NOOPNEND FUNISIING I MATERIALE

B AT M >
International Materials Frontier Series E

Nanostructured
metals and alloys

Pracessing, microstructure,
mechanical properties
and applications

Edited by Sung H. Whang

sung H. Whang %&

s and Applications

=/ ENhR

® & K4 R

¥y Www.csupress.com.cn




ESliniv g SETHE RS

International Materials Frontier Series

ELSEV 1[ R

Sung H. Whang %

éﬂ?KszE 58%: I,
G UIEISEIAN h%# AV

Nanostfructured Metals and Alloys:
Processing, Microstructure,
Mechanical Properties and Applications

3 B



.18 -2017 - 168

Nanostructured Metals and Alloys: Processing, Microstructure,

Mechanical Properties and Applications

Sung H. Whang

ISBN: 9780081017388

Copyright © 2011 by Elsevier Ltd. All rights reserved.

Authorized English language reprint edition published by the Proprietor.

Copyright © 2017 by Elsevier ( Singapore) Pte Ltd. All rights reserved.

Elsevier (Singapore) Pte Ltd.
3 Killiney Road
#08 —01 Winsland House 1
Singapore 239519
Tel: (65) 6349 —0200
Fax: (65) 6733 —1817
First Published <2017 >
<2017 > 4EWI R

Printed in China by Central South University Press under special arrangement with
Elsevier ( Singapore ) Pte Ltd. This edition is authorized for sale in China only,
excluding Hong Kong SAR, Macao SAR and Taiwan. Unauthorized export of this
edition is a violation of the Copyright Act. Violation of this Law is subject to Civil and
Criminal Penalties.

AAHICHENRLH Elsevier (Singapore) Pte Ltd. $2A% By A5 i At 7 [
BNMERAT . ANULFRLE R ESE N CRESEEE . BB BRI
o REVFATZH O, MOREREERGE, K32 RE Bk H 2 Hl# .

AFERMA Elsevier Bithrss, TTAREHE A .




AR A

ARG G PR B0 B R AR 0 S R 5 FEE I 56
FEE AW o5 94 Y SRR AR 5 1 A58 P A e 33K e L
W Z RN SR, ABEGE THKRERS G SHRRFEAR L&
LSRRI EERE IR ST L RE . ABRGE THRIEPK SRS G &1
INTI7H, 4G R . DUDRATEE i AR L S5, k&R
58 @RS AYER; B9 TR R A T 45
ManAL e . ZE R AR R W TARES S & & 1
RE, ELIGSRACHLE] . SPE SRR | o7 PERE . B P AR AR
s e T BRI SR A AYER BAMESRA, S Ho Whang A3
AL R T B . A5 X G0 1K 4 A oK 45 4
W BRFIBR GOR A IRIE S, AR R A L R A A
2% THAS, Wil T NGRS 69 B0 LA R A
A F T A A



Contributor contact details

(* = main contact)

Editor

S. H. Whang

Department of Mechanical
Engineering

Polytechnic Institute

New York University

NY 11201

USA

E-mail: swhang@poly.edu

Chapter 1

R. Z. Valiev

Institute of Physics of Advanced
Materials

Ufa State Aviation Technical
University

12 K. Marx str.

Ufa 450000

Russia

E-mail: rzvaliev@mail.rb.ru

Chapter 2

N. Tsuji

Department of Materials Science
and Engineering

Graduate School of Engineering

Kyoto University

Yoshida-Honmachi, Sakyo-ku

Kyoto 606-8501

Japan

E-mail: nobuhiro.tsuji@ky5.ecs.kyoto-

u.ac.jp

Chapter 3

S. Scudino and J. Eckert*

Institute for Complex Materials

Leibniz Institute for Solid State
and Materials Research Dresden
(IFW Dresden)

Helmbholtzstr. 20

D-01069 Dresden

Germany

E-mail: j.eckert@ifw-dresden.de
s.scudino@ifw-dresden.de

Chapter 4

F. G. Caballero* and
C. Garcia-Mateo
National Center for Metallurgical
Research (CENIM-CSIC)
Avenida Gregorio del Amo, 8
Madrid 28040
Spain

