated®® using molecular dynamics simulations. The initial
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yielding at various strain-rates is induced by the nucleation of 10e2 twinning. Following
saturation of the twin volume-fraction, a size-dependent transition of deformation
mechanisms in twinned regions was observed. At strain-rates ranging from 108 to 10%s,
following deformation-twinning, the phase transformation from hexagonal close-packed
to face-centered cubic dominated the plastic deformation of titanium nanowires. By
increasing the sample size to 20nm, the phase transformation could be replaced by
prismatic dislocation slip. At strain rates ranging from 10° to 10!%s, the critical size for
the transition from phase transformation to full dislocation-slip decreased with applied
strain-rate. With further increase in sample-size, following the saturation of 10e2 twins,
the initial single-crystal nanowire transformed into nanocrystalline wire. The subsequent
plastic deformation mechanism in nanocrystalline nanowire of large size changed from
grain-boundary dominated deformation to the cooperation of grain-boundary deformation
and dislocation activity.
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Figure 74. Redrawn original deformation mechanism map for titanium, including the
ambient-temperature creep region. The vertical dashed line marks the transition between
the alpha (right) and beta (left) phases
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Figure 75. Deformation mechanism map for titanium with a grain size
of 2um. The vertical dashed line indicates the a-f phase transition

In order to make a systematic comparison of the hot-workability and to guide the further
hot-processing of powder-metallurgy and ingot-metallurgy Ti-5Al-5V-5Mo-3Cr (Ti-
5553) alloys, the hot deformation behavior and microstructural evolution of the two
alloys were investigated®® at 700 to 1100C using strain-rates of 0.001 to 10/s. The
activation-energy maps and processing maps for both powder-metallurgy and ingot-
metallurgy alloys were constructed, and the specific deformation mechanisms were
identified for each processing region. The results showed that powder-metallurgy alloy
had a lower deformation resistance, smaller activation energy and larger optimum
processing windows than those of ingot-metallurgy alloy. The dynamic a-phase
precipitation mechanisms in powder-metallurgy alloy were diffusional globularization
and coarsening, rather than diffusionless shearing and fracturing in ingot-metallurgy
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metallurgy alloy and at 1000 to 1100C
recrystallization process was dominated by
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on occurred at 900 to 1050C for powder-
for ingot-metallurgy alloy. The dynamic
discontinuous dynamic recrystallization for

the powder-metallurgy alloy, but by continuous dynamic recrystallization for ingot-
metallurgy alloy. The powder-metallurgy alloy had a smaller flow instability region than
its ingot-metallurgy counterpart in the hot-processing map. Schematic deformation-
mechanism maps were eventually developed for both powder-metallurgy and ingot-

metallurgy Ti-5553.
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Figure 76. Deformation mechanism map for titanium with a grain size
of 10um. The vertical dashed line indicates the a-f phase transition

When metallic materials are subjected to stress, a number of independent or alternative

mechanisms may initiate and contribute to
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alloys, where the deformation kinetics are fairly complex, it is of particular interest to
quantify the general constitutive relationship produced by each possible mechanism and
to identify the predominant mechanism under any specific loading conditions.

For this purpose, Ashby-type deformation mechanism maps concerning six major
deformation mechanisms were constructed®’ for various TiAl alloys having duplex and
near-gamma microstructures. The general features as well as the effect of grain size on
the appearance of the maps were analyzed. After a detailed discussion, it is believed that
the proposed deformation mechanism maps are powerful tools in understanding the
deformation mechanisms and predicting the deformation kinetics of duplex/near-gamma
TiAl alloys. These were useful references for alloy design and for the determination of
suitable processing parameters.
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Figure 77. Deformation mechanism map for titanium with a grain size
of 50um. The vertical dashed line indicates the a-f phase transition
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When seeking to obtain uniform and refined microstructures in Ti-6Al4V alloy, the
parameter loading path design plays a critical role. An attempt was made to separate
dynamic recrystallization parameter domains from a chaotic parameter system. A
succession of isothermal compression tests at 1023 to 1323K, at strain-rates ranging from
0.01 to 10/s, was performed in order to obtain basic computational data. Processing maps
were constructed, and the mapping relationships between microstructural mechanisms
and power dissipation efficiency were identified® by making microstructural

observations.
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Figure 78. Deformation mechanism map for Ti-6wt%Al with a grain size of 100um. The
vertical dashed line separates the hexagonal close-packed a—phase (left) from the body-
centered cubic -phase (right)

