Pasquale Cavaliere

Fatique and
Fracture

of Nanostructured
Materials

@ Springer



Fatigue and Fracture of Nanostructured Materials



Pasquale Cavaliere

Fatigue and Fracture of
Nanostructured Materials

@ Springer



Pasquale Cavaliere

Department of Innovation Engineering
University of Salento

Lecce, Italy

ISBN 978-3-030-58087-2 ISBN 978-3-030-58088-9  (eBook)
https://doi.org/10.1007/978-3-030-58088-9

© Springer Nature Switzerland AG 2021

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-58088-9

Preface

Nanostructured materials represent a possible alternative for a broader range of
applications, outperforming many of today’s engineering materials. As new
nanomaterials are rapidly developing and many applications exist, mainly within
fields such as medicine, communication, consumer goods, and engineering, it is
necessary to identify what special properties this fairly new material group can offer.
All engineering materials based on nanotechnology, involving the understanding of
physical properties and how they change with material dimensions, are to be
considered alternatives in existing products.

Metals with a grain size in the range of 100—1000 nm are classified as ultrafine
grain; grain sizes less than 100 nm are considered to be in the nanocrystalline
domain. The altered response of such properties is a direct consequence of the
nanoscale microstructural arrangements of the atoms themselves. Regarding engi-
neering design, these metals pose significant promise as next-generation structural
materials due to reported increases in ultimate strength, resistance to fatigue, and
wear resistance.

The abnormally high volume fractions of noncrystalline material exaggerate the
importance of the grain boundaries, ultimately leading to a shift in the physical
plasticity mechanisms which take place during deformation. At the smallest grain
sizes traditional intragranular dislocation-based mechanisms begin to shut off which
leads to the dominance of grain boundary-mediated mechanisms.

The main routes employed to produce UFG and NC materials are presented by
underlying the pros and cons of the application of each production from mechanical
alloying and severe plastic deformation to electrodeposition, sputtering, and surface
modification. All those mechanisms, active at the nanoscale, governing the crack
initiation and growth behavior as well as the crack-grain-microstructural features, are
theoretically described. The strength-ductility effect on the fatigue life of nanocrys-
talline materials with particular attention to cyclic plastic strain is discussed. The
effect of grain boundary strengthening through alloying with the related conse-
quences on the fatigue life and fatigue mechanisms acting during cyclic deformation
is underlined. The different behaviors due to the various mechanisms acting during
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creep in nanocrystalline metals and alloys have been described. The effect of
nanostructuring on the creep and superplastic behavior of metals and alloys is also
shown. The different mechanical behavior of thin films due to the reduced thickness
and the confined deformation mechanisms is described as well. How mechanical
properties of thin films differ from those of bulk materials is underlined. The wear
behavior related to the effect of grain refinement and the consequent grain-mediated
deformation mechanisms is shown. The contact fatigue and fretting mechanisms
acting in nanostructured metals and alloys are also described. The cycle sliding-
activating fatigue mechanisms in nanostructured metals and alloys are shown too.

My special thanks to the professionalism of the editorial office manager and
assistants. [ would like to dedicate this book to my son Paolo.

Lecce, Italy Pasquale Cavaliere
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Chapter 1 ®)
Nanostructuring of Metals, Alloys, st
and Composites

1.1 Introduction

Nanostructured materials are the most potential and exciting candidates in many
fields for revolutionizing traditional material designs. Nanostructured metals and
alloys are a class of materials exhibiting novel characteristics across a wide range of
properties including increased hardness, superplasticity, and electrical conductivity
(Schaefer 2010). Here, the difference between ultrafine and nanocrystalline metals
needs a special mention. Conventionally, metals with a grain size in the range of
100-1000 nm are classified as ultrafine grain; grain sizes less than 100 nm are
considered to be in the nanocrystalline domain (Gleiter 1989, 1993).

The altered response of such properties is a direct consequence of the nanoscale
microstructural arrangements of the atoms themselves (Murr 2015). Regarding
engineering design, these metals pose significant promise as next-generation struc-
tural materials due to reported increases in ultimate strength, resistance to fatigue,
and wear resistance (Mittemeijer 2010).