E-mail: fge@cenim.csic.es

Chapter 5

U. Erb*

University of Toronto

Dept. Materials Science &
Engineering

184 College Street, Room 140

Toronto, ON

MS5S 3E4

Canada

E-mail: erb@ecf.utoronto.ca

© Woodhead Publishing Limited, 2011



XVi Contributor contact details

G. Palumbo and J. L. McCrea

Integran Technologies Inc.

1 Meridian Road

Toronto, ON

MOW 476

Canada

E-mail: palumbo@integran.com
mccrea@integran.com

Chapter 6

D. V. Louzguine* and A. Inoue

WPI Advanced Institute for
Materials Research

Tohoku University

2-1-1 Katahira

Aoba-Ku

Sendai, 980-8577

Japan

E-mail: dml@ wpi-aimr@tohoku.ac.jp

Chapter 7

J. B. Mann
M4 Sciences
West Lafayette
IN 47906

USA

S. Chandrasekar*, W. D. Compton,
K. P. Trumble, C. Saldana, and
W. Moscoso

Center for Materials Processing and
Tribology

Purdue University

West Lafayette

IN 47907

USA

E-mail: chandy@ecn.purdue.edu

S. Swaminathan

GE John F. Welch Technology Center
Bangalore

India

T. G. Murthy

Department of Civil Engineering
Indian Institute of Science
Bangalore, India

Chapter 8

K. Hattar

Sandia National Laboratories
(505) 845-9859

PO Box 5800

Mail Stop 1056
Albuquerque

NM 87185-1056

USA

E-mail: khattar@sandia.gov

Chapter 9

Y. G. Ko

School of Materials Science and
Engineering

Yeungnam University

Gyeongsan 712-749

Republic of Korea

E-mail: younggun@ynu.ac.kr

D. H. Shin*

Department of Metallurgical and
Materials Science

Hanyang University

Ansan 425-791

Republic of Korea

E-mail: dhshin@hanyang.ac.kr

Chapter 10

X. Huang

Danish-Chinese Center for
Nanometals

Materials Research Division

Risg National Laboratory for
Sustainable Energy

Technical University of Denmark

DK-4000 Roskilde

Denmark

E-mail: xihu@risoe.dtu.dk

© Woodhead Publishing Limited, 2011



Chapter 11

D. G. Morris

National Center for Metallurgical
Research (CENIM-CSIC)

