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Executive summary

An interdisciplinary research was undertaken to understand the deformation mechanisms and model
material instabilities and phenomena occuring at small volumes including nanoscale thin films and
ultrafine grain bulk materials. Both theoretical and experimental studies were conducted. The theoretical
studies were concerned with further developing the gradient theory in order to capture the occurence of
spatio-temporal instabilities, interpret the relevant scale effects, and use the resuits in a number of
advanced technology related applications. The experimental studies were concerned with the fabrication
and mechanical testing of novel materials at various scales of observation, as well as the determination of
the relevant deformation mechanisms. An ultimate goal would be the derivation of appropriate
constitutive equations for each scale of observation and the determination of the extent at which
constitutive equation at the macroscale can be used to describe the mechanical behavior at the
microscales. For convenience, we present the results in five major sections.

In the first section we give the background and the state of the art on gradient theory and material
instabilities, as this field was advanced by the PI and his MTU co-workers, as well as by researchers
elsewhere.

In the second section we discuss fundamental aspects of gradient theory including elasticity, plasticity
and dislocation dynamics. The simplest possible gradient models for each of these three categories are
presented and the governing differential equations are written down. The nature and microscopic
interpretation of the gradient coefficients are discussed and explicit expressions for them are provided.

In the third section we discuss applications of gradient theory at the nanoscale (dislocation cores,
crack tips, interfaces), the micro and meso scales (dislocation patterns and persistent slip bands) and the
macroscale (shear bands in metal forming and cutting technology). In discussing the structure of the
dislocation cores and crack tips at the nanoscale we show that gradient elasticity can eliminate the strain
singularity in these regions and provide an estimate for the size of dislocation core and the cohesive zone
at the crack tip. Similarly, the structure of elastic and inelastic interfaces at the nanoscale are discussed
and the strain distribution is obtained for both hardening (transition solutions) and softening (localized
solutions) inerfaces. In discussing the problem of dislocation patterning at the microscale, the ladderlike
dislocation structure of persistent slip bands (PSBs) is analyzed as an example. The Walgraef-Aifantis
model of reaction-diffusion for dislocation populations is revisited by providing further support to the
form of the diffusive and kinetic forms adopted in terms of the underlying dislocation mechanisms.
Moreover, the process of persistent slip band precipitation until the whole specimen is filled up by PSBs,
is described in terms of a gradient plasticity model at the mesoscale involving also stochastic arguments.
Finally, two applications of gradient plasticity theory at the macroscale are discussed in terms of shear
band formation and control during sheet metal forming and cutting.

In the fourth section we discuss the issue of size effect and the calibration of gradient theory in terms
of simple experiments to determine the value of the gradient coefficients. We show, in particular, that
simple gradient elasticity and plasticity models can be used for the interpretation of size effect
experiments in torsion and bending as well as in nanoindentation. In fact, the aforementioned gradient
models are calibrated by fitting the corresponding gradient coefficients to the experimental data. Such
type of size effect tests can thus be used for the experimental determination of the gradient coefficients.

Finally, in the fifth section we discuss a number of experiments performed on a class of novel thin
film and bulk materials at the nanoscale. The nanoscopic mechanisms of deformation are revealed and
models based on these mechanisms are developed to interpret the observed behavior. Specifically,




experiments on thin film nanostructured metals found that deformation occurred by grain boundary
sliding and grain rotation in nanostructured gold deformed at room temperature, with grain sizes less than
25nm. Bulk iron-copper nanostructures with grain sizes in the 100nm size range exhibited perfectly
plastic behavior and intense shear banding as the primary deformation mechanism. The models developed
are able to determine the effects of grain size on strength, and to determine the constitutive behavior of
nanostructured metals; In particular, the shear band angles, the shear band widths and the asymmetry in
tension and compression.
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EXPERIMENTAL AND THEORETICAL STUDIES OF SPATIO-TEMPORAL
' INSTABILITIES IN NOVEL MATERIALS

1. Background and State of the Art

A gradient approach to deformation was suggested by Aifantis [1,2] in 1982 to describe plastic
instabilities, including dislocation patterning and spatial characteristics of shear bands [3,4]. In [5] the
theory was readily applied to deduce the wavelength of persistent slip bands in fatigued copper single
crystals, the width of stationary shear bands in metal polycrystals, as well as the width, spacing and
velocity of Portevin-Le Chatelier bands in Al-5% Mg alloys deformed under constant stress rate
conditions. This initial work and subsequent articles by Walgraef and Aifantis [6], Zbib and Aifantis [7],
Vardoulakis and Aifantis [8], and Miihlhaus and Aifantis [9] have contributed to appreciating the
potential and applicability of the gradient approach to a variety of material instability problems ranging
from metal fatigue and polycrystal/soil shear banding to the failure of concrete and liquefaction.

At the same time, other researchers have contributed substantially to the gradient approach:
Coleman and co-workers [10,11] on mathematical aspects of the theory in relation to necking and shear
banding; Kubin and co-workers {12,13] on the physical origin of the gradient terms for both dislocation
and strain localization problems; Kratochvil and co-workers [14,15] on formulation aspects in relation to
dislocation patterning; Hahner and co-workers [16,17] on microscopic and probabilistic aspects; and,
finally, de Borst and co-workers [18,19], Belytschko and co-workers [20,21] and Tomita and co-workers
[22] made significant contributions with emphasis on numerical aspects of the theory and its
implementation to finite element codes. In parallel, other approaches (commonly referred to as non local
damage theories [23]) have appeared in the literature as an outgrowth of earlier works by Eringen [24,25],
and recent works by Bazant and co-workers [26-29]. Several outstanding issues and research directions
have emerged as an outgrowth of the gradient approach. Among them, we mention the discrete
dislocation simulation modelling (Amodeo and Ghoniem [30], Kubin [31], Groma and Pawley [32],
Hirth, Rhee and Zbib [33]), the derivation of microscopic expressions for the gradient coefficients in
terms of interatomic potentials (Triantafyllidis and Bardenhagen [34]; see also Triantafyllidis and Aifantis
[35]), and the development of gradient thermodynamics theories (Maugin [36], Maugin and Muschik
[37]), Valanis [38], Polizzotto and Borino [39]; see also Aifantis [4]). Another major research direction
that has been evolved rapidly as an outgrowth of the gradient approach was the development of finite
element codes where the gradient term is used as a localization limiter, i.e. as a means of preserving well-
posedeness and mesh-size independence in boundary value problems for strain softening ductile behavior
and damage softening brittle behavior. In addition to the pioneer contributions of Belytscko and co-
workers, de Borst and co-workers, Tomita and co-workers mentioned earlier, one should include here the
original work of Schreyer and Chen [40], Oka et al [41], as well as the more recent ones of Sluys and
Wang [42], Ramaswamy and Aravas [43], Pijaudier-Cabot et al [44], Geers et al [45], Comi and
Driemeier [46). In this connection, the gradient thermodynamic damage models of Fremond and co-
workers [47,48] should be mentioned. Recently, important contributions have been advanced by Estrin et
al [49] on a dislocation based gradient plasticity model, Tvergaard and co-workers. [50,51] on a gradient
plasticity model for necking and hydroforming of thin sheets, and Molinari and co-workers [52,53] on the
use of higher order gradients for interpreting deformation patterning. Moreover, we refer to interesting
contributions on the gradient coefficients made by Frantziskonis [54-56], Zbib [57,58], Ning et al [59],
and Carmeliet [60]. [In this connection, it is noted that gradient terms with specific expressions for the
corresponding phenomenological coefficients appear in recent constitutive models for random composites
(see, for example, Drugan and Willis [61], Buryachenko [62])]. Finally, the work of Romanov and co-



workers [63-65] on gradient dislocation dynamics for monotonic deformation and thin film problems, as
well as an alternative approach of discrete dislocation dynamics simulations by van der Giessen and
Needleman [66,67] are worth noting. It may not be an exaggeration to state that the motivation for all
aforementioned work on gradient theory with applications to dislocation and deformation patterning may
be traced back to the original article of the author [3] (see also [5]). In particular, the strain gradient
plasticity models employed are based on a direct modification of flow stress to include the Laplacian of
equivalent shear strain and the stress tensor in the resulting three-dimensional constitutive equations is
symmetric (in contrast to the “asymmetric stress” or couple-stress theory of Cosserat type advocated by
Fleck/Miiller/Ashby/Hutchinson, their co-workers and followers, as will be discussed in detail below).
Additional aspects of the gradient approach to deformation and its implications to instability and
singularity problems at nano, micro and macro scales have been discussed by Aifantis in [68,69], as well
as in [70,71] where theoretical estimates for the gradient coefficients are provided, and in [72] where
nonlinear issues are emphasized.

As mentioned above, a couple-stress or “asymmetric stress” strain gradient plasticity theory has
been advanced recently by Fleck and co-workers [73,74]. This theory is of Cosserat type (but for plastic
instead of elastic deformations) and is motivated by Ashby’s concept of geometrically necessary
dislocations. Some aspects on the relation between the Fleck et al. strain gradient plasticity theory and
Aifantis’ original gradient theory with symmetric stress are discussed in [71] with respect to the capability
of these theories in predicting size effects in torsion and smooth profiles of strain distribution across
interfaces. In this connection, a similarly motivated strain gradient theory of plasticity based on
incompatible lattice deformations was recently advanced by Acharya and Bassani [75,76] with a
comparison between their formulation and the original gradient theory given in [76]. Following the
publication of Fleck, Miiller, Ashby and Hutchinson [73] a number of articles have appeared applying
their theory to plasticity problems at the micron scale (i.e. over a scale which extends from about a
fraction of a micron to tens of microns) as plasticity applications at this scale are of increasing interest in
electronics and MEMS. Specific applications include indentation, wire torsion and film bending, as well
as debonding of ceramic particles in a metal matrix, void growth in a plastically strained solid, and crack
tip plasticity. A brief review on these issues is contained in a recent report (of the US National Committee
on Theoretical and Applied Mechanics) by Hutchinson [77], while more detailed considerations can be
found in recent papers by Ma and Clarke [78], Smyshlyaev and Fleck [79], Hutchinson and co-workers
[80-82]. Shu and co-workers [83,84], Huang and co-workers [85,86], Nix and Gao [87], Stolken and
Evans [88].

While such renewed interest in gradient theories can be understood in view of the remedies they
provided in determining spatial characteristics of dislocation patterns (mesoscopic scales) and shear bands
(macroscopic scales), actual experiments for the direct measurement of the new phenomenological
coefficients, the so-called gradient coefficients, are lacking. Since gradient theories become particularly
useful for small volumes, where the internal length introduced by the gradient coefficient is comparable to
the characteristic dimension of the system, it follows that such experiments would be difficult to design
and interpret. Nevertheless, an initial effort in this direction was reported in [68] where the gradient
coefficient was determined from four-point bending tests of aluminum bars whose microstructure was
engineered to gradually vary the grain size along the specimen axis. Similar work is currently being
further pursued in several laboratories by realizing pure bending and torsion conditions for rods of
varying diameter and detecting yielding at the outer surface of the rods. Such types of tests will not only
provide the value of the gradient coefficients, but they will also bring light into related size effect issues.

In fact, the size effect issue and the possibility of gradient theory to capture this effect has been
another strong reason (in addition to providing estimates for shear band widths/spacings and wavelengths
of dislocation patterns) for the renewed interest in gradient theories. The already mentioned recent work
of Fleck et al [73] reports observations on increased normalized torsion hardening with decreased wire



diameter from 170 um to 12 pm. Analogous results are reported by Stolken and Evans [88] (see also
Stolken [89]) who observed an increased normalized bending hardening with decreased beam thickness
from 50 um-to 12 u. Similar behavior, i.e. increasing strength with decreasing size, has also been
observed in indentation tests (e.g. [90-93]; see also [78]) for the regime of 10 - 1 um indenter size for
which the corresponding hardness is approximately doubled. The same has been observed in metal
matrix composites as reported, for example, recently by Lloyd [94] for the strength of an aluminum-
silicon matrix reinforced by silicon carbide particles which increases significantly as the particle diameter
reduces from 16 um to 7 um for fixed volume fraction. Such size-dependent material behavior has long
been known in several scientific fields ranging from composite engineering to geomechanics (see, for
example, [95-97] and references quoted therein) but the current demand of understanding novel material
behavior at small scales has revived interest in the subject and imposed the need for additional
experimental work. Preliminary results for modeling size effects by using gradient theory are reported by
Aifantis [95] (Vardoulakis and Aifantis [96] and references quoted therein) with emphasis on single phase
materials and geomaterials, as well as by Zhu, Zbib and Aifantis [97] with emphasis on metal matrix
composites.

In addition to the size effect issue, another problem for which the gradient theory has provided
substantial insight was the topic of understanding at the nanoscale, the structure of crack tip and
dislocation cores, as well as the structure of solid-solid interfaces. Preliminary results in this direction
were reported by Aifantis [68,71], while detailed considerations can be found in more recent papers by
Aifantis and co-workers [98-102]. These considerations, which can eliminate classical strain singularities
or discontinuities predicted by standard theories, are especially important since they can provide direct
theoretical support associated with the interpretation of findings from experimental procedures recently
developed (e.g. Kim [103]) for capturing the details of material configuration and deformation
characteristics near crack tips, dislocation cores and interfaces.

On returning to the issue of applications of gradient theory at the macroscale, two instability
problems in manufacturing technology have been concidered. Both problems are concerned with shear
band formation in metal forming and metal cutting respectively. In particular, forming limit diagrams
(FLDs) are shown to be obtained for sheet metal forming in closer agreement with experiments when a
gradient-dependent modification of Hill’s anisotropic yield criterion is used. Similarly, in metal cutting, it
is shown that instability analysis during “discontinuous” chip formation may provide a relation between
machine tool velocity (which controls the feeding rate or process efficiency) and shear band spacing
(which controls the chip size). More details on both of these problems may be found in [104, 105].

