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Abstract— Many material properties depend on specific
details of microstructure and both optimal material per-
formance and material reliability often correlate directly
to microstructure. In nano- and micro-systems, the ma-
terial’s microstructure has a characteristic length scale that
approaches that of the device in which it is used. Funda-
mental understanding and prediction of material behavior in
nano- and micro-systems depend critically on methods for
computing the effect of microstructure. Methods for includ-
ing the physics and spatial attributes of microstructures are
presented for a number of materials applications in devices.
The research in our group includes applications of compu-
tation of macroscopic response of material microstructures,
the development of methods for calculating microstructural
evolution, and the morphological stability of structures. In
this review, research highlights are presented for particu-
lar methods for computing the response in: 1) rechargeable
lithium ion battery microstructures, 2) photonic composites
with anisotropic particulate morphologies, 3) crack deflec-
tion in partially devitrified metallic glasses.

I. INTRODUCTION

ICROSTRUCTURES influence many material prop-

erties and therefore have significant practical appli-
cations in the application of materials in devices and struc-
tures. In the general case, a material microstructure is a
complex ensemble of crystalline materials in a large num-
ber of orientations, second phases, interfaces, and defects.
The complexity of microstructures and their description
is the origin of the difficulty of including their effect into
the design of materials. Furthermore, practical problems
of microstructural design for enhanced material properties
is protracted by the lack of sufficient quantitative under-
standing of the role of microstructure in material proper-
ties. Our group consists of one professor, two postdocs,
seven MIT and one SMA graduate student.! We do re-
search on prediction, both computational and theoretical,
of the effect of material microstructures on macroscopic
properties and on the evolution of microstructure. Our re-
search program at MIT and Singapore focuses on the quan-
tification of microstructure, prediction of material proper-
ties from microstructural data, and the effect of materials
processing on the evolution of microstructures in materials.
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We develop computational methods of computing that in-
clude microstructure and these methods are demonstrated
to SMA students and used in their research.

This report focuses on those aspects of our research pro-
gram that is directly related to our SMA activities. Dr.
Rajesh Raghavan will be presenting his work on viscoelas-
tic response of nanocomposite polymers in a separate doc-
ument.

II. MICROSTRUCTURAL EFFECTS IN RECHARGEABLE
LitHiuM ION BATTERIES

Portable and reusable power supplies continue to be a
critical materials need for developing technology.? Battery
microstructures usually are micro- and/or nano-composites
of ionic storage materials and ionic conductors. After a
decade of development, the rechargeable lithium-ion bat-
tery occupies the prime position in the market place and
the current (and potential) applications of lithium-ion bat-
teries span laptops, hybrid cars, toys, cellular phones,
etc. All these electronic appliances require an increasingly
larger power and energy densities. Simultaneously, these
devices require environmentally safe materials and large
cycle-ability.

The minimum requirements for a typical rechargeable
lithium-ion battery include operating voltages between 3
and 4 V, a voltage response constant in time (given a cur-
rent drained current), and long shelf life (i.e., the perfor-
mance of a battery should not decay more than 10% in a
ten years period). Finally, this device requires a wide oper-
ating temperature range that allows it to be utilized under
the most stringent conditions [1].

A rechargeable battery is formed of three parts: Anode,
cathode, and separator. The particular internal features
of each part depend on the design and characteristics of
the materials involved . During the charging and discharg-
ing (cycling) of a battery, the internal geometrical features
of the cathode and anode (and any possible relevant fea-
tures found on the separator) influence the local transport
of Li-ions and electrons. These spatial inhomogeneities in-
duce localized fluxes and gradients of concentration and
voltage that ultimately control the macroscopic response
of the system. In this context, study and understanding
of the interrelation between the microstructure and prop-
erties during cycling of a battery become very important.
In an attempt to understand and propose some criteria to
improve the power and energy density of these systems, a

2The research in this section was performed by Edwin Garcia,



model is proposed. This model is implemented by applying
the Finite Element method to account for the physics and
effect of microstructure of rechargeable batteries.