Avenida Gregorio del Amo, 8

Madrid 28040

Spain

E-mail: david.morris@cenim.csic.es

Chapter 12

M. Y. Gutkin

Institute of Problems of Mechanical
Engineering

Russian Academy of Sciences

Bolshoj 61

Vasilievskii Ostrov

St. Petersburg 199178

Russia

E-mail: gutkin@def.ipme.ru
m.y.gutkin@ gmail.com

Chapter 13

Y. H. Zhao*

Department of Chemical
Engineering and Materials
Science

University of California, Davis

1231 Bainer Hall

One Shields Avenue

Davis

CA 95616-5294

USA

E-mail: yhzhao@ucdavis.edu

E. J. Lavernia

Department of Chemical
Engineering and Materials
Science

University of California, Davis

Davis

CA 95616-5294

USA

E-mail: lavernia@ucdavis.edu

Contributor contact details XVii

Chapter 14

I.A. Ovid’ko

Institute of Problems of Mechanical
Engineering

Russian Academy of Sciences

St. Petersburg

Russia

E-mail: ovidko@def.ipme.ru

Chapter 15

V. I. Yamakov

Durability and Damage Tolerance
Branch

NASA Langley Research Center

Hampton

VA 23681

USA

E-mail: yamakov@nianet.org

Chapter 16

L. L. Shaw

Department of Chemical, Materials
and Biomolecular Engineering

University of Connecticut

Storrs

CT 06269

USA

E-mail: leon.shaw@uconn.edu

Chapter 17

H. W. Hoppel* and M. Goken

Department of Materials Science
and Engineering

Institute I: General Materials
Properties

Friedrich-Alexander University of
Erlangen-Nuremberg

91058 Erlangen

Germany

E-mail: heinz-werner.hoeppel@ww.
uni-erlangen.de

© Woodhead Publishing Limited, 2011



XViii Contributor contact details

Chapter 18

A. Sergueeva*

The Nanosteel Company
Idaho Falls

ID 83402

USA

E-mail: asergueeva@nanosteelco.com

A. Mukherjee

University of California Davis
California

USA

E-mail: akmukherjee@ucdavis.edu

Chapter 19

W. Yin

Williams Advanced Materials Inc.,
Thin Film Products

42 Mount Ebo Road South
Brewster )

NY 10509

USA

E-mail: weimin_yin@beminc.com

Chapter 20

G. E. Kim*

Perpetual Technologies, Inc.
38 Place du Commerce
Suite 11-163

Ile des Soeurs

Quebec H3E 1T8

Canada

E-mail: gkim@perpetualtech.ca

V. K. Champagne

US Army Research Laboratory
AMSRD-ARL-WM-MC
Building 4600

Aberdeen Proving Ground

MD 21005-5069

USA

M. Trexler

US Army Research Laboratory
AMSRD-ARL-WM-MC
Building 4600

Aberdeen Proving Ground

MD 21005-5069

USAY. Sohn

Advanced Materials Processing and
Analysis Center and Department
of Mechanical, Materials and
Aerospace Engineering

University of Central Florida

4000 Central Florida Blvd.

Orlando

FL 32816-2455

USA

Chapter 21

J. McCrea* and G. Palumbo

Integran Technologies

1 Meridian Road

Toronto, ON

MOW 476

Canada

E-mail: mccrea@integran.com
palumbo@integran.com

U. Erb

University of Toronto

Dept. Materials Science &
Engineering

184 College Street, Room 140

Toronto, ON

MS5S 3E4

Canada

E-mail: erb@ecf.utoronto.ca

© Woodhead Publishing Limited, 2011



Chapter 22

Y. Okitsu*

Automobile R&D Center
Honda R&D Co., Ltd.
4930 Shimotakanezawa
Haga-machi, Haga-gun
Tochigi 321-3393

Japan

E-mail: yoshitaka_okitsu@n.t.rd.honda.

co.jp

N. Tsuji

Department of Materials Science
and Engineering

Graduate School of Engineering

Kyoto University

Yoshida-Honmachi, Sakyo-ku

Kyoto 606-8501

Japan

E-mail: nobuhiro.tsuji@ky5.ecs.kyoto-
u.ac.jp

Chapter 23

S. Torizuka* and E. Muramatsu

National Institute for Material
Science

Material Manufacturing and
Engineering Station

1-2-1 Sengen, Tsukuba

Ibaraki 305-0047

Japan

E-mail: torizuka.shiro@nims.go.jp
muramatsu.eijiro@nims.go.jp

Contributor contact details XiX

T. Komatsu

Komatsuseiki Kosakusho Co., Ltd.
Production Department

942-2 Siga, Suwa

Nagano 392-0012

Japan

E-mail: takafumi@komatsuseiki.co.jp

S. Nagayama

Tokushu Kinzoku Excel Co., Ltd.

New Functional Materials R&D
H.Q.

56 Tamagawa, Tokigawa

Saitama 355-0342

Japan

E-mail: s-nagayama@tokkin.co.jp

Chapter 24

T. Tomida*, K. Miyata and
H. Nishibata

Sumitomo Metal Industries, LTD.

