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ABSTRACT

The objective of this research was to investigate the deformation behavior of
metal/ceramic interfaces under external loadings in a multi-scale framework including first
principles density functional theory (DFT) and molecular dynamics (MD) simulations. The
mechanical properties of the metal/ceramic interfaces are dominated by defects on a length
scale that first principles computations cannot access. Since the DFT calculations become
computationally expensive for such large sized systems, therefore, MD simulations are
required to deal with such systems. For MD simulations, second nearest neighbor modified
embedded atom method (MEAM) potentials were developed to study metal/ceramic
interfaces involving Cr, Ti, Al, and N.

The effect of misfit dislocation networks (MDNS) on the stability and shear strength
of Cr/TiN was investigated using the newly developed potential. Good agreement with a
combination of experimental and DFT results was achieved. The interfacial energy was
lowest when the MDN was located in the Cr layer adjacent to the chemical interface, which
also had the largest dislocation core width. This was consistent with generalized stacking
fault energies, which had lower energy barriers between the first and second Cr layers next
to the chemical interface. For all positions of MDNs, shear failure occurred in the ceramic,
between the first and the second TiN layers next to the chemical interface. The lowest shear

strength was found for the system with the MDN in the first Cr layer with respect to the



chemical interface. Only for this particular configuration was there a significant plastic
deformation present.

The impact of Al doping on the stability and shear strength of Ti/TiN metal/ceramic
interface was also investigated. The model was parameterized to the interfacial properties
of pure Al, TiAl and AIN binaries as well as TIAIN ternary systems. A Monte Carlo scheme
was developed to find the most likely doping configuration of Al atoms in Ti/TiN. The
doping was increased up to 25 mol % Al concentration after which the enthalpy of mixing
started to increase. There was a drastic increase in the maximum shear stress from about
200 MPa in case of the undoped system to almost 1 GPa for the 25 mol % Al doped Ti/TiN.
This study would be particularly useful in materials-based engineering of metal/ceramic
interfaces and will have a significant impact on applications of ceramic coating/substrate

systems in material engineering.
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CHAPTER 1

INTRODUCTION

1.1 Metal/ceramic interfaces

1.1.1 Background

The study of metal/ceramic systems is becoming an increasingly important area of
research, both scientifically and technologically, due to their wide range of industrial
applications including electro ceramic devices, nanolaminates, structural composites,
thermal barrier coatings on high temperature materials, corrosion protection, advanced
packaging technology for electronic devices, wear-resistant materials, medical implants,
high temperature aircraft structures and protective coatings [1-12]. For instance, thermal
barrier coatings (TBCs) have been extensively utilized to safeguard gas and jet turbine
engines [7]. In microelectronics packaging, interfaces between metallic inter-connects and
ceramics are common, and impact the performance and longevity of solid-state devices
[13]. Such significant applications have motivated researchers to try to understand and
develop a fundamental structure-property relationship for the metal/ceramic systems.

Metal/ceramic systems combine the properties of metals, such as ductility, high
electrical and thermal conductivity with the properties of ceramics such as high hardness,
corrosion resistance and wear resistance [14]. In metal/ceramic systems, the overall
composite properties depend on the properties of the metal/ceramic ‘interface’ [15,16] and
interfacial failures can limit their durability as well as reliability [17]. The study of the

1



structure-property relationship between metal/ceramic interfaces is necessary because of a

number of factors as discussed below:

The significance of interfaces lies in the fact that physical and chemical properties change
dramatically at or near the interface. Atoms at or near the interface do not possess the same
local environment and hence, characterizing the local atomic structure near the interface
becomes important.
With the decrease in size, the surface to volume ratio of any object increases resulting in
dramatic impact on its several properties [18]. It is observed that the interfacial area per
unit volume of the metal/ceramic system increases many folds at nano scale which in turn
impacts the bulk mechanical properties of the system [19].
Usually, there is a large difference in the strength and elastic modulus between the metal
and ceramic phase and it is observed that the stress required to move the dislocation inside
a ceramic is much higher than the metal [20]. Thus, it is worthwhile to investigate the
deformation behavior of the metal/ceramic system with the possibility of enhancing the
shear strength of the composite upon inclusion of the ceramic material.
Another crucial concern is spallation of TBCs that are used to safeguard the components
of gas and jet turbine engines [2]. A detailed insight into the structure property relationship
of metal ceramic interfaces can result in the improvement of the operating conditions that
lead to their failure [7].

Hence, it is important to understand the relationship between the structure and
properties of metal/ceramic interfaces in order to develop a fundamental understanding of
their failure process and provide standards for optimum selection and processing of

metal/ceramic systems for current and future applications [15].



In a number of ceramic-coated mechanical components and manufacturing tools,
the mechanical integrity of the interfacial region between the ceramic coatings and
substrates is critical [21] since the mechanical failure of the coating/substrate interfacial
region leads to a catastrophic failure of the coated system as a whole. Interfacial mechanical
integrity can often be improved by the addition of thin metal interlayers between the
ceramic coating and the substrate (Figure 1-1)[22]. However, not much quantitative data
exists in order to explain the interfacial mechanical response of the ceramic/metal/substrate
system and most of the selection of ceramic/metal/substrate system depends largely on
trial-and-error manner.

In general, a defined orientation relationship occurs between the two crystal lattices
during the formation of interfaces [23] and they are termed as coherent, semi-coherent or
incoherent depending on whether the lattice spacing structure of both the lattices match

perfectly, partially, or not at all.

Ceramic coating

Metal interlayer

Figure 1-1: Metal interlayer deposited in between the ceramic coating and the
substrate

A coherent interface is formed when the two crystals match perfectly at the
interface and the two lattices seem to be continuous across the interface. Usually, a perfect
matching occurs up to a lattice mismatch of tensile or compressive stress up to £10%. In
incoherent or semi-coherent interfaces, the locally coherent regions are separated by ‘misfit

dislocations’ (MDNSs) [3]. Due to the lattice mismatch and orientation relationship between



the constituent materials, the MDNSs are formed that have a significant impact on the
interfacial adhesion and failure mechanism [23,24]. MDNs usually form to relieve the
strain between the two constituent materials with large lattice mismatch. The greater the
initial mismatch, the higher is the MDN density in those instances. Under the shear stress,
the glide of these MDNs and/or the formation of interfacial dislocation loops at nodes have
been shown to lower the interfacial shear resistance [25,26].

Earlier, the prime focus of the metal/ceramic research was to study the wettability
and adhesive property and hence much of the research efforts were carried out to study the
work of adhesion of these materials [15,27]. Multilayered metal/metal nitride systems
gained much attraction due to their remarkable mechanical properties during deformation
[23]. Out of various metal/metal nitride systems, transition metal nitrides such as TiN and
CrN are good candidates for coatings on machining tools due to their high hardness, high
melting point, and good wear resistance [28-30]. However, they display low adhesion to
the substrate in many cases [29]. Enhanced plastic co-deformation was observed in AI/TiN
at a layer thickness of 5 nm or below due to the lattice dislocations that nucleated from
interfaces and propagated inside both metal and ceramic layers during the deformation
processes [19,26,27]. A significant effect of layer thickness on the mechanical deformation
behavior was also observed in the same metal/ceramic system. For metal/ceramic systems
with large individual layer thickness, plastic co-deformation could not be achieved which
resulted in cracking inside the ceramic layers. Although such observations implied the
potential of designing novel metal/ceramic composites with improved mechanical
properties such as high hardness and enhanced ductility, there is not much quantitative data

available on the characterization of interfacial mechanical response of metal/ceramic



systems and the processes to achieve desirable interfacial properties continues to depend

on trial and error [25].

1.1.2 Experimental tools to study metal/ceramic interfaces

A number of experimental techniques have been utilized to explore the atomic and
electronic structure of the interfaces. High resolution transmission electron microscopy
(HR-TEM) [31] can probe the atomic structure of the interfaces up to 0.02 nm accuracy
[6]. The atom probe field-ion microscopy can perform atomic scale studies of segregation
at metal ceramic interfaces [32] and electron-energy loss spectroscopy (EELS) [33] can
probe their chemical structure to almost atomic resolution. In situ mechanical straining
techniques, in either scanning electron microscopy (SEM) or TEM, with the
micromechanical testing samples machined using focused ion beam (FIB), is one of the
more recently developed tools for studying the mechanical properties of different
metal/ceramic interfaces [34,35]. Nanoindentation is another experimental method used to
study a number of mechanical properties such as adhesion, hardness, wear resistance and
fracture in metal/ceramic systems [36—43]. Novel insights into the interfacial structure and
chemistry were provided due to the improvements in the experimental characterization
techniques [3].

Experimental techniques such as axial compression loading of micropillar
specimens containing metal/ceramic interfacial regions, fabricated with focused ion beam
micro/nano scale machining, have been utilized to provide some quantitative data, such as
the average critical shear stress, for the mechanical failure of metal/ceramic interfaces [44].
Specifically, a recent experimental study provided details on the mechanical failure of

Cr/CrN [45], Cu/CrN and Ti/CrN interfaces under shear loading [21]. The addition of a Cr



metal interlayer between CrN (or TiN) and the underlying substrates, such as stainless steel
or Ti6AI4V alloys [29,46,47] has been shown to improve their strength and stability by
reducing the stress between the ceramic and the substrate. Additionally, the presence of Cr
interlayers has been found to improve the corrosion and wear resistance [48-51], and the
high-temperature oxidation resistance of different alloys [52,53].

The presence of MDNs has also been confirmed by a number of experimental
studies [54-56]. The atomic arrangement of MDNs has been observed using high
resolution electron microscopy [57,58]. Still, the interfacial behavior of metal/ceramic
systems at the atomic level is unclear. Most of the experimental studies focused on the
static characteristics of MDNs while the motion of MDNs in interface dynamics is still
challenging to be studied experimentally [24]. Computational techniques such as first-
principles density functional theory (DFT) and Molecular Dynamics (MD) simulations can
be an alternative for direct observations and quantitative predictions of the atomic structure
of MDNSs. Combining the experimental methods with multiscale modeling and simulation
techniques can provide better atomic-level insights that are verified by experimental

measurements.

1.2 Atomistic level simulations

1.2.1. Density Functional Theory (DFT)

A number of computational methodologies have been developed over the past two
decades to study and design materials with desired properties [59]. Among various
atomistic simulations techniques, DFT is an attractive choice due to its flexibility in
studying a large array of systems without the need for parameterizing atomic models. DFT

treats the system under study in a quantum mechanical manner and helps in understanding



the chemistry between metal/ceramic interfaces. Also, it can provide a detailed
understanding of the factors that contribute to interfacial strength and stability.

A large amount of research has been carried out to study a number of metal/ceramic
systems [16,23,31,32,60] using the DFT method. Many DFT studies focused on the
investigation of work of adhesion (Wo0A) of metal/ceramic interfaces [61,62], interface-
driven twinning [63], phase transitions [64,65] and tensile or shear strength of the interface
[66,67]. A number of DFT studies have also been performed to study the interfacial energy
and electronic structure [68], interfacial adhesion [69-72], and stability of metal/ceramic
interfaces [73]. Using DFT, it has been possible to calculate the equilibrium crystal
structures [74], cohesive energies [75], lattice parameters [76], elastic moduli [77], and
phase diagrams of crystalline solids [78].