The properties of rechargeable lithium-ion batteries are
determined by the electrochemical and kinetic properties
of their constituent materials as well as by their under-
lying microstructure. In this past year, Edwin Garcia
and I, in collaboration with Prof. Y.-M. Chiang, have de-
veloped a method that uses microscopic information and
constitutive material properties to calculate the macro-
scopic response of rechargeable lithium-ion batteries. This
analysis suggests four ways to improve performance of
the Li, Cg|LiMnyO4-based battery system: controlling the
transport paths to the back of the cathode, maximizing
the surface area for intercalating lithium ions, engineering
the porosity of the electrolyte phase, and distributing the
lithium ions evenly at the front of the cathode. Model
battery microstructures were adapted from reference mi-
crographs of Lithium-Oxide particulate cathodes [2] and
appear in Figures 1 and 2.
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Fig. 1. Left, a micrograph showing a cross-section of a typ-
ical lithium ion rechargeable battery. Right, schematic
depiction of the real system; ds is the separator thick-
ness, 0. the cathode thickness, §, the anode thickness,
and 7, the typical particle radius.
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Fig. 2. Battery operation during galvanostatic discharge of
a high energy density cathode. Externally, the ohmic
load of resistance R induces a flux of electrons of mag-
nitude A¢/R. Inside the battery, the flow of electrons
results from the local oxidation/reduction processes.
In the cathode, while the underlying thermodynamic
properties determine the theoretical response of the de-
vice, the spatial distribution of LiMnyO4 particles and
the kinetic properties define the macroscopic power and
energy density.

A. Modeling of microstructural effects in Li-ion Batteries
A.1 Continuum Constitutive Behavior

The mass flux of Li-ions, vecNp;, and charge current
density, J, are assumed to_’be linear functions of the Li
gradient and electric field, £ = —V¢:

JYL' =—Dr;Ver; — MricriVo
Jy = —=Mrp;icriVer + Mec, Ve, — oV

M3}, the electric ion mobility for ionized lithium, cy; is the
local concentration of lithium, and D; the intrinsic diffu-
sivity, and o is the transference number.

Conservation and the assumption of no charge accumu-
lation give:

(1)

dcri

-(DriVer:) + V- (Mpier; Vo) )
0=V -(orVe)+ V- (MpicriVer:)

Boundary conditions at the anode/electrolyte interface
are given by empirical reaction kinetics that depend on the
local over-potential n:

Jint = J el )n — o= (% )my (3)
here the first term corresponds to the forward rate of the
anodic process which is modulated by an empirical coeffi-
cient a,. Likewise, a, is the empirical parameter associ-
ated with the rate of the backward cathodic reaction. F'is
the Faraday constant, R is the gas constant, T is the abso-
lute temperature, and 7 is the so-called local over-potential.
Equation 3 is known as the Butler- Volmer equation. Physi-
cally, a particle-electrolyte interface that satisfies this equa-
tion would not allow exchange of lithium ions and electrons
unless an over-potential 1 # 0 is induced at that particular
point of the interface (i.e., a required energetic penalty is
applied for transference of the involved species). At equi-
librium, the forward and backwards rate of reaction is ef-
fectively balanced, leading to an total charge current of
zero.

The surface over-potential 7 is described by the proposed
relation

n= (A¢ - ¢0) (4)
¢, is the so-called contact potential, z is the valence of the
ionic species considered, and A¢ is the local voltage drop
at the particle-electrolyte interface. Equation 3 describes
the exchange of flux of charge between the particle and its
surroundings, controlled by the electrochemical potential.
In this particular case, the transfer of charged species is
solely controlled by the over-potential, where ¢, may in
the most arbitrary case depend on composition [3], [4].

A.2 Finite Element Modeling of Battery Microstructures

A finite element method for the solution of Equations 1—
3 where the the diffusivity, mobility, transference num-
ber, and Butler-Volmer coefficients are determined by cor-
relation to a specific microstructure through the OOF
method [5], [6]. Simulations under constant discharge con-
ditions were performed for cathode particulate microstruc-
tures by applying constant lithium flux at planar interface
where the separator abuts the cathode.