The inner relationships between processing parameters and microstructural mechanisms
were then mapped as a three-dimensional space in which the grain refinement parameter
domains with a dynamic recrystallization mechanism were separated. These domains
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were however still chaotic, so finite-element simulations were used to scatter and clear
the system. The optimum parameter loading paths were finally determined. Verification
tests using different varying strain-rates were performed, and the grain refinement effect
was more obvious than any constant strain-rate. One of the optimization results showed
that the original grains, having an average size of 200um, were refined to 9.7um while, at
a constant strain-rate, the original grains were refined to 22.3pm.

Creep behavior is exhibited® below the yield stress, by commercial-purity titanium, at
ambient temperatures. The apparent activation energy was found to be about 10kJ/mol,
and the apparent stress-exponent was about 5.0. On the basis of the creep parameters, an
ambient-temperature creep region was introduced into an Ashby-type deformation-
mechanism map.
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Figure 79. Deformation mechanism map for titanium with a grain size of 100um. The
vertical dashed line separates the hexagonal close-packed c—phase (left) from the body-
centered cubic [-phase (right)
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The constitutive equation in the ambient-temperature creep region of a-titanium was
investigated” by performing creep tests on solute-strengthened and/or cold-rolled
samples. Increasing the solute content and/or the thickness-reduction decreased the
steady-state creep rate. The stress exponent increased with solute content, but was
independent of thickness-reduction at low stresses. A micro-yielding stress, Gmy, was
introduced in order to characterize the stress at which dislocations started to move. The
stress exponent in the € versus (6 - omy) graph became almost constant, with a value of 3,
even for the solute-strengthened and/or cold-rolled titanium.
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Figure 80. Deformation mechanism map for titanium with a grain size of 220um. The
vertical dashed line separates the hexagonal close-packed a—phase (left) from the body-
centered cubic -phase (right)
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Figure 81. Deformation mechanism map for Ti-6A1-4V at 973K, a — diffusional flow
controlled by grain-boundary diffusion and a stress exponent of 1, b — grain-boundary
sliding controlled by lattice-diffusion and a stress exponent of 2, ¢ — power-law slip
controlled by lattice-diffusion and a stress exponent of 5, d — power-law slip controlled
by lattice-diffusion and a stress exponent of 7, e — grain-boundary sliding controlled by
grain-boundary diffusion and a stress exponent of 4, f— grain-boundary sliding
controlled by grain-boundary diffusion and a stress exponent of 2

Hot-compression tests of as-cast TB6 titanium alloy were conducted at 948 to 1123K,
using strain-rates of 0.001 to 10/s. The true stress-strain data were then used’! to calculate
the strain-rate sensitivity (m-value), power dissipation efficiency (n-value) and instability
parameter (§-value) and the stable and unstable regimes were clearly delineated. The safe
regions of the alloy were found to be: 948 to 1123K and 0.001 to 0.01/s, 1023 to 1123K
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and 0.01 to 0.1/s, 1036 to 1077K and 0.1 to 1/s. Deformation-mechanism maps were
established on the basis of the parameters corresponding to various deformation
mechanisms.
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Figure 82. Deformation mechanism map for Ti-6A1-4V at 1123K; a — diffusional flow
controlled by grain-boundary diffusion and a stress exponent of 1, b — grain-boundary
sliding controlled by lattice-diffusion and a stress exponent of 2, ¢ — power-law slip
controlled by lattice-diffusion and a stress exponent of 5, d — power-law slip controlled
by lattice-diffusion and a stress exponent of 7, e — grain-boundary sliding controlled by
grain-boundary diffusion and a stress exponent of 4, f— grain-boundary sliding
controlled by grain-boundary diffusion and a stress exponent of 2

The hot-workability of as-forged Ti-10V-2Fe-3Al alloy was evaluated®. The intrinsic
relationships between deformation mechanisms and processing parameters were
meanwhile determined by processing maps on the basis of a dynamic materials model,

EBSCChost - printed on 2/14/2023 2:00 PMvia . Al use subject to https://ww. eg%. conl t er ms- of - use



A Compendium of Deformation-Mechanism Maps for Metals Materials Research Forum LLC