We conclude with a brief discussion of the main experimental findings and modeling efforts on
novel thin film and bulk nanostructured materials. This work has been conducted by the PI and his MTU
co-workers in order to detect the deformation and fracture mechanisms at the nanoscale, and evaluate the
applicability of macroscopic constitutive modeling and gradient theory for interpreting the experimental
observations.

Nanostructured materials are a new, exciting class of materials which have only recently been
studied. They have characteristic grain sizes approximately three orders of magnitude smaller than
traditional structural materials. In situ transmission electron microscopy was used to study deformation
mechanisms of thin film nanostructured metals, in order to ascertain deformation mechanisms directly. It
was found that deformation occurred by grain boundary sliding and grain rotation when thin films with
grain sizes of 10 nm were deformed at low rates. Direct evidence of grain rotation was obtained by
tracking angles between crystallographic planes in adjacent grains during straining. These experiments
were conducted on gold at room temperature, and these types of deformation mechanisms would not be
expected in coarser grain sized materials at such a low temperature. At higher loading rates, intergranular
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fracture occurred with little plasticity. Materials with grain sizes around 100 nm deformed by traditional
dislocation-based plasticity. Bulk nanostructured metals were prepared by ball milling and HIP or forging
techniques; these materials deformed by intense shear banding, and behaved in a nearly perfectly-plastic
manner.

Several different types of modeling were accomplished for nanostructured materials. By
considering that nanostructured metals consist of two “phases”, a boundary “phase” and a bulk “phase,” it
was possible to predict the effects of grain size on strength into the nanostructured regime with a rule of
mixtures approach. Such a model predicted that the strength of nanophase metals should deviate from
Hall-Petch behavior at approximately 20 nm, and the strength may decrease with decreasing grain size,
but only at grain sizes less than 5 nm. The model is in reasonable agreement with the available data, most
of which is for grain sizes 10 nm. A model for the grain size dependence and strain rate dependence of
dislocation generation was formulated. The model considers image forces on dislocations which may be
grown into a polycrystalline aggregate, or pulled from a grain boundary source. This simple model
predicted that no dislocations should be present in the 10 nm grain size material, as was experimentally
observed. However, at 100 nm grain size the image forces were not sufficient to remove all dislocations,
and therefore the observed dislocation-based plasticity was predicted. A gradient elasticity model was
derived for nanostructured materials, using the same “two-phase” material assumption as in the earlier
strength model. The model shows promise for understanding “wavy” crack paths and crack bifurcation
behavior that was observed in nanostructured metal thin film experiments. Also, two viscoplastic
constitutive models were derived for nanostructured materials, based closely on the observations of grain
boundary sliding and pore evolution in the thin film experiments. Finally, a pressure-dependent yield
condition, a zero-extension criterion, and the gradient theory prediction of shear band thickness were
adopted to model the anisotropy in tension-compression of ultra fine grain metals and their dependence of
strength on the grain size.

Details on all the above issues related to thin films and bulk nanostructures can be found in Refs
[106-119].

2. Fundamental Aspects
The starting point of the gradient theory is to incorporate higher-order gradients of the relevant

constitutive variables into the respective evolution or constitutive equations. In the simplest case, the
resulting gradient modification of dislocation dynamics, flow stress, and Hooke’s law read respectively

dp/ot =DV3p+f(p), (2.1)
T=x(y)-cVy, 2.2)
o, =AE, 8, +2ue, —CVZ().EuSij +2pei).), 2.3)

where p denotes the dislocation density, (T, ¥) denote effective stress and strain for plastic flow and
(oij.eij) denote the stress and strain tensors for elastic deformation. The quantity f(p) is the standard

source term of dislocation dynamics , K(y) is the standard homogeneous part of the flow stress and (A1)
are the Lame constants. The gradient coefficients D in Eq.(2.1), ¢ in Eq.(2.2) and ¢ in Eq.(2.3) denote
gradient phenomenological coefficients the value of which is to be determined from appropriate
experiments and/or appropriate microscopic arguments depending on the prevailing deformation
mechanisms and the underlying microstructure. The strain rate and temperature dependence have been
suppressed in Egs.(2.1-2.3) for convenience. Such dependence is particularly important in problems of
creep and recrystallization, as well as for dynamic shear banding and strain-rate dependent materials.
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The gradient-dependent expressions of Egs.(2.1-2.3) have been used successfully to predict
dislocation patterning phenomena, shear band widths and spacings, as well as to eliminate strain
singularities from elastic crack tips (e.g. Aifantis [5,68]). The value of the gradient coefficients can be
inferred from such dislocation pattern wavelengths and shear band widths measurements, as well as
measurements pertaining to the extent of dislocation cores and the structure of crack tip opening profiles.
Direct estimates for the gradient coefficients can also be obtained from properly designed experiments.
For example, pure bending experiments of asymmetrically deforming beams (due to an inhomogeneous
engineered microstructure - e.g. grain size distribution along the beam axis) can provide estimates of the
gradient coefficient ¢ in Eq.(2.2). Preliminary results have already been obtained and a brief outline of
this possibility has been reviewed by Aifantis [68,71]. The aforementioned experimental estimates for the
gradient coefficients seem to be in good agreement with theoretical estimates obtained by using self-
consistent arguments as discussed, for example, by Aifantis [71] and more extensively considered by
Ning and Aifantis [99]. The self-consistent estimate for the gradient coefficient ¢ gives the expression
Ic[: (B+h)(d2/10), where B relates explicitly to the elastic constants of the material in a fashion
depending on the self-consistent model used, while h is the plastic hardening modulus. The parameter d
stands for the grain size.

The above discussion suggests the need for additional work on the interpretation of the gradient
coefficients entering in Eqs.(2.1-2.3). For example, for the diffusion-like coefficient D, various
dislocation mechanisms can be considered to obtain special expressions for it. They all lead 'to an
expression of the form D=7 <v>, where ¢ denotes a mean free path and <v> the average dislocation
velocity. Research in progress suggests that £~ < 8T > £,/ S, where < 8% > stands for the
amplitude of effective stress fluctuations, ¢, denotes the corresponding correlation length and S is the
strain rate sensitivity. If a cross-slip mechanism is assumed then it turns out that
T= (—HJ/E‘)[H2(ho/ﬁ)+}4(ho/ﬁ)2]exp(—ho/-}_1), where ¢ denotes an average distance between cross-
slip events, h, denotes the distance of dislocation immobilization for dipole formation
[h, =pub/2n(1-Vv)(t=1,); W is the shear modulus, b is the Burgers vector, v is the Poisson’s ratio, T is

the resolved shear stress and 7 is the friction stress], and EzJ‘hP(h)dh with P(h) denoting the

probability for the cross-slip height to be h. A simpler expression for ¢ has been proposed in the past of
the form ¢ = ITy."/3, where IT denotes the cross-slip probability per unit glide area. For a polycrystalline
situation with the elementary volume assumed to contain a large number of grains, it turns out that =
d<tan’@>/4 where d denotes the grain size and <tan’@> is a numerical factor resulting from the averaging
of all gliding and grain orientations. If we distinguish between mobile and immobile dislocations, write
standard dislocation dynamics evolution equations for both of them (without including diffusion-like
coefficients at the outset), and then adiabatically eliminate the “slow variable” of immobile dislocation
density, we obtain a diffusion term in the corresponding evolution equation for the mobile dislocation
density which is now of the form of Eq.(2.1) with D="7¢<v> with ¢ = v tye, with v being the velocity and
t,r. the mean lifetime of mobile dislocations.

Similar arguments may be employed to derive microscopic expressions for the gradient
coefficient ¢ in Eq.(2.2) and a self-consistent argument leading to an explicit relation for c in terms of the
grain size and the material constants was already provided above. The self-consistent method or an
improved averaging procedure may be employed to consider different than polycrystalline situations; for
example, a continuous distribution of dislocations, a continuous distribution of flat cracks, a continuous
distribution of spherical voids, etc. In each case a different expression for the gradient coefficient'c would
result depending on the geometric characteristics of the underlying microstructure and the associated
internal lengths (e.g. void size and spacing). In this connection, it is pointed out that special

12




configurations of “geometrically necessary dislocations” have been employed recently [120] for deducing
an expression for the strain gradient coefficient of the “asymmetric stress” strain gradient theory of Fleck
et al [73,74). Such static considerations are also possible for the gradient theory embodied in Eq.(2.2) and
various types of gradient terms of different degree and order may result depending on the particular
configurations on the dislocation arrangement assumed (e.g. Taylor lattice, tilt walls, dipolar walls, etc.).
Instead of elaborating further on the above mentioned static dislocation considerations in producing strain
gradient terms, we consider below a dislocation kinetics origin of Eq.(2.2).

Instead of Eq.(2.2), one may start with a standard expression T=K(y,ot) where o is an internal
variable whose evolution equation contains both a rate and a flux term (Aifantis [68,69]). For example, o
may be identified with a dislocation density evolving according to Eq.(2.1). Then, in a one-dimensional

setting, we may assume & = Do, +y(y)—¢(y)e where (y,9) are nonlinear functions of the plastic strain
Y. By considering the Fourier transform of the linearized part of this equation and “adiabatically”
eliminating the fast variable o (note that for the spatial scales considered, o attains steady states much
faster than ¥), it turns out that o in the flow stress dependence T=K(y,Q) is replaced by a second gradient
term in y. In fact, for a linear dependence of the form T=K(y,1)-A, the resulting equation is of the form of
Eq.(2.2) with c=AAD/M?. If, in addition, a cross slip diffusion mechanism is assumed for the dislocation-

like variable a.=p, preliminary research gives the estimates A =(-01/dp), A ~ (77 d1/dy)<v>, D ~
hivie . where h,¢ . and <v> have been defined earlier. Typical values of the parameters involved give a

value for the gradient coefficient lcl =107 N which is of the same order of magnitude as those obtained
from self-consistent models and size effect calibrations [71].

The final issue to be discussed here is an outline of research in progress on a more general
probabilistic approach that can be employed to deduce expressions for the gradient coefficients. Thus, by
assuming that the strain (I’) is a random field given by a function of a random microstrain variable T', an

expansion around the mean <I'> of the form ¥(I') =¥(<T' >)+¥.(I'-<I>) + 43 (T=<T>) yields
- the expression <9(I") >=\(—}4[(E)ZC(r)/E)r2)Lo]"y,u where y=9(<IT'>), C(r) denotes the spatial
correlation of the microstrains. For an exponential C(r)=exp[-r/A] or Gaussian C(r)=exp[-(r/}»)2]
correlation function, we can show that <¥(I') >=y+ oA’y , where A is a correlation length and o = {1/2

or 1/4} for exponential or Gaussian correlations. Then a constitutive equation of the form 7 = k[< (I >]

can lead through an appropriate Taylor expansion to the gradient expression of Eq.(2.2). The sign of the
coefficient ¢ and its relation to the internal lengths involved, depend on the type of the correlation
functions and the corresponding microstructures, as well as on the deformation state (hardening or
softening).

For the gradient elasticity relation of Eq.(2.3) the value of the gradient coefficient ¢ may be
deduced from the resulting wave dispersion equation as compared with a corresponding dispersion
relation of lattice dynamics (see, for example, Brillouin’s book on “Wave Propagation in Periodic

Structures™, Dover, 1946). This gives the estimate Je= a/4 where a denotes the lattice parameter. Other

estimates for ¢ are possible depending on the lattice or atomic chain model used and the interatomic
potentials assumed.
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3. Applications
3.1 Gradient Theory at the Nanoscale: Dislocation Cores / Crack Tips / Interfaces

In this section we first review recent and results in progress based on the use of gradient theory to
determine the extent of dislocation cores, the structure of the crack tip and the character of solid
interfaces. Then we outline additional research topics that we plan to consider within the proposed
program.

i) Dislocation Cores: Recently we have shown that elimination of strain singularity in dislocations is
possible by including a gradient term in Hooke’s law. The derived non-singular solutions can be used to
estimate the extent of dislocation core and the nature of short range dislocation interactions, thus
providing information which cannot be obtained by using classical elasticity theory. The results can also
be used to calculate the elastic energy which is found to be finite without introducing an arbitrary cut-off
radius. The special form of the gradient elasticity theory used is given by Eq.(2.3) with Jc=a/4 where a
denotes interatomic distance. The strain components for a screw dislocation are then obtained as

b y y T b | x X T
= |- L4 L K| — : =—|=-—=K,|— || 3.1
Er 41t|: i2+rJE '(\/ZH Ex 41r|:r2 e (JZJ] G-

where b denotes the Burgers vector and r denotes the radial coordinate from the dislocation line. The first
term in the bracket representing the singular classical elasticity solution and the second term with the
Bessel function K, representing the gradient elasticity contribution. It is noted that K, (r/\/c— )—) Jeir as
r — 0 and, thus, the gradient term cancels the elastic singularity as the dislocation line is approached. It
also follows that a dislocation core may be defined at r~r. =1.25a, and the strain achieves extreme values
at a distance ~12% within this core .

e I 4 x
> -
b

Figure 3.1: Schematics of a screw dislocation dipole with arm d and strain distribution for (a) d=2\/c_' and (b)

d=10+/c . Solid lines (1) correspond to the gradient solution and dotted lines (2) correspond to the classical elasticity
solution.