A recent study on the Al/TiN and Al/VN metal-nitride interfaces using the DFT
calculations [79] revealed an unusual phenomenon of interfacial structural modifications
due to the influence of interface chemistry, while no such structural modifications at Pt/TiN
and Pt/VN interfaces were observed. The structural modification can be explained on the
basis of the metal-N affinity at the interface. The presence of nitrogen (N) atoms at
interfaces changes the generalized stacking fault energy (GSFE) landscape (the GSFE is
the measure of the energy differences as a function of displacement in a particular slip
direction between two adjacent planes [80]) of Al layers nearby the interface in a significant
way because of the strong Al-N affinity at the interface. Another DFT calculation found
that resistance to shear was highest for Cr/TiN in comparison to many other metal/ceramic

combinations [81]. In addition, the weakest plane for Cr with ceramics was observed to be



the chemical interface. This was attributed to Cr/TiN having the lowest overall GSFEs near
the interface of the systems studied [81].

DFT, however, has a number of limitations. It is limited to relatively small system
sizes and time-scales [82]. Mechanical properties and strength usually depend on many
large-scale phenomena such as defect concentrations, slip behavior of dislocations,
dislocation dipoles at metal/ceramic interfaces and defect dynamics. These are not yet
predictable from DFT theory even for single-phase systems [4]. The study of heterogenous
interfaces becomes even more complicated. High computational cost limits the size of DFT
simulation supercell to a few hundred atoms [6].

First principles calculations pose some serious limitations for carrying out realistic
simulations of alloy systems. Hence, an alternative is MD simulations that utilize semi-
empirical potentials and can handle systems with more than a million atoms. The structure
and properties of the metal/ceramic interfaces can be explored using these MD simulations
[83] that have the ability to quantify the mechanisms of the structure-property relationship
and statistically predict the material properties. However, lack of accurate empirical
potentials for studying metal/ceramic interfaces limits the research to the first principles
based DFT methods mostly.

1.2.2. Molecular dynamics (MD) simulations

It is one of the reliable ways to explore the structure and properties of an interface
[6]. Zhang et al. performed MD simulations and DFT calculations together with the
experimental mechanical testing on Ti/TiN interface and observed a weakening effect of
the metal/ceramic interface on its adjacent metal atomic monolayers in both shear and

tension, parallel and normal to the interface [40]. As a result, the minimum energy and



shear strength of the interface occurred when the MDN was near, but not at the chemical
interface. It was speculated by the authors that such failure mode for metal/ceramic
interfaces might be, in general, valid for other metal/ceramic systems.

In another work by the same research group [7], it was observed that the average
critical shear stress for failure varied significantly on changing the type of metal interlayer
from Cu to Ti and Cr. The Cr interlayers exhibited the highest critical shear stress among
the three metals followed by Ti. In addition, the interfacial shear strength of the
metal/ceramic systems was also observed to be impacted by the presence of dopant atoms.
Stronger adhesion and resistance to shear can be acquired by adding small amounts of
‘dopant’ atoms to such metal/ceramic systems. It was observed that the presence of these
dopant atoms at the interface can affect the interfacial chemical bond resulting in changing
the properties of interface materials.

One of the most important components of MD simulations is the interatomic
potential that essentially describes the forces on individual atoms [59]. However, the lack
of accurate empirical potentials results in limiting the atomistic level studies of
metal/ceramic interfaces to DFT methods. There is a need to develop new interatomic
potentials, validated with experiments, to accurately understand the complex behavior at
the interfaces. To understand the structure-property relationships of metal/ceramic systems

through large scale simulations, reliably parameterized interaction potentials are needed.
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1.3 Organization of the dissertation
The dissertation is divided into five chapters. The background and literature review
about the metal/ceramics interfacial studies is presented in Chapter 1. A theoretical
background of the MEAM formalism and the interatomic potential development for the
present work has been discussed in Chapter 2. Chapter 3 discusses the MD studies of
various metal/ceramic interfaces. Chapter 4 discusses the deformation mechanism of the
doped metal/ceramic interfaces. In the final chapter, the results obtained throughout this

work are summarized and future outlook of the work is presented.



CHAPTER 2

MEAM INTERATOMIC POTENTIAL

2.1  Second nearest neighbor MEAM potential

As discussed in previous chapter, MD simulation is a powerful tool to study
systems with a large number of atoms. In order to employ the MD technique semiempirical
atomic potentials are required. For alloys, a potential that can describe various elements
with various crystal structures simultaneously is often sought [84].

In this regard, the embedded atom method (EAM) [85-87] is one of the extensively
used interatomic potential models to study metals, covalent materials as well as the
materials with impurities [59]. EAM was developed in order to investigate the brittle
fracture of transition metals in the presence of hydrogen [88]. As the name suggests, this
method assumed each atom as embedded in the host lattice consisting of all the other atoms
(Figure 2-1). This assumption allowed a realistic treatment of impurities in structures with
cracks and the calculations involved electron density which is a definable quantity. EAM
potentials work better than simple pair-potentials because of the addition of an “embedding
energy” term involving the physics of coordination dependent bond strengths [82]. They
have been utilized for a number of metals and alloys for their bulk and interfacial studies.

However, EAM potentials have a number of limitations such as in case of the systems

11
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where directional bonding is important such as in semiconductors and elements from the
middle of the transition metal series [89].

The modified EAM (MEAM) method [90] introduced by Baskes [35-38] extended
the embedded atom method proposed by Daw and Baskes [39,40] so that the directionality
of bonding in materials is considered. It was introduced originally to provide improved

description of shear in silicon [82].

 \

O ) o
p p

homogencous homogeneous
electron gas electron gas

Figure 2-1: Atom embedded into homogeneous electron gas

MEAM potential has been developed for different crystal structures including fcc,
bce, and hcp [91-94], binary [95-99] as well as ternary [98,100-102] combinations of
various crystal structures along with different ceramics, such as TiN and CrN [103-105].
For metal/ceramic mixed material systems in particular, the atomic potentials of various
elements having different crystal structures must be described using the same formalism.
In this respect, the MEAM potential can be utilized since it can reproduce physical
properties of metals with various crystal structures (fcc, bcc, hcp, diamond and even
gaseous elements) using the same formalism and functional form [31]. The MEAM
potential has been utilized to perform MD simulations on various metal/ceramic systems

to study their mechanical behavior under varying loading conditions [106-108].
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Simulations with the MEAM model have also been shown to work efficiently for large
system sizes [109,110].

Also, metal/ceramic interfaces have recently been examined with MEAM
potentials, providing information on their interfacial stability, the influence of MDNs, and
shear strength [111]. The original MEAM considers only nearest-neighbor interactions,
and a many-body screening function is used to take into consideration different neighbor
interactions. However, for bcc crystal structures, using MEAM, the surface energy of the
(111) surface was calculated to be smaller than for the (100) [112] which was contrary to
experimental results. Also, there is only about 15% difference between the first nearest-
neighbor and the second nearest-neighbor distance [112] and hence the interactions
between second nearest-neighbor atoms must be considered.

In the second nearest neighbor MEAM (2NN-MEAM), the many-body screening
function is adjusted so that is able to consider the second nearest-neighbor interactions
[38]. In addition, a radial cutoff function is applied to reduce calculation time [95]. Hence,
the 2NN-MEAM potential provides higher reliability than the EAM in treating
metal/ceramic systems. By taking into consideration the second nearest neighbor
interactions, a number of problems such as structural instability, the phase transitions, or
incorrect surface reconstructions on thin films were also resolved for fcc elements.

Using the 2NN-MEAM model, the deformation mechanism of a number of
metal/nitrides and metal/carbides were investigated [108,113]. Recently, MD simulations
were used to study the plastic deformation mechanisms in Nb/NbC [39] and Ti/TiN [40]
using the MEAM potential and focused on the mechanical responses of interfaces under

different loading conditions.
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The MEAM interatomic potential was used by Yang et al. for the interfacial study
of Ti/TiN metal/ceramic system, using MD simulations, in order to understand its
deformation behavior under compressive loading [41]. The interfacial structure was
analyzed using atomically informed Frank-Bilby theory [114]. Upon compression,
contrary to the stress-strain response usually observed in metals and metal/ceramics where
generally two peaks (known as yield points) are observed, their work showed three distinct
peaks with each peak related to a distinct deformation mechanism. The first peak was
created due to the dissociation of a perfect dislocation into pairs of partial dislocations
around extended node regions at the interface. Upon further compression, the second peak,
termed as the first yielding, resulted from the slip transfer to the Ti layer. Finally, a third
peak termed as the second yielding, was observed when the dislocation transmitted into the
TiN layer.

The original MEAM formalism involved a particular reference structure for which
the Rose equation [115] was obeyed which might not work for other structures. A new
MEAM model called reference free (RF-MEAM) was developed for silicon [116] in which
the reference structure was no longer required, and the pair-potential could be optimized
freely. It was found to be more convenient, flexible, and turned out to be superior to the

standard MEAM.

2.2 MEAM potential formalism

The details of the MEAM formalism have been reported in the literature [84,117],
and an overview is presented here. The total energy of a system is the sum of an embedding
function, Fj and a pair interaction, ¢ij(Rij) between atoms i and j separated by a distance

Rij,
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Etotal = X [Fi(p_i) + %qutisij(pij (Rij)] (2.1)

F(p) = AE.(p/p°)In(p/p°) (2.2)
where the sums are over the atoms i and j. The embedding function F; is the energy to
embed an atom of type i into the background electron density at site i, p,. A is an adjustable
parameter, Ec is the cohesive or the sublimation energy, and 5° is the background electron
density for a reference structure. The reference structure is the one where the individual
atoms lie on the exact lattice points. In general, the equilibrium structure is taken as the
reference structure for elements. The background electron density p at the atomic site i is
computed by combining the partial electron density terms for different angular
contributions [93] with weight factors t™ (h= 1-3). It consists of spherically symmetric
electron density and the angular contributions. S;j, as given in equation (2.1), is a three-
body screening factor that denotes the effect of the position of a third atom, k, (Figure 2-2)
on the interaction between atoms i and j, which is limited by Cmin (Sij=0) and Cmax (Sii=1)
[112]. For energy calculations, the functional forms of Fiand ¢;; should be given.

During the atomistic simulations, the energy is calculated using the expression on
the right-hand side of equation (2.1). The way of combining the partial electron densities
is not unique and several expressions for combining the partial electron densities have been
proposed [118]. Among them, the following form has been widely used, including in the
present work:

= pOG(I) (2.3)
where

G =2/1+eM) (2.4)
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2
r= i t[p™/p®] (25)

ti(h) are the weight factors. The atomic electron density is given as

_g (R _
p®R) = poe 5

(2.6)
which involves the adjustable parameters @, s, @ g (the decay lengths) and re, the
nearest neighbor distance in the equilibrium reference structure. The total energy per atom

for a given reference structure is evaluated from the zero-temperature universal equation

of state by Rose et al. [115] as a function of nearest neighbor distance R,
FIpO(R)] +13 ¢(R) = E*(R) = ~Ec(1+a)e ™ (2.7)
where

a'=«a (5 — 1) (2.8)

Te
and o is an adjustable parameter that includes contributions from the bulk modulus,
cohesive energy, and equilibrium atomic volume. The pair interaction is then calculated
from the total energy per atom and the embedding energy as a function of the nearest

neighbor distance.

Figure 2-2: The values of Cmax and Cmin are adjusted to control the second nearest
neighbor interaction
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2.3. Minimization and genetic algorithm

An in-house Python code [119] will be used for the optimization of a set of MEAM
parameters, {£}, as outlined in Figure 2-3. The code worked by minimizing the mean
square displacement between the calculated and experimental/DFT derived properties. In
particular for pure metals, the MEAM parameters were optimized to experimentally and
DFT derived elastic constants (Cij), monovacancy formation energies (Edefect), Surface
energies (Esurf), ratios of the cohesive energy of different crystal structures, and solid
densities.

