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ABSTRACT

Improvement in material properties as a result of grain size refinement to the nanoscale is often
limited by an inherent tendency of these nanostructured materials to coarsen especially at the
high temperatures required for processing. The structural instability stems from a large volume
fraction of grain boundaries that carry an intrinsic energy penalty, but can be overcome by a
consideration of the thermodynamics-based mechanism of interface energy relief via alloying.
Suitable alloying conditions can provide a solute segregated grain boundary configuration that
enables a nanostructured alloy to become the system’s most energetically preferable state. A
thermodynamics-based Monte Carlo method that captures the physics of regular solution mixing
and grain boundary segregation in nanostructured alloys is developed and used to study the
energetics and equilibrium structures of binary alloys. Our simulation is used to identify the
alloying elements with preferable interface stabilizing capability appropriate for the high-
temperature sintering requirement for powder-route nanocrystalline tungsten. Based on both
alloy simulation and consideration of material properties, titanium is selected as a suitable
alloying element. Nanocrystalline tungsten alloys with 0-20 atomic percent titanium content are
produced by high-energy ball milling and tested at the expected sintering temperature of 1100°C.
With an addition of 20 atomic percent titanium, nanocrystalline tungsten shows retention of
nanoscale grain size after a one-week equilibration at 1100°C. Scanning transmission electron
microscopy and atom probe tomography techniques reveal a heterogeneous distribution of
titanium in the alloy with enhanced grain stability, which contradicts the expectation of a
uniform solid solution by conventional bulk thermodynamics but is explicitly predicted by the
alloy simulation when grain boundaries are included as possible equilibrium states. The
segregation profiles from the experimental characterizations and simulated results show
depletion of titanium from tungsten grain centers and enrichment of titanium well above the
nominal concentration in the grain boundary vicinity in a form of complex segregation state.
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EDS map and the APT results, but shown in black on the right-hand side in order to
compare to the STEM contrast. A heterogeneous distribution of Ti is confirmed by
all three independent methods. The Ti composition line scans from (d) the STEM-
EDS method, (e) atom probe tomography, and (f) Monte Carlo alloy simulation all
reveal a similar segregation profile, with the fluctuation up to about 60 at.% and a
periodicity comparable to the average tungsten grain size of around 20 nm. Ti atoms
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Chapter 1: Introduction

1.1. Nanocrystalline metals: properties and opportunities

Refinement of grain size to the nanometer scale can enhance properties of metals
compared to their coarse grained counterparts, and in some cases provide us with an ability to
control their properties via careful structural design. As the grain size is reduced below 100 nm,
material behaviors tend to change drastically with the change in grain size and many interesting
physical phenomena have been observed. For instance, the Hall-Petch relation describes a strong
correlation between reduction in grain size and increase in strength and hardness of metals, and
the studies of nanocrystalline Ni alloys show the obtainable maximum strength from the average
grain size on the order of tens of nanometers, as shown in Figure 1.1(a) [1-3]. In addition to high
strength and hardness, improvements accompanying structural refinement have been observed in
nanostructured metals, both in the mechanical sense including superplasticity and better wear
resistance, and also in other areas of applications such as increased thermoelectric figure of
merit, high electrical conductivity, influence on magnetic properties and improved corrosion
resistance [4-9]. These behaviors may result from the high volume fraction of grain boundaries

and therefore different interface-dominated physics that emerge on the nanometer length scale.
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Figure 1.1: Property enhancement as a result of nanostructuring in metals. (a) Improved
hardness with grain size refinement in nanocrystalline Ni alloys [1]. (b) Adiabatic shear
banding in nanostructured W [10].

One implication of the high interface or defect content is a possible change in
deformation mechanism, with many interesting deformation behaviors reported in particular in

body centered cubic (BCC) nanocrystalline metals. For instance, strain rate sensitivity is
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suppressed in ultrafine grained BCC metals but increases in ultrafine grained face centered cubic
(FCC) metals [11]. When deformed, some nanocrystalline BCC metals can exhibit localized
deformation, or shear localization, instead of uniform plastic deformation or axial cracking,
especially at high rate loading. Examples include the shear bands observed in nanostructured iron
under compression, and in nanostructured vanadium under dynamic loading [12-15].
Furthermore, there is evidence of shear localization and adiabatic shear banding in
nanostructured tungsten under uniaxial dynamic compression, as shown in Figure 1.1(b). This
tungsten, which was produced by severe plastic deformation, has a remarkably high strength

with a maximum hardness of 11 GPa measured locally [10, 16, 17].