The corresponding gradient elasticity total strain energy E can be calculated explicitly as (R >>+c >>
r—0)

2
= ub In R R
an  2c
leading to the disappearance of the cut-off radius usually assumed for the dislocation energy expression of

the classical elasticity solution. Preliminary results for a dipole of screw dislocations are depicted in Fig.
3.1. They show that the strain is finite at the dislocation lines, approaching a zero value as the dipole arm

E (3.2)
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d increases to infinity (non-interacting dislocations). Moreover, the strain is finite at the central point
between the two dislocations, becoming zero when the two dislocations annihilate (d = 0). It is interesting
to observe from the sketch (b) of Figure 3.1 that the gradient and classical solutions become identical at

d=5yc =125a, thus providing another independent estimate for the size of the dislocation core.

ii) Crack Tips : The above derived non-singular solutions can be used to obtain the crack opening
displacement for a mode III crack by representing it with a continuous distribution of virtual dislocations.
It can be shown that, in contrast to the classical elasticity prediction, the crack faces close smoothly with
the strain being zero, instead of infinite, at the tip. This is shown schematically in Fig. 3.2 below

T @ 3 i
M\ Vi
- -1 -5 = 2.9 -5 M'Ls e
. i
. s
tfa A A ’ g

Figure 3.2: Schematics of a mode-III crack extended from - £ to ¢ [sketch (a)] and its representation by means of

an array of screw dislocations with distribution n(x)=x/ v #% —x? [sketch (b)]. Sketch (c) shows the resulting crack
opening displacement and the sniooth closure of the crack faces for the gradient elasticity solution (curve 1), in
contrast to the parabolic profile (curve 2) of the classical elasticity solution and the associated strain singularity at
the crack tip.

iii) Interfaces : Here we show that inclusion of the gradient term leads to a smooth transition of the
strain accross the bimaterial interface, in contrast to the classical theory of elasticity or plasticity giving
discontinuous profiles. For the interface configuration of Figure 3.3, the corresponding strain field &;, the
equilibrium equation oy; = 0 and the gradient-dependent constitutive equation read

0

€, L0 ot/dy=0 > t=1" ; 1=x/(y)-c V%, (3.3)
2ly O

here T is the shear stress, y is the space coordinate normal to the interface and 1™ stands for the applied

shear stress at infinity. The homogeneous part of the flow stress K is, in general, a nonlinear function of y
and c denotes as usual gradient coefficient (the index i = 1, 2 designates material 1 and 2 respectively).

(a) (b) — (%)
2E-3 ——Case 1 (=0 TN 30 59N) , * (Pa)
y - | = case 2(1,=3um1=3 spmy ; Ta e
Film ,r yom ul:?fi,::?cpam ¥ o
N : =
Suhxstrate K
P K ——— - "
- < 0.026 0.030 0.034
t Shear strain

Figure 3.3: (a) Schematic of bimaterial interface, (b) strain distribution accross the interface and (c) softening type of interfacial
stress-strain graph for an inelastic interface. '

For a linearly elastic bimaterial x, (y) =Wy, where n, and p, denote the respective shear moduli. It then
turns out that the solution for the strain distribution accross the interface reads
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v= |1 1= e | (3.4)
B, i,

where p; denotes a “shear modulus” for the interface which is also assumed to behave elasticall
(7 =y, with 7=1,=1=1" and yi=y,=Y2). For p, Euluz(\/ullcl +'\/uzlcz )/((Llllecz 'le\/Hl/Clﬁ
we obtain Aifantis’ solution [71] , while for p, =, {yine, + e, Ml yizc, +mayite, )) with

¢, =p;£2 /2 we obtain the solution of Fleck and Hutchinson [73a]. The first solution was obtained for the
boundary conditions dy;/dy = dy,/dy at the interface, while the second solution was obtained for the
boundary conditions ¢3 w,dy,/dy = 622 Ha0Yo/dy. However, the problem of interest is to consider the

nonlinear stress-strain behavior at the interface, as this problem relates to surface tension and crack
nucleation. While the Fleck and Hutchinson theory is difficult to apply in this case, there is already a
method available for considering this problem within Aifantis’ theory. In fact, for nonlinear behavior 1, =
K(yy), it turns out that the strain distribution is determined by

y=_‘:—di ; Fly)

Nz

where x; (¥;") = 7~ and the values of the strain at the interface y; and at the two outer boundaries of the
bimaterial y,” and v, should satisfy the “equal area” or * Maxwell’s rule” condition j’:; [nci (y)—r“']dy =0,

2 [lem-xanky . (3.5)
Cig

for a non-convex or softening type graph T = ¥(y). Thus, for an inelastic interface of the
formt, =7, —aly, - v, ), where 1, denotes the maximum (taken as 10MPa) of the T - ¥ graph depicted

in sketch (c) of Fig. 3.3 and o is a numerical coefficient (taken as 0.002), the smooth transition profiles or
the strain localization profiles depicted in sketches (a) and (b) of Fig. 3.4 respectively, can be obtained by
utilizing the solution of Eq.(3.5) and the condition ¥; < Y, for the case (a) or the condition y; > Y, for the
case (b).

(a) o —0.8 1, : ) ‘
4 ee=a091, J . 4E-6
ym ok

~4E-6 +

0008 oot2 0016 i 001 002 0.03
Shear Strain Shear Strain

Figure 3.4: Strain distribution accross the interface for (a ) ¥; < Y and (b) ¥1> Y

These qualitative plots are given for different ratios of 1™/t and the values ¢, = 0.01 N and ¢; = 0.001 N
respectively, while the values of p, and W, are taken to be u; = 30 GPa and p, = 40 GPa . Results in
progress for the case of a real interface between a thin film and a rigid substrate can be obtained by
utilizing atomistic calculations (J.H. Rose, J. Ferrante and J.R. Smith, Phys. Rev. Lett. 47, 675-678, 1981)
to motivate the expression for the “homogeneous” portion of the gradient-dependent constitutive equation
for the flow stress K(y). Research in progress suggests that the resulting expression in scaled variables
T=he. ¥ = YAy, is T =k(y") =B%*y'e™ , where B is a material constant, 8 is the equilibrium
interface separation and A is the range over which strong forces act. In Fig. 3.5 the scaled stress-scaled
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strain (T"-y’) curve and the scaled strain distribution accross the interface are depicted in sketches (a) and
(b) respectively.

1 T T T Y T
o[/ @) v (b)
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Figure 3.5: (a) Scaled stress- scaled strain curve, (b) Scaled strain distribution accross the interface.

3.2 Gradient Theory at the Micro / Meso Scales: Dislocation Patterning / PSBs

In this section we first revisit (through a justification of the gradient/nonlinear terms and
probabilistic arguments) the Walgraef-Aifantis (WA) reaction-diffusion model of gradient dislocation
dynamics as this was first used to discuss dislocation patterning phenomena. Then a procedure is outlined
for extending this model on wavelength prediction of the ladderlike dislocation structure within a
persistent slip band (PSB) to consider the process of strain localization, i.e. the filling up of the specimen
with multiple PSBs. The WA model that was developed to obtain the wavelength of the ladder structure
of PSBs occurring in cyclic deformation distinguishes between immobile and mobile dislocations of
densities p; and p,, which are assumed to evolve according to the reaction-diffusion equations of the form
(5]

op ’p, op o’p
o op X Y-f(p., : LI ) ™+ f(p., , 3.6
o =D reP)~f(o.p.) 5 = Png 2 t000,) (3.6)

with (D,. Dy,) denoting the diffusion-like coefficients for the immobile and mobile dislocations, f(p;, Pm)
denoting the interaction between mobile and immobile dislocations, and g(p;) denoting the production of
immobile dislocations. The interaction term f(p;, pm) has the form f(p,,p_)=bp, —Yp.P;. while the

production term g(p;) in its simplest form reads g(p,) =ap’ —op, , —g(p;) =0 >0. The coefficient b,
which plays the role of the bifurcation parameter of the problem and depends on the resolved shear stress,
represents the freeing rate of immobile dislocations for increasing stress, while the coefficient y

represents the pinning rate of mobile dislocations by immobile dipoles. The coefficient o, which for
stability purposes needs to be positive, is a constant modeling the linear creation of immobile
dislocations, while p° is a constant denoting a reference homogeneous solution for the density of
immobile dislocations.

While this initial model was the first to predict, within a nonlinear dynamic analysis, the
wavelength of the ladder structure of PSBs and the transition between the various patterns of dislocation
structures occurring during cyclic straining, various important issues and critical questions were not
addressed satisfactorily. One such issue is concerned with the derivation of appropriate microscopic
expressions for the diffusion-like coefficients D; and D, , and the origin of the reaction-like term p _p?.

In fact, these three terms are necessary for discussing dislocation patterning and constitute the new
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elements of the proposed WA model as contrasted, for example, to the existing Gilman-type dislocation
kinetics models. Research in progress shows that a justification for the diffusion term D,d%p, / 9x* is

obtained by identifying p; with the density of immobile dipoles and assuming a “dipole exchange”
reaction mechanism (K. Differt and U. Essmann, Mater. Scienc. Engng. A164, 295-299, 1993). The

resulting expression for D; is D, ~ p, vy} /4 where v is the average dislocation velocity and y4 denotes

the mean dipole height. [An expression for D, is given in [5] on the basis of an adiabatic elimination
procedure also discussed in Section 2.]

Similarly, a microscopic argument for the justification of the cubic term PmPi- can be provided by
again identifying p; with the density of the immobile dipoles and considering the coupling of the
dynamics with point defect agglomerates of density po. A kinetic equation for the evolution of the point
defect agglomerates may initially be assumed of the form 0py/dt=0pmPi- BoPoPm, With the first term
denoting point defect formation by edge dipole disintegration and the second term denoting agglomerate
“clean out” by moving dislocations. It may thus be assumed that a dipole stabilization occurs as a result of
the competition of the process of agglomerate formation by mutual annihilation of dipole and mobile
dislocation and the process of agglomerate removal by their “sweeping” by moving dislocations. By
further assuming that the point defect agglomerate density pp may be adiabatically eliminating (9py/0t=0)
due to the short-lifetime of these defects as compared to time-scales over which the density of
dislocations (p;, Pm) evolves, we have po=(0/Bo)p;, a relation which may be used directly in conjunction
with the term popnP; that now enters into the system of equations describing the (p;, Pm) - dynamics,
instead of the originally used term pp;>. This combination leads to the substitution PoPmP; —PmPi, i.e. to
the appearance again of the necessary for patterning cubic term in an indirect manner. In this connection,
it is pointed out that consideration of a quadruple configuration mechanism also leads to a cubic term of
the form ~( pmv)pmpi2 or ~y pmpiz. Finally, it is noted that the dependence of the bifurcation parameter b
in Eq. (3.6) on the stress T which was not elaborated upon in the original WA model, turns out to be of
an exponential form b ~y exp[At] where y is the strain rate and A=pub/167(1-v).

While the above arguments apply to the ladder structure of PSBs, no mechanism or theory was
provided for the emergence and growth of PSBs themselves as zones of strain localization which fill
gradually the specimen during the course of cyclic deformation. A phenomenological model for this
problem can be developed by elaborating on the occurrence of a negative slope (unstable) regime in the
cyclic stress vs. cyclic strain graph through the use of stochastic and gradient plasticity arguments to
capture the evolution of the plastic strain rate in this unstable regime. Preliminary results have been
reported recently (M. Zaiser, M. Avlonitis and E.C. Aifantis, Acta Materialia 46, 41434151, 1998) and
are recast below. Specifically, the probability distribution of the local strain amplitude ¥,

P'Scu (log[?/ Y, ]) which depends on the externally applied stress amplitude % , is given by

P (u)=Nexp|-2v(u)/Q?], 3.7

ext

where u=log [?/?O]With ¥, denoting a reference local strain amplitude, N is a normalization constant, V

is a non-convex ‘potential’ associated with the ideal cyclic stress vs. local strain-amplitude graph, and Q
is a measure of the fluctuation amplitude Q= S.%/2%,,So with (S., S) denoting the asymptotic and

instantaneous strain rate sensitivity]. Plots of P,Sc " (log[?/?o]) are shown in Fig. 3.6.
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Figure 3.6: Distributions of local strain amplitudes calculated for increasing average strain amplitude. It is seen that
in the course of cyclic deformation, as the average strain amplitude increases in the plateau region, the probability
density for the PSBs ( {5, = 107) increases from zero to its terminal value. The opposite is true for the vein structure

(P =107).

Moreover, the following expression for the average amplitude {{}(%,,) as a function of %,
holds
(T1(t,,) = [PS (@7(@)dT =, [ PS, (@)expliIn10]dd . (38)
This relation may be inverted to yield, for the case of strain-controlled deformation, the external stress

amplitude t,,,_) as a function of the imposed strain amplitude, i.e. the cyclic stress-strain curve. This

determines the value of the plateau stress in the cyclic stress-strain curves in accordance with the
experiment as shown in Fig. 3.7. It also turns out that a correction to Winter’s rule of mixtures for the
vein and the PSB structure is obtained as shown in Fig. 3.8.

To model the process of the specimen filling with PSBs in the plateau regime, we replace the

homogeneous flow stress amplitude , (¥) with a gradient dependent expression of the form

3. -1, @) -1, (DI log7/0x’1, 3.9)
where &’ is an internal length. This allows the determination of the width and spacing of the PSBs. It can
be shown that periodic layers for the strain amplitude ¥(x) with wavelength A(%,, ,¥,) determined by the

relation
PR
l 1

Vou =—— | ¥(x)dx, (3.10)
A'(sz( 'YI) .(')l

can be derived on the basis of the above listed gradient expression for the cyclic flow stress. [The
integration constant ¥, denotes the strain amplitude associated with the vein structure (¥, =¥, )] (Fig.

3.9).
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Figure 3.7: Cyclic stress-strain graphs. Dotted lines: “ideal” Tg(Y) .
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Figure 3.9: Strain amplitude patterns for increasing {Y} as

predicted by Eqs. (3.8)-(3.10). It is seen that, as the strain |
R - " amplitude increases, the specimen is filled-up by PSBs of
Eq. (3.7). The departure of the two curves in theY gy region is  approximately the same amplitude and width.

confirmed by the scatter observed in experiments.