For pure metal systems, there are 11 MEAM parameters to be optimized. For the
optimization procedure, one random MEAM parameter & is chosen, and four different
trials are generated using a maximum displacement, A; to &. (& — Ai, & — Ail2, & + Ail2 and
&G + Ai (‘1" is over all the eleven parameters)). The different physical properties are
calculated using these four different trial values and are compared with the
DFT/experimental results. A mean-squared deviation of the value of a specific property is

calculated for each trial

ci= 3 wi(p) —p; ) (2.9)

where the sum ‘j’ is over all the properties and wj is the weight assigned to each property.
The trial with the smallest mean squared deviation is chosen and the process is repeated
for the next MEAM parameter.

The minimization method, however, does not span a large array of parameter &
values and similar properties can be reproduced with different £ values. To account for this,
the minimization cycle is coupled to a genetic algorithm as described in Figure 2-3(b) to

obtain optimal & values. The genetic algorithm expands the domain of search for the most
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optimal MEAM parameters, increasing it to six different sets. These six sets are optimized
simultaneously. Out of the six sets, s1, Sz, S3, S4, Ss and S, some are taken from models
existing in literature and some are randomly generated. For each set, the minimization cycle
is carried out for 50 cycles and optimized & parameters are obtained. The set with the
smallest ¢ value as given in equation (2.9) is chosen as smin. After every 50 cycles, the
parameter sets with ¢ values greater than 10 x omin are destroyed. The destroyed sets are
then replaced by new ones, which are created by mating the surviving sets. The mating is
done by averaging the parameter values of the two sets. In general, the most optimum
parameter set may be obtained after 20 genetic algorithms or about 1000 minimization

cycles.

e e . .
Minimization Cycle
Genetic Algorithm

Pick Random Parameter, &, }4' (6 parameter sets)

* 5y $5 §3 Sy S 5g
Have four trials, noting A,, the Run 50 Run 50 Run 50 Run 50 Run 50 Run 50
maximum displacement for i: mm;mlzatmn mmllmlzanon mm]umzauon mmlmuzanon mm]umzauon mmlmuzanon
L . . B . cycles cycles cycles cycles cycles cycles
‘:_rm = (C_.‘-Ai! ‘;J_Af"fzs :_~f+"ﬁz"‘2! ‘:_:'+A.") 7

‘ Choose set (5,;,) with smallest &, g,
Calculate properties (p;) with
LAMMPS Destroy all parameter sets that have o values more than 10 times that of o,

+ and any remaining parameter sets which have & values similar 1o sy,

i
) -

Calcula_tc cm- for cach trial, Mate surviving parameter sets, by taking the average of their parameters to
comparing with experiment and DFT create new sets to replace those sets that were destroyed until 6 total sets exist.

+ i
Choose trial with lowest cor keep If there are fewer than 6 total sets, create new ones by randomly changing

.. o . parameters of s,,;,. eachup to 20%.

original (ifits ois lowest). Increase = I
A, if trial chosen, decrease A, if not

Figure 2-3: Parameter Optimization Procedure for the MEAM potential [119] (b) Genetic
Algorithm for simultaneous optimization of MEAM parameter.



CHAPTER 3

MD STUDY OF METAL/CERAMIC INTERFACES

3.1  Cr/TiN metal/ceramic system

In one of the previous works, a MEAM potential was developed to study Ti/TiN
and Cu/TiN interfaces [120]. The potential model was utilized to perform MD simulations
in order to understand the MDN structure and their effect on the mechanical response of
Ti/TiN and Cu/TiN interfacial systems. It was observed that the stable Ti/TiN systems were
obtained when the MDN was away from the interface. For Cu/TiN, the most stable system
consisted of MDN at the interface. Based on the previous study of the effect of the MDNs
on the mechanical response of Ti/TiN and Cu/TiN interfaces [121], this part of the research
is aimed at developing a new interatomic potential for the interaction of Cr with TiN and
studying its interfacial properties in the presence of MDNs. While a considerable amount
of work has been done on the study of fcc metal/TiN [67,122] and hcp metal/TiN interfaces
[29,121,123,124], to our knowledge, no previous work has studied the interfacial behavior
of the bcc metal/NaCl-type TiN interface. The research represents the development of a
new Cr/TiN MEAM model, and the investigation into the role of the presence and location

of MDNs on its shear strength.

19
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For a single element, once the reference structure is defined, including its Ec and re,
which are set to experiment, 11 remaining MEAM parameters need to be determined: ©,
SO, @ 3 D @ 3 4 o, Cin, and Cmax. The values for the MEAM parameters for N
were taken from the literature without any modification [105]. The reference structures for
Tiand Cr are hcp and bcc, respectively. This requires fitting eleven additional parameters
for the binary systems. These include the E¢ between them in equation (2.2), along with
their a and re values in equation (2.8). The remaining eight parameters are their Cmin and
Cmax values. For ternary interactions, an additional six parameters, three Cmin and three
Cmax, need to be fit. For Ti and TiN, we used the previously developed model designed to
study the Ti/TiN interface [121]. We parameterized a model for pure Cr, along with a
model for CrN, Cr2Ti [125,126] and Cr/TiN interface A model for CrN was recently
developed by Ding et al [103], while no model for the CrTi binary system is currently

available to the best of our knowledge.

3.2 General details

3.21 DFT calculations

The surface and interfacial properties were extracted from a combination of
experimental measurements and DFT calculations. We carried out the DFT calculations in
most cases, even if values existed in the literature. The Vienna ab initio simulation package
(VASP) [127] was utilized for the DFT calculations using the Perdew, Burke, and
Ernzerhof (PBE) generalized gradient approximation for the exchange-correlation
functional [128]. The potential due to the core electrons was accounted for by the projector
augmented wave method [129], which combines the features of the pseudopotential

approach and the linear augmented plane wave method. Kohn-Sham orbitals for valence
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electrons were expanded in terms of a plane wave basis set with a cutoff energy of 400 eV.
The Monkhorst-Pack scheme was used for sampling the k-point of the plane wave basis in
the first Brillouin zone [130]. The specific k-point mesh size depended on the system size
and the calculation being carried out.

For pure Cr, the monovacancy formation energy, surface energies, and the GSFEs
were calculated using first-principles DFT. In order to calculate the monovacancy
formation energy, the Brillouin zone was sampled using 3 x 3 x 3 mesh of k-points for the
128-atom cells. The surface energies were calculated for the surfaces Cr(001), Cr(110),
and Cr(111) with the system sizes of 54, 72, and 48 atoms respectively and the Brillouin
zone was sampled using 4 x 4 x 1 k-point mesh. For each of these surfaces, a periodic
system with a 15 A of vacuum was created, resulting in the formation of two surfaces.

The GSFE surface was calculated for the Cr(001) system. For this calculation, half
of the atoms were displaced in the X[110] and Y[110] directions, keeping the other half of
atoms fixed as had been done previously [81] (Figure 3-1b). A total of ten positions along
X and ten along the Y directions were sampled, mapping a total of 100 points. For each
point, an energy minimization followed their displacement, allowing the atoms to only
relax in the Z direction (keeping X and Y positions all fixed). The minimum energy path
was then plotted along the X direction after mapping the full GSFEs out [131]. The
maximum height of the minimum energy plot gives the energy barrier of the shear
displacement of the GSFE surfaces.

For the binary systems, the elastic constants, surface energies, and the enthalpies of
mixing were calculated using DFT. The elastic constants were calculated using a system

size of 64 atoms for CrN and 24 atoms for Cr.Ti with a 12 x 12 x 12 k-point mesh. To
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calculate the enthalpy of mixing, a Cr2Ti system of 24 atoms and a CrN system of 32 atoms
were used, each with a 4 x 4 x 4 k-point mesh. For the surface energy calculations, 72, 32
and 54 atoms were used for CrN(001), CrN(110) and CrN(111) while 48, 44 and 72 atoms
were used for Cr.Ti(001), Cr,Ti(110) and Cr,Ti(111). In each of these systems, 15 A of
vacuum were present normal to the surface in consideration, and a k-point grid of 4 x 4 x
1 was used for all the cases. The impact of spin-polarized calculations was investigated for
all the systems, and it was found that they only had a significant impact on the structure
and energetics of CrN, so they were used only for CrN.

For Cr/TiN interfaces, the WoA was calculated for a system that consisted of eight
layers of four Cr atoms (32 total) along with six layers of eight TiN atoms (48 total) that
formed a single interface between Cr(001) and TiN(001). The plane separating Cr and TiN
phases was defined as the chemical interface. The interface was perpendicular to the Z-
direction in a cell of approximate dimensions of 5.88 x 5.88 x 40.22 A. As with the
previous work [81], there was 15 A of vacuum present along the Z direction to assure that
only one interface was formed in between Cr and TiN. The WoA for the Cr/TiN interface
was calculated as done previously [132]:

WoA = (E¢r + Erin — Ecr/Tin) /A (3.1)
where E¢ /iy is the energy of the entire system, and Ecris the energy of the Cr(001) system
optimized in both atomic positions and cell coordinates. Erin is the energy of an optimized
TiN(001) system, and A is the area of the Cr/TiN interface.

For the GSFE surface of the Cr/TiN system, the configuration was the same as for
the WoA, and it was calculated at the chemical interface between the Cr(001) phase and

the TiN(001) phase. This was denoted as P = 0 (Figure 3-1a). The GSFE surface was also
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calculated for the P=1 layer, which was in between the TiN(001) phase with one Cr(001)
layer (4 additional atoms) and the remaining eleven Cr(001) layers (44 atoms). The GSFE
surface for Cr/TiN was mapped out using the procedure described above, i.e., by displacing
all the atoms above the planes P=0 or P=1 from one lattice point to another equivalent
lattice point along the X[110] and Y[110] directions (Figure 3-1b), keeping the positions

of all the atoms below those planes fixed, followed by relaxation along the Z direction.

o O
M=3 @ P=2
=2 =1 =
M=l Q@ Q) p= 2
0oc0o
Qo0
QoQo |
(a) (b)

Figure 3-1: (a) Cr(001)/TiN(001) structure with the atomic layers denoted by M and
the interlayer planes denoted by P, (b) Schematic of the shear displacements for
calculating the GSFE surface of the Cr/TiN metal/ceramic system.

3.2.2 Calculation of Properties from the MEAM Model

All the MEAM properties were calculated using the LAMMPS simulation software
[133]. For Cr, the lattice parameters, ratios of the energy of different crystal structures
(Efcc/Encc) and (Encp/Encc), surface energies (Es) of various surfaces Cr(001), Cr(110),
Cr(111), solid density (ps), elastic constants, and monovacancy formation energy (Evac)
were calculated [119]. For all calculations except the solid density, energy minimizations

were carried out with the conjugate gradient method. The fcc structure had 32 atoms, the
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hcp structure had 48 atoms, and the bcc structure had 54 atoms. To calculate the
monovacancy formation energy for Cr, one atom was removed from the bcc system of 128
atoms. The elastic constant calculations were carried out for the bcc system with 54 atoms,
and systems with 54, 72, and 48 atoms were used for the calculation of surface energies of
Cr(001), Cr(110), and Cr(111) surfaces, respectively.

To calculate the solid density for Cr metal, 20 ps of NPT simulations of a system
with 432 atoms were carried out at 298 K and 1 atm using the Nosé-Hoover thermostat and
barostat [134,135] with a timestep of 1 fs. For binary systems, the enthalpy of mixing and
WOoA were calculated for CrN and Cr.Ti. The enthalpy of mixing was calculated using a
system of 192 atoms for CrN, and a system of 216 atoms for Cr.Ti. The surface energies
were calculated using a system size of 108 atoms for CrN(001), 144 atoms for both
CrN(110) and CrN(111) surfaces, 48 atoms for Cr2Ti (001), 44 atoms for Cr.Ti (110), and
72 atoms for the Cr Ti (111) surface. The elastic constants, GSFE, and Wo0A were
calculated using the same system sizes as used in DFT calculations described in Section
3.2.1.