Corporate R&D Laboratories

1-8, Fuso-Cho

Amagasaki

Hyogo, 660-0891

Japan

E-mail: tomida-tsr@sumitomometals.
co.jp

© Woodhead Publishing Limited, 2011



Introduction

S. H. WHANG, New York University, USA

Recent nanotechnology for material applications deals with a very wide range of
material groups and various aspects of materials problems. Since the volume of
the accumulated knowledge and database for the subjects stemming from
worldwide research and development has been rapidly escalating, this book
intends to limit its coverage to the recent progress on nanostructured metallic
materials for structural applications.

Since ‘nanostructured materials’ were first defined by Gleiter,!? research and
development in the fields of nanostuctured materials have flourished over the last
two decades. Currently nanostructured materials are conveniently defined as
materials made of a microstructure less than 100 nm in length in at least one
dimension whereas ultrafine-grained materials (UFG) possess a grain size range
between 200 nm and less than 1 um in diameter. But, for practical reasons,
nanostructured metallic materials that have been prepared for research and
development contain a wide range of grain size distribution from tens of
nanometers to a submicrometer. For example, research on optimizing the
mechanical properties of nanostructured materials requires manipulation of its
bimodal and multimodal grain size distribution. In this case, the grain size ranges
from nano size (NG) to submicron size (UFG). Therefore, for practical structural
applications, it is envisioned that nanostructured bulk metallic materials may
contain both nanoscale as well as submicron-scale microstructures in the future.
This book deals with metallic materials that have various grain size distributions:
nanoscale grains or nanomicrostructure other than nanograins or submicron scale
grains or submicron microstructure other than submicron grains or a combination
of all these.

The history of metallic materials shows that an appetite for higher strength/
specific strength, and better ductility and toughness for structural applications has
been the main driving force for research and development for better and even
better materials in the last century, as well as this century. Recent nanostructurizing
approaches to the metallic material systems continue this effort. To achieve this
desire, scientists and engineers always look into smaller-scale worlds from
micron- to submicron-, and submicron- to nano-dimensions for their solutions.
Long before such recent endeavors became a fashion among materials scientists
and engineers, it was recognized that nanoscale microstructure has great potential
for changing the landscape in advanced engineering materials and manufacturing.
For example, new high-strength aluminum alloys were produced for the first time
utilizing the nanoscale Guinier-Preston zone® and ultrafine-layered wire with
extremely high strength* long before the current nanotechnology debut. The
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XXil Introduction

discovery of the Hall-Petch relationship also suggested that new high-strength
materials might be fabricated with materials with nanoscale grain sizes.

In the last two decades, research and development into nanostructured metallic
materials have been largely focused on metallic materials with two different
microstructures: nanograined structures and embedded nanomicrostructures other
than nanograins; and also the effort has been largely devoted to four different
subject areas: processing and fabrication, characterization of material properties,
microstructural characterization, and engineering design and development for new
products and applications.

The first hurdle to overcome in this effort has been the large-scale processing of
high quality of nanomaterial for use in research and development. Of course,
many technically challenging problems emerge in the course of processing of
such nanomaterials. In general, the bulk forms prepared by different processes
contain different structural defects and impurities. As a result, the mechanical
properties of the specimens of an alloy prepared by different processing
routes exhibit substantial deviation, particularly in structure-sensitive properties
such as deformation behavior, ductility, fatigue, superplasticity and creep. This
deviation poses serious problems for scientists in the analysis and interpretation
of the experimental results and in arriving at meaningful conclusions. In addition,
many of the processes face other challenging engineering problems that
require each procéss to demonstrate the feasibility of scaling-up for industrial
applications.

As the nanomaterials research fields continue to expand and the accumulation
of knowledge from the research escalates, it becomes clear that it is increasingly
difficult to cover the progress made in these fields adequately in a single
publication. Thus, the focus of the current book is placed on the recent progress
on nanostructured metallic materials in bulk forms, in their processing,
microstructure, mechanical properties and structural applications. For those
who are interested in these subjects and want to know the depth and breath of
the issues, there are references available for additional reading, which have
reviewed and summarized the progress made in these areas in the past.>”’ This
brief introduction on the subject areas is given for readers who come from other
fields.