Figure 3.8: PSB volume fraction fpsg as a function of ¥ gy - Dotted
lines: Winter's rule of mixtures; Solid lines: calculated graph based on

3.3 Gradient Theory at the Macroscale: Forming Limit Diagrams and Chip Formation

In this section the applicability of gradient plasticity theory in predicting spatial instability phenomena in
manufacturing related processes at the macroscale is presented. Two particular problems are discussed.
The first is concerned with constructing forming limit diagrams (FLDs) for sheet metals and the second is
concerned with describing discontinuous chip formation during othogonal cutting.

a) FLDs

A physical picture of localized neck formation in sheet metal forming is depicted in Figure 3.10
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Figure 3.10: Localized neck formation in sheet metal forming (a-c).

Schematics of the sheet/inclined neck and the forming limit diagram (d,e).

A central goal is to avoid this phenomenon by operating in a safe regime of the applied strains during the
forming process. This leads to defining corresponding forming limit diagrams (FLDs). For sheet metal
forming processes, a vertex-type theory of plasticity (see for example Aifantis [5]) of the form

A PV I (3.11)

2t° 2t
may be used to describe the deformation. The quantities (D, ;) denote the strain rate and stress
components, (T,Y) denote, as usual, the equivalent stress and strain components, a dot denotes time

differentiation, and a prime denotes deviatoric component. A gradient-dependent flow stress expression
is assumed, with its rate form given by
t=hy-cV?y (3.11a)
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with the hardening modulus h (h = dx(y)/dy,x(y)=ky" ) given by h=kny"™". For plane stress conditions
(65, =0) and proportional loading (B=D,,/D,, =const)a standard bifurcation analysis gives the
following exﬁressions for the shear band (or localized neck) angle ©_ and the critical strain v,

e PB<0 = 0_ =arctan,/-B, y“=-2-1'%(% (3.12)
. B<0 = 6, =0, v, _—_w 3.13)

2+Pt®
where f(B)= ,/ 1+B+B? . The above relations hold for the case c=0, while more complex results are
obtained for the case c#0 which, however do not affect greatly the results of localized neck orientation.

The obtained forming limit diagrams (FLDs) which correspond to the two cases c=0 and c#0 are
given in Figure 3.11. More details on this topic, the use of Hill’s anisotropic yield criterion including
gradient terms, and the effect of strain path, can be found in [104].
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Figure 3.12: Predicted and experimental FLDs for (a) Aluminium 2036-T4, c=0, (b) AK-steel, ¢=0 and (c) AK-
steel, c#0, comparison of predicted and experimental results (Hecker 1975) of FLDs for (d) 2036-T4 Aluminium
and (e) AK-steel using Hill’s anisotropic yield criterion [104]
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b) Chip Formation in Orthogonal Machining

i)A physical picture of discontinuous chip formation is given in Figure 3.13b and a schematic one in
Figure 3.13a. The basic premise is to adopt a one-dimensional analysis for the shear zone region indicated

in Figure 3.13b. The governing equations are

wWorkpiece

Cutting Velocity V ’

Figure 3.13a: Schematic of localized chip formation

L RyaP e
B e
ERSS ST AN

Figure 3.13b: Localized (discontinuous) chip

(3.14)

where the various symbols are as follows: The quantities (T, ) denote shear stress and strain, v is the
material velocity in the shear direction and V, is the feed (cutting) velocity normal to this direction, p is
the density, G denotes shear modulus, y° denotes the plastic strain rate, c, is the specific heat, B is the
Taylor-Quinney non-dimensional coefficient that measures the fraction of plastic work converted into
heat, k is the heat conductivity, 0 is the temperature and c is the gradient coefficient. On neglecting
elasticity (G—) and V, (V,<<v), we can perform a linear instability analysis. Such an analysis
illustrating the use of gradient plasticity to predict the shear band structure (and therefore the chip size)
depicted in the figures is contained in [121] and more details can be found in [105]. Below we list only a

summary of the main results as follows:
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.. .. .. ks . . . .
e (Critical localization condition: H={c+—— 2. where H is the strain hardening coefficient,
pc,

H=3
d\(Y

e Internal Length Scale: £ = ——I%I—[c +—1(-S—J ) Shear Band Width w: w o< ¢
d pc,

e Characteristic time for the formation of shear localization t:: t, =

, 8 is the strain rate sensitivity, s = 57 >0 and q is the wave number of the perturbation

dint

T and o is the growth rate of the perturbation It
ny

where m is the strain rate sensitivity, m=

follows that the shear band spacing d =V t can be estimated from the relation d =x,—n—;£ Sne
cosal

where %, denotes a material constant withy, >1.f is the feed rate and Ais shear localization

parameter defined asA = _E

—I:p.+(-l—92}t>] with @ being the thermal softening parameter
T

T dy
. Jt ldt |, . . . . .
given by & =_6 <0 and p =—d— being the normalized strain hardening coefficient. It can further
Tay

be shown [105,121] that the flow localization parameter is expressed in terms of the material
properties and cutting conditions as :
[ 0.664,| L

n po

LN VE

n+l-—m—m—m—— (3.15)

/ﬁ 1+1 328Jﬂ
Pcv(n+l)(l+l.328 Vi ]t . v

Figure 3.14 shows the effects of feed rate on the shear band spacing for AISI-304 steel and Ti-
6AI-4V at different cutting velocities. It is found that the predicted shear band spacing is in agreement
with the experiments [122].
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Figure 3.14: The effect of cutting conditions on the shear band spacing

A more elaborate relative perturbation analysis [105] can lead to the follewing threshold

wavelength prediction
¢, Jm(.@&.@) .16

vity mt

below which the initial perturbation will not grow. This may be viewed as a lower bound of the shear
band width and can be readily evaluated for a cutting process where the rake angle, the cutting velocity
and the feed rate are given. A stability condition for chip formation can then be postulated by the relation

¢, =8, where & is the size of shear zone. Moreover, based on the experimental observations, an

instability criterion for chip formation can be established as %‘"sr *, where T is determined by

experiments.
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4. Size Effects: Gradient Theory Interpretation

In this section we first review recent and results in progress on the interpretation of size effects in
torsion and bending of solid bars by using a gradient modification of the strength of materials approach.
This modification amounts into employing a gradient-dependent flow stress of the type (which is a slight
generalization of Eq.(2.2) with m denoting a material constant)

T=x(y)—-c,(Vy- )™ —c,Viy . (4.1

The rest of the arguments (i.e, strain distribution, definitions of equivalent stress and strain, Hooke’s law
for the elastic strains and moment vs. stress distribution relation) are the same as in the standard
mechanics of materials approach. Then, on the basis of Eq.(4.1) with x(y)=0, and an assumed elastic-
perfectly plastic behavior, it turns out that an explicit expression for the dependence of the yield strength
Y at the outer surface of the bar on the size (radius o or height h) of its cross-section is obtained as

follows ‘
2

o h/2
Y(e)= T{ o’ +(c,/G)+(c, /G)a) . Yh)= c‘{ (h/2)+(c, /E))' “.2)

for torsion and bending respectively. Fig.4.1(a,b) shows the fitting of experimental results obtained for the
size dependence of the yield stress Y on the radius o of cylindrical bars subjected to torsion (J.L.M.
Morrison, Proc. of the Inst. of Mech. Eng. 142, 193-223, 1939) and on the height h of rectangular beams
subjected to bending (C.W. Richards, Proc. Am. Soc. Testing Mats. 58, 955-970, 1958). Similarly, for
the recent experiments on increased torsional hardening with decreased wire diameter reported by Fleck
et al. [73], Eq.(4.1) with k(Y)=T,+ky" and an assumed fully plastic behavior we obtain the following size-
dependent torque (M) vs. surface shear strain (y;) which is graphically shown in Fig. 4.1(c)

M T Y. Y, Y,
—3=27{?+kn+3—c,£—cz Zazj (43)

Yoy o% ¢,/G=—038mm | Y(h) o ¢,/G=-297 mm | Mo® © |
o ¢,/G=0476 mm | (MPa) |-
o, 0ss 2 320 1 (MPa) //—_l
056 m"
50+ ]
034 0 Mt
0 20} . T Eae
082 ) ¥ law=iMum
oz 4 & & 10 1z 14 s 10 15 2 2 TV T T T M TRV A Y
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Figure 4.1: Quantitative comparison between theory and experiment: (a) yielding behavior in torsion, (b) yielding
behavior in pure bending and (c) hardening behavior in torsion (—c; =538.2-1088.1 N/m and 103c2 =1.35-6.76 N).

Similarly, reference is made to a recently published article by Stolken and Evans [88] where the
“asymmetric stress” strain gradient plasticity model of Fleck and Hutchinson is used to interpret the
observed size effect in bending of thin foils. This problem can also be discussed by using “symmetric
stress” strain gradient models. In fact, by employing a gradient dependent strain energy density
formulation which allows a direct comparison of the aforementioned two approaches, one may consider

the form w =w(e)+ c,|Ve| + c2|V.s|2 ; w(e)= €[3E e+ 4—\/520]/ 8 is the homogeneous part of the strain
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energy density with € = (2/4/3)dy| denoting the equivalent strain and (c,,c,) being gradient coefficients.
The assumed expression for the homogeneous part of the strain energy density is the same as in Stolken
and Evans [88] with E, denoting plastic modulus (hardening coefficient) and X, effective yield strength.

Finally, by using the relation M = dW/dx (W =J.Aw dA) for the applied moment, we can obtain a moment

(M) vs. surface strain (g;) relation depicted with solid lines in Fig.4.2(a). The dotted lines correspond to
the prediction of the Fleck-Hutchinson theory employed by Stolken and Evans [88] for a value of their
internal length [=6.2 um. [There is a departure of this prediction from the one reported in the
aforementioned article of Stolken and Evans due to an error in their procedure when rescaling the moment
and computing the corresponding theoretical values. The internal lengths /; and I, appearing in Fig.4.2 (a)
are defined by /,=c,/Z; and [, =1/c2 /E, .

A more rigorous (as contrasted to the above described mechanics of materials approach)
boundary value problem approach implemented by FE analysis has been used by Zhu, Zbib and Aifantis
[97] for interpreting size effects in metal matrix composites. It was found that the strength of metal matrix
composites decreases with increasing particle size of reinforcement under constant volume fraction for all
three materials studied: Al-Si-Mg, Al-Al,O,, and Al-TiB,. The results of the gradient theory were in
agreement with both existing experimental data and available microscopic dislocation models for these
materials, as shown in Fig.4.2(b). The solutions are cumbersome and were evaluated numerically by
employing a gradient plasticity model based on Eq.(2.2).
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Figure 4.2: (a) Fitting of Stolken and Evans [88] thin foil bending experimental results with the “symmetric stress”
and “asymmetric stress” strain gradient models. (b) Calculated yield stress (0.2% offset) vs. particle size for an Al-
Si-Mg metal matrix composite, showing gradient plasticity solutions for different gradient coefficients c, and for a
dislocation-based model. The values of f indicate particle volume fraction. From Zhu, Zbib and Aifantis [97].

In concluding this section on size effects, reference is made to an open problem of increasing
current interest: namely, the determination of hardness and related mechanical properties from indentation
tests where the size of the indenter varies from the micrometer to the nanometer regime. A deeper
understanding of the mechanics and physics associated with the contact and penetration phenomena in
such small volumes is important from both the scientific and technological points of view, with
implications ranging from device miniaturization and computer disk drive manufacturing to magnetic
recording and tribological effects on piston wear. Quite remarkable phenomena, including discontinuous
yielding and size-dependent hardness, have been recorded recently in such small-volume regimes. Size
effects, in particular, have been observed as the indenter diameter D is reduced from 20 pum to about 2
um. The gradient dependent form of the flow stress given in Eq.(4.2) can be utilized, in principle, to
provide an explanation for the dependence of hardness on the size of the indenter. By noting that H is
proportional to the stress 6 (H ~ 30; Tabor’s relation), we have

H=H, -¢,[Vy]-¢c, V", (44)
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where m is again taken to be equal to 1 and H, is the hardness in the absence of gradient effects. By
approximating y with an average value equal to 2W/D (where h is the indenter’s depth and D is the
equivalent indenter’s diameter) and using the rough estimates Vy ~ 2y/D,V?y ~ 4y/D?, we can obtain
from Eq.(4.4) a plot of H vs. D where the values of the gradient coefficients ¢, and c, are adjusted to fit
the experimental data of Nix and Gao [87]. The results are shown in Fig.4.3 with the parameters (H,, ¢,
c,) taking the values (0.595 GPa, -2500 N/m, 0.414 102 N) for Fig.4.3(a) and (0.37 GPa, -853 N/m, 0.164
10° N) for Fig4.3(b).
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Figure 4.3: Fitting the experimental results of size-dependent hardness H vs. D according to the gradient-dependent
constituive Eq.(4.4) for (a) Cu (111) and (b) Ag (110) single crystals.

5. Nanomechanics: Experiments and Modeling

The results listed in this section are concerned with experimental and modeling studies of
nanostructured materials, which is an emerging class of materials exhibiting very fine structural scales
and a great deal of promise. Experiments were conducted on thin film and bulk nanostructures, and
Sections 5.2 and 5.3 in this report deal with these subjects. Modeling of the mechanical and constitutive
behavior of nanostructures was also accomplished, and is reported in Section 5.4.