The Baker-Nutting orientation relationship [136]—with [100]naci || [110]6cc along
the X axis, [010]nact || [110]bec along the Y axis, and (001)naci || (001)bec along the Z axis—
was adopted between the rock salt (B1) structured TiN and bcc Cr (Error! Reference source
not found.). The interface was parallel to the X-Y plane, with each dimension close to 7.5
nm in the initial structures. The total thickness in the Z direction was approximately 10 nm,
with 6 nm of Cr and 4 nm of TiN present. The first Cr layer next to this interface was
denoted by M=1, the second layer by M=2, and so on (Error! Reference source not found.).

The equilibrium interfacial structure was obtained by an initial relaxation followed by an
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iterative conjugate-gradient stress-relief treatment [34]. The preliminary relaxation was
carried out through an NVT equilibration at 10 K for 50 ps in which the top and the bottom
two layers in the Z direction were fixed. The iterative stress-relief treatment was conducted

to adjust the magnitude of the normal stress components to be less than 100 Pa.
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Figure 3-2: (a) Cr(001)/TiN(001) structure (b) orientation relationship in Cr/TiN
multilayers. The top and the bottom red colored regions are the fixed atoms.
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3.3 Results and discussion

3.3.1 Pure Cr metal

Table 3-1 shows the newly determined MEAM parameter values for Cr, along with
the MEAM parameter values used for this work for Ti [121] and N [105] taken from the
literature. The values for Ec and re for Cr were taken from the experimental values in the
literature [137,138]. The experimental/DFT and the MEAM calculated values of the
various properties of Cr using the present model, as well as Lee’s model [139], are listed
in Table 3-2. The Lee model underestimated the GSFE barriers for Cr(001) to a moderate
degree. The minimum energy path on these GSFEs plotted as a function of position along
the X axis is shown in Figure 3-3. For this system, the path ended up as simply the energy
at Y=0 as a function of X since the minimum energy path is parallel to the X axis. The
GSFE barrier and the minimum energy path for Cr(110) has been shown in Figure A-1.
Even in that case, our model reproduces the DFT result fairly well as compared to Lee’s

model.

Table 3-1: MEAM potential parameter sets for pure Cr, Ti, and N.

Ec re A o O O O O D t®  t®  Cmin Crmax

ev) (&)

Cr 4.10* 288 028 570 874 001 548 0.37 1.06 1109 -7.73 075 236

Ti# 487 292 119 441 158 0.08 289 00016 555 679 -2.05 089 285

N* 488 110 180 596 275 400 4.00 4.00 0.05 1.00 0.00 2.00 2.80

4Reference [121]
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Figure 3-3: GSFEs of Cr(001) calculated using (a) DFT, (b) new model (c) Lee
model [139] (d) Comparison of minimum energy path of the GSFE for Cr(001).

The new model, again, reproduced the DFT barrier height in the minimum energy

pathway with good accuracy, while the Lee model underestimated it by around 30%.

3.3.2 Mixed systems

The binary parameters for Cr-Ti and Cr-N were fit to several properties, including
enthalpies of mixing, elastic constants, and surface energies. Table 3-3 shows the values
of the binary parameters obtained in the present work and Ti-N binary parameters from the

previous work by Miraz et al. [121].



Table 3-2: Comparison of the DFT calculated/experimental properties of Cr with
values obtained from the MEAM model.

Property DFT/expt. value New model Lee model [139]
Evac (eV) 2,572 2.27° 3.17 1.95
Es (001) (3/m?) 2.50% 2.85 2.39
Es (110) (3/m?) 2.343, 2.35°¢ 2.69 2.26
Es (111) (I/m?) 2.60% 3.07 2.44
Elastic constants

(GPa) 391.0¢ 455.91 344.40
Cu 89.60¢ 69.76 112.80
Ci2 103.20¢ 112.11 130.40
Cuas

ps (glcm?®) 7.15° 7.28 7.25
Efcc/Ebcc 096a 092 097
Ehcp/Ebcc 0.95% 0.93 0.98

aDFT as calculated in this work.

bReference [140]
‘Reference [141]
9Reference [142]
*Reference [143]

28

It is observed from Table 3-3 that some Cmax values were larger than 2.8. This is

due to the fact that the electronic structure of Cr and Ti atoms is altered in the vicinity of

one another resulting in charge transfer. A charge-transfer modified embedded atom

method (CT-MEAM) has been developed [102,144] which can overcome the limitation of

conventional fixed charge potential method. However, this model is computationally far

more expensive than the traditional MEAM model, which only considers the short-range

metallic/covalent interactions. The charge transfer interactions are taken care of implicitly

to a degree by the large Cmax that results from the current parameterization. Other

researchers have also reported cases where Cmax > 2.8 has been used [100].
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Table 3-3: MEAM potential parameters for the binary systems (x-y). In any pair, the
first element is denoted by X, and the second element is denoted by y.

Parameters (x-y) pair
Cr-N Cr-Ti Ti-N@

Reference state bl bl bl

Ec (x,y) (eV) 5.5269 2.9859 6.6139
re (X, y) (A) 2.1069 2.6952 2.1195
a(x,Y) 6.9415 7.3082 4.7225
Chin (X, X, Y) 0.08 2.0 0.4263
Chin (¥, Y, X) 1.4265 1.88 1.0733
Chin (X, Y, X) 1.7054 0.22 1.5
Chin (X, Y, Y) 1.75 1.2036 1.5
Cmax (X, X, Y) 2.18 3.4196 2.0328
Cmax (Y, Y, X) 3.814 3.2941 1.7998
Cmax (X, Y, X) 2.891 2.0 2.4073
Crmax (X, Y, Y) 4.0 2.198 2.3557

4Reference [121]

Table 3-4: MEAM potential parameters for the Cr/TiN ternary system

Parameters Value

Chin (CI’, N, TI) 1.9376
Chin (Cr, Ti, N) 0.9440
Chin (N, Ti, CI') 0.7918
Cmax (Cr, N, Ti) 3.8510
Cmax (Cr, Ti, N) 3.6540
Cmax (N, Ti, Cr) 3.1064

The parameters for the ternary Cr/TiN system are shown in Table 3-4. The NaCl-
type CrN and TiN (space group Fm3m) were chosen as reference structures for the Cr-N
and Ti-N binary systems. Since the Cr.Ti (space group Fd3m) structure cannot be used as
a reference for the MEAM packages in LAMMPS, an NaCl type CrTi reference structure

was chosen. Despite choosing a different reference structure, we parameterized the Cr-Ti
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interactions to reproduce the enthalpy of mixing, elastic constants, and surface energies of
CrTi.

The DFT and the MEAM calculated values of the various physical properties of
CrN, Cr.Ti, and the ternary Cr/TiN systems using the present model are presented in Table
3-5. The new model reproduced the target values to a reasonable extent. In particular, the
enthalpies of mixing, elastic constants, and the order of stability of the different surfaces
compared well for Cr,Ti.

A MEAM model for CrN was developed by Ding et al. [103] (the Ding model in
Table 3-5), which was parameterized to reproduce elastic constants extracted from CrN
thin films [145] and DFT calculations without spin polarization. Because of this focus, the
elastic constants calculated with the Ding model were somewhat different in comparison
with the new parametrization, which focused on the Cr/TiN interfacial properties. While
the surface energies of the new model had the same order as DFT, their magnitudes are
consistently underestimated. The reason that a better agreement with the surface energies
was not achieved is that improving CrN surface energies hindered the agreement with DFT
for the WoA and GSFE surfaces of the Cr/TiN interface. Since the focus of this work was
to model the Cr/TiN interface, a greater weight on the WoA and GSFEs was used than CrN

surface energies in evaluating the new MEAM parameters.



Table 3-5: Comparison of DFT calculated values of properties of binary CrN and

Cr2Ti and ternary Cr/TiN with the MEAM fitted values.

Property

Enthalpy of
mixing
AHmix
(eV/atom)
Elastic
Constants
(GPa)

Surface
energies
Es (J/m?)

WOoA (J/m?)

System
CrN
CroTi

CrN

CroTi

CrN

CroTi

Cr/TiN

Cu
Ci
Cus

Cu

Cr

Cus
CrN(001)
CrN(110)
CrN(111)
Cr,Ti(001
)
CroTi(110
)
CroTi(111

)

DFT
-1.65°
-0.11¢4

319°, 386°
117¢,120°
60°, 111°

296¢, 287.3"
154.3¢, 151.2f
81.6% 81.1
0.8088°
1.4602°
1.8264°
3.195°¢

1.436°

2.744°

3.69°

MEAM

-1.036
-0.109

245
114
103

251

97

58
0.3767
0.7438
1.0077
2.4220
1.5549
1.7224

4.75

Ding Model?

515
62
100

1.06
1.75
1.92

4Reference [103]
bReference [146]

°DFT calculated in this work.

dReference [125]
*Reference [147]
'Reference [126]
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Figure 3-4 shows a comparison of the GSFEs for the Cr(001)/TiN(001) interface

for the P=1 and P=2 planes (see Figure 3-1 for a description of P) calculated by the new

model with the DFT results. While there were some subtle differences in the GSFE surfaces

between DFT and the MEAM model, their overall agreement was good. Moreover, the

minimum energy path and GSFE barrier heights had good agreement between DFT and
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the new MEAM model for both layers studied. For semi-coherent interfaces, smaller GSFE
barriers have been shown to lead to larger dislocation core widths (intersection points of
MDNs) [81,148], which generally decrease shear strength [149]. Because of these reasons,
reproducing GSFEs was one of the main focuses for the parameterization of the new

MEAM model.

AM model (c) 1D GSFE
= = & \\gl“

——DFT
——MEAM

0
0.0 05 1.0 15 2.0 25 3.0

X(A)

1 ——DFT
—— MEAM

0
0.0 05 10 15 20 25 30
X(A)

Figure 3-4: GSFEs of the Cr/TiN calculated using (a) DFT (b) MEAM for P =0 and
P =1 planes. (c) A comparison of minimum energy path extracted from the GSFEs
for P =0 and P=1.

3.3.3. Stability of Cr/TiN systems

We used large scale MD simulations to study the effect of the MDNs on the
mechanical response of the Cr/TiN interfacial system under shear loading. MDNs were
accommodated in successive metal layers and their relative energies were calculated to
determine how MDN location influences interfacial stability and structure. MDNs were
introduced by adding an extra row of atoms in both the X and Y direction in their respective

layers. There were 25 atomic rows of TiN in the X and Y directions, and in a coherent
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interface between Cr and TiN, the same number of Cr atomic rows were present. For bulk
TiN, the X dimension with 25 rows was 74.94 A, while for bulk Cr, the X dimension was
72.02 A. Hence, when adding an MDN, there were 26 rows of Cr, giving a bulk Cr X
dimension of 74.91 A, remarkably close to equilibrium TiN. The proximity of each metal
layer with respect to the chemical interface was denoted by the letter M, as shown in Figure
3-1a. When an MDN was located at a specific M layer, all Cr layers greater than or equal
to M had additional Cr rows in the X and Y directions (except when noted otherwise),
while those layers less than M (or in between the M layer and TiN) were coherent with the
TiN interface. For instance, if the MDN was at the M=1 layer, all Cr layers had additional
rows, while for M=4, the M=1-3 layers did not have additional rows and were coherent
with the TiN interface.