Nanostructured materials represent a possible alternative for a broader range of
applications, outperforming many of today’s engineering materials. As new
nanomaterials are rapidly developing and many applications exist, mainly within
fields such as medicine, communication, consumer goods, and engineering, it is
necessary to identify what special properties this fairly new material group can offer.
All engineering materials based on nanotechnology, involving the understanding of
physical properties and how they change with material dimensions, are to be
considered alternatives in existing products.

Through following the Hall-Petch equation

ky

VD

oy =00+
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where o, is the yield strength, o is a material constant (i.e., 25 for Cu, 70 for Fe, and
80 for Ti), k, represents the resistance of grain boundaries to dislocation mobility
(transmission through grain boundaries) giving the quantification of the grain
boundary strengthening (i.e., 0.11 for Cu, 0.74 for Fe, and 0.4 for Ti), and D is the
mean grain size. A high density of grain boundaries limits the length of dislocation
pileups and, due to restricted dislocation motion, extraordinarily high yield stress
values can be observed (Gutkin and Ovid’ko 2004). However, the extraordinary
mechanical properties of NC metals are limited by mechanisms related to the
competing length scales (Anderson et al. 2014; Mohamed 2016).

The Hall-Petch relationship essentially describes grain boundary strengthening, a
process by which grain boundaries, or regions between crystallites of different lattice
orientation, act as physical barriers for continued dislocation movement within the
material (Armstrong 2014). For more traditional, course-grained materials consisting
of average grain sizes ranging from 100 nm upwards of several microns, gliding
dislocations act as the main carriers of plasticity. For this reason, as grain size is
decreased, significant strengthening can be expected (Brandl 2019). The core of this
idea is that grain boundaries hinder dislocations, which accumulate and cause stress
concentrations (Suryanarayana and Koch 2000). This resistance is thought to be
proportional to the misalignment between the meeting slip systems and the magni-
tude of the burger’s vector of the residual grain boundary dislocation that is created
by transmission. The reliance on a planar dislocation pileup arrangement has led to
criticism of this theory. In fact, it was revealed that the length of these pileups has not
been correlated with grain size, nor are they likely to form in materials where cross-
slip to other planes is relatively easy. Instead, a different explanation was proposed
in which grain boundaries serve as nucleation sites for dislocations. The idea is that a
greater grain boundary area will provide more dislocation sources and lead to a
higher dislocation content at a given strain. Strength is known to depend on the
square root of dislocation density. Another alternate explanation of the Hall-Petch
effect has been offered by proposing that strain gradients imposed by compatibility
requirements between grains increase the dislocation density. These strain gradients
become larger as grain size decreases, and so does the number of geometrically
necessary dislocation needed to support them.

A strong effort has been devoted to metal and alloy nanostructuring in order to
reach the material’s theoretical maximum strength (G/10). The pioneering view of
Gleiter (1989) pushed the research on nanostructured metals in the recent decades. In
the paper, nanocrystalline materials are defined as single- or multiphase polycrystals
with nanoscale grain size (1-250 nm). As upper limit, “ultrafine grain” is used to
indicate grain size in the range of 250—-1000 nm. First of all, the properties of these
materials are related to the increase of the grain boundary volume fraction as the
mean grain size decreases. The abnormally high volume fractions of noncrystalline
material exaggerate the importance of the grain boundaries, ultimately leading to a
shift in the physical plasticity mechanisms which take place during deformation
(Meyers et al. 2006a). At the smallest grain sizes traditional intragranular disloca-
tion-based mechanisms begin to shut off which leads to the dominance of grain
boundary-mediated mechanisms.
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Fig. 1.1 2-D model of nanostructured materials

The altered response of NC material properties is a direct consequence of the
nanoscale microstructural arrangements of the atoms themselves. The atoms in the
crystal interior are closely packed in an ordered configuration; those in the grain
boundaries are in a more chaotic high-energy configuration with a different spacing
(Fig. 1.1).

As the grain size decreases, the nanocrystalline material interfaces contain higher
atom fractions. For grain size in the order of magnitude of 5 nm the fraction is in the
order of 50%; for 10 nm, the grain boundary volume fraction is around 30%; for
ultrafine-grained materials it is around 2% while for microcrystalline metals and
alloys it is orders of magnitude lower (Fig. 1.2).