5.1 Physical Aspects of Nanostructured Materials

Nanostructured materials are a unique class of materials having ultra fine grain sizes, typically 2-
5 orders of magnitude smaller than conventional materials. For example, a typical steel has a grain size of
10um (10x10°m), while nanostructured materials have grain sizes below 100nm (100x10°m). These
materials have been studied in detail only recently, since about the mid-1980’s, when techniques were
developed to synthesize ultra-fine, single crystalline powders. Nanostructured materials have created a
great deal of interest, due to the potential of improved properties in comparison to conventional structural
materials. High-toughness ceramic and intermetallic materials have been developed, along with very high
strength metal alloys. Processing is improved due to improved diffusion in the nanostructured material.
Increased fracture strength has been obtained in brittle materials. Physical properties, such as density and
thermal conductivity, are vastly different in nanostructured materials, and both metastable phases and
increased solid solubility have been reported. Several reviews of processing and properties of
nanostructured materials are available [123,124]. These reviews and the references quoted therein should
be consulted for further information about basic materials issues.
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Since the science of nanostructured materials is in its infancy, many aspects of material structure
and structure/property relations are not known. Of particular interest here are the deformation behavior of
nanostructured materials, and the associated constitutive behavior. As already mentioned, a material may
be considered to be “nanostructured” if the grain size is on the order of 100 nm or less, while typical
engineering metals have grain sizes between 5 and 100 um. Figure 5.1 shows a physical model of a
nanostructured material. Two types of atoms are present, one representing “boundary” atoms and one
representing “bulk” atoms. The same two species are present in conventional materials, but only as the
grain size approaches 10 nm does the fraction of “boundary” atoms become appreciable. In this range,
depending on the assumed thickness of the “boundary” region, simple geometrical calculations show that
the fraction of “boundary” atoms will approach that of the “bulk” atoms. Since the boundaries are more
open and disordered, the material may viewed as consisting of two “phases.”

Figure 5.1: Schematic depiction of a nanostructured material, showing atoms which may be
considered to be in grain interiors (grey) and atoms which may be considered to be in grain
boundaries (white).

The relevant deformation and fracture mechanisms at the nanoscale have not been sufficiently
studied, and they are not well understood. For example, while in traditional metals and alloys the strength
increases and the ductility decreases as the grain size gets smaller, at grain sizes of 10 - 20 nm some
studies have proposed that a “reverse phenomenon” of decrease in strength with decreasing grain size
occurs [125]. More recent studies have cast doubt on this early result [126], but the difficulties associated
with producing clean, reproducible nanostructured materials in bulk have made experimental studies very
difficult and mechanical property measurements suspect. Moreover, as the grain size approaches 10 nm,
the classical deformation mechanisms such as the operation of Frank-Read dislocation sources and the
formation of dislocation pileups and cell walls become increasingly difficult and irrelevant (dislocation
core size is comparable to the grain size). Most of the speculation for the pertinent deformation
mechanisms has centered around the increase in interfacial area and grain boundary triple junction density
leading to enhanced room temperature boundary sliding or creep, and triple junction and nanopore
migration leading to irreversible plastic deformation. However, the effects of nanopore density and
morphology are not known and a relevant issue is whether current theories of monolithic or composite
material behavior may be extrapolated to systems where grain or reinforcement size and spacing approach
the range of 10 nm or less.
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5.2.  Experimental Studies on Nanostructured Metal Thin Films

Since' the deformation behavior of nanostructured materials is not known, experiments were
conducted to determine these mechanisms and aid in constitutive modeling. A convenient means of
studying deformation in nanostructures is to deform thin films in situ, inside a transmission electron
microscope. In traditional grain size metals, care must be exercised when applying the results of such
studies to bulk materials, because the film thickness is significantly smaller than the grain size. In
nanostructured metal films, this is less of a concern, because the film thickness is the same magnitude or
greater than the grain size. Deformation mechanisms may be observed directly, at high resolution, in an
atomic resolution microscope fitted with a straining stage. The experimental studies accomplished direct
observation of deformation in nanocrystalline metals and composites, with grain sizes down to 8 nm.

The geometry of the thin film experiments is shown in Figure 5.2. A substrate, which is
aluminum, a polymer, or carbon, is coated with a nanocrystalline gold layer [108-109]. If the substrate is
the polymer or aluminum, it deforms in a controlled, ductile fashion, as shown in the figure. If the
substrate is carbon, the substrate is brittle and much thinner, and it tends to crack and fail at a high rate. In
either case, the deformation in the coating can be viewed directly after the loading has been interrupted.
By loading in steps, the sequence of deformation can be ascertained with very high resolution. The
observer is looking down from the top of the film.

Figure 5.2 Schematic diagram illustrating the geometry of the in situ deformation and
fracture experiment. A nanostructured gold coating (n-Au) on an aluminum, polymer, or
graphite substrate is deformed and observed in the transmission electron microscope.

Such studies have been conducted with nanostructural gold coatings (to observe the deformation
characteristics of the nanophase material), and also with brittle silica coatings (to observe the deformation
and fracture of the aluminum substrate at high strains.) The major new findings of these studies, related
to deformation of nanostructured gold films, may be summarized as follows: i) Nanostructured films
deform in a ductile manner, at grain sizes down to at least 8 nm; ii) Plastic deformation occurs in the
finest grained samples (8-25 nm) without dislocation activity; iii) Nanopores which are present in grain
boundary triple junctions grow during deformation, by an apparently diffusive nature, even at room
temperature. This is a very low temperature for gold, and large scale diffusion would not be expected in
traditional grain size regimes; iv) Direct evidence of grain rotation and presumably grain boundary
sliding during deformation of these films has been observed. Again, grain boundary sliding would not be
expected in traditional gold until a much higher temperature; v) Nanostructured gold coatings strained at
high rates (on a carbon substrate) exhibit undulated fracture surfaces with a wavelength much larger than
the grain size. Details of these experimental results are presented in References [108,109,111]. Key
features are presented below.
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(i) General Features of Deformation and Fracture - Nanostructured Gold [108]

Figure 5.3 shows a typical microstructure during deformation of a gold film with an average grain
size of 8 nm. In this case the gold film was deposited on top of aluminum, and similar results were
obtained when the gold was deposited on a thin polymer substrate (which would have little effect on the
deformation characteristics of the gold coating.) In the micrograph, the observer is looking down,
perpendicular to the film which is being strained in the plane of the paper.

Figure 5.3 TEM micrograph showing extensive plasticity, ligament formation, and crack growth
by void coalescence and link-up in nanocrystalline gold (8 nm grain diameter) on Al substrate.

Several important observations may be elucidated. First, the nanocrystalline gold deformed in a
very ductile manner. This is clearly observable by examining the mating gold crack faces in the
. secondary cracking region; the material adjacent to the crack faces has deformed extensively, and the
crack faces do not “mesh” as they would in the case of brittle fracture. Additionally, one may observe
ductile ligaments which are bridging the secondary cracks (indicated by “L’s” in the figure). These
ligaments are necking and deforming permanently as the crack tip opening displacement increases.
Figure 5.3 also shows evidence of crack growth by microvoid coalescence and link-up. These
“nanopores” are indicated by arrows, and appear to be growing along the grain boundaries. This leads to a
grain boundary “grooving” effect which can be clearly observed in the nanopores in the figure. [For
example, the pore above the uppermost “L” is not symmetric; it is semicircular on top, but a grain
boundary groove has formed on the bottom.] It is difficult to imagine this type of void growth and grain
boundary grooving occurring without the aid of extensive diffusion, even though the homologous
temperature is very low. The cracks observed in Figure 5.3 grew along the grain boundaries, apparently
due to the growth and link-up of grain boundary voids.

This growth of grain boundary nanopores has been directly observed in atomic resolution
microscopy. Figure 5.4 shows a sequence of micrographs taken during crack growth in a nanostructural
gold film. Ahead of the crack tip, a nanopore nucleated, Figure 5.4(a). Under further loading, the pore
grew until only a ligament separated the pore from the crack, Figure 5.4(b). The ligament connected two
different grains and narrowed until it pinched off at the grain boundary. After pinching off, the ligament
rapidly disappeared to produce a grain surface of uniform curvature, Figure 5.4(c).
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Figure 5.4 Lattice-image micrographs of in situ crack propagation in 8 nm grain diameter gold
on a thin carbon substrate. (a) Intergranular crack propagation and nanopore formation in the
grain boundaries ahead of the crack tip. (b) Crack growth and ligament formation. (c) Diffusion-
based elimination of the ligament.

The shape changes just described occurred without any apparent dislocation activity within the
ligament. The smoothing of the ligament after pinching off at the grain boundary is certainly a diffusive
process, and it is proposed here that the thinning of the ligament itself is caused by mass diffusion. A
natural question which arises is whether this ligament formation and diffusion-based deformation is a
thin-film effect or an artifact of the TEM environment. Although surface diffusion may be a factor,
temperature probably is not, as previous investigators have determined that beam-heating of thin foils is
limited to about 100°C. Furthermore, in situ straining experiments on coarse-grained materials [127]
have resulted in ligament formation during ductile fracture, but this ligament formation was always
associated with dislocation activity. Therefore, the observations of diffusion-based deformation in these
nanometer grain size thin films cannot be ascribed to thin film effects alone; the grain size and atomic
structure must be significant factors.

A final observation concerning fracture regards periodic instabilities observed in 25 nm grain size
gold films on carbon substrates. Figure 5.5 shows that the crack path became undulated, in an almost
sinusoidal shape, after which crack bifurcation occurred. The wavelength of the crack undulation is
significantly larger than the grain size.
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(@ ®)
Figure 5.5 Plastic deformation and fracture of 25 nm grain diameter gold film on carbon. (a) TEM

micrograph showing periodicity before crack bifurcation. (b) Higher magnification TEM micrograph
showing periodicity of crack path and plastic thinning along crack face.

(ii) The Mechanisms of Plasticity in Smaller (<10 nm) Grain Size Nanostructures [111]

As noted above, there was no experimental indication of dislocation activity within individual
grains. That is, no dislocation images were observed within the grains after straining, and no contrast
changes associated with moving dislocations were observed on videotape during in situ straining. This
suggests that the ductile behavior was due to grain boundary processes such as grain boundary sliding.

The deformation behavior was studied in the thin films, in the region ahead of a growing crack
tip. The {111} and {200} lattice fringe images are easily observed for properly-oriented grains. These
fringes lie parallel to the trace of the respective crystal planes. Because of the small scattering angle for
electron diffraction, fringe images are expected to be observed only for those crystal planes with normals
approximately perpendicular to the incident beam direction. Thus, a misorientation angle is specified in
the image plane (corresponding closely with the film plane) for two nanocrystals with observable lattice
fringes. A change in the misorientation between two grains by rotation is then observable by a change in
the angle between the lattice fringes. This technique works very well, as long as the axis of rotation is
nearly parallel to the electron beam and film normal; otherwise, the lattice fringes will go out of contrast
as the diffracting planes are rotated away from the beam. It has been our experience that during
deformation, lattice fringe contrast may change in some grains but not others, and that the loss of lattice
fringe contrast in a given grain may be transient.

An example is shown in Figure 5.6, in which a crack is growing from left to right in the
micrograph and lattice fringes are imaged in most grains. The angles between the lattice fringes among
several grains (labelled with letters in Figure 5.6) were measured at successive straining stage
displacements. The grain misorientation angle between most of these grains was altered during
deformation, indicating that the grains underwent a relative rotation with respect to each other. The
relative rotation of the of the lattice fringes from two typical grains is shown in Figure 5.7.
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Figure 5.6: High resolution lattice image of grains ahead of a crack tip, growing from left to right in the
top half of the photo. 8 um macroscopic displacement.
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Figure 5.7: High resolution lattice images in the same area as Figure 6, showing a 6 degree change in
the angle between lattice fringes of neighboring grains during straining. The grains being measured
are labelled 1 and 2. (a) Before straining. (b) After 25 um macroscopic displacement.

The rotations observed for representative grains are given in Table I and plotted in Figure 5.8(a). The
sign convention is as follows: the lattice fringes in Grain I define a material reference axis, and a
counter-clockwise rotation of any grain with respect to the fringes in Grain I is arbitrarily defined as a
positive rotation. Several interesting conclusions may be drawn from this data. First, significant relative
rotations occurred; Grains F and I, which are separated by only one grain, rotated 15 degrees with respect
to each other. Second, the rotation was inhomogeneous; for example, adjacent Grains C and D did not
rotate at all, while adjacent Grains D and F rotated by 7 degrees. Finally, the measurements are self-
consistent within approximately 2 degrees; that is, the rotations of pairs CI and DI are equal, and the sum
of the rotations of pairs DF + DI are within 2 degrees of the rotation of pair FI, as is required by

geometry.

Table 5.1: Relative rotations of representative grains during straining

Relative rotation between grain pairs, degrees

Displacement, CD DF DI CI FI
um

1 * 1 -1 -1 0

2 0 * * % _1

6 * * * 5 4

8 -1 4 4 5 10

25 0 7 6 6 15

* = insufficient lattice image contrast for accurate measurement
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Figure 5.8 Grain rotation and plastic strain during in situ loading. (a) Relative changes in
angle during deformation between representative pairs of grains shown in Figure 5.6, as a
function of displacement of the straining stage. Accuracy of measurement is +2 degrees. (b)
Effective plastic strain measured in the same area.

The observation of grain rotation may imply the occurrence of strain via grain boundary sliding.
Thus, it is of interest to determine the local strain tensor and the level of plastic strain associated with the
deformation. Tensile loading of a cracked thin film is a plane stress situation, which simplifies the
analysis. Therefore, the 2-D strain tensor may be determined by measuring the change in shape of a
triangle in the deforming zone. By measuring the change in length of the sides of the triangle, an
indication of normal strain in three different directions is obtained. This is analogous to a standard
mechanical engineering “strain gage rosette” technique for measuring strains in a plane, and elementary
relations are available for determining the strain tensor in two dimensions from the three independent
normal strain measurements [128]. This technique should give a good approximation of the 2-D strain
tensor when the changes in angle between the sides of the triangle are small. If elastic strains are much
smaller than plastic strains, constancy of volume can be assumed, requiring that the sum of the normal
strains must be zero. This allows the calculation of the normal (Poisson) strain in the direction of the film
normal. A simple, scalar indication of the extent of plastic deformation is the “effective strain”, which
can be easily calculated from the plastic strain tensor [129]. In uniaxial tension, the effective strain is
equal to the plastic strain.