The open-source software OVITO [150] was used for visualization and analysis.
The centrosymmetric parameter (CSP), a measure of the lattice disorder around an atom,
was used to characterize local atomic environment [151]. Figure 3-5 shows atomic
structures of the relaxed Cr/TiN interface with MDNs at the M=1, M=2, and M=5 layers
in both the X and Y directions. To compare, a system (Figure 3-5d) with an MDN only in
the X direction at M=1 was also studied. To aid in viewing, the structures are replicated 3
times in the X and Y dimensions in the figures. The atoms are colored according to the
CSP values with dark green atoms representing perfect lattice positions, yellow fully off-
lattice, and light green in-between [151]. The layer shown is the one with the MDN (top)
and all layers between that and the ceramic, along with the ceramic phase. The dislocation
cores formed by the MDNs can easily be observed via the yellow bands present with the

MDN at M=1 having the largest core width. The network of edge-shaped MDN cores
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shown in Figure 3-5(a-c) are similar to what was observed for other {001} stacking
orientations, such as the Nb/NbC interface [136].

Figure 3-6 shows the dislocation core width as a function of the position of the
MDNs. The core widths were measured by calculating the width of the off-lattice regions

that form as observed in Figure 3-5 (atoms with a CSP > 20 [151]).

@

Figure 3-5: MDN structure of Cr/TiN system at (a) M=1, (b) M=2, and (c) M=5 (d)
M=1 (X axis only) layers. Atoms are color-coded according to CSP results.

Figure 3-5 shows that larger sized nodes are present for the system with MDNSs at
M=1, and the node size decreases as the MDNs moves away from the interface with little
to no node formation for the system with MDN at M =5. The larger width of the dislocation
cores for M=1, which corresponds to semi-coherency at the P=0 plane, is consistent with
the fact that the GSFE for P=0 has a lower amplitude than for P = 1 (see Figure 3-4) An

increase in GSFE barriers corresponds to reduced dislocation core widths, constricting the



35

nodes at their intersection, which provide stronger pinning points to the motion of MDNs

[34].
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Figure 3-6: Dislocation core width with respect to the location of MDN (M).

The interfacial energy (y) of the Cr/TiN interface is calculated as follows:
¥ = (Einterface — NEcr — mEin) /A (3.2)
where Einterface 1S the total potential energy of the bilayer system, A is the area of the
interface, n is the number of Cr atoms, and m is the number of TiN groups. Ecr and Erin
are the cohesive energies of Cr and TiN, respectively. Figure 3-7 gives the interfacial
energy as a function of the location of the MDNSs, where the energy of the fully coherent

interface was subtracted from them for comparison.
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Figure 3-7: Plot of the difference in the interfacial energy with respect to the coherent
interfacial energy as a function of MDN location (M).

The interfacial energy was found to be dependent on the location of the MDN and
was lowest when the MDN was present at the interface due to the lower GSFE barriers at
that layer (P=0). There was a gradual increase in the interfacial free energy as the location
of MDN moved further into the Cr layers. The increase in energy associated with larger M
is due to the energy required to strain additional Cr layers to keep it coherent with the TiN
surface. The interfacial energy for the configuration with the MDN at M=1 layer along
one axis is also shown in Figure 3-7 and has a value that is significantly closer to the
coherent energy than when the MDN is present in two axes at M=1. This was expected as
with the MDN in one direction, it more closely represents the higher energy coherent

structure than with MDNSs in two directions.



37

3.4 Impact of shear on Cr/TiN systems

The relaxed structure was subjected to a shear loading parallel to the interfacial
plane in the X direction. Figure 3-8 shows the variation in the shear strength of the
interface as a function of the location of MDNSs. All the structures with MDNs displayed
much lower yield strength than the coherent interface, which showed a maximum shear
stress of 20 GPa. It can be seen from Figure 3-8 that the maximum shear stress was lowest
for the structure with the MDN at the interface (7.2 GPa) and gradually increases as the
location of MDN moves away from the interface reaching 15.3 GPa for the MDN at M=5.
The shear response of the interface was observed to be related to the dislocation core width.
The larger nodes in the M=1 layer (corresponding to the lower GSFE barrier) causes a
reduced pinning force and therefore, reduces the shear strength of the interface.
Additionally, Figure 3-8 gives the shear strength when the MDN in the M=1 layer was
only in one direction perpendicular to the shear.

It can be observed that the shear strength was moderately higher, 9.3 GPa vs. 7.2
GPa, with the MDN in one direction in comparison with it in both X and Y directions in
the M=1 layer. This is expected as the system with MDNs along two directions has much
wider core sizes in comparison with the system with MDNSs in one direction (see Figure
3-6). Another aspect of the M=1 system with MDNs in two directions, is that the nodes
that are formed at the intersection of dislocation cores are significantly larger in size than
the cores themselves, creating extended regions of local disorder (see Figure 3-5a). For
the M=5 system, where the cores meet results in a node that is smaller in width than the

cores themselves (see Figure 3-5c¢). Overall, the larger regions of local disorder present in
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the M=1 layer with MDNs in two directions reduces internal strain reducing its shear

strength [34].
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Figure 3-8: Plot of interfacial shear strength vs. the location of MDN (M).

Overall, the maximum shear stress was shown to be significantly higher for Cr/TiN
than for Ti/TiN and Cu/TiN by the previous work done by Miraz et al. [120]. This is
consistent with previous experimental results comparing the shear strength of Cr, Cu, and
Ti in contact with CrN, which showed highest shear strength for Cr [21]. Furthermore, Cr
performed much better than Ti and Mo in wear and friction tests with TiC ceramic [152]
due to its higher hardness and better adhesion.

Figure 3-9 shows a plot of the magnitude of the relative displacement between
layers as a function of the number of stress steps as mentioned in Section 2.3.3 for the

coherent structure, and configurations with the MDN at the M=1 and M=5 layers. The plots
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for the other configurations studied are given in the Appendix A (Figure A-2). Each stress
step is scaled with respect to the step at which the shear failure occurs (where the shear
force drops dramatically) to better compare among the different configurations. A unit
value of this scaled stress step represents the initiation of fracture in all cases.

It can be observed that for all configurations, shear failure occurs between the first
and second ceramic layers in comparison to the chemical interface. This is different than
what was observed at the Ti/TiN and Cu/TiN interfaces [121]. The likely reason for this is
due to the different interfacial configuration for TiN in the case of Cr/TiN, in which the
TiN(001) surface is in contact with Cr, while the TiN(111) surface is in contact with both
Cu and Ti. This is also consistent with the work of adhesion at the Cr (001)/TiN (001)
interface, which is 3.69 J/m?, higher than the value of 1.70 J/m?, observed one layer into
the ceramic. When the MDN is at the M=5 layer, a weak displacement can be observed
between the M=4 and M=5 layers that forms before fracture occurs. Additionally, for the
coherent system, there is a small displacement between the chemical interface and the M=1
layer. However, none of these are enough to cause shear failure. The more gradual
displacement observed when the MDN is at the M=1 layer as indicated in Figure 3-9b
hints towards a plastic deformation behavior for that configuration, which will be discussed

later.
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Figure 3-9: Plot of the difference in displacement (D) per layer per stress step for (a)
coherent (b) MDN at M=1 and (c) M=5 layer.

To better illustrate where shear failure occurs, snapshots showing atom positions
and their displacements with respect to their equilibrium positions are shown in Figure
3-10 for the coherent system and for the configuration with MDNs located at the M=1
layer. The displacement arrow magnitudes are set to be consistent within each individual
system, but not with respect to one another. It is clear that shear failure occurs in both cases
one layer into the ceramic from the Cr/TiN interface, and that under shear, the nitrogen
atoms in the top ceramic layer shift towards the Cr metal with respect to the Ti atoms. The
shifting that occurs under shear destabilizes the interaction between the first two layers of
the TiN phase, causing shear failure to occur. Moreover, this destabilization is present in
all MDN patterns we studied, being prevalent enough to overcome weaker interactions

between Cr layers caused by the presence of these MDNSs.
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Figure 3-10: Snapshots of the displacement of atoms immediately after shear failure
(a) for coherent system and (b) for with MDNs at the M=1 layer. Red atoms
represent Cr, blue atoms N, and white atoms Ti.

Figure 3-11a shows the shear stress vs the stress step relative to shear failure for
the Cr/TiN system with MDNs present at the M=1 and M=5 layers. The snapshots in
Figure 3-11(b-d) correspond to the letters in Figure 3-11a all showing the M=1 layer and
all ceramic atoms. Atoms in the snapshots are color coded with respect to their CSP. For
the system with MDNs at M=1 along both X and Y axes, the elastic deformation was
observed up to point b in the plot. Further shear loading resulted in a plastic deformation
region for the metal/ceramic system leading to point ¢, as can be observed from the
flattening of the stress curve in Figure 3-11a. In the corresponding snapshots, it can be
observed that the nodes present in the minimum energy structure (see Figure 3-5a) start to
expand and move at point b as shown in Figure 3-11b. During the plastic deformation,
the size of the locally disordered region expands until it propagates through the entire
system when it reaches point ¢ as shown in Figure 3-11c. When the MDN is only present

in one direction, no specific nodes are present like they are when MDNs are present in the
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X and Y directions, and the yielding flows from the dislocation lines evenly as can be

observed in Figure 3-11d.
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Figure 3-11: (a) Stress vs stress step scaled by the fracture step. (b-f) Snapshots of

different configurations in the shear calculations as shown in the stress plot with
letters on the stress plot corresponding to the snapshot letters in parenthesis.

The consequence is a sharper peak in stress before shear failure, as can be observed
near point d. As described previously, when the MDNs are present at M=5, the yielding
does not occur at that layer to a significant amount, but near the chemical interface. Figure
3-11e shows the equilibrium structure for the system with MDNs at M=5, but unlike Figure
3-5¢, the top layer shown is the M=1 layer, which is closer to where shear failure occurs.
It is apparent that the disorder induced by the MDN propagates to the interfacial region to
a modest degree. Shown at point f in Figure 3-11a, a very sharp peak is present at shear
failure with no plastic behavior. Figure 3-11f, which corresponds with this point, shows
only a small amount of disorder, which encompasses atoms close to the positions of the
MDN in the M=5 layer (four layers above what is shown). In general, MDNs in the M=5

layer appears to have only a modest impact on the structure at the interface, which lowers
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its shear strength in comparison with the coherent interface by around 4 GPa as shown in

Figure 3-8.



CHAPTER 4

DOPED METAL/CERAMIC SYSTEMS

4.1 Introduction

An important consideration while studying metal/ceramic interfaces is the presence
and impact of impurities or dopant atoms on the interfacial properties of the metal/ceramic
interfaces. Dopants have been known to affect the bonding and cohesion at imperfections
such as grain boundaries of the metal/ceramic interfaces [153-155]. They further impact
the adhesion at the metal/ceramic interface [156-160]. A number of first principles
calculations were done to study the interfacial properties of metal/ceramic systems with
the introduction of transition metal dopants into them [120,161].

In a recent first principles study, it was observed that the addition of Al to the
Ti/TiN interfacial region significantly increased the generalized stacking fault energy
(GSFE) barrier by drawing some of the electron charge from the ceramic N atoms into the
Ti phase [131]. However, DFT is limited to the study of small sized systems due to the
high computational cost associated with them [162]. In order to study the effect of much
complicated interfacial effects, such as how MDNs affect interfacial mechanical properties
of materials with defects, larger system sizes are required. These will allow greater insight
into experimental observations to be achieved. In particular, large-scale MD simulations

can be utilized [108] to bring system sizes on the order of hundreds of thousands of atoms.