Unfortunately, due to the high volume fractions of grain boundaries, the driving
force for nanocrystalline grain growth is amplified (Andrievski and Khatchoyan
2016). Therefore, minimizing grain growth and maintaining their beneficial proper-
ties prove extremely challenging.

In nanocrystalline materials, the intercrystalline volume fraction is found to
comprise as much as 50% of the total crystal volume. These solids are assumed to
have a different kind of atomic structure: a crystalline structure with long-range order
for all the atoms far from the grain boundaries and a disordered structure with some
short-range order at the interfacial region. Hence, the mechanical properties of these
nanocrystalline materials are expected to be different as compared to their equal
polycrystalline material. There are two main strategies that have garnered the most
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Fig. 1.2 MD model of nanocrystalline Ni-Fe with 5 nm grain size

attention. The first strategy utilizes kinetic mechanisms that decrease grain boundary
mobility, such as solute drag, reduced diffusivity, particle drag, and chemical
ordering. The second strategy utilizes solute segregation to reduce the grain bound-
ary energy and consequently the driving force (Razumov 2014).

The grain boundary energy is given by the following equation:

Yy =vo—T'(AH*® + RT InX)

where y is the grain boundary energy, 7, is the original grain boundary energy of the
pure metal, I” is the grain boundary solute excess, AH,., is the enthalpy of segrega-
tion, R is the Boltzmann constant, T is the temperature, and X is the global dopant
composition. The equation ultimately means that segregation of dopant to grain
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/

Triple junction (TJ)
Grain boundaries (GB)

Fig. 1.3 Ideal tetrakaidecahedron grains with a grain boundary thickness of 1 nm

boundaries can lower the grain boundary energy and consequently change its
behavior.

By analyzing this aspect through the employment of an ideal tetrakaidecahedron
grain structure with a grain boundary thickness of 1 nm (Fig. 1.3), it is possible to
plot the relationship between the grain size and the volume fraction.

So, both the volume fraction and the triple junctions increase as the mean grain
size decreases (Fig. 1.4).

The dotted lines show the evolution of grain boundary thickness and its effect as a
function of grain size (range 1-0.1 nm).

Experimental evidences show that GB size is around 0.5 nm for NC materials
with FCC crystal structure and 1 nm for NC BCC crystal structure. From Fig. 1.5 it
can be observed that for a grain size of 5 nm approximately 40% of the atoms lie in
the grain boundary (Siegel and Thomas 1992; Spearot and McDowell 2009).

The volume fraction as a function of grain size distribution was measured for
many Ni and Ni-Fe electrodeposited nanostructured materials (Fig. 1.6).

So, the overall behavior of nanocrystalline materials is dependent on not only the
grain size but also the nature of grain boundary structures. Generally, these interfaces
are responsible for the strength behavior of metals and alloys. The atom orientation
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in adjacent grain is different; in addition, the atoms in the grain boundaries are in a
disordered state. These factors lead to a difficulty for a dislocation to continuously
slip in all the material volume because it must overcome the grain boundaries with a
change in the slip direction (Fig. 1.7).

This hinders the material plasticity with a direct effect on the yield strength
increase of the material (Sun 2014). The stress applied to the crystal (o) generates
a shear stress (z,); the crystal opposes a resistance (z) to the generated shear stress
(Fig. 1.8).

So, the effective stress (z¢) for the dislocation sliding is

Teff = Ta — 70

This is the model describing the situation in the grain interior. By approaching the
grain boundary, the dislocation must have sufficient energy to overcome the grain
boundary; otherwise it is pinned by the grain boundary. In this model the shear stress
at grain boundary (z,,) is given by
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Fig. 1.8 Stress leading to dislocation sliding inside the grain

D D
Thg = Teff E:Ta_TO ar

where r is the distance from the point of dislocation generation and the grain
boundary. Finally, the shear stress necessary for the dislocation movement taking
into account the crystal interior and the grain boundary resistances is given by
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4r
Ta = T0 + Tbg D

that is the Hall-Petch relationship in terms of shear.
Some researchers observed that the capacity of generating dislocations inside the
grain is related to the parameter

__emitted dislocation length
- grain area

that is related to the dislocation density (p) by

3
- D

Finally, the Hall-Petch relationship can be expressed by

3 _
T=To+aGb1/5'u=To—‘rk;D 12

where «a is a parameter depending on the crystal structure, G is the shear modulus,
and b is the Burgers vector.