Tungsten and many BCC metals are refractory metals with extremely high melting
temperature as well as high strength and density even in their coarse grained structure. The
comparison of tensile strength and density in Figure 1.2 identifies tungsten as one of the
strongest metals in pure form. In addition, with appreciable strength and yield point retention at
high temperatures, it has the highest tensile strength of all pure metals above 1650°C, high creep
resistance, the highest melting point among pure metals (3422°C) and also low vapor pressure
[18, 19]. Because of its intrinsically high density and strength, tungsten is a potential
replacement for the chemically toxic depleted uranium in kinetic energy penetrator applications,
given that certain behaviors such as shear localization, low strain rate sensitivity, and self-
sharpening characteristics under impact loading can be attained. Although coarse grained
tungsten does not exhibit shear localization under high rate loading, nanocrystalline BCC metals
have a strong tendency to do so. Nanostructuring tungsten could induce these behaviors and in
general is a direction worth exploring for high strength and high temperature applications. In
order to do so, an important problem to first address is the nanostructure’s stability against

coarsening, especially at high temperatures required for processing and also usage.
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Figure 1.2: Tensile strength and density of pure metals (data from [20, 21]).

1.2. Nanostructure stability against coarsening

Even though their large volume fraction of grain boundaries gives rise to interesting

behaviors in nanocrystalline materials, these so-called defect structures exist in a relatively high

energy state compared to the regular crystalline arrangement in the grain interior.

Nanocrystalline materials are generally unstable, and many undergo grain coarsening at room

temperature or low homologous temperatures of less than 0.3 in pure form [22, 23]. Figure 1.3

shows an example of room-temperature grain coarsening in nanocrystalline palladium. After a

day, the average grain size suffers a five-fold increase. The grain structure completely transforms

from nanocrystalline to microcrystalline after two months at ambient temperature.

(a)

60
55 FIf
50

vol [n ]
& &
(=

w
un
T T

grain size <L>
(=]
(=]

— 0.18

0.16

0.14

0.12

0.10

0.08

o
g

(%]

0.04

0.02

0 2 4 6 8 10 12 14 16 18 20 22 24
time ¢ [h]

7 UlRNSOIIIW

suL

(b)

Figure 1.3: Room-temperature grain coarsening observed in nanocrystalline Pd after (a)

one day and (b) two months [23].
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As a result, even though nanoscale grain sizes can be fairly easily achieved by various
processing methods, these fine grain structures and their associated enhanced properties can be
short-lived, thus preventing nanocrystalline materials from large-scale batch processing or full
deployment. Processing methods for metals, especially those that are refractory, often involve
high temperature to induce malleability, interdiffusion, or even melting, for example during
shape forming, joining, casting, or heat treatment. Powder-route processing allows materials to
be processed entirely in the solid state at milder temperatures and is a good candidate for
nanocrystalline metal processing. Nevertheless, a high-temperature consolidation step is still
required to sinter power particulates into a bulk form. Grain growth, reported to be significant
above 1400°C in coarse grained tungsten [24], and in some cases recrystallization reportedly
around 1700°C [25], should be taken as the main considerations. In its usual coarse grained
form, tungsten powder can be sintered in the temperature range of 1100-1600°C [24, 26, 27].
Although the sintering mechanism and the resulting temperature cycle requirement could be
different when the grain size is refined to the nanoscale, practical nanocrystalline tungsten should
be able to resist grain coarsening at least at 1100°C in anticipation of high-temperature powder

sintering.

1.3. Structural stabilization and control via alloying and grain boundary segregation

Conventional strategies for grain growth inhibition can be divided into two general
categories, namely kinetics-based and thermodynamics-based approaches. The kinetics based
approach relies on temporarily trapping structures in an unstable or metastable state; grain
boundaries are pinned and their mobility is reduced. This approach includes porosity drag,
second phase drag, solute drag, and chemical ordering. Since the driving force for grain growth
is still present, these kinetically stabilized structures are still prone to coarsening. And also more

importantly, there is generally a lack of well-established structural control in this method.