Processing

It is imperative to provide nanostructured metallic materials of sufficient quality
and quantity for research and development in order to realize the envisioned
progress in this field. There have been many processing approaches available for
producing a small quantity of nanostructured metals based on ‘top-down’, and
‘bottom-up’ approaches' in three different phase forms — vapor, liquid or solid —
utilizing all available technological means. The bottom-up approach includes
inert gas condensation, chemical vapor condensation, pulse electron deposition,
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Introduction XXiii

etc. Nevertheless, the structural application requires a substantial quantity of
nanostructured materials in three dimensions, which eliminates the majority of
possible bottom-up processing approaches as candidates for the current effort, at
least at this stage. Currently, that leaves only a handful of potentially viable
processes for research and development in bulk nanostructured metallic materials.
For these reasons, this book includes only those processing methods that could be
serious candidates for producing nanostructured metallic materials in the near
future.

This book introduces several promising processing approaches for nanostructured
metallic materials, which include 1) solid deformation processing: equal channel
angular pressing (ECAP), high pressure torsion (HPT), accumulative roll-bonding
(ARB), mechanical attrition (MA) and mechanical machining process (MM); 2)
solid reaction processing: ultrafine bainite or pearlite structure in carbon steels
using a combination of deformation and thermal reaction; and 3) liquid-
solid transformation: involving a transformation from liquid to solid phases, e.g.
from the molten phase to metallic glass and subsequently to crystallization;
electrodeposition processing; and thermal spray processing, from molten droplets
to solidified droplets containing nanograins.

Severe plastic deformation processes

Historically, a large plastic deformation and the resulting microstructural
refinement in metals and alloys have been investigated by a number of
researchers.®~!! Nevertheless, the concept of relating severe plastic deformation
(SPD) to ultrafine microstructure as well as unique properties has-been put to test
by Valiev and co-workers in the 1980s and thereafter,'>"'* which has contributed
to the popularization of current SPD technology for nanostructured metallic
materials. Both high pressure torsion (HPT) pressing and equal channel angular
pressing (ECAP)'! use the same principle: that hydrostatic pressure permits a very
large shear deformation in ductile metals, at a strain as high as strain of 4-5, which
translates into the dislocation density up to 10'*'7 mm'.'5!® Repeating the
process cycle in SPD results in ultrafine grains (100-300 nm). On the other hand,
although the ARB process as another form of SPD generates fine-grained
microstructure by a large accumulative deformation similar to ECAP, the approach
is substantially different in that in ARB processing,'”:'® a very large accumulative
deformation is applied to a thin sheet by a series of repetitive fold-and-roll
processes without hydrostatic pressure where the surfaces of sheets in the folded
sides convert to grain boundaries by cold welding. In the processing, the ultrafine
grain refinement occurs by the introduction of new grains in the old grains during
dynamic recovery and post annealing. Both ARB and ECAP deformation generate
new grains of high angle grain boundaries, and the fraction of such boundaries
increases with an increasing number of cycles. ARB is particularly advantageous
for producing a sheet form of nanostructured metallic material.
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XXIV Introduction

There are many roadblocks in the way of ECAP and HPT becoming industrially
viable processes. They include the inability to produce the desired dimensions —
length, width and thickness of continuous bulk forms — at this stage. Nevertheless,
in one area, the wire processing by a large acumulative deformation is successful in
producing the required dimensions. For example, a fine wire of Mn steel is made by
drawing 10 mm diameter rods of a dual-phase microstructure of martensite and
ferrite and of the composition of Fe-0.2C-0.8Si-1Mn (wt-%) into individual strands
of 8 um diameter wire. This wire drawing amounts to a huge deformation of a true
strain in excess of 9. The dislocation cell size in the deformed wires is found to be
10-15 nm.'%-20

Another form of SPD is mechanical attrition, which is basically high impact
ball-milling, and produces very large plastic deformation. Although an initial
development aimed to produce new alloys by mechanical alloying,?! the same
technique can be employed to produce microstructural refinement. In the process,
metallic powders undergo fracture and plastic deformation in which the powders
can form mechanical alloying or generate nanoscale microstructures such as fine
grains or fine precipitates. The deformed nanograins in this process exhibit
deformation shear bands?? like any other highly deformed nanograins produced by
other processing techniques. Nevertheless, these nanostructured powders are not a
final product, but a precursor material. The nanopowders may be consolidated into
nanostructured bulk materials or they can be sprayed for nanostructured coatings.