44
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One of the main challenges in carrying out large-scale MD simulations is the need
for appropriate interatomic potentials that can accurately describe the system of interest.
The MEAM has been extensively utilized for metallic systems [91-94], along with
different ceramics, such as TiN and CrN [103-105]. A number of metal/ceramic interfaces
utilizing MEAM potentials have been recently studied providing a detailed understanding
on their interfacial stability, the influence of MDNSs, and shear strength [111,121]. Based
on the above considerations and extending previous work in this group [131], this work
describes the development of a new MEAM potential for Ti-Al-N ternary systems. The
new model was used to investigate how the addition of Al dopants impacts the structure
and shear strength of the Ti/TiN interface.

A detailed description of MEAM formalism has been covered in the literature [84]
and also in Chapter 2. A modified form of the equation was utilized for carrying out this
work where a different Rose equation compared to equation (2.7) was utilized. The energy
per atom for a given reference structure is calculated from the universal equation of state

by Rose et al. [115]
F[pP(R)] +32 ¢(R) = E“(R) = —Ec(1+a’ + aza’®)e™ (4.1)
where

a'=a (5 - 1) (4.2)

Te
az = dyepuis,@” < 0and az = dgprge,a” = 0 (4.3)
and « is an adjustable parameter involving contributions from the bulk modulus, cohesive
energy, and equilibrium atomic volume. S;j, as given in equation (2.1), is a many-body
screening function that denotes the effect of the position of an atom, k, on the interaction

between atoms i and j, which is limited by Cmin and Cmax as described in detail in the
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previous work [112] and in Chapter 2. A value of Sijj= 1 implies that the interaction between
atoms i and j is unscreened while a value of Sijj= 0 means that the interaction is completely
screened. The cutoff distance of 5 A was used in this work.

For pure elements, 13 MEAM parameters are required to be determined: 5©, g,
S@, 3 W @ @) 4 q, Ec, re, Cmin, and Cmax. Normally, the equilibrium structure is taken
as the reference structure and Ec and re values are set to experiment. The reference
structures for Ti and Al are hcp and fcc, respectively and the MEAM parameters for N
were taken from the literature without any modification [105]. For each binary system,
parameters such as Ec between them in equation (4.1), a and re values in equation (4.2),
four Cmin and four Cmax values, giving a total of 11 additional parameters are required to be
fitted.

For ternary interactions, an additional six parameters, three Cmin and three Cmax, are
to be fitted. For the pure Ti and the binary TiN system, the previously developed model
designed to study the Ti/TiN interface was used [121]. We parameterized a model for pure
Al and compared it with the one developed by Lee et al. [96], along with a model for the
binary combinations Al-N and Ti-Al (Ti-N we took from previous work [121]), and for the
ternary combination of Ti-Al-N. The optimization of a set of MEAM parameters was done
by utilizing a Python code developed by our group based on minimizing the mean square
displacement between the calculated and experimental/DFT derived properties with the aid

of a genetic algorithm [119].
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4.2  DFT calculations

The same DFT methods as used in Chapter 3 were used. The monovacancy
formation energy, surface energies, and the GSFEs for the pure Al atom were calculated
using first-principles DFT. In order to calculate the monovacancy formation energy, the
Brillouin zone was sampled using 4 x 4 x 4 mesh of k-points for the 32-atom cells. The
surface energies were calculated for the surfaces AI(001), Al(110), and Al(111) with the
system sizes of 36, 32, and 24 atoms respectively and the Brillouin zone was sampled using
4 x 4 x 1 k-point mesh. For each of these surfaces, a periodic system with a 15 A of vacuum
was created, resulting in the formation of two surfaces.

The GSFE surface was calculated for the Al(001) and Al(111) planes. For both, a
system of 48 atoms was used with 12 layers of 4 atoms each with 15 A of vacuum present.
In the AI(001) GSFE calculation, half of the atoms were displaced in the X[110] and
Y[110] directions, while for Al(111), the displacements were in the X[001] and Y[001]
directions, keeping the other half of atoms fixed as had been done previously [38]. A total
of ten positions along X and ten along the Y directions were sampled, mapping a total of
100 points. For each point, an energy minimization followed their displacement, allowing
the atoms to only relax in the Z direction (keeping X and Y positions all fixed). The
minimum energy path was then plotted along the X direction after mapping the full GSFEs
[131]. The maximum height of the minimum energy plot gives the energy barrier of the
shear displacement of the GSFE surfaces.

The binary systems had their elastic constants, surface energies, and the enthalpies
of mixing calculated using DFT. The elastic constants were calculated using a system size

of 64 atoms for TiAl, 24 atoms for TiAls and 24 atoms for TisAl with a 12 x 12 x 12 k-
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point mesh. To calculate the enthalpy of mixing, a TizAl system of 24 atoms, a TiAls
system of 32 atoms and a TiAl system of 32 atoms were used, each with a 4 x 4 x 4 k-point
mesh. For the surface energy calculations, 48, 44 and 72 atoms were used for TiAlI(001),
TiAI(110) and TiAl(111). In each of these systems, 15 A of vacuum were present normal
to the surface in consideration, and a k-point grid of 4 x 4 x 1 was used for all the cases.
The impact of spin-polarized calculations was investigated for all the systems, and it was
found that they did not have a significant impact on the structure and energetics of these
systems.

The GSFE calculations of the interfacial systems were carried out in previous work
[131]. The metal phase included 16 layers of 4 atoms (64 total metal atoms) with its (0001)
surface in contact with the (111) surface of 6 layers of TiN (48 total atoms) with the N
atoms oriented towards the Ti phase. As with the metal GSFE calculations, 15 A of vacuum
was present. The value of M describes the metal layer away from the TiN surface. Three
different system configurations were used for the GSFE calculations: a system with one Al
atom in the M=1 layer, a system with two atoms in the M=2 layer, and a system with 16
Al atoms (1/4 of the metal atoms), which were distributed based on a Monte Carlo
minimization scheme. The determination of the GSFE was carried out by displacing the
atoms along the X and Y planes in 10 increments each (see ref. [131] for the specific
directions and further details). The plan in which the displacement occurred was in between
the M=1 and M=2 surface layers in the metal phase, which has the lowest barrier for the

Ti/TiN interface.
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4.3  Calculation of properties from the MEAM model

The LAMMPS simulation software [133] was used to calculate all the MEAM
parameters. For Al, the lattice parameters, ratios of the energy of different crystal structures
(Ebcc/Efec) and (Encp/Efec), surface energies (Es) of various surfaces Al(001), Al(110),
Al(111), solid density (ps), elastic constants, and monovacancy formation energy (Evac)
were calculated. For all calculations except the solid density, energy minimizations were
carried out with the conjugate gradient method. The fcc system had 108 atoms, the hcp
system had 48 atoms, and the bcc system had 54 atoms. To calculate the monovacancy
formation energy for Al, one atom was removed from the fcc system of 108 atoms. The
elastic constant calculations were carried out for the fcc system with 108 atoms, and
systems with 72, 48, and 48 atoms were used for the calculation of surface energies of
AIl(001), Al(110), and Al(111) surfaces, respectively. To calculate the solid density for Al
metal, 20 ps of NPT simulations of a system with 500 atoms were carried out at 298 K and
1 atm using the Nosé-Hoover thermostat and barostat [134,135] with a timestep of 1 fs.

The enthalpy of mixing was calculated for TiAl, TiAl; and TizAl. The enthalpy of
mixing was calculated using a system of 128 atoms for TiAl, 64 atoms for TizAl and a
system of 64 atoms for TiAls. The surface energies were calculated using a system size of
72 atoms for both TiAI(001) and TiAl(100), 64 atoms for TiAl (110) and 54 atoms for TiAl
(111) surfaces. The elastic constants were calculated using 36 for TiAl, and 64 for both
TisAl and TiAls. For ternary systems, the enthalpy of mixing and lattice parameters were
calculated using 216 atoms for Ti.AIN and 40 for TisAIN. The surface energy for the
Ti2AIN(0001) hexagonal system was calculated using 32 atoms, and 40 atoms for

Ti2AIN(001), 80 atoms for Ti2AIN(110) and 112 for Ti2AIN(111) system. The elastic
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constants for the Ti2AIN and TisAIN systems were calculated using 96 atoms and 40 atoms,
respectively. The GSFEs were calculated using the same system sizes as used in DFT

calculations described in Section 4.3.

4.4  Large scale MD simulations

In this work, the orientation with the lowest energy found in previous work for
Ti/TiN was used [121]:  X|| [1120]ri|| [110]win ; Y| [1100]ri || [112]rinand Z || [0001]xi ||
[111]rin. The length of the X and Y dimensions were 16.1 nm and 27.9 nm respectively for
the Ti/TiN system in order to minimize the lattice mismatch between the metal and the
ceramic at the interface. Previous work also found that the interfacial energy was lowest
when a MDN was present on the Ti layer adjacent to the TiN interface, so that was the
configuration used in this study (see reference [162] for a detailed description of the
formation of dislocations). A total of 133100 atoms in the metal phase and 69984 Ti and
N atoms combined in the ceramic phase were used in the simulation.

A number of the Ti atoms in the metal phase were replaced with Al atoms giving
mol % ranging from 1 to 25%. It should be noted that 25% Al means that 25% of the
133100 Ti atoms in the metal phase are replaced (33275). To find the most likely
configuration for these atoms, a Monte Carlo (MC) scheme was developed as follows.

1) The Al atoms were placed randomly in the Ti metal phase excluding the top two
layers. An energy minimization followed.

2) Each MC move attempted to exchange 5 atoms (nexchange) using Rosenbluth
sampling to reduce the number of energy calculations required. The Ti and Al atoms that
were chosen for exchange included all atoms not present in the top two or bottom two

layers of the system.
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3) For each atom exchange attempt, a total of 10 (ntrial) trials were attempted. The

acceptance probability for each trial was carried out with the following probability.

. Pi
Prial = 5P (4.4)

where the sum of j is over ntrial. How each p; was determined will be described below.

4) After the nexchange exchange attempts were carried out, a single energy
minimization was carried out, and if the energy was lower than the energy before the
exchanges were attempted, then the entire MC move was accepted.

If the goal were to sample the system at a specific state (i.e., with a set temperature
and pressure), the biasing used for the trials would need to be accounted for in the final
acceptance. Since the goal is to find the minimum energy of the system (the most stable
configuration), this is not necessary. The pi values used to bias the trialed atomic exchanges
was generated by the identity of the 12 nearest neighbors around each atom type. For
instance, in bulk Ti doped with Al, there will be an average number of Al atoms
surrounding each Al atom, along with an average number of Ti surrounding the Al atom.
The biasing probabilities were constantly updated throughout the simulation based on
which attempted moves were accepted to better guide which exchanges were more likely
to lower the system’s energy. In essence, when a MC move was accepted, the environment
surrounding the exchanged Ti and Al atoms in the accepted configurations are used to
update pi. Figure 4-1 gives a representative configuration with 4 mol% of Al in Ti. As can
be observed, the Al atoms are distributed throughout the system, including the TiN phase

as well, albeit in a much lower concentration than in the Ti phase.
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Figure 4-1: Al doped Ti/TiN metal/ceramic system snapshot with 4 mol%.

4.6. Results and discussion

4.6.1. Pure Al metal

The parameters for the Al MEAM model developed for this work are shown in
Table 4-1. A comparison of the DFT calculated/experimental properties with values
obtained using an existing model (Lee model) [96] and the model developed for this work
are given in Table 4-2. The values for Ec and re for Al were taken from the experimental
values in the literature [163,164]. From Table 4-2, it can be observed that reasonable
agreement with experimental/DFT values was achieved with both MEAM models. The fcc
structure was found to be the most stable, and the correct order of the low index surface
energies was achieved for both models. Figure B-1 and Figure B-2 in the Appendix B
show detailed GSFEs of Al(001) and Al(110) surfaces calculated by DFT, the new MEAM
model, and the Lee model [96]. The 1D-GSFEs plotted as a function of position along the

x-axis is shown in Figure 4-2.