Materials Research Foundations 116 (2022) https://doi.org/10.21741/9781644901694

with the input stress-strain data being collected from a series of isothermal compression
tests at temperatures of 948 to 1123 K (across the B-transus) and strain-rates of 0.001 to
10/s. For a set of discrete true strains, the response maps of strain-rate sensitivity
exponent (m-value), power dissipation efficiency (n-value) and instability parameter (&-
value) were again deduced.
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Figure 83. Deformation mechanism map for Ti-6A1-4V at 1103K; a — diffusional flow
controlled by grain-boundary diffusion and a stress exponent of 1, b — grain-boundary
sliding controlled by lattice-diffusion and a stress exponent of 2, ¢ — slip controlled by
lattice-diffusion and a stress exponent of 5, d — slip controlled by lattice-diffusion and a
stress exponent of 7, e — grain-boundary sliding controlled by diffusion and a stress
exponent of 4, f— grain-boundary sliding controlled by lattice-diffusion and a stress
exponent of 2
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A processing map which corresponded to each true strain was then constructed by
superposing an instability map over a power dissipation map. According to the m-
criterion, m-criterion and &-criterion, stable regions with higher power dissipation
efficiency (n > 0.3) and unstable regimes with a negative strain-rate sensitivity exponent
and instability parameter (m < 0 and < 0) were identified. A deformation-mechanism
map was established on the basis of which of the parameter domains corresponded to the
possible deformation mechanisms.
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Figure 84. Deformation mechanism map for Ti-6A1-4V at 1163K; a — diffusional flow
controlled by grain-boundary diffusion and a stress exponent of 1, b — grain-boundary
sliding controlled by lattice-diffusion and a stress exponent of 2, ¢ — slip controlled by
lattice-diffusion and a stress exponent of 5, d — slip controlled by lattice-diffusion and a
stress exponent of 7, e — grain-boundary sliding controlled by diffusion and a stress
exponent of 4, f— grain-boundary sliding controlled by lattice-diffusion and a stress
exponent of 2
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Using the criteria of two main stable strain-softening mechanisms, i.e. globularization
and dynamic recovery, the globularization-predominant parameter domain in the o+f-
phase temperature range and the dynamic recovery-predominant parameter domain in the
B-phase temperature range were identified. Over a wide temperature range which crossed
the B-transus, and for a wide strain-rate range, the clear separation of stable and unstable
parameter regions which corresponded to different deformation mechanisms aided the
design of various hot-forming processes for Ti-10V-2Fe-3Al alloy without needing the
use of time-consuming trial-and-error approaches.

Deformation-mechanism maps were plotted” for metals and substitutional solid
solutions, with the rate equations which governed various deformation mechanisms being
used to determine the predominant mechanism and strain-rate contours. The map for Ti-
6wt%Al showed that power-law creep here predominated over a wider range of stresses
and temperatures than it did in the case of pure titanium. It was concluded that the
strengthening effect of aluminium had shifted the iso-strain-rate contours to higher
stresses and temperatures.

The low-temperature superplastic tensile behavior and deformation mechanisms of Ti-
6Al-4V alloy were investigated’. Deformation-mechanism maps which incorporated the
dislocation density within grains at temperatures of 973 and 1123K were drawn. By
means of high-temperature deformation mechanism maps, based upon the Burgers-vector
normalized grain size and normalized modulus stress, the low-temperature superplastic
deformation mechanisms of Ti-6Al-4V alloy at various temperatures were deduced.

The mechanisms operating in Ti-6Al-4V during low-temperature superplastic
deformation were studied® by using a thermocompression simulation machine. This
clarified the changing forms of the strain-rate sensitivity index, the activation energy for
deformation and the grain size at various strain-rates and temperatures. The low-
temperature superplastic compression-forming zone and the rheological instability zone
were analyzed in terms of hot-processing theories. The dislocation evolution laws and
deformation mechanisms of grain size with Burgers vector normalization, and rheological
stress with modulus normalization, during low-temperature superplastic compression
were predicted by using deformation-mechanism maps.
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Figure 85. Deformation mechanism map for tungsten
with a grain size of 32um, at a critical strain-rate of 10°%/s