On the other hand, the thermodynamics based approach eliminates the driving force for
grain growth by creating a special configuration which allows grain boundaries and
nanostructured grains to become the system’s ground state [28-33]. The interface stabilizing
mechanism essentially stems from thermodynamic principles and there is growing cxperimental
evidence that the stability observed in some nanocrystalline metals may surpass what would be

expected from a kinetics-based mechanism. From a thermodynamic perspective, a minority
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element can be selected such that it preferentially segregates to grain boundaries, where it can
exist in a lower energy state compared to the grain interior, and in turn relieve the energy penalty
of these interfaces. The driving force for coarsening is therefore reduced or in ideal cases

completely eliminated.

From a viewpoint of thermodynamic energy minimization, the system free energy of a

polycrystal at a constant temperature and pressure can be written as:
G = ZuN; + YA (1.1)

where N is the number of atoms of chemical type ‘i” with the chemical potential p;, and 4 is the
total grain boundary area with the associated energy of y per unit area. A stable grain structure

can be achieved when the derivative of the free energy with respect to the change in total grain

dc

boundary area, - is zero. This requires a reduction in the grain boundary energy penalty by an

alloying element via:
Y(X,T) = yo — I'(AH®®& + kTInX), (1.2)

where v and y, are the grain boundary energies of alloyed and unalloyed materials, respectively,
I is the specific solute excess at the grain boundaries, AH5€ is the dilute-limit enthalpy of grain
boundary segregation, k is the Boltzmann constant, 7 is the absolute system temperature, and X
is the global solute content. According to Equation (1.2), grain boundary energetics, and
therefore nanostructure stability, can be modified via the concentration and characteristics of
alloying elements and the effective grain boundary energy after alloying is dictated by the added

solute content.

Alloying thus allows the grain boundary energy penalty to be lowered in a controllable
manner. As the grain size gets smaller, the free energy of the system rises due to the increase in
the total grain boundary area, 4. However, by alloying there is a fraction of grain boundaries
that can exist without an energy penalty. These “stabilized” grain boundaries do not contribute to
the increase in system energy and in some cases help reduce it. When the two effects are
combined, there 1s a minimum in free energy at a certain average grain size such that the overall
grain structure can exist in a stable state. As the average grain size fluctuates away from this
minimum, the free energy increases and overall grain growth or shrinkage becomes energetically

unfavorable. This equilibrium grain size is controlled by the fraction of stabilized grain
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boundaries and the alloying composition. Consequently, an implication of this concept is that
retention of nanoscale grain size should indeed be possible by alloying. Figure 1.4 shows
experimental evidence of alloying on stabilizing a nanoscale grain structure in Ni alloys.
Nanocrystalline Ni with similar initial grain size suffers grain coarsening in the pure form while
maintaining the grain structure at high temperature with an addition of the alloying element W.
Beyond grain structure stabilization, microstructural design and property optimization become
possible using this alloy stabilization concept. Examples include nanocrystalline Ni-W with grain

sizes that can be controlled via the composition of W [1].

50 nm 50 nm

Figure 1.4: Effects of alloying on the high-temperature evolution of grain structures.
Unalloyed and alloyed nanocrystalline Ni with similar initial grain sizes (A and C)
display completely different behaviors when subjected to high temperature. For the same
duration of 30 minutes, the Ni-W alloy can retain the nanoscale grain size at 600°C (D),
whereas the unalloyed Ni shows significant grain growth even at a much lower
temperature of 300°C (B) [34].

There are several considerations for the selection of an appropriate alloying element for
nanostructure stabilization. For the alloying element to be able to segregate to grain boundaries
and lower the grain boundary energy, a large atomic size difference between the host metal and

the alloying element is generally preferable; High elastic strain energy would induce the alloying
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element to accommodate the strain energy by segregating to the relatively loosely packed grain
boundaries instead of staying in the crystal interior. One concern about adding a solute is grain
boundary embrittlement. Certain elements such as nonmetals are known to cause grain
boundaries to become brittle and therefore our choices are focused on metallic elements. In
particular, transition metals are good candidates since they do not necessarily promote
intergranular fracture. Formation of intermetallic compounds or precipitates can complicate the
grain boundary segregation behaviors by abruptly reducing the solute content available in the
general crystal vicinity and in some cases can trigger abrupt or abnormal grain growth. In order
to ensure that there is a sufficient amount of solute and that a reduction of grain boundary energy
is possible by grain boundary segregation, tungsten based binary systems with no intermetallic

phase will be examined preferentially here.