Table 4-1: MEAM potential parameters for Ti-Al-N

53

Ec rr A a pO pO O 0O D t®  t®  Crin  Crmax
ev) A
Al 336 143 089 447 215 462 701 00 182 -102 907 039 224
Tie 487 292 119 441 158 008 289 00016 555 679 -205 089 2.85
N° 488 110 1.80 596 275 400 400 400 005 100 000 200 280

#Reference [165]
bReference [105]

The new model overpredicts the DFT barrier height in the 1D-GSFE for both

surfaces, but only by a modest amount. It should be noted that better agreement with the

GSFEs could not be achieved without doing significantly worse on reproducing other

properties such as lattice constants, cohesive energy, and elastic constants.

Table 4-2: Comparison of the DFT calculated/experimental properties of Al with values
obtained using the Lee model [96] and the newly developed model in this work.

Property

Lattice parameters (A)

Evac (eV)

E, (111) (I/m?)
E, (100) (I/m?)
E, (110) (I/m?)

Elastic constants (GPa)

Cu
Cu2
Cua

ps (glem?)

Ebcc/ Efcc
Ehcp/ Efcc

DFT/expt value

1.148
1.366°
1.4332

1142
622
322

2.70°

0.971%
0.994%

12.1487
12.1487
12.1487

0.782 0.68°

New

model

12.150
12.150
12.150
1.046
0.874
1.069
1.254

95
60
32
2.697
0.9882
0.9975

Lee modeld

12.133
12.133
12.133
0.6788
0.6263
0.8545
0.9152

114

61

31
2.7182
0.9647
0.9912

4DFT calculated in this work.
Reference [166]
‘Reference [143]
dReference [96]
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Figure 4-2: Comparison of the 1D-GSFEs for pure Al from DFT, the new MEAM
model, and the Lee model along the (a) (001) and (b) (111) planes.

4.6.2. Mixed Systems

The binary parameters for TiAl, TisAl, and TiAlz were fit to several properties,
including enthalpies of mixing, elastic constants, and surface energies. Table 4-3 and
Table 4-4 show the values of the binary and ternary parameters obtained in the present
work, respectively, while the Ti-N binary parameters have been taken from our previous
work [121]. The DFT and the MEAM calculated values of various properties of binary and
ternary Ti-Al-N systems using the present model are presented in Table 4-5 and Table 4-6.
Reasonable agreement between the model and DFT/experimental results are obtained for
the properties of TiAl and Ti-Al-N systems. It should be noted that in addition to these
properties, a major focus of the parameterization was to reproduce GSFEs for Al doped Ti

and Ti/TiN.



Table 4-3: MEAM potential parameters for the binary systems (x-y). In any pair, the
first element is denoted by x, and the second element is denoted by y.

Parameters (x-y) pair

Ti-Al N-Al Ti-N2
Reference b2 bl bl
state
Ec (x,y) (eV) 4.8436 6.53 6.6139
re (x, y) (A) 3.023 1.6258 2.1195
a (X, Y) 4.022 6.8183 4.7225
Chin (X, X, Y) 2.0 0.7183 0.4263
Chin (¥, Y, X) 1.4088 0.3414 1.0733
Chin (X, Y, X) 0.055 0.8582 1.5
Chmin (X, Y, ) 0.9356 1.1618 1.5
Cmax (X, X, Y) 4.0 3.3405 2.0328
Crax (Y, ¥, X) 2.1333 2.5308 1.7998
Cmax (X, Y, X) 2.6437 3.2418 2.4073
Cmax (X, Y, Y) 2.9925 3.9408 2.3557

®Reference [121]

Table 4-4: MEAM potential parameters for the Ti-Al-N ternary system

Parameters Value
Chmin (Ti, Al, N) 0.0848
Chmin (Ti, N, Al) 1.2438
Cmin (Al, N, Ti) 1.5301
Cmax (Ti, Al, N) 2.517

Cmax (Ti, N, Al) 2.4209

Crax (Al, N, Ti) 3.1322
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Table 4-5: Values of the properties of the TiAl binary model compared with the

experimental/DFT results.

Property System Expt/DFT New Model Lee Modelf
AH ;. (eV/atom)  TiAl -0.2582 -0.237 -0.141
TizAl -0.2792 -0.313 -0.029

TiAlz -0.3982 -0.435 -0.163

Elastic Constants ~ TiAl  Cu 187° 192 190
(GPa) Ci2 74.8 83 67
Ci3 74.8 111 133

Cas 182 224 234

Cas 109 172 86

Ces 81.2 52 52

TisAl Cu 183.2°¢ 241 200

Cr2 89.0 95 107

Ci3 62.6 56 91

Cs3 225.1 286 238

Cas 64.1 67 45

Ces 47.1 73 46

TiAl;  Cn 217.7¢ 202 152

Cr 57.7 105 138

Ci3 455 90 116

Cas 2175 188 154

Cus 92 100 71

Ces 116.5 143 87

Es (J/m?) TiAl  (001) 2.16° 1.92 2.43
(110) 1.64¢ 0.64 1.80

(111) 1.79° 1.00 1.98

(100) 2.03¢ 1.75 2.09

4Reference [167]

bReference [168]

‘Reference [169]

dReference [170]

*DFT calculated in this work
'Reference [96]



Table 4-6: Values of the properties of the TIAIN ternary model compared with the

experimental/DFT results
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Property System Expt/DFT New
Model
Lattice Ti2AIN (hexagonal) 8.98 8.90
parameters 7.77 7.71
40.83 41.34
8.22 8.20
TIAIN (ubi 22 220
AH iy (€V) Ti2AIN(hexagonal) -1.32 -1.21
TisAIN (cubic)
-1.00 -1.14
Elastic constants  Ti>AIN(hexagonal) Cn 305 234
(GPa) Ci2 67 96
Cas 93 105
Cs3 281 322
Cus 123 109
Ces 119 69
TisAIN (cubic) Cit 202 335
Ci2 144 55
Cis - -
Css - -
Caa 60 177
Ces -
Es (J/m?) TisAIN (cubic) (001) 1.69" 1.76
(110) 2.32 2.12
(1112) 1.83 1.95
Ti2AIN (hexagonal) (0001) 2.208* 1.87

Previous work showed that with two Al atoms in adjacent layers of bulk Ti the

lattice had the lowest enthalpy of mixing [131]. Furthermore, GSFEs from this work

showed a significant increase in barrier height for this configuration, so it was a focus on
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parameterization for the new model. Figure 4-3 gives a snapshot of the system in which
the GSFE was extracted, along with the associated 1D-GSFE (See Figure B-3 in the
Appendix B for the full GSFE). The plane in which the GSFE was calculated is between
the two Al atoms in the X and Z directions in Figure 4-3a. The 1D-GSFE has a complex
structure than the ones extracted from pure phases, but the new model does a reasonable

job of reproducing it.

0.5 —e—DFT
—o— New model
—o— Lee model
0.4 -
NE 0.3 1
=
=
0.2 -
0.1 1
0-0 T T T 1 1 T
1] 1 2 3 4 5 6

X(A)
(b)

Figure 4-3: (a) Snapshot of the Al (red atoms) and Ti (gray atoms) used to calculate

the GSFE. (b) Comparison of DFT, the new model and the Lee model [96] 1D-GSFE
for this system.

For a low concentration doping of, the substitutional dopant atoms were added at
different layers of the Ti/TiN interfaces. Figure 4-4 shows comparisons of the 1D-GSFEs
between the M=1 and M=2 metal layers for the Al doped Ti/TiN interfacial systems from
DFT and the new model. The three systems are those with a single Al atom (Figure 4-4),

two Al atoms (Figure 4-4b), and 16 Al atoms, or 25% of the metal atoms (Figure 4-4c).
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The full GSFEs for these systems, along with snapshots of their structures, are given in
Figure B-4, Figure B-5, and Figure B-6 in the Appendix B. The agreement between the
DFT and MEAM s not particularly good for the system with one Al atom but is
significantly better for two systems with two or more Al atoms in them. This was due to
our greater emphasis being placed on systems with more Al atoms than the one with only
one Al atom in the MEAM parameterization strategy. There is reasonable agreement
between the new model and DFT for the system with two Al atoms, while the agreement
for the system with 16 Al atoms is particularly good. Overall, the new model somewhat
underestimates the 1D-GSFE barrier, but agreement improves with higher Al

concentration, in which the barrier heights increase to a value of approximately 0.28 J/m?.

0.30 030 —=—DFIT
0.30 —e+— New model
0.25 0.251 —=—DFT
—e— New Model 0.254
~ 020 ——DFT - 0.201
NE +— New model NE N; 0.20
0.154 .
= = —\ /"\ = 0154 / \
/ \ =
= 0.0 / / =
// 0,10 /
0,05
0.05+ \
0.00 —— 0.00 — ———— ‘ 0.00
00 05 1.0 15 20 25 3 00 05 1.0 15 20 25 30 -

00 05 1.0 00 25 30

X(A) X(A) X(A)
() (b) (©)

Figure 4-4: Comparison of the 1D-GSFE for Ti/TiN with (a) 1 Al atom in the M=1
layer (b) 2 Al atoms in the M=2 layer (c) 16 Al atoms extracted from MC
calculations.

4.6. Large scale simulation

4.7.1. Structure and Stability

The purpose of the MC simulations was to find low energy configurations for high
concentrations. As stated before, the most stable structure for Ti/TiN is with an MDN in

the M=2 layer (or the second metal layer from the TiN phase). Because of this, all large-
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scale simulations included an MDN here. Figure 4-5a shows the energy with respect to
MC step for the different systems studied, showing a rapid initial decrease in energy
followed by a slower one. The rate at which the decrease in energy occurs increases
significantly at higher Al concentrations, but after 5000 steps, it appears fairly stable as a
function of step in all cases. The plot is of total energy, which is generally higher with a
larger Al concentration due to its lower cohesive energy. To compare the stability of the
different systems, the enthalpy of mixing is a better measure, which is calculated as follows
when there are n Al atoms exchanged with Ti atoms,

AHpix = Eqoped — Eundoped + NETi — NEyj (4.5)
where Eundoped 1S the Ti/TIN system, and the Eal and Eri systems are the bulk Al and Ti
systems, respectively. Figure 4-5b gives the enthalpy of mixing as a function of Al
concentration after the 5000 MC steps were completed for each system. Unlike the total
system energy, the enthalpy decreases with increasing Al concentration until 25 mol % is

reached, after which it increases.
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Figure 4-5: (a) Plot of the total energy with respect to MC step (b) Enthalpy of
mixing of various Al doped Ti/TiN metal/ceramic systems (c) Aluminum
concentration in each layer of Ti/TiN system with the snapshot below the figure
shows the position of each layer.

To demonstrate the distribution of Al atoms at the doped Ti/TiN interface, Figure
4-5c gives the relative Al concentration as a function of position with respect to the
interface. Layer one is the metal layer immediately next to the TiN phase coinciding with
the snapshot at the bottom of the Figure 4-5(c). A value of 1.0 in Al conc. represent the
overall average Al concentration with respect to all of the Ti atoms in the system. So, if the
Al atoms are evenly distributed, there will be a value of 1.0 throughout at any mol % of Al.
From MC simulations, it was observed that For the system with 1 mol % Al, there is

essentially zero Al atoms in the TiN phase or in the metal layer adjacent to the TiN surface,
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while the most likely position to find one is in layer two. This is consistent with previous
DFT calculations when one or two Al atoms were present [131]. At all higher Al
concentrations, the probability to find Al atoms in layer two become lower than in bulk Ti,
showing that the higher Al concentration in layer two is only present for the lowest
concentrations. Al atoms do not significantly accumulate in layer one or in the TiN phase
until 4 mol % is reached, showing that this is also a consequence of higher concentrations.