In constructing this map, the atomic volume was taken® to be 1.59 x 1023cm?’. The
Burgers vector was taken”’ to be 2.74 x 10¥cm, the room-temperature shear modulus was
15.5 x 10''dyne/cm? and the temperature-dependence of the shear modulus was 1.04 x
10%/K. The bulk and grain-boundary diffusivities were given by Di(cm?/s) = 5.6exp|-
140(kcal/mol)/RT] and Dgy(cm?/s) = 10exp[-90.5(kcal/mol)/RT], respectively.
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Figure 86. Deformation mechanism map for Zn-22%A1
with a grain size of 1.7 x 10™cm

The number of dislocations and the dislocation density within a grain and at the grain
boundary were incorporated®® into the Mohamed-Kawasaki-Langdon deformation-
mechanism map in an attempt to describe their distribution. It was found that, in the
superplasticity (region II) regime, whether or not dislocations existed within the grain
depended upon the Burgers vector normalized grain size and the shear modulus
normalized stress. According to the maps, the number of dislocations at the grain
boundary was about 20% of that within the grain. The dislocation forecasts for the Coble
creep and dislocation-creep regimes were consistent with the predictions of the Coble and
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Weertman mechanisms. A new map which included the dislocation density was proposed
for Zn-22wt%Al eutectoid alloy, and its predictions were in good agreement with
available experimental data.
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Figure 87. Deformation mechanism map for Zn-22%A1
with a grain size of 3.5 x 10-4cm

Severe plastic deformation is an attractive processing method for refining microstructures
so as to have ultra-fine grain sizes within the sub-micron or even nanometre ranges. In
severe plastic deformation processing, the most promising techniques are equal-channel
angular pressing and high-pressure torsion. A conventional superplastic Zn-22%Al
eutectoid alloy was processed” using both equal-channel angular pressing and high-
pressure torsion. Experiments were aimed at demonstrating the evolution of hardness and
microstructure and the enhancement of the superplastic properties of the Zn-Al alloy
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following processing using severe plastic deformation techniques. In addition, the flow
mechanisms of the Zn-22% Al alloy were analyzed by using a deformation mechanism
map.

A Zn-22% Al eutectoid alloy was processed'” by equal-channel angular pressing in order
to reduce the grain size to about 0.8um. Tensile testing at 473K revealed superplastic
characteristics, with a maximum elongation of some 2230% at a strain rate of 1.0 x 10%/s.
The importance of grain-boundary sliding was evaluated by measuring the sliding offsets
at adjacent grains via the displacement of surface marker lines on samples which had
been pulled to elongations of 30% using various strain-rates.
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Figure 88. Deformation mechanism map for Zn-22%AI at 443K

The highest sliding contribution was recorded under test conditions which corresponded
to the maximum superplastic ductility. There were relatively large offsets at the Zn|Zn
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and Zn|Al interfaces, but smaller offsets at the Al|Al interfaces. Analysis showed that the
results were affected by the presence of agglomerates of similar grains which were
present following equal-channel angular pressing processing, and especially by the
increased fraction of AlJAl boundaries. The experimental results were in excellent
agreement with the predictions of a deformation-mechanism map which depicted the
flow behavior of the Zn-22%Al alloy, and the results confirmed the importance of grain-
boundary sliding as being the predominant mechanism of superplastic flow following
equal-channel angular pressing.

The relationships between the rate-controlling deformation mechanisms operating in Zn-
22%Al eutectoid alloy were analyzed'®' using conventional deformation-mechanism
maps. The latter were considered here to be lacking in generality in that many maps had
to be constructed for many ranges of stress, temperature and grain size, in order to grasp
the overall picture. In order to overcome this limitation, a 3-dimensional map was

developed.
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Figure 89. Deformation mechanism map for Zn-22%Al at 503K
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The Zn-22%Al eutectoid alloy was processed'®> using high-pressure torsion at room
temperature in order to produce an ultra-fine grain size of about 350nm. Tensile testing at
473K then revealed excellent superplastic properties, with elongations-to-failure of up to
1800% for a strain-rate of 10°!/s. This was a record value of elongation, at the time, for
high-pressure torsion treated material. The experimental data were in excellent agreement
with a deformation-mechanism map constructed for a temperature of 473K.
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Figure 90. Deformation mechanism map of Zn—-22%Al at 473K. Regions I, I and 111
denote regions of flow associated with sigmoidal, Nabarro—Herring and Coble diffusion
creep