Now, the most common dislocation generation mechanism in the grain interior is
given by the Frank-Read source. By reducing the grain size the dislocation loop
dimension is reduced up to disappearance for nanosized grains (Fig. 1.9).

So, by decreasing the grain size, the material strength increases because of the
limited dislocation generation and the limited space for sliding before the interaction
with the grain boundary (Fig. 1.10).

T

\ Applied stress

Nanosized grains-No
loop generation

Fig. 1.9 Dislocation generation inside the grains
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Fig. 1.10 Strength variation vs. grain size in pure Cu

Dislocation activity is grain size dependent. Full dislocation activity may be
inhibited at very small grain sizes as partial dislocation activity becomes more
favorable. In terms of the Orowan relation, the resolved shear stress required for
expansion of a dislocation loop with a diameter of D is

b
TRSS = %

where u is the shear modulus and b is the Burgers vector of dislocation. Full
dislocation multiplication requires that Frank-Read-type sources have a minimum
grain size (D) at the yield strength (o) of

where 1/m is the average Schmid factor for polycrystals (m = 3). This would mean
that as grain size becomes smaller than D" full dislocation is inhibited and partial
dislocation activity becomes dominant in the deformation of most grains, hence
enhancing the GB relaxation process (Zhang et al. 2018). As the GB relaxation
process is triggered by plastic deformation, it may not happen in the nanograined
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metals which possess high GB energy and hence poor thermal stability (Zhou et al.
2018; Wrobel 2012).

According to the results of kinetic modeling, carried out within the developed
dislocation model, considering the wholeness of all the possible deformation mech-
anisms and presenting the development of the well-known composite models, the
temperature alteration of the plastic deformation brings to the activation or suppres-
sion of some deformation processes in GBs of Cu with different microstructures. On
the one hand, the temperature increases as well as the hydrostatic pressure growth
activates the work of the Frank-Read sources. The efficiency of GBs as the sinks for
dislocations increases. Both the annihilation of the screw dislocations during their
double cross-slip and their annihilation during the nonconservative motion increase
(Alexandrov and Chembarisova 2012).

In the intermediate nanocrystalline grain size range above approximately 10 nm
and below 100 nm, it is likely that there exists competition between conventional
lattice dislocation slip and diffusional deformation, with the relative contributions of
these deformation modes being dependent upon the distribution of grain sizes
(Gapontsev and Kondrat’ev 2002).

If the deformation is governed by the dislocation sliding, the strength increases as
the grain size decreases. This continues up to a grain size limit, then the deformation
is governed by the grain boundary deformation, and the strength starts to decrease as
the grain size decreases; this is commonly known as the Hall-Petch inversion
(Fig. 1.11).

The Hall-Petch inversion has been observed for many nanocrystalline metals
produced via different routes (Bober et al. 2016). The shear deformation process of

100 nm 10 nm

H-P
Inversion

Strength

H-P strengthening

d, nm

Fig. 1.11 Qualitative crystal strength vs. grain size
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nanocrystals based on assuming an athermal deformation has been modeled. In
accordance with them the shear propagation is composed of the grain boundary
sliding and the shear deformation of crystalline matrix occurring mostly near the
grain boundary plane. The latter deformation may be a twinning deformation, partial
dislocation glide, or a stress-induced amorphization leading to a grain boundary
thickening (Sitek and Degmova 2006). Because of the distribution of the angles
between the boundary planes and the shear plane its width varies from a boundary to
another. If the thickness of the boundary is 7, the average width of the boundary
region in the shear plane is az, where a is about 2. If the stress necessary to propagate
the shear front in the boundary region is o, and that in the crystalline matrix is o,
then 6. > oy, and hence as the grain boundary region increases the deformation
stress decreases, leading to an inverse H-P relation. Along the shear front, the
fraction of the boundary region is at/d and that of the crystalline region is 1—at /d.
Thus, the stress necessary to propagate the shear front is written as

o= (1D (e

The value of ¢ is material dependent while the value ¢, depends on the material,
its purity, the processing to produce the nanocrystal, and the history of the treatment,
because the structure of the boundary which affects o, should be sensitive to the
purity and processing.