4.7.2. Interfacial Shear

The shear strength was calculated by using a stress-controlled shear loading with
quasi-static loading applied in the X direction, as used previously in Chapter 3 [34]. The
method used incremental deformation gradients separately applied to the metal and ceramic
phase, which were implemented in the X || [1120]+i|| [110]in direction, followed by energy
minimization at fixed deformation. Figure 4-6a shows the plot of shear stress in the various
Al doped Ti/TiN systems as a function of iteration step of the quasi-static loading
procedure. The results for the undoped system are taken from previous work [121], which
has an extremely low shear strength that is reached with a handful of iteration steps. With
increased doping, it takes more iteration steps to reach plastic behavior, with the maximum,
or close to maximum, shear stress reached within 500 steps. To better compare how Al
concentration impacts shear stress, Figure 4-6b shows the maximum shear stress as a
function of Al concentration. The value for the undoped system is very small, almost
unimpeded due to the presence of the MDN and the low GSFE barrier near the Ti/TiN
interface [121]. When the Al concentration is increased slightly, the shear stress increases
a substantial amount, to over 150 MPa, increasing at an almost linear rate with higher Al

mol % until the strength is greater than 1 GPa at 25 Al mol %.
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To determine specifically where shear failure occurs, the displacement was
calculated as a function of percent strain for each layer near the metal/ceramic interface.
Specifically, the displacement difference between adjacent layers was calculated, which is
shown in Figure 4-7 for the undoped interface, the system with 4 Al mol % and the system
with 25%. All the systems were displaced up to the displacement value of 10 A. It was
observed that as the concentration of Al atoms increased, the displacement of dislocations
does not restrict to their plane but extends across layers indicating the formation of

dislocation jogs.
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Figure 4-6: (a) Plots of shear stress versus iteration step, and (b) of maximum shear
stress achieved for the different Al concentrations in Ti/TiN interfacial systems.

The jogs serve as strong pinning point to the motion of MDN [34] and hence they
do not move easily in response to loading. The pinning effect of jogs result in increased

interfacial shear strength.



64

Displacement(A)
- 10.00

P2 4 mol% Al 2 25 mol% Al

0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.08 0.00 0.04 0.08 0.12
% strain % strain % strain

Figure 4-7: Snapshots of displacement for various layers of Al doped Ti/TiN
surfaces

As shear failure occurs between the second and third layers, we investigated the
structure of the system in the first two metal layers next to the ceramic, along with the
ceramic phase. It can be observed from Figure 4-8(top) that the increase in the doping
concentration of Al atoms resulted in the formation of more constricted nodes. More
constricted nodes resulted in the higher GSFE barrier. The alloying or doping Al atoms
made the plastic deformation difficult by impeding the dislocation motion through creation
of local strain fields that were created due to the alloying elements interacting with the

dislocations.
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Undoped Ti/TiN 4% Al doped Ti/TiN 25% Al doped Ti/TiN

T G

Figure 4-8 (top) Snapshots of various Al doped Ti/TiN surfaces with green
representing fcc, red hcp, and gray neither. (bottom) Dislocation and Burgers vector
analysis of various Al doped Ti/TiN systems. Black arrows indicate Burgers vectors,
blue lines indicate an edge type dislocation and red line indicate a screw type
dislocation.

Also, the phenomenon of solid solution strengthening is realized by addition of Al
into Ti/TiN metal ceramic system where the local strain fields of the alloying Al atoms in
the host Ti matrix interact with the dislocations and provide resistance to the dislocation
motion [171]. Such increase in the critical resolved shear stress due to the presence of Al
atoms has been observed in Mg based alloys [172]. Solute Al atoms strengthened Ti over
the concentration range of 0 to 15 atm % [173].

In addition, it has been observed that as the concentration of Al increased, non-
planar screw dislocations were manifested as observed from Figure 4-8 (bottom), which
further impedes the motion of dislocations making the shear strength increased by an order

of magnitude at 25% doping as compared to the undoped system [174,175].



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Although systematic studies of metal/ceramic interfaces began during early 1960s,
a complete understanding of the relationship between interface chemistry and mechanical
behavior is still unclear [3,176]. The subject of metal/ceramic interfaces is currently under
extensive research.

We parametrized new MEAM interatomic potentials to study stability and shear
strength of various metal/ceramic interfaces. The new potential expanded upon our
previous work on TiN to parameterize new interactions for Cr, CrTi, CrN, and CrTiN. We
fit to experimental and density function theory derived thermodynamic, mechanical, and
interfacial properties. In particular, we focused on reproducing the GSFE for Cr/TiN and
Ti/TiN interfacial systems, since they were found to be important for describing the
formation and stability of MDNs. Using the new MEAM model, large scale MD
simulations were used to determine the impact of MDN position on the stability and
resistance to shear for the Cr/TiN interface.

When the MDN was located adjacent to the chemical interface, it had the largest
dislocation cores and the lowest interfacial energy. The larger dislocation nodes led to the
lowest shear strength, and for this particular system, a significant plastic deformation
region was present. As the MDN was moved farther away from the Cr/TiN interface, the

interfacial core width decreased, the interfacial energy increased, and the shear strength
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increased. For all systems studied, shear failure occurred in the ceramic phase, between the
first and second TiN layers form the Cr/TiN interface.

In addition to the presence of MDNSs, the impact of the presence of alloying dopant
atoms, such as Al, on the shear strength of Ti/TiN metal/ceramic interface was studied. A
new interatomic MEAM potential for the ternary Ti-Al-N system was developed to study
the impact of doping on the interfacial strength of Ti/TiN metal/ceramic interfaces. We fit
to experimental and DFT derived thermodynamic, mechanical, and interfacial properties.
In particular, we focused on reproducing the GSFE for various Al doped bulk Tiand Ti/TiN
interfacial systems, since they were found to be important for describing the formation and
stability of MDNs. The Ti metal was doped with various amounts of Al and the stability of
the systems was then studied. It was observed, from our earlier DFT studies, that the most
stable system was 25% Al doped Ti/TiN metal/ceramic system. The maximum shear stress
increased from about 200 MPa to almost 1 GPa for the 25% Al doped Ti/TiN metal/ceramic

system without much plastic deformation.

5.1 Future work

In view of an array of applications of the metal/ceramic interfaces, it is likely to
remain a prolific area of collaborative research. Some future work can be done to improve
the interatomic potentials to accurately describe the complex chemical bonding at the
interface. More reliable interatomic potentials can be developed using machine-learning
based interatomic potential approach [177]. The methods developed in this work can be

extended to a number of research areas based on interfaces.
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5.1.1 Complex concentrated alloys

High Entropy Alloys (HEAs) are alloys having multiple principal alloying
elements, often in near-equiatomic ratios [178]. They are alloys with multiple elements
mixed in high mole fractions usually between 5% and 35% [179]. They, therefore, differ
from the classical engineering alloys in the sense that they do not have one majority
component with minority additions. The high configurational entropy of mixing of these
HEASs results in stabilizing single phase solid-solution phases over the intermetallic phases.
As aresult, HEAs exhibit microstructural stability as well as a number of unique properties
arising from their complex compositions [178]. However, the definition of HEAs was
restricted to alloys with 5 or more principal elements that excluded the results of new alloy
systems based solely on the number of elements. Hence, it was concluded that the HEA
field was too broad to be described by a single definition, and the new term complex
concentrated alloys (CCAs) was introduced [180]. The term is more inclusive that focus
on concentrated alloys having no single dominant element. They therefore further spread
out the HEA field by including concentrated ternary and quaternary alloys as well. They
allow elemental concentrations in excess of 35 atomic percent and include single-phase
intermetallic alloys and alloys with any number of solid solution and intermetallic phases
[179].

CCAs exhibit superior mechanical properties such as high yield strength and
ductility, good thermal stability, and creep resistance because of their highly disordered
lattice structure. However, not much research has been carried out to design CCAs with
multiple properties required for specific applications. For instance, enhanced high-cycle-

fatigue (HCF) resistance and processability are two important properties in the advanced
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manufacturing (AM) process, in addition to ductility and wear resistance. In order to design
CCAs that meet such multi-criteria target specifications and establish a structure-property
relationship in these multicomponent materials, a multivariable mapping in the hyper-
dimensional compositional space is required. There are 67 stable metallic elements. The
unique combination of these 67 elements taken three at a time give 47,905 ternary alloys,
taken four at a time give 766,480 quaternary bases and more than 110 million new alloy
bases with 3, 4, 5, or 6 principal elements [181]. This compositional space is vast consisting
of almost 107 possibilities. One solution to this complex problem is Machine-Learning
(ML)-guided materials design which is commercially available and can accelerate the
search for AM-processable CCAs. It helps in an efficient search for candidate alloys in a
compositional space extending from single principal element alloys to multi-component
CCA:s. The most significant stage of the ML-guided material design is generating data that
can be used for initial training of ML models. DFT based calculations can be performed to
predict the CCAs suitable for AM processes. However, the DFT calculations, although
reliable, are computationally expensive and limited to small systems and a small number
of configurations.

Large scale atomistic simulation techniques based on semi-empirical interatomic
potential can be employed depending upon the availability of reliable interatomic potentials
[182]. In this respect, 2NN-MEAM potential can be employed since all the constituent
alloying elements can be described using one common formalism. MEAM models are far
less expensive than DFT, however, parameterizing them for multicomponent alloy systems
can be tedious. A number of interatomic potentials for the binary alloy systems have been

developed using 2NN-MEAM that can be utilized for atomistic simulation of
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multicomponent alloy systems [97,98,183-185]. Recently, the material phenomena such
as sluggish diffusion and micro-twinning at cryogenic temperatures were studied for
equiatomic CoCrFeMnNi HEA along with the impact of individual elements on solid
solution hardening using 2NN-MEAM model [182].

Based on the above considerations, some future work can focus on development of
a 2NN-MEAM maodel for CCAs based on 3d transition metal elements (Ni, Co, Cu, and
Cr). Such newly developed MEAM models may accelerate the data generation for initial

training of ML models.
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Figure A- 1. GSFE curves of the Cr along (110) plane calculated using (a) DFT, (b)
MEAM model (c) Lee model (d) Comparison of minimum energy path (1-D GSFE)
for pure Cr along (110) plane
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Figure A- 2: Plot of the displacement per layer per iteration step for (a) M=2, (b)
M=3 and (c) M=4 layers.
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Figure B- 1: GSFE curves of the Al(001) calculated using (a) DFT, (b) MEAM
model (c) Lee model
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Figure B- 2: GSFE curves of the Al(111) calculated using (a) DFT, (b) MEAM
model (c) Lee model
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Figure B- 3: 2D GSFE plots of the Al doped bulk Ti using (a) DFT, (b) MEAM
model and (c) Lee model.
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Figure B- 4: 2D GSFE plots of the Ti/TiN system with 1 Al atom in M =2 layer
using (a) DFT and (b) new MEAM model.
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Figure B- 5: 2D GSFE plots of the Ti/TiN system with 2 Al atoms in M =2 layer
using (a) DFT and (b) new MEAM model.
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Figure B- 6: 2D GSFE plots of the Ti/TiN system with 16 Al atoms using (a) DFT
and (b)new MEAM model.
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