A.3 Selected Results

The calculated time-dependence of Li-ion concentration
and voltage distribution can be observed in Figures 3
and 4 for a simulated cathode microstructure. Properties
and microstructural parameters were taken from Doyle [7].
Results suggest that the spatial distribution of LiMnyQOy
particles, particle size, and boundary conditions influence
power and energy density of the system. The results il-
lustrate that some particles shield others on the back part
(right) of the cathode, influencing and thus decreasing the
power density of the overall device.
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Fig. 3. Lithium distribution during the first twenty seconds
of galvanostatic discharge. The sample microstructure
and scale are shown on the top left. The battery is
discharged under a load of 1C. Surface reaction kinetics
are overcome by diffusion kinetics throughout the bulk
of the cathode, except for those particles of LiMnsOy
that are closest to the anode.
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Fig. 4. The left column shows the distribution of lithium
concentration at the end of discharge process for 1C.
The right column shows the corresponding voltage.
The battery is effectively discharged when the surface
of the particles is saturated with lithium-ions, regard-
less if more lithium can be accommodated within each
particle.

The accumulative electric response from this device is sum-
marized in the Ragone plot shown in Figure 5. Here, each
power and energy density is a result of the predicted elec-
tric potential evolution and extracted current. The effect
of the transport limitations is reflected in a rapidly de-
creasing energy density with increasing extracted power.
The predicted battery performance agrees with the trends
predicted by Doyle et al., and Hellweg [7], [8], [9]-
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Fig. 5. Macroscopic energy density as a function of deliv-
ered power per unit mass (Ragone Plot). The predicted
response corresponds to a cathode with randomly dis-
tributed particles of active material. Microstructure is
shown in Figure 3.

The analyses suggest that the microstructure, anisotropy
of the single-crystal properties, texture, and particle distri-
bution can be engineered to match specific requirements in
technological applications. For the Li, C¢|LiMn,O4 battery
system, the performance of the cathode is greatly improved
if the lithium concentration is homogeneously distributed
in the front and middle of the cathode. The response of the
analyzed system is limited only by the transport processes
occurring in the structureless anode.

In general, the demand of power and energy density in
modern electronic appliances is always increasing. Conse-
quently, improvement of electrode materials in recharge-
able lithium-ion batteries is important. The analysis sug-
gests that many potentially useful microstructural designs
could be discovered through computational exploration.
For example, different distributions of particle sizes or
mixed phases of active host material in anode and cathode
are just a few of several immediate possibilities for battery
improvement through microstructural optimization. Fur-
thermore, electrically and chemically induced phase tran-
sitions can be described by explicitly tracking the interface
delimiting two (or more) stable phases or using a phase-
field approach. Texture effects can be readily assessed. An
important possible extension of this work consists includ-
ing the detailed interactions between the anode and cath-
ode section, i.e., to study a rocking-chair configuration [2].
For all these instances, understanding of the properties and
microstructural effects will yield an improvement of the de-
vice.

I1II. EFFECTIVE MEDIUM APPROXIMATIONS OF
PERMITTIVITY OF ANISOTROPIC MORPHOLOGY
NANO-PARTICLE DIELECTRIC COMPOSITES

The production of photonic devices depends on availabil-
ity of materials with specific refractive indices.> When ma-
terials with appropriate refractive indices are not available,
it is possible to engineer them with the incorporation of
high index nano-particles into a low index host matrix [10],
[11], e.g. the uniform spatial dissemination of polymer-
grafted gold nano-particles within selected domains of di-
block copolymer structures [10], [11], [12]. Additional di-
electric control can be obtained by tuning the embedded
nano-particle size and morphology optical properties. The
resulting the photonic nanocomposite has a macroscopic
“effective” dielectric constant that depends on the shape,
volume fraction, and dielectric constant of the particles.

Martin Maldovan, in my research group, has developed
models for the effect of size and morphology on effective
dielectric media that are required for the design of photonic
devices.