Consolidating powders into a bulk material is a challenging process because of
pores or oxides or other potential contamination introduced into the matrix, some
of which are produced during milling and consolidation; and second, these
precursor powders undergo microstructural coarsening or grain growth during
thermal consolidation. A recent approach using a cryogenic atmosphere in
mechanical attrition shows clear improvement in effective milling and a reduction
in contamination.>> SPD metals with UFG can be produced by a conventional
machining process, whose microstructual refinement mechanisms have been
known for some time. The grain size produced in machining depends on processing
parameters, but it can be as low as 200 nm. Besides, the machining can produce
bulk forms of UFG products such as foils, sheets, or rods, directly from the
coarse-grained bulk metals.?* The challenging aspect of this approach is to control
the microstructure via machining parameters such as strain, strain rate and
temperature throughout the entire operation. Alternatively, individual UFG chips
produced can be consolidated into a bulk form by various consolidation techniques,
which are still in the early stage of development.

Solid reaction processes

Nanomicrostructures other than nanograin structures can be generated and
produced in a controlled manner by thermal reaction and diffusion. One recent
interesting approach is to examine the possibility of creating nanostructure in
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Introduction XXV

conventional high-strength steel material, which is difficult to process using
conventional SPD approaches due to its high flow stresses.

In the past, bainite steels have been in use for a long time, and the nucleation and
kinetics of bainite formation have also long been understood. In another recent
approach, the bainite reaction can be made to produce nanoscale bainitic ferrite
plates (20-40 nm) by heat-treating bainite steel at relatively low temperatures for a
longer duration. This is only possible in steels with a relatively high concentration
of carbon. For example, in Fe-0.78-0.98 C-Si-Mn-Cr-Mo alloys, an enhanced
nucleation of ferrite in austenite after supercooling is possible at the low
temperatures (125-325°C) for one to six days’ holding time during which grain
growth is suppressed.?>2¢ This type of steel containing nanostructures exhibits an
extremely high strength comparable with that of maraging steels. The advantage
of bainite steels over martensitic steels is that martensite steel has limited
dimensionality due to the fact that it needs a high cooling rate to produce martensite,
while nanoscale bainite steels can be produced in larger dimensions due to their
flexible heat treatment requirements and no requirement of high cooling. High-
silicon bainite steels also exhibit a combination of high strength and toughness.?®

Liguid-solid transformation processes

Liquid—solid transformation processes have two different approaches. First, a
molten alloy is solidified into an amorphous phase, from which nanocrystalline
precipitates or nanograins can be produced by controlled heat treatment for
crystallization.?” The amorphous matrix turns into partially or fully nanocrystalline
matrix depending on heat treatment conditions. The maximum dimensions of a
bulk amorphous metal, however, are limited due to the fact that 1) a critical
cooling rate is required for amorphous formation and 2) each alloy has its own
glass forming ability. The second process includes thermal spray coating, in which
the feed material is melted and broken into fine droplets before solidifying on the
substrate surface. In this process, the stability of the molten phase is important
during melting and flight.?® The feedstock could be powders or solid wires. A
general rule of thumb is that any material that has a stable molten phase and can
be processed into the appropriate feed specifications, can be thermal sprayed. The
heat source used to heat and accelerate the feedstock is generated either chemically
via oxygen-fuel combustion or electrically via an arc.