The quantitative variation of yield strength as a function of grain size for pure Ni,
Cu, Fe, and Ti is shown in Fig. 1.12.

In Zhao et al. (2003) it is shown how the melting temperature of the nanostruc-
tured crystals decreases with decreasing particle size; the Hall-Petch relationship
becomes limited and is no longer sufficient for grain sizes less than around
15-30 nm. They proposed a model where there is a numerical maximum whose
location depends on the bulk melting enthalpy of the crystals:

1 H,/3R

T, D
Td @—1

o(d) = o9 + [k, + de*%} exp l_

where

k; = kjexp [@}

2T,
— ¥ exp | Lm0
kq = k;exp |:2Td:|
H, =T,0Sn

If the bulk melting enthalpy is applied to nanostructured Ni (Fig. 1.13), the
transition grain size can be calculated.
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Fig. 1.14 Young’s modulus variation with grain size
Another physical property to vary as the grain size is reduced is the Young’s

modulus. In Fig. 1.14 the E variation with grain size for different electrodeposited
pure metals is shown.
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Fig. 1.15 Young’s modulus variation with grain size for nanocrystalline Fe

Given that the values of a material’s elastic constants reflect the bonding nature of
its constituent atoms, it seems logical to expect that nanocrystalline materials would
exhibit different moduli of elasticity compared to coarse-grained polycrystalline
solids because of the high volume fraction of atoms located at or near the grain
boundaries, triple junctions, and quadruple nodes (Ramesh 2009). In particular,
since the degree of atomic structural disorder is greater within a grain boundary as
compared to the crystal lattice, the average atomic distance within it is generally
known to be larger. It could then be concluded that the grain boundary as a whole
exhibits a lower bond strength and, therefore, has local elastic moduli values lower
than those of the lattice (Zhu and Zheng 2010).

Different calculations and experimental analyses of pure Fe revealed a remark-
able difference in Young’s modulus with grain size (Fig. 1.15).

It is known that ultrafine-grained materials follow the Hall-Petch grain size
strengthening behavior into the nanocrystalline regime. On the other hand, at some
grain size transition from the regular to inverse Hall-Petch has also been reported in
literature. The dependency of yield strength or hardness on grain size may become
weaker, and even reverse at extremely fine-grain sizes. This phenomenon is known
as the “inverse Hall-Petch effect” or “softening effect” (Carlton and Ferreira 2007).
The reasons for the transition are a changing balance between competing deforma-
tion mechanisms (Zhou and Qu 2019). When conventional grain size metals are
deformed at room temperature strain is carried exclusively by dislocations. Under
these circumstances, grain boundaries influence deformation but they are not carriers
of it. At the nanoscale, grain boundaries can mediate deformation more directly by
sliding and shear-coupled migration or serving as dislocation sources and sinks.
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Fig. 1.16 Hall-Petch behavior at different length scales

There is strong evidence that applied shear stresses can drive rapid, diffusionless
motion of nanocrystalline grain boundaries via shear coupling. Grain boundary
sliding can also permit grains to slide past their neighbors, with accommodation
provided by atomic shuffling. It has even been proposed that this leads to large grain
rotations. At the same time, typical dislocation-based mechanisms become difficult
to operate. From an atomistic point of view, there is a probability for atoms on a
dislocation core to be absorbed by the grain boundary. The larger the grain size, the
larger the number of atoms absorbed by the grain boundary, if the dislocation is also
to be absorbed. Thus, for larger grain sizes, the probability for dislocation absorption
by the grain boundary is lowered.

The most accepted general behavior is schematically shown in Fig. 1.16.

Below about 100 nm, there simply is not the space inside grains to activate
conventional sources, or form pileups or dislocation tangles. This has the remarkable
consequence that dislocation storage does not occur. Instead, dislocations are likely
to be emitted from the boundaries, cross the grain, and be absorbed at the opposite
side, without ever encountering another dislocation (Zhang et al. 2020).

The dislocation-based model (Yamakov et al. 2002) is based on the principle that
dislocations are responsible for the flow in nanocrystalline materials and the dislo-
cation energy is reduced as the grain size decreases. Anyway, by reaching a
threshold grain size value twinning and partial dislocation generation lead to an
increase in flow stress reducing the material strength (Zhu et al. 2008). Another