The creep behavior of polycrystalline materials can now be accurately described by using
a set of equations which delineate the various mechanisms operating in intragranular and
intergranular flow. The production of metals having sub-micron and nanometre grain
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sizes nevertheless questioned!® the applicability of the flow processes to such materials.
Their extension to samples having an ultra-fine grain size was explored.
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Figure 91. Deformation mechanism map for Zn-22%Al at 503K. Regions I, Il and 111
denote regions of flow associated with sigmoidal, Nabarro—Herring and Coble diffusion
creep

The characteristic features of superplastic deformation in the Zn-22%Al eutectoid alloy
were summarized, and the results were presented'® in the form of a deformation-
mechanism map. A simple form of the map was presented which graphically illustrated
the behavior of materials under steady-state creep conditions. Examples were given of
maps for deformation mechanisms which occurred both independently and sequentially.
The use of deformation-mechanism maps in the prediction of creep behavior was
reviewed in detail, and an improved method was presented for estimating the total strain
experienced following long-term exposure to stress and temperature. For a wide range of
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materials, the measured steady-state creep rates were essentially independent of the grain,
size at large grain sizes, but significantly faster rates were often observed at small grain
sizes. The various mechanisms which occur during high-temperature creep were
reviewed, and it was shown that the increase at small grain sizes arises due to the
occurrence of grain-boundary sliding, Nabarro-Herring and Coble creep. The
predominance of various creep processes under different conditions of stress and grain
size was demonstrated by constructing deformation-mechanism maps in which the
normalized grain size was plotted against the normalized stress, at constant temperature.
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Figure 92. Deformation mechanism map for a-zirconium with a grain size of 60um, at a
strain-rate of 10°%/s. In this case, Ty is not a melting-point but the a-J3 transition
temperature

The temperature of the o — B transformation for Zircaloy-4 and Zr-1%NbO alloys was
determined!® by using resistivity, calorimetric and thermodynamic calculations. The
experimental and calculated results were in good agreement. The start temperature of the
o = P transformation, calculated using the resistivity technique, was about 820C for
Zircaloy-4 and 770C for Zr-1%NbO. A discrepancy between the measured and predicted
start temperatures of the transformation was attributed to the so-called overheating effect
upon the incubation time of diffusion-controlled phase transformations.
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The steady-state creep behavior was determined for the single-phase and (a + B)
temperature ranges, and the creep results were summarized by using deformation-
mechanism maps. The creep behavior of both alloys in the a + B domain was more
complex than it was in the single-phase domains. No simple constitutive equation could
be identified. At an applied stress of 1 or 2MPa, the strain-rates in the o + B domain were
much higher than they were in the single-phase domains; even in the case of high-

temperature tests of the pure B-phase.
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Figure 93. Deformation mechanism map for a-zirconium with a grain size of 10um, at a
strain-rate of 10°%/s. In this case, Ty is not a melting-point but the a-J3 transition
temperature
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The observed creep exponent of near-unity suggested that, in the a + B domain,
deformation was controlled by interphase interface sliding. Due to this complex behavior,
only a power-law strain-rate dependence upon stress sufficed, with both the
proportionality constant and the exponent being temperature-dependent. Upon comparing
the alloys it was concluded that, in the absence of appreciable oxidation effects, the Zr—
1%NbO alloy was more resistant to creep than was Zircaloy-4 in the high-temperature 3-
phase domain. It was a little less resistant in the a + B domain. In the single-phase
domains, the creep behavior could be adequately described by a classic power-law

equation.
6
Theoretfical Strengfth
5 ................ fusnsnaRpasanannnns Doooooooooooooon0n R[EI=[=l=[=l=(=l=(al=(=l=(atalatal= '...........m.;.m
g 4 Leveereerinen R R
)
En 3 ................ NBussssssssnsnsnuns Mssssssssssasnunas % ssssssssssssssnan Sasssnsnanant NN s anannnnnnnn
2 ................ E...................E.. ......................................................................
Elgstic Regime
I P P A SO e
0 : : : :
0.25 0.50 0.75 1.00