1.4. Problem statement and structure of thesis

This thesis is aimed at investigating structural engineering of nanostructured alloys with
an emphasis on the structural stability of nanocrystalline tungsten. The research approach is to
establish a strategy for structural stabilization against grain coarsening, a processing method for
nanocrystalline tungsten, and also characterization methods of grain and chemical structures. The
high-temperature structural evolution in nanocrystalline tungsten will be addressed in order to be
able to understand their behaviors and instabilities, especially through atomic rearrangement and
structural relaxation. The distribution of solute atoms should be investigated to verify if the
mechanism is indeed solute segregation. This thesis is organized into three main parts to address

the posed research questions.

e Chapter 2: A thermodynamics based simulation method is established and theoretical
understandings of nanostructured alloy behaviors are explored to gain more insights on the
principles of grain structure stabilization. This simulation method is subsequently used
throughout the rest of the thesis to help appreciate and understand the concepts and experimental
results that follow.

e Chapter 3: The process of material synthesis begins with the developments of alloying
element selection scheme and material processing method, and is supplemented by an

introduction of the characterization methods of grain and chemical structures. Nanocrystalline
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tungsten alloys are synthesized and the as-processed structures are characterized. Alloys with a
range of solute compositions are synthesized in order to study solute effects on thermal stability.
e Chapters 4 and 5: Thermal stability of nanocrystalline tungsten alloys is examined in
detail. The processed powder is tested for grain structure stability at the temperatures required
for sintering. Post-annealing structures are studied to gain more understanding of the grain size

distribution and chemical segregation state.
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Chapter 2: Monte Carlo simulations of nanostructure behaviors

2.1. Understanding nanostructure behaviors via alloy thermodynamics

Alloying has been identified as a means of stabilizing grain structures, and many
researchers have proposed that such stability can in fact result from actual thermodynamic
energy minimization rather than merely introducing a kinetic barrier [1, 28, 30-32, 35-38]. The
basis of alloy stabilization can be understood from the standpoint of interface and mixing
thermodynamics. Based on the free energy expression of polycrystalline alloys in Equation (1.1),
a stable grain structure can be achieved when the derivative of the free energy with respect to the

change in total grain boundary area, expressed below, is zero.

dG _ d(ZpNy)
7 T s +A +y 2.1

For pure materials, the free energy is G = UN + Yy4, and the derivative is simply Z_j = Yp. AS

a result, the system free energy can be lowered by decreasing the total grain boundary area until
the grain structure is completely coarsened. On the other hand, for alloyed materials the

derivative can be further expanded to:

96 _ dEwN)dXe | 4 dv dXe
dA~  dx. d4 +AdXC da Ty (2:2)

where X; is the solute concentration in crystal, or the grain interior.

The derivative 3—j evaluates differently in open and closed systems. For open systems, the

grain interior concentration X; is kept constant and therefore j—j = v. Both of these terms, 30 and
¥, have units of energy per unit area, and both have been called “grain boundary energy” in the
literature. For open systems this is appropriate given their equivalence. However, for closed
systems these quantities are not equal, and thus different nomenclature is required. Terms such as

“open-system grain boundary energy” or “grain boundary formation energy” are appropriate for

v, and in a closed system it has been pointed out that this quantity can even be negative for some

grain bouhdary solute segregation states [28, 32, 35, 37, 39-41]. The quantity Z—j is the more

. e o o . dG
important term for identifying an equilibrium grain size, which occurs when Vi 0 but not
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necessarily when v = 0. We call j—i— the “grain boundary area potential”, and for a dilute

polycrystalline alloy this parameter can be expressed as a function of solute characteristics and

concentration by combining Equations (1.2) and (2.1) as:

dG d(ZpiNi) dr
== ;T +vo — (T + A7) (AH8 + KTInX) (2.3)

: .. : o . dG
For alloy systems with positive grain boundary adsorption (i.e. positive I and AH®®8), "
can be suppressed to zero or a negative value by maintaining a sufficient solute excess at the

grain boundaries with respect to the change in grain size (F > —A %), and a free energy

.. dG . : . . L
minimum at = = 0 can be accessed with a specific grain boundary segregation—grain size state
(I.4).

This chapter introduces a thermodynamics based simulation that will be used to
understand grain-atomic interactions in nanostructured alloys. By treating both chemical
configurations and grain boundary states as variables, we can use an equilibrium seeking
algorithm such as the Monte Carlo method to probe for the ground state of alloy systems.
Conventionally accepted nanostructure behaviors will be investigated using this simulation to
both assess the validity of the model and also to gain more insights about nanostructured alloys.
Grain and atomic structures can also be presented visually using the simulation and therefore
comparison to real material structures as well as elucidation of complex structures that exist in
theory but could be difficult to observe or discern experimentally may be possible. Finally, the
aforementioned grain boundary energy requirement for thermodynamic grain stability will be

revisited.