The difficulty in applying the technique described above lies in identifying three material points
which can be unambiguously tracked during displacement of the straining stage. In the first analysis, the
triangle shown in Figure 5.6 was used to determine the strain tensor. The corners of the triangle were the
areal center of Grain S, and the centers of identifiable twins in Grains T and R. A second triangle, using
grain boundary triple junctions in the same general area, yielded essentially the same results. With respect
to a Cartesian coordinate system in which the foil normal is parallel to z, the crack is propagating along x,
and the stress is being applied along y, the following strain tensor was calculated (using the triple junction
triangle) for the complete deformation sequence (25 pm macroscopic displacement):
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It is difficult to access the accuracy of this strain tensor. There are inevitable errors in identifying the
same material point from step to step, which is necessary for placing the triangle. This is the major source
of error. The measurement of the lengths of the triangle sides and angles will introduce further error.
Finally, there is likely a stress gradient in the zone of interest ahead of the crack tip, and the analysis
assumes uniform strain. Due to all of these uncertainties, the above- determined strain tensor must be
viewed as a first approximation only. At this level of accuracy, the rosette-like analysis is a reasonable
means for measuring the strain tensor. Confidence in this approach was developed further by comparison
with a rigorous analysis, including finite plasticity and determination of the rotation tensor, which gave
essentially similar results.

The effective strain associated with the above plastic strain tensor is 28%. Even with the
uncertainties in strain determination, it is clear that large plastic strains occurred, and that the plastic strain
was much larger than the elastic strain. The effective strain is plotted against macroscopic displacement in
Figure 5.8(b). The trends are consistent with the observed grain rotations (Figure 5.8(a)), in that the
relative grain rotations and the effective plastic strains both changed much more rapidly in the first-8 um
of macroscopic displacement than in the final 17 um.

(iii) The Mechanisms of Plasticity in Larger (>100nm) Grain Size Nanostructures [111]

Thin films with larger grain sizes were prepared by evaporation. Due to significant advantages in
ease of film preparation and in the quality of the films, silver was used for this portion of the research
instead of gold. In thin films with grain sizes around 110 nm, dislocations were observed both during and
- after in situ straining. An example is shown in Figure 5.9, in which a silver film with a grain diameter
around 110 nm was strained until the film necked and fractured. Figure 5.9(a) shows a number of
dislocations present in the vicinity of the neck, as observed by strain contrast, while Figure 5.9(b) shows a
single dislocation present in the neck, as observed by lattice fringe contrast. Dislocation motion was also
evident on video images obtained during the straining process. These experiments confirm that
dislocations will be found in the in situ straining experiments if they are present, and therefore verify that
there was no dislocation activity in the 10 nm grain size films.
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Figure 5.9 Dislocations present after straining a silver film with 110 nm grain size. (a) Multiple
dislocations, observable by strain contrast. (b) A single dislocation, observable by lattice fringe
contrast.

(iv) Summary of the Deformation Observations of Nanostructured Metal Thin Films [111]

Our studies on nanostructured thin film metals and composites deformed inside a transission
electron microscope (TEM), have allowed us to directly observe deformation mechanisms while they took
place. These experiments were the first to demonstrate that metal films deform by grain boundary sliding
and grain rotation, even at very low temperatures, when the gain size is 25nm and smaller [108,111].
These are mechanisms that are normally observed in metals at much higher temperatures. We may
summarize our observations in two parts as follows:

a)]0 nm grain size: It is apparent that significant plastic strain occurred simultaneously with the observed
grain rotations. These observations are similar to the behavior observed in larger-grain superplastic alloys
deformed at elevated temperature. Investigators who study superplasticity generally believe grain rotation
is a result of unbalanced shear stresses associated with inhomogeneous grain boundary sliding.

The rotation axis of most of the grains was essentially parallel to the film normal. This is clear
because the lattice fringes remained visible after large relative rotations in the film plane, implying that
there were no significant rotations which would cause a large change in the Bragg deviation parameter for
the lattice planes being imaged. The observation that the grain rotation axis was perpendicular to the film
implies that these rotations occurred in response to the applied stress, not to reduce surface energy, grain
boundary energy, or in response to some other unspecified driving force.
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The magnitude of grain rotation was inhomogeneous, as seen in Figure 5.8. Two possible
reasons for this behavior are that the grain boundary structure was not conducive to grain boundary
sliding, or that the grain shapes inhibited the rotation process. In any case, the experimental observation
suggests that strain inhomogeneities may be present to the extent that local grain boundary fracture
processes may be induced. This is consistent with the observation of multiple crack formation in
nanocrystalline films with ‘pore’ formation and growth occurring at triple junctions [108].

The extensive grain boundary sliding, leading to grain rotation, is an effective mechanism of
stress relaxation. At this small rate of macroscopic displacement and small grain size, the majority of the
plastic strain appears to occur by grain boundary processes. If the contribution of grain boundary sliding
to the plastic strain is large, the local stress may not exceed the stress required to generate mobile
dislocations inside the grains. The lack of experimentally observed dislocation activity certainly suggests
that the stress never exceeded the yield point of the individual grains.

b) Effects of grain size [111]: At 10 nm grain size, no apparent dislocation activity was observed and
fracture was intergranular, while at 110 nm grain size significant dislocation activity occurred and
fracture was transgranular. Further work is in progress to identify the transition grain size. The
observation of dislocation activity in the larger-grained films is important, because it verifies that there is
no experimental difficulty in imaging dislocations in these nanostructured thin film straining experiments
when dislocations are present. - ‘

It may be argued that nanostructured metals deform by very rapid dislocation activity, in which
dislocations sweep from grain boundary to grain boundary almost instantaneously, thus precluding direct
observation. While this may or may not be the case in bulk nanostructured metals, it is difficult to
imagine that such a mechanism could occur in thin films like the ones studied here without significant and
experimentally-measurable consequences. Plastic strains around 30%, along with relative grain rotations
up to 15 degrees, were observed. The grain rotation axis was normal to the foil, and only minor changes
in grain shape occurred. In the absence of grain boundary sliding, this deformation would require the
motion of a large number of dislocations, with a special distribution of Burgers vectors and slip planes.
Presumably, at least a small fraction of these dislocations would be trapped in the grains during
deformation, due to dislocation intersection processes if nothing else. Since no evidence of dislocation
activity has been found in numerous experiments, it is likely that no significant intragranular dislocation
activity occurred in these 10 nm grain size, thin film specimens.

In summary, it was found that nanocrystalline gold films with grain sizes from 8-25 nm deform at
room temperature in a ductile manner. However, dislocation motion is not responsible for the
deformation, as it would be in traditional grain size gold. Instead, diffusion, pore growth, grain boundary
sliding and grain rotation appear to be responsible for the plasticity. Some question remains as to whether
this thin film behavior is representative of bulk behavior.

5.3. Experimental Studies on Bulk Nanostructures

While the thin film experiments described above are of fundamental interest for determining
deformation mechanisms, and are of interest in the areas of microelectronics and coatings, they are not
structural materials. The production of bulk nanostructures for load-bearing components has been
problematic for the entire materials community. The production of nanostructures is only possible in
processes occurring far from equilibrium, by techniques such as gas condensation, ball milling, or thin
film deposition. The product is a powder or thin film that must be consolidated. Consolidation of powders
generally requires time at high temperatures, which coarsens the grain size catastrophically.
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In this research, two techniques have been utilized to avoid catastrophic coarsening during
consolidation: First, a two-phase system (Fe/Cu) which phase-separates has been chosen for initial
studies; this type of system allows for pinning of grain boundaries by the minor phase, resulting in less
coarsening.  Second, rapid powder forging techniques have been adopted to fully consolidate
nanostructured powders in a very short time at high temperature. The details are reported in Refs.
[112,114]).

(i) Structure and Mechanical Behavior of Bulk Fe-10%Cu Nanostructures [112,114]

Mechanical ball milling was used to produce nanostructured powder particles with grain sizes
around 15 nm. (Smaller grain sizes, down to 4 nm, have been obtained by others with this technique.) A
90% iron - 10% copper alloy was studied, because copper is insoluble in iron. The structure which results
after consolidation consists of copper precipitates on the iron grain boundaries, and these precipitates
impede grain growth during processing.  Consolidation of the powders into bulk materials was
accomplished by hot isostatic pressing (HIP) and forging. The forging technique, which is more
promising than the HIP technique because it is faster, is under development presently and is discussed in
the next section. '

Alloys HIP’ed at 600 and 700°C for 30 minutes at 170 MPa were fully dense. As expected, the
grain size coarsened substantially from the original 18 nm size. The final average grain sizes were
approximately 100 nm after a 600°C HIP and 130 nm after a 700°C HIP. While significantly coarser than
the 10 nm grain-size materials discussed above, these materials are still much finer that traditional steels,
and may be considered to be in the upper range of “nanostructured materials.”

The mechanical and deformation behavior of these materials were quite surprising; essentially,
they behaved in an elastic-perfectly plastic manner. This is demonstrated in the stress strain curves of
Figure 5.10. In this figure, the iron material had much coarser grain size than the alloys, and it exhibited
traditional strain-hardening behavior. The nanostructured alloys, however, exhibited either no strain
hardening or softening upon yield.

1600
a
1200 -

—~2— As-HIPped
= b —b 1T 8hrs
g c C  HT 24 hrs
5 800 d HT 100hrs
(53
=
[72]

400 —
0 T T T
0.00 0.02 0.04 0.06

Strain

Figure 5.10; Stress-strain curves obtained in compression, nanostructured Fe/Cu alloys.
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The deformation mechanisms observed were also quite surprising. The first mechanism of plastic
deformation was intense shear banding. Shear banding at the yield point was observed at all grain sizes
investigated, from 100 nm to around 650 nm. As the grain size increased, the strength decreased and the
shear band width increased. Typical shear bands from representative specimens are shown in Figure 5.11.

@ _2mm ®

Figure 5.11 Massive shear bands observed on surfaces of compression specimens.
(a) 100 hour heat treatment, grain size approximately 500 nm. (b) 500 hour heat
treatment, grain size approximately 650 nm.

The observation of shear banding as the first mechanism of permanent deformation, at static
strain rates, appears to be unique among metals. Shear banding is normally observed at very high strain
rates, and/or after large amounts of cold work, but not in annealed metals at slow strain rates. This
behavior is observed, however, in amorphous polymers and metallic glasses [112]. This commonality of
behavior between the nanostructured metals and amorphous materials is intriguing, and is being studied
currently. Another interesting point is that the grain sizes present in these nanostructured alloys are on the
same order of magnitude as the sub-grain size which is typically obtained before cold-worked metals
begin to undergo shear-banding instabilities. This similarity may be a key in understanding shear
banding, both in nanostructured metals and heavily cold worked metals.

The mechanism of plastic deformation inside the shear bands is a topic of continuing study.
Transmission electron microscopy of shear-banded material has revealed that the deformation within the
bands is intense, while there is no deformation outside the bands. Figure 5.12 shows transmission
electron microscope photos of a nanostructured iron alloy HIP’ed at 600°C, with an average grain size
around 100 nm. In Figure 5.12(a), the grains maintain their original structure, while in Figure 5.12(b), the
grains have been deformed and elongated to an aspect ratio of about 10:1. These photos were taken in
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adjacent regions of the same specimen, approximately 10 um apart, giving lucid evidence of the localized
deformation mechanism which is occurring.

Figure 5.12 Transmission electron micrographs of shear banding in approximately 100
nm grain size Fe-10% Cu. (a) undeformed region. (b) highly deformed region about 10
pum away from the region shown in (a).

(ii )Rapid Powder Forging of Bulk Nanostructures

The HIP techniques were not able to consolidate Fe/Cu materials to full density without
coarsening the grain size to a minimum of 100 nm. Further, the lack of shear deformation in the isostatic
press precludes the shear flow necessary to heal processing defects. Therefore, rapid powder forging was
evaluated as a consolidation technique at the end of this program.

Nanostructured iron/copper powders were cold pressed to approximately 90% density with a
uniaxial pressure of 700 MPa at room temperature in a disposable 316 stainless steel die. The die was a
cylinder, with a 25 mm outside diameter and a 12 mm inside diameter, along with a lower disk and a
plunger made of a nickel-base superalloy. Cold pressing was conducted in the same argon glove box that
mechanical milling and storing of the powders were done in, to avoid contamination and oxidation. The
same die was transferred quickly to an argon-filled chamber in a servohydraulic loading frame. The

42



entire die/powder assembly was rapidly heated under argon with an induction heater to temperatures
between 500-700°C, and then pressed at 500 MPa and quickly cooled. The time at temperature was less
than 2 minutes, as compared to approximately 40 minutes in the HIP. The specimen processed at 700°C,
which is the only one which has been evaluated to date, was fully dense. The hardness of this specimen
was approximately the same as the specimen which was HIP’ed at 100°C cooler, indicating that the grain
size was approximately 100 nm. Current research is exploring lower temperature forging processes, in
the hopes of obtaining fully-dense materials with grain sizes in the 50 nm regime.

(iii) Summary of Fabrication and Deformation Behavior of Bulk Nanostructures

A brief summary of both fabrication and deformation behavior including shear band formation
results of bulk nanostructured metals is given below:

a)Processing: These materials are very difficult to produce in bulk form, because the typical processing
procedures used to obtain nanostructured grains result in fine powders. These powders must be
consolidated into bulk form by the application of pressure and temperature simultaneously. Unfortunately,
the application of high temperature results in rapid grain growth, since the driving force for coarsening
(reduction of grain boundary area) is high at ultra-fine grain sizes. We developed a rapid forging
technique that resulted in fully-dense nanostructured metals, with very high purity. Mechanics modeling
was successfully applied, and can be used to predict the densification rate. These results are reported in
[130]. Iron with 10% coper was the model system chosen for this work, because it is possible to prepare it
by ball milling with limited contamination, and consolidate it with minimal grain growth. Bulk samples

with grain sizes from 45nm to 1.7um were prepared.