We present a method for calculating effective dielectric
constants in composites with arbitrary particulate shape.
The inherent accuracy of replacing a micro-architectural
dielectric composite with a homogeneous effective medium
is assessed by comparison of a finite element calculation
that resolves individual particles in a particulate composite
to one that treats the particulate composite as a uniform
phase with homogeneous effective dielectric constant.

A. Effective Permittivity Model

A numerical representation of effective permittivity can
be written

f(sp —&m) Bi
em — Liif(ep — €m) Bi

where f is the particle filling fraction, and j; is a constant
that depends on particle shape and dielectric contrasts be-
tween the matrix and the particles.

B; must be calculated for each particle morphology. In
this report, the numerical constants are calculated for two-
dimensional particle shapes for a sequence of dielectric con-
figurations illustrated below. For each system, heteroge-
neous layers with illustrated geometries are used to calcu-
late reflectivity by using the finite element method. Layer
thicknesses are 120nm; mean particle separations are 30nm;
filling fractions are 10%; =1.5. n =7.5.

()

Eeffi = Em tEm

Nmatrix

Fig. 6. Circular nano-particles with larger dielectric con-
stant embedded in a lower dielectric constant matrix.
The numerical effective medium results can be com-
pared to an analytic result for this case.

particles

3The research in this section was performed by Martin Maldovan



Fig. 7. Square nano-particles with larger dielectric con-
stant embedded in a lower dielectric constant matrix.

Fig. 8. Rectangles of aspect ratio 3:1 with long face normal
to incidence radiation with larger dielectric constant
embedded in a lower dielectric constant matrix.

Fig. 9. Rectangles of aspect ratio 1:3 with short face nor-
mal to incidence radiation with larger dielectric con-
stant embedded in a lower dielectric constant matrix.

Fig. 10. Equilateral triangle nano-particles with vertex ori-
ented towards incidence radiation with larger dielectric
constant embedded in a lower dielectric constant ma-
trix.

B. Effective Permittivity Results

The heterogeneous layers were meshed for finite element
analysis of Maxwell’s equations with incident plane-wave
radiation from the left [13]. The effective medium con-
stant, 8, was determined from the numerical solution from
Equation 5.
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Fig. 11. Numerical FEM determination of § with equa-
tion 5 as a function of dielectric contrast between circu-
lar, square, and triangular nano-particles and matrix.
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Fig. 12. Numerical FEM determination of § with equa-

tion 5 as a function of dielectric contrast between rect-
angular particles of various aspect ratios and matrix.

The reflectivity of layered structures can be calculated
by the transfer matriz method (TMM) that treats the par-
ticle composite as an effective medium [14]. TMM is more
approximate, but more numerically efficient, and would be
preferred for calculation. Comparing the reflectivity from
FEM for which accuracy is limited by numerical mesh res-
olution, but is numerically more difficult to implement, to
the mean-field TMM is useful for the validation of com-
parative accuracy of the more efficient method. In all in-
vestigated geometries, the mean-field TMM calculations
that treat the particulate layer as an effective medium
with 8 calculated above cannot be distinguished from the
FEM layer calculations that resolve the individual nano-
particles.
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Fig. 13. Reflectivity versus incident wavelength for circular
nano-particles, calculated by both FEM and effective
medium TMM methods.
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Fig. 15. Reflectivity versus incident wavelength for rect-
angular nano-particles of aspect ratio 3, calculated by
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Fig. 16. Reflectivity versus incident wavelength for rect-
angular nano-particles of aspect ratio 1/3, calculated
by both FEM and effective medium TMM methods.
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Fig. 17. Reflectivity versus incident wavelength for equilat-
eral triangle nano-particles of aspect ratio 1/3, calcu-
lated by both FEM and effective medium TMM meth-
ods.