T/Tm

Figure 94. Deformation mechanism map for a-zirconium with a grain size of 300um, at a
strain-rate of 10°%/s. In this case, T is not a melting-point but rather the o-f transition
temperature
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Figure 95. Deformation mechanism map for Zircaloy-2 with a grain size of 10um, at a
strain-rate of 10°%/s. In this case, Ty is not a melting-point but the a-J3 transition
temperature

Deformation-mechanism maps were used'® to analyze the creep of a-zirconium and
Zircaloy-2. The maps increased the confidence with which data could be extrapolated
beyond the experimental range. The a-phase of zirconium exhibited unusual creep
characteristics in that it deviated from the behavior observed in other metals and ceramics
at high stresses. Deformation maps for a-zirconium were plotted for grain sizes of 10, 60
and 300pm. The experimental strain-rates were in good agreement with the rates
predicted by the map. A predominant Coble creep was predicted to occur at low stresses
in the deformation map for some grain sizes. No predominant Coble-creep regime was
observed under similar experimental stress conditions at a grain-size of 300um. This
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effect demonstrated the strong grain-size dependence of Coble creep. Data which were
obtained below about 50% of the transition temperature did not agree well with the map.
This was attributed to a possible temperature effect upon the diffusion coefficient. At
stresses above about 10000psi there was a disagreement between the map and
experiment. This was attributed to the possible occurrence of other high-stress dislocation
glide mechanisms. A deformation map for Zircaloy-2 with a grain size of 10um showed
that it exhibited the same regions and general shape as the map for a-zirconium. An
obvious difference between creep in a-zirconium and in Zircaloy-2 concerned the Coble

diffusional flow regime.
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Figure 96. Deformation mechanism map for Zircaloy-2 with a grain size of 60um, at a
strain-rate of 10°%/s. In this case, Ty is not a melting-point but the a-J3 transition
temperature
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The equivalent creep rates for Zircaloy-2 appeared to be shifted to higher stresses or to
higher temperatures. At an homologous temperature of 0.825 a creep rate of 107/s
occurred at a stress level which was some two orders of magnitude higher in Zircaloy-2
than in zirconium. This was attributed to a difference in the grain-boundary diffusion
coefficient, given that the grain-boundary diffusion activation energy was larger and the
resultant diffusion coefficient was smaller in Zircaloy-2 at a given temperature. The
higher activation energy appeared to be due to the addition of tin. The model which was
applied to both zirconium and Zircaloy-2 appeared to break down at low temperatures
and/or high stresses.
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Figure 97. Deformation mechanism map for Zircaloy-4
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Deformation maps for a-zirconium were plotted for grain sizes of 10, 60 and 300pum. The
experimental strain-rates were in good agreement with the rates predicted by the map. A
predominant Coble creep was predicted to occur at low stresses in the deformation map
for some grain sizes. No predominant Coble-creep regime was observed under similar
experimental stress conditions at a grain-size of 300um. This effect demonstrated the
strong grain-size dependence of Coble creep. Data which were obtained below about
50% of the transition temperature did not agree well with the map. This was attributed to
a possible temperature effect upon the diffusion coefficient. At stresses above about
10000psi there was a disagreement between the map and experiment.
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Figure 98. Deformation mechanism map for Zr—1%NbO
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In typical coarse-grained alloys, the predominant plastic deformation mechanisms are
dislocation gliding or climbing and material strengths can be tuned by modifying
dislocation interactions with grain boundaries, precipitates, solid solutions and other
defects. With a reduction in grain size, the increase in material strength obeys the classic
Hall-Petch relationship up to the nano-grained material scale. Even at ambient
temperatures, nano-grained materials exhibit strength-softening due to the so-called
inverse Hall-Petch effect, as grain-boundary processes take over as being the
predominant deformation mechanisms. On the other hand, at elevated temperatures,
grain-boundary processes compete with grain-interior deformation mechanisms over a
wide range of applied stresses and grain sizes. Rate-equation models and microstructure-
based finite-element simulations have been compared. The latter explicitly accounts for
grain-boundary sliding, grain-boundary diffusion and migration, as well as grain-interior
dislocation creep effects. The explicit finite-element method has clear advantages for
treating problems where microstructural heterogeneities play a critical role, such as in the
gradient microstructures following shot-peening or welding. When combined with the
Hall-Petch effect and its breakdown, the above competing processes help to construct
deformation-mechanism maps by extension from the classic Frost-Ashby type to the
those admitting a dependence on grain size.
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