The most interesting aspect of the work has been the recently-discovered mechanical behavior. These
nanostructured metals behave differently than any other known material. In some ways, they behave like
amorphous materials such as metallic glasses and glassy polymers. In other ways, they behave like
~ metals, and some aspects of their behavior are unique. These issues are briefly explained below. Results

are available in our already-published papers [112,116,117,118], and a comprehensive description of the
results can be found in [119]

b)Deformation behavior. The defromation behavior of the nanostructured metals is different than any
known metal. The materials are elastic-perfectly plastic; that is, there is a well-defined yield point,
followed by plastically without strain hardening. At the finer grain sizes, a strain softening instability was
observed. This stress-strain response is accompanied by highly localized deformation, in the form of
macroscopic shear bands. The shear banding occurs immediately after yield, and in no case was
homogeneous plasticity observed. Shear bands were observed in both tension and compression. Examples
of the shear bands and shear offsets which occurred in compression are shown in figure 5.13. It is seen
that the widths of the shear bands increases as grain size increases.
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Figure 5.13: Optical photographs of shear bands in compression specimens. Grain sizes are
indicated. Wavy lines are intersections of shear bands coming out of the plane of the paper at
an angle. (d) shows shear fracture at the end of a test, while (c) shows buckling instead of
fracture at a larger grain size.

While metals generally require the occurrence of significant homogeneous plasticity prior to
shear banding, metallic glasses and amorphous polymers behave in the same manner as the
nanostructured metals. They shear band as the first and only mechanism of plastic deformation, and
exhibit perfectly plastic response as well. At the finest grain sizes below 100 nm, it may be considered
that the nanostructured metal is a composite consisting of a crystalline “grain” phase and an amorphous
“boundary” phase. In such a composite, it is reasonable to postulate that the amorphous phase might
control the mechanical behavior, and this would result in similarities between amorphous metals and
nanostructured metals. However, in this study, amorphus-like behavior was observed at grain sizes up to
almost 2 um; in this size regime, the fraction of boundary material is negligible, so amorphous-like
behavior would be difficult to rationalize based on a composite model. Research is continuing to explore
these issues.




c) Shear Band Angles and Tension-Compression Anisotropy: The shear bands did not occur on the plane
of maximum shear stress, or on the plane of zero extension, as would be predicted by continuum models.
In uniaxial compression, the shear band planes were reproducibly inclined at 49° to the stress axis, instead
of at 45°, in plane strain tension, the angles were between 52° and 54°, instead of 55°. Further, the strength
in compression was about 30% higher than the strength in tension. While this type of behavior has not
been observed in metals, it has been observed in amorphous polymers and some metallic glasses. In these
materials, the angle of the shear band and the tension-compression anisotropy have been ascribed to a
dependence of yielding on the hydrostatic pressure or the normal stress. In this researh, we derived a
modified von Mises yield criterion with pressure sensitivity. In conjunction with a zero extension shear
instability criterion, this yield criterion was able to correctly predict the angle of the shear band planes and
the tension-compression anisotropy of the yield strength. More details can be found in [116] and [117]
where results on shear band angles and widths/spacings on bulk ultra fine grained Fe-10%Cu
polycrystalline alloys with grain sizes in the 50-2000nm range which were deformed in tension and
compression are reported. The experimental results clearly show a strong dependence of the yield stress
on the hydrostatic pressure (or normal stress), as well as a perfectly plastic behavior (no hardening or
softening) which has not previously been observed for metals. They confirm, moreover, that excessive
spatially distributed shear banding is the mechanism responsible for the observed perfectly plastic
behavior. In addition, the measured shear band angles and widths were in good agreement with the
predictions of the gradient theory.

d) Effects of Grain Size and Temperature on Strength: While the nanostructured metals behaved like
glasses with respect to deformation behavior and an apparent pressure sensitivity of plasticity, they
behaved like traditional metals with respect to the grain size dependence of strength. In traditional metals,
the strength (and hardness) as a function of grain size is usually described quite well by the Hall-Petch
relation

c=0,+kd™"?

where g is the yield stress, o, and k are material constants, and d is the grain diameter. Figure 5.15 shows
the nanostructured metal hardness data in the form of a Hall-Petch plot, demostrating clearly that the
nanostructured metals are similar to traditional metals in this respect. Further, the material constants were
close to those for pure, coarse-grained iron.
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Figure 5.14: Yield sUength as a function of temperature for ultra-fine grained Fe-10Cu and other
engineering materials.
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Figure 5.14 shows the temperature sensitivity of the strength of Fe-Cu materials heat treated to
have a grain size near lum. The plot shows data mostly for temperatures below room temperature, a
regime in which traditional steels and metallic glasses exhibit a strengthening effect. It is observed that
the fine-grained iron-copper behaves in a way that is intermediate between iron and metallic glasses, and
behaves almost exactly like 1080 steel.
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Figure 5.15: Hall-Petch plot of the hardness of the ultra—ﬁne grained Fe-10Cu alloys. Hall-Petch relatlon is
obeyed, and the constants are reasonably close to those of pure iron.

It follows from the above a)-d) that the behavior of the nanostructured and micron-size Fe-Cu
materials is unique. They act like metallic glasses and amorphous polymers with respect to deformation
localization, shear band angles, and the tension compression anisotropy of strength, but they behave like
steels with respect to Hall-Petch behavior and temperature sensitivity of strength. These observations
have given us the opportunity to full explore deformation instabilities in several classes of materials. Our
goal is to develop a deeper understanding of the mechanical behavior of materials in general, across the
material structure length scales spanning from subnanometer (amorphous materials) to nanometer
(nanostructured metals) to micrometer and millimiter (traditional metals).

5.4. Modeling the Mechanical Properties of Nanostructures

Modeling of nanostructured materials has been approached in an interdisciplinary environment,
from several different points of view. In particular, we have established (i) A model for the grain size
dependence of the yield strength of nanostructures, (ii) A model for the critical grain size and strain rate
necessary for dislocation-based plasticity in nanostructures, (iii) A gradient elasticity model for
nanostructures with application to predicting oscillatory crack profiles, (iv) Two plasticity models for
nanostructures accounting for nanopore growth and coalescence and (v) A model of shear band
inclination and thickness analysis in relation to the observed asymmetry in tension/compression of bulk
nanostructures. Some of these results can be found in Refs [110] for (i), [131,132] for (iii), [107] and
[113] for (iv). Results on (ii) and (v) can also be found in Refs [115] and [116,117] and these will also be
summarized below:
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(i) A Model for the Critical Grain Size and Strain Rate Necessary to Obtain Dislocation- Based
Plasticity in Nanostructured Materials [115]

As discussed earlier in Section 5.2, there was a transition in deformation mechanisms in the
nanostructured metal thin films as a function of grain size. Below 25 nm, dislocations were not present,
and fracture was observed to occur along the grain boundaries. However, above 100 nm grain size films
show traditional deformation mechanisms usually observed in large grain size materials; that is, extensive
dislocation activity which induces plastic thinning, ligament formation and ductile fracture within an
individual grains. The strain rate in both cases was slow, ~10"%s. The purpose of this section is to
examine the change in deformation mechanism which was observed between specimens with a 10 nm
grain size and specimens with a 100 nm grain size. Given that the strain rates for the deformation
experiments on the large and small grain materials are essentially the same, a key question is what role
that grain size might play in this phenomenon.

There are indications that the local stresses are quite high during the deformation of the 10 nm
materials. Small pores (~ 1 nm) are observed to open up at the grain boundary triple junctions located just
ahead (~ 50-100 nm) of the crack tip [108,115]. These pores appear to be what are referred to as r-type
cavities [133], known to occur as a result of grain boundary sliding. Based on the usual analysis, the pore
diameter can be related to the local stress through the relation

o> 5.0)
r

where ¥ is the interfacial energy and r is the pore radius. The value of n in the case of a cylindrical pore at

a triple junction may be taken as 0.5-0.7 depending on the contact angle. The stress is therefore
determined to be on the order of ~ 1 GPa or ~10" G, where G is the shear modulus. Although this is well
beyond the yield point of ‘normal’ Au or Ag, no dislocation-based plasticity was observed in the
experiments described in Section 5.2(ii). The individual crystals in the nanograin material appear to have
a significantly higher yield point than the corresponding normal grain size material. It is proposed here
that this is related to the lack of dislocations, and thus the lack of dislocation sources, in the interior of
nanocrystalline grains. This points to an analogy with the mechanical behavior of a defect-free whisker. It
should not be surprising that the behavior of a grain in the nanocrystalline material has a high yield point
for dislocation-based plasticity if dislocation production is difficult.

As previously noted, no dislocations were observed in the interior of the grains in the 10 nm grain
size material. A possible explanation of this observation and the resulting implications for the mechanical
behavior of the nanocrystalline material is the image forces on dislocations due to the close proximity of
grain boundaries. Attractive forces between dislocations and grain boundaries arise because there are no
long range stresses associated with the low energy dislocation structure at a grain boundary. The elastic
energy of a dislocation is therefore less in the organization of a grain boundary structure than a
dislocation isolated in the grain interior [134]. As a result, there will be a reduction in energy as the
dislocation approaches the grain boundary, provided there is sufficient thermal energy to allow for
rearrangement of the grain boundary structure. This type of thermal energy is likely present during the
deposition process. The strain energy of a dislocation can be written in a general form applicable to the
two limiting cases to be considered in this model

2
energy _ Gb x+D/2 52)
length  4m b
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Eq. (5.2) is applicable when x >>D and when x=0, where x is the distance from grain boundary and D is
the spacing of dislocations in the grain boundary. For these two limiting cases, Eq. (5.2) reverts to the
relevant expressions in [134]. The magnitude of the image force per unit length is determined by the
derivative of Eq. (5.2) with respect to x. The image force per unit length (tb) acting to move a dislocation
in the center of a grain of diameter d to the grain boundary is thus determined as the derivative of Eq

o,(e)=0,(e)+ B’(e)d " evaluated at x=d/2>>D, or

G

= 5.3
o (5.3)

b

where T is the image stress. For a dislocation to be stable in the vicinity of the grain boundary during
processing, the image stress must be less than the stress necessary to move dislocations from their original
(grown in) positions. It is not straightforward to determine this stress. In the case of glissile dislocations
on the {111} glide planes, and ignoring pinning effects of the grain boundaries on the “ends” of the
dislocations as well as line tension forces (as the dislocation bows towards the grain boundary) and solute
strengthening, this resisting stress would be the {111}<110> CRSS of pure gold, about 1-3 MPa
depending on the purity. However, grown-in dislocations often thread crystals on planes other than the
glide planes, and so the resisting stress may be dominated by the CRSS on non-glide planes. Further, thin
film deposition is an energetic process, and so climb may be important. As a first approximation, we
assume here that the resisting stress is about equal to the “yield stress” of commercial purity gold or
silver, about 35 MPa. For d=10 nm, the image stress is on the order of 4x10°G or around 300 MPa. This
is substantially greater than the yield point of normal Au or Ag (~35 MPa). This suggests that any
dislocations which might be present in the grain interior during processing when the material is ‘hot’
would be forced to the grain boundary, resulting in dislocation free nanocrystallites. However; if the 100
nm grains are considered, Eq 5.3 determines an image stress on a dislocation at the grain center which is
less than the yield stress. This suggests that the dislocations are stable at the grain center and may act as
sources for dislocation reproduction.

The image force approach can be extended to consider the stress required to activate a grain
boundary source by evaluating the derivative of Eq.(5.2) with respect to x at x=0 and assuming that D=b.
This approximates the stress required to pull a grain boundary dislocation into the grain interior as

S . 126pa (5.4)

T =
2n
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This appears to be well above the stress determined by the pore diameter measurements. In fact, at low
strain rates grain boundary sliding may act to keep the stress lower than . Application of the Mukherjee
model [135] of grain boundary sliding controlled plasticity to our case where d=10 nm, the strain rate is
10/s, and the grain boundary diffusion coefficient is 10"°cm?s gives a stress which is consistent with

the pore diameter measurement. For this diffusion coefficient, the Mukherjee model has the form for

Au/Ag
. 10°(bY(cY
R (E) (E) ©:3)

Using Egs (5.4) and (5.5), it is possible to determine a critical strain rate at which dislocation based
plasticity due to grain boundary sources might occur. In other words, when the stress in Eq. (5.5)
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approaches the value of in Eq. (5.4), grain boundary sources may become active. Carrying out this
algebraic manipulation determines the critical strain rate at
4 2
€ crien =&(E) —1—2 (5.6)
s |d) 4n

Eq. (5.6) agrees with the experimental observations in that the strain rate present in our experiments (10°
%/s) is too low to observe grain boundary dislocation sources in the 10 nm material. But this strain rate is
also just below what is required to observe active grain boundary dislocation sources in the 100 nm grain
size material. However, dislocation sources may be present in the interiors of these larger grains. Another
limiting factor as to the operation of grain boundary sources is the consideration that the large stresses
required to activate dislocation sources in the 10 nm grains will not occur at the head of a pile-up, for
there are no dislocations in the grain interior. In this case, dislocation structures cannot induce a line
source of stress at the grain boundary. Instead, the stress will be applied more uniformly to the grain
boundary. This may cause a loss of cohesion at the grain boundary and failure by brittle fracture before
the activation of grain boundary sources.