Mechanical properties

One of the most pronounced mechanical properties of nanostructured metals is
their extraordinary high yield strength compared to those of conventional coarse-
grained metallic materials. But, the downside of this material is its well-known
poor ductility. Earlier efforts to test the strengthening behavior of nanometals with
respect to grain size led to the discovery of a breakdown of the Hall-Petch (H-P)

© Woodhead Publishing Limited, 2011



XXVI Introduction

relationship.??*° This unexpected behavior was identified as the ‘inverse H-P
relationship’. Since then, this unexpected softening behavior of nanostructured
metals has been a subject of intensive research and the center of discussion.
Furthermore, not only is strain hardening (the result of characteristic dislocation
pile-ups in coarse-grained metals) absent in nanostructured metals with grain size
less than approximately 20 nm, but also any dislocation pile-up in nanograins has
not been observed using high-resolution microscopy. Thus, in nanograined metals,
grain boundary (GB) deformation has to be the main mechanism for plastic
deformation, considering the fact that 1) nanograins become an inactive component
in deformation, and 2) the volume fraction of grain boundary and triple junction
under the single-digit grain size matrix could be anywhere from 10% to as much
as 30%. For these reasons, the focus of research moved from grain deformation to
grain boundary deformation for nanograined metals. For the last two decades,
unique deformation mechanisms of nanostructured metals and alloys based on
grain boundary deformation mechanisms have been investigated, in which each
of different deformation modes such as tensile deformation, superplastic
deformation, creep and fatigue failure has been studied separately to capture a
complete picture of the deformation mechanisms. Research results on these
subjects are presented and discussed throughout various chapters in Parts II and
11T of this book..

Strength and ductility

The Hall-Petch relationship tells us that we could achieve strength in materials that
is as high as their own theoretical strength by reducing grain size. Indeed, their
strength continues to increase with decreasing grain size to approximately 20-30 nm
where the strength peaks. Indeed, the peak yield strength of pure nanostructured
copper with grain size approaching approximately 20 nm can reach as high as 800-
900 MPa 23133 compared to 200 MPa for coarse-grained copper. But decreasing
grain size beyond 20 nm reverses the H-P effect: in other words the material starts
to soften instead of further strengthening. In general, nanostructured metals are
characterized as having very high strength with poor ductility. In other words, the
strength increase trades off with ductility in nanostructured metallic materials.

As an exception, artifact-free nanocrystalline copper with a grain size of 30-60
nm was found to possess a very high yield strength, and good ductility such as a
fracture strain of 0.06 to 0.12 (Eng).>*3° Such relatively ductile behavior of nano-
copper may be explained by a number of models: dislocations stored in larger
grains, grain boundary sliding, Coble creep (GB diffusion), localized shear
microbands, twinning, etc.

For nanostructured metals with a wide distribution of grain size, none of the
above models can be excluded. But, when the grain size distribution is narrow and
its median value is close to 20 nm or less, only grain boundary deformation
modes, i.e. grain boundary sliding, grain boundary rotation or Coble creep must
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Introduction  xxvii

be considered since the grains are regarded as plastically non-deformable islands
that are embedded in the network of grain boundaries. For nanostructured metals,
it may be possible that all these GB deformation models are operating in an
optimized manner.*® Another important factor is the effect of impurities on GB
deformation. For example, nano-copper with contaminants does not exhibit such
ductile behavior, probably due to the fact that the impurity has a negative influence
on GB deformation, which is a subject of future investigation.

Deformation mechanisms

In the past, tensile testing of nanostructured metallic materials has been performed
with'various grain sizes from the ultrafine scale to the nanoscale, as small as 10 nm
in diameter. In addition, the samples prepared by different processing routes have
contained different levels of atomic as well as macro defects. Thus, one must be
careful in analysing and interpreting the experimental results from such diversified
material sources. In fact, this has been a challenging aspect for investigating
deformation mechanisms of nanostructured metals in the past.