C. Conclusions for Effective Medium Methods for Nano-
photonic Composites

Effective medium theory is a demonstrably accurate
and potentially useful method for the rapid evaluation of
a microcomposite’s optical properties for various particle
shapes because it eliminates extensive numerical calcula-
tions with tabulated values from a single numerical deter-
mination. Furthermore, numerical methods for extracting
effective medium constants provide tools for evaluation of
microcomposite 2-D photonic crystal designs. Comparison
of the reflectivity values of a nanocomposite layer calcu-
lated using effective medium theory and the finite element
method demonstrates that the effective medium approach
is accurate within 1% for the properties of composite mate-
rials containing dielectric circular, square, rectangular, or
triangular shaped particles.

IV. MICROSTRUCTURAL EFFECTS OF CRACK
DEFLECTION IN PARTIALLY DEVITRIFIED
AMORPHOUS METALS

Bulk metallic glasses exhibit high yield strengths of ap-
proximately 2GPa and strain limit (2%) but have limited
plastic deformation compared to polycrystalline metallic
materials with similar compositions [15], [16].* Metallic
glasses have been observed to deform by highly localized
shear flow [15], [16]. The local plastic strain in each shear
band is large; however, the overall strain is determined by
the number of shear bands is an apparent upper limit of
about 2%. This suggests that interactions between shear
bands may play an important role in setting the tough-
ness of amorphous metals. Loaded in a state of uniaxial
or plane stress, metallic glasses fail catastrophically with
one dominant shear band and show little plasticity—the
stress-strain curve is similar to that of a brittle material.
Under constrained geometries (plane strain), amorphous
metals fail in an elastic, perfectly plastic manner by the
generation of multiple shear bands. Multiple shear bands

4The research in this section was performed by Lee Mei Ling



are observed under conditions of mechanical constraint, for
example in uniaxial compression, bending, rolling, and un-
der localized indentation. This quasi-brittle deformation
behavior limits the application of bulk metallic glasses as
an engineering material.

Bulk metallic glass matrix composites with ductile metal
or refractory ceramic particles as reinforcements have im-
proved toughness [17], [18]. One proposed explanation for
the increase in toughness is that the particles restrict shear
bands propagation and promote the generation of multi-
ple shear bands. This opens the possibility of producing
an entirely new class of materials which combine the high
strength of metallic glass with the ability to undergo plastic
deformation under confined or otherwise unstable loading
conditions.

Engineering design of metallic glass matrix composites
has raised issues regarding the optimal value of volume
fraction and types of crystalline phases that could be incor-
porated into an amorphous matrix and enhance toughness
without being detrimental to the mechanical performance
and the deformation mechanisms controlling the compos-
ite’s properties.

Microstructural simulations of the effect of second phase
particles on the production of multiple shear bands can be
used to investigate the influence of second phase particles
and begin a search for optimal combinations of properties
and microstructural features.

The OOF [5], [6] microstructural simulation program is
being used to develop models for microstructural interac-
tions between the second phases in the amorphous matrix
with the propagation of the shear bands under different
deformation modes by performing virtual tests.

The microstructural simulations are being used to study
the interaction between the second phase and the propa-
gation of shear bands and find the combination of volume
fraction, distribution, type and properties of the second
phase that can enhanced the properties of metallic glasses
and the deformation mechanisms controlling the compos-
ite’s properties

We plan to correlate the computational result with ex-
perimental result and consider how these mechanisms in-
teract with hypothetical and observed microstructures.

A. Microstructural Effects in Shear Band Multiplication:
Preliminary Results

Due to the complexity of the fracture behavior of metallic
glasses, simple microstructures are modeled so that funda-
mental mechanisms of multiple shear band generation can
be identified for further study.

(10]

(11]

Fig. 18. Illustration of a model system that has been
meshed with properties that reflect the underlying mi-
crostructure. This initial numerical experiment illus-
trates the propagation of shear bands from an ini-
tial notch through a matrix with softer elastic par-
ticles. The particle shear band propagation resistance
is about 1/10m that of the matrix.
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Fig. 19. Illustration of stress-strain results illustrating the
damage accumulation from experiments like that illus-
trated in Fig. 18.
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