(ii) Yield and Shear Band Analysis of Bulk Nanostructured Materials

This section is devoted to the discussion of the yield behavior of pressure-sensitive ultra-fine grained Fe-
10%Cu alloys with emphasis on shear band width and orientation in both tension and compression. For
convenience we divide the discussion in three parts :

a) Summary on Sample Preparation and Testing: Fe-10% Cu alloys were fabricated with powder
metallurgy techniques. Mechanical alloying of elemental powders with an attritor system resulted in an
ultra fine grained, single phase, supersaturated solid solution powder alloy in which the copper atoms
occupied sites on the bee iron lattice. The grain size was estimated with x-ray diffraction techniques to be
18 nm. Consolidation of the powders by hot-isostatic-pressing caused phase separation, nucleation and
growth of copper particles, and coarsening of the iron grains. The copper grains were nucleated on the
iron grain boundaries and triple junctions. The average grain size of the consolidated samples ranged from
. 90 nm to 160 nm depending on the consolidation parameters. Subsequent annealing treatments effectively
coarsened the structure such that the average grain size of the alloy (including both copper and iron
grains) ranged from 90 nm to 1.7 pm. Average grain sizes of the coarsened structures were estimated by
point-counting techniques with electron and optical microscopy. Mechanical testing of these alloys
included Vickers hardness testing, uniaxial compression testing and uniaxial tension testing. The
compression test sample geometry was rectangular with an approximately square cross-section and an
aspect ratio of ~ 2, as shown in Figure 5.16. The tensile test samples were rectangular, dogbone-shaped
samples, also shown in Figure 5.16. Hardness test results displayed positive grain size hardening as
compared with the scale of the microstructure and in accordance with the Hall-Petch relationship as
detailed by Carsley [136] and are also explained in [119].

(a)Uniaxial compression (b) Uniaxial tension
3 ~ 1
L '/ o N
| 5 ’ Y ~ 2
1
3 8

Figure 5.16: The geometry of the test samples, with schematic representation of the shear band planes
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Plastic deformation of these samples was not uniform, but proceeded by inhomogeneous, localized shear
banding. Figure 5.17 shows an optical micrograph of a typical compression sample with its corresponding
stress-strain curve. It is seen that the alloy displayed nearly perfectly plastic behavior right from the yield
point and deformed by intense shear banding as the only mode of plastic deformation. The angle between
the load axis and the plane of the shear band was 49° as shown in the micrograph of Figure 5.17 and the
schematic of Figure 5.16. All compression samples shear banded at this orientation regardless of the

structural scale.

Results of the tension testing also indicated perfectly plastic behavior with deformation occurring
by shear banding as shown in Figures 5.16 and 5.18. It is seen that the shear band is contained within the
“fillet” region rather than in the gage section of the sample. This was true for all tests. The trace of the
shear band planes on the surface of the sample shown (planel-2) are at ~ 90° with respect to the load axis.
The shear band planes, however, are oriented at an angle of ~ 54° from the load axis (as seen on plane 1-
3). This angle was measured from the trace of the shear band plane on the thin sample surface which is
also shown in the Figure 5.18. Further, the magnitude of the tensile yield strengths were observed to be
only about 70% of the compressive yield strengths for common grain sizes.

1200 1 ,

Stress (MPa)
T
|

300 -

0
0.00 0.02 0.04 0.06

Strain

Figure 5.17: Compression test sample: stress-strain curve and optical micrograph showing the shear bands.

As already pointed out, the aforementioned experimental details and results are contained in [136] and
they are also reported in [119]. The yield and associated shear band angle and shear band width
measurements can be directly used to validate the various, theoretical arguments proposed to modeling
the mechanical behavior of these materials as discussed in [116].

b) Basic Theoretical Relations Employed: The main theoretical relations from [116] to be used in
connection with the experimental results given here are the following:
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Figure 518: Tension test sample: stress-stain curve and optical micrographs showing the shear bands.
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* Yield strength in tension: \/J_z_ +op= LO’{‘ +—L=x 6.7
J3 3
o)
e Yield strength in compression: \/—Jj +op= —%o{‘ +aT3 =K (5.8)
. . . T . 1 3
e Shear band angle in plane strain tension: 0=—+—sin"| > 5.9
4 2 3-a
. - . n 1 1 4
e Shear band angle in uniaxial compression: 0=—-—cos"| ——0—= (5.10)
2 2 3 33
2 —
e Shear band width: w=04 R G7——5—X— +h (5.11)
100 15(1-v)

The above relations result from a pressure-dependent yield condition, a zero-extension shear band
criterion, and a gradient-dependent estimate of shear band width as discussed below:

- Pressure-Dependent Yield Condition

The pressure-dependent yield condition reads
f=f(c,)=4J, +op-x=0 (5.12)
where p =—;—ou is the pressure and J, =%Sij8ij (Sij =0 —pﬁij)is the second invariant of the deviatoric

stress. The coefficient o is a material parameter denoting the effect of hydrostatic stress on the yield
strength k. Moreover, Eq (5.12) indicates that plastic deformation must be accompanied by a change in
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volume proportional to the magnitude of o. which must be less than \3/2because a greater value would
imply expansion in three dimensions under uniaxial tension. This property, commonly known as
dilatancy, was the initial motivation for postulating on a phenomenological basis a yield criterion of the
form of Eq (5.12) for soils (Drucker-Prager yield condition, see also [5]). A motivation for adopting Eq
(5.12) for the present ultra-fine grained alloys may be sought to our earlier mentioned observations on
nanostructured thin films and ultra fine grained bulk samples revealing the possibility of plastic
deformation via the mechanisms of void formation and growth at triple grain boundary junctions as well
as by grain rotation in addition to the traditional mechanism of conservative dislocation glide which is the
dominant mechanism of plastic flow at larger grain sizes. It is thus natural to expect that yielding in these
materials would depend on hydrostatic pressure, as this has a direct effect on vacancy generation and
motion which, in turn, facilitate dislocation climbing processes, as well as void nucleation and growth. In
fact, the pressure-dependent yield condition given by Eq (5.12) was readily derived in [5] on the basis of
dislocation glide and climbing processes.

- Zero-Extension Criterion for Shear Band Orientation

A simple zero extension criterion € =0 was proposed in [137] in conjunction with the yield
condition (5.12) for determining shear band angles in pressure-sensitive plastic materials. This criterion,
which proposes that the shear band occurs on the plane in which the normal strain is zero, has been
shown [138] to be more appropriate than using the maximum shear stress as the angle criterion. It turns
out [116,117] that for the compression and tension configurations depicted in Figure 5.16, the above
criterion produces the following results for the shear band inclination angle 0.

Compression Samples: In the case of compression, the deformation state is uniaxial throughout the
sample. The stress state is a special case of plane stress (o, =0, =0, 0, < 0) and the shear band angle on

n 1 1 16
the 2-3 plane is given by [137] 6 = ———cos™'| = — 0, | —
P g y [137] ) (3 27)

Tension Samples: When shear band failure takes place in section B, the sample is in an overall state of
uniform, uniaxial tension. Then, it turns out that the zero extension criterion gives [137]

0° =£+lsin"1 l+0t1/—1—6-
4 2 3 27

Next, we consider the case when shear band failure takes place in section A. This section is in plane strain
tension on plane 2 (d€;). The shear band angle on plane 2 is determined by applying the zero extension

criterion on this plane and is found in [137] as 6* =%+%sin"[a 3 3 > }
-o
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Figure 5.20: The shear band angle in the 1-3 plane and the corresponding Mohr’s circle.

In fact for the two shear band configuration depicted in Figure 5.20 the corresponding state of stress
is such that o' =0} =0,. In section B the planes 2 and 3 (plane i with i=1,2,3 designates the plane

perpendicular to the i- axis) are stress free implying that o; =o; =0. In section A, because of the

influence of the fillet, we have o3 #0, o #0. The flow rule, dg; = d)»aif— based on Eq. (5.12), reads
i

S.
[5] as de, = i +%85j] where €; is the plastic strain (elastic deformation is neglected) and the

27,

plastic coefficient A is determined, as usual, from the yield (or consistency) condition. During the tension
process, the fillet region constrains the deformation in section A in the 2-direction which implies that

delis very small (de} ~0), i.e. plane strain approximation. Then it follows that S} =—§a J} and,

subsequently, a simple calculation [137] for pressure-dependent plastic materials yields (o;=0)

2
12 = (G," )2 / 4[1 - %J leading,  finally, to  the  relation Ao} =x* where
3

2
A= l‘f -+ e o 3 — | |- Section B is in a state of pure uniaxial tension, so it is easily
2V3-a 2 6YV¥3-a
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concluded that Bo} =k® where B= Jg +% . It is noted that x* and x®denote the stress quantity used

to express the yield condition given by Eq. (5.12).
- Shear band width analysis

The results of the previous paragraph on the shear band angles are based on a simple but effective
theoretical argument which, however, does not provide any information on shear band widths. An
instability analysis for the emergence and evolution of shear bands proposed recently by Aifantis and co-
workers [3,5,7a,7b] can provide both shear band angles and shear band widths. This analysis is based on a
strain gradient theory of plasticity with a gradient-dependent flow stress of the form

t=k(y)-cV?ywhere T and 7y denote respectively the effective stress and strain

(t= J_ J S;Sy. ¥ 1/ 2¢,€, , ) and c is the strain gradient coefficient. Based on the above mentioned

gradient-dependent flow stress expression, an approximate relationship between the width of the shear

band w and the gradient coefficient ¢ has been developed in [7b], which reads w =0. 4+/c . This formula,
which was derived for AISI 4340 steel on the basis of an exact nonlinear shear band solution first
proposed in [3] (in analogy with a mechanical theory of fluid interfaces [139,140]), can be used to model
shear band width trends in a variety of materials.

While shear band width data can be used for the evaluation of the gradient coefficient c, it is
desired to obtain independent experimental or theoretical estimates for it. A discussion on the
determination of the gradient coefficient c can be found in a recent review article [68,71]. In particular, as
detailed in [59] the following relation can be obtained between the gradient coefficient ¢ and the grain
size d = R/2 of a polycrystalline metal (a typical grain was assumed to be spherical with radius R)

h=dt/dy denotes the plastic hardening modulus and the

7-5v
where
15(1-v)

G is the shear modulus and Vv is Poisson’s ratio. The combination of the last three equations listed above
lead to Eq. (5.11)

coefficient B depends on the elastic constants and the self-consistent model used as B =G

- Comparison with Experiments

In this final section, we use the theoretical relations provided above to describe yielding, shear band
angles and shear band widths for the interpretation of the experimental results obtained for the
aforementioned ultra fine grained Fe-10%Cu alloy. The details will be given in [119] (see also [136]) and
only a brief summary will be reported here which, however, is sufficient to validate the theoretical
arguments advanced.

The most consistent and reproducible data obtained from the experiments was the measurement of the
shear band angle from the uniaxial compression test samples. The plane of the shear band was oriented at
49° to the load axis and was independent of the scale of the microstructure. Based on this shear band
angle, the pressure-sensitive material parameter a was calculated with Eq (5.10) to be 0.25. Shear banding
in the tensile samples occurred in the fillet area between the gage and grip sections which is undergoing
plane strain deformation, as explained earlier. The angle between the load axis and the plane of the shear
bands was measured on the 1-3 plane, as shown in Figures 5.16, 5.18 , to be approximately 54°. These
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data were used to verify the calculation of the pressure- sensitive parameter. For a= 0.25, Eq (5.9) was
used to predict a shear band angle for plane strain tension of 52.3° which compares well with the above

experimental value.

The observed strength differences in tension and compression (see [119, 136]) provided another
opportunity to confirm the pressure dependence of this material. For a given grain size, the yield strength
in tension was ~ 70% of the yield strength in compression as shown in Table 5.2.The yield constant k was
estimated from Eqs (1) and (2) for both uniaxial compression and for plane strain tension with a pressure-
sensitivity coefficient a = 0.25. In actuality, the yield constant is independent of the mode of testing. The
calculated results for k, listed in Table 5.2, indicate that the value used for the pressure-sensitivity
coefficient (o = 0.25) models sufficiently well the measured yield strengths s,”* and s,”* entering Eqs (5.7)
and (5.8).

Table 5.2: Verification of the yield condition for o= 0.25.

Grain size Tensile Compressive yield k k
yield strength (MPa)| strength (MPa) (tensile) (compressive)
(nm) . (MPa) (MPa)
1170 526 721 348 356
1370 484 694 320 343

The yield strengths were used to verify the magnitude of the pressure-sensitivity coefficient a via a
different approach. For a given grain size, the yield constant k and the pressure sensitivity coefficient a
were solved for simultaneously using Eqs (5.7) and (5.8) and the measured yield strengths in tension and
compression. The calculated parameters are listed in Table 5.3. The results indicate that a has a value near
0.25 as determined above. The values of k and a were subsequently used to calculate the shear band
angles shown in Table 5.3 with Egs (3) and (4). Again, the obtained values for the shear band angles
agree very well with the experimental data.

Table 5.3: Verification of the pressure-sensitivity coefficient.

Grain size k o 0° e°
(nm) (MPa) (compression) (tension)
1170 351 0.27 48.6 53.9
1370 329 0.308 47.8 54.1

This close agreement among the determined parameters using two separate approaches (as shown in
Tables 5.2 and 5.3), provides further confidence in the model used.

The width of the shear bands was observed to broaden with increasing structural scale (or grain size) of
the compression test samples. The widths of the most prominent shear bands were compared to the grain
size of the alloys as shown in Figure 5.21. Also shown in the figure (with the solid line) is the obtained
estimate of shear band width as a function of grain size given by Eq 5.11. For this purpose, the shear
modulus and Poisson’s ratio were approximated as those of pure iron as found in the literature. The strain
hardening parameter h was assumed to be zero because these materials were nearly perfectly plastic.

It is concluded that the ultra fine grained iron-copper alloys investigated herein, exhibited a
mechanical behavior which suggested a strong pressure-dependence of plastic flow. Shear banding
occurred as the only mode of plastic deformation from the yield point with nearly perfectly plastic
behavior in both tension and compression. The experimental observations on tension/compression yield
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strength differences, shear band orientations and shear band widths were consistently interpreted on the
basis of a pressure-dependent yield condition and a gradient theory of plasticity with the use of only one

additional material parameter.

1000 ™ T r T * T
—— Gradient theory o
o Experimental data o

750 —
0
>
k=
3
- 300 -
2
E o]
& o

250 —

0 o . i . 1 . 1 .
0 500 1000 1500 2000
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Figure 5.21: Shear band width versus grain size for the compression test samples
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