In general, the tensile deformation of nanostructured metals shows that the flow
stress starts to decline right after yielding, indicating an absence of strain hardening
behavior. This is an indicative of the fact that the dislocation pile-up doesn’t occur
beyond the yield point in nanostructured metals. To explain this behavior, it is
proposed that the number of dislocations in the pile-up continues to decline with
decreasing grain size.’”-*® Thus, there must be a critical grain size where a single
Frank—Read source can operate in a grain. Near such a critical grain size, the
dislocation pile-up would no longer occur due to the very high shear stress
required for the generation of any additional dislocation, and consequently, the
Hall-Petch relationship cannot be established. This would explain why the H-P
relationship breaks down in nanostructured metals.

For these reasons, dislocation pile-up mechanisms would no longer be useful
for nanostructured metals with a grain size less than 20-30 nm. Thus, the focus
has been shifted to grain boundary deformation in recent years. The fact that the
volume percentage of grain boundary and triple junction significantly increases
and reaches as much as 30% for a grain size less 10 nm makes GB deformation
more significant. But the details of GB deformation in nanostructured metals are
very complex. Furthermore, direct observation of deformation defect structures
using high-resolution microscopy is scarce.

Therefore, research into GB deformation mechanisms has largely taken two
tracks: 1) developing theoretical approaches that are based on classical deformation
models for superplasticity; 2) performing computer simulations based on
molecular dynamics under various stress and temperature conditions. The
theoretical approach is considered to test the predetermined framework against
experimental measurements whereas MD simulations let atoms and groups of
atoms play the game without knowing the outcome.
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xxviii  Introduction

From this prospect, MD simulations could provide insightful information about
the process and mechanisms of plastic deformation. Since, in nanograined metals,
tensile deformation, superplastic deformation and creep have a common thread,
i.e. grain boundary deformation, it may be possible to develop a unified model
that can describe these three deformation modes in the future.

GB deformation models

Although the three different deformation modes — time-independent deformation,
superplasticity and creep—are connected through grain boundary deformation
mechanisms, conceptually it can be said that each of the modes is made of different
levels of contributions by stress-induced GB deformation and thermally-induced
GB deformation. In general, it is understood that grain boundary sliding in
nanostructured metals occurs by GB dislocations if dislocations are available
under applied shear stress, and by thermally activated local shear events, which
occur by uncorrelated individual atomic jumps and the movement of small groups
of atoms.

In particular, nanostructured metals are made of grains whose boundaries are
not only nanoscale, but also in the non-equilibrium state (majority). Thus,
thermally induced GB deformation becomes important in this type of materials.

With such a conceptual background, Conrad et al.*® proposed that the
macroscopic shear occurs due to thermally activated atomic shear in the nano-
grain boundary, i.e. GB sliding. Fu et al., following the idea of a neighbor-grain-
exchange mechanism in superplastic deformation by Raj et al.,** introduced a
plastic accommodation term to the thermal shear stress in Core—Mantle nano-
grains.*! The results show that the strain rate in nano-copper with grain size less
than 10 nm at 300K could reach a significant level indicating that GB sliding
would be real possibility under diffusional sliding with plastic accommodation. In
recent years, Wang et al.*? suggested that grain rotation and grain coalescence in
the direction of shear would be possible during plastic deformation. Ovid’ko
demonstrated that such a rotation of grains could be indeed possible by creating
disclinations during such a rotation.*® Furthermore, Murayama et al.** reported
that TEM images from a milled Fe sample showed a partial disclination dipole.
Another deformation structure reported was shear band formation as a localized
deformation mode in ultrafine-grained iron.*

Another important issue is non-equilibrium GB,* which is a center of
dislocation sink and generation. The fraction of non-equilibrium boundary
increases with decreasing grain size. It is important to understand the role of the
non-equilibrium GB in deformation. For example, 1) the emission of partial
dislocations from triple junctions and non-equilibrium GB as part of the
accommodation mechanisms to local shear events would trigger the formation of
stacking faults and twins in nanograins, and 2) non-equilibrium GB acts as a
dislocation sink and may assist dynamic recovery during deformation. Despite the
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