2.2. Simulation method

Lattice-based Monte Carlo (MC) methods have been widely applied to both alloying
thermodynamics and grain structure problems [42-58]. To capture the interaction between solute
and solvent in a polycrystalline grain environment and their effects on stabilizing nanostructured
grains, we use a lattice MC method that tracks both atomic chemical identity and grain
allegiance. As a simplifying first step, only phase separating binary alloys (i.e., those with

positive enthalpies of mixing) are considered, and the body centered cubic (BCC) and face
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centered cubic (FCC) lattices, as in Figure 2.5, are used as the atomic framework. Each lattice
site 1s assigned an atom type, which denotes the chemical identity of the atom as solvent (A) or
solute (B), and a grain number, which differentiates atoms in the same grain from those that are
neighbors across grain boundaries. Periodic boundary conditions are applied on all three
principal axes. For ease of viewing in what follows, we present two dimensional sections viewed
along the [001] direction for the BCC lattice and along the [111] direction for the FCC lattice,

with atoms in both the sectioning plane and first sub-surface plane visible.

(a) (b)

Figure 2.5: Representative lattice of a polycrystalline structure produced by the Monte
Carlo simulation. (a) A three dimensional view of a BCC lattice with 12 x 12 x 12 atoms
is shown with (b) the top down view along the [001] direction, revealing the top two
atomic planes. (c) A three dimensional view of a FCC lattice with 12 x 12 x 12 atoms
shows denser packing. (d) The top down view along the [111] direction exposes mostly
only the top close-packed (111) plane. The atoms with the same color belong to the same
grain.

2.2.1. Bond energy calculation

Our simulation 1s based on nearest-neighbor interactions only, with six unique bond
types: between each pairing of the atomic types (A and B) and lying either in the grain interior or
across a grain boundary (i.e., matched or unmatched grain numbers, respectively). The total

internal energy, U, is calculated by summing the bond energy between all atoms:

U = Tatibonas|(NEAESA+ NEBEER + NABEAR) + (NGMES+ N Egy + Na Es)] 24
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where N is the number of bonds, and E is the bond energy. The subscript denotes whether the
bond is in a crystal (or grain interior, denoted by ¢) or across a grain boundary (denoted by gb),
and the superscript denotes the chemical pairings involved. The internal energy can also be

expressed as U = Iy;N; + yA — PV + TS, and at constant pressure P, volume V, temperature T

. o . . : du
and entropy S, its derivative with respect to the change in total grain boundary area, i

d(ZpiNi+vA)

VR is equivalent to the grain boundary area potential as defined earlier.

There are thus six independent inputs to our model, or five if one of the bond types is
regarded as the reference state that sets the temperature scale. This multidimensional parameter
space offers great flexibility for modeling various alloy systems, but its breadth is too large to
consider systematically in detail here. For purposes of simplifying the parameter space, it is
useful to connect the bond energies to more routine macroscopic material parameters. These

include pure component A grain boundary energy:
= 2 B 29
and an equivalent expression for the pure component B grain boundary energy, as well as the
alloy enthalpy of mixing:
AH™X = 70 X (1 — X), (2.6)
and the enthalpy of grain boundary segregation:
Vv

1 v
AHSeE = _ 1— _ QB B_QAA 1 —
z [wc wgb ( 1 _ fgb> Zt( YO YO) 1 _ fgb

v
+ 22X gpWgp (1 v

) — 2z[Xc0 + v(Xgh — Xp)®gp), (2.7)

which, in the dilute limit of McLean type segregation (with composition X — 0 and grain

boundary fraction fz» — 0) and with the transitional bond fraction v = 2, can be simplified to:

AH®8 = z [w, — 2B — = (QByB — QAyA (2.8)
2

2zt

The dilute-limit enthalpy of grain boundary segregation inherently incorporates various effects

such as chemical interactions, difference in interface energies, and solute-solvent size mismatch
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(elastic energy), as described by the linear combination of sub-contributions: AH®®& =

AEchemical + AEinterface + AEelastic~

. EAA+ EBBY . . .. .
In these equations, w, = EAB — (—i—a—c—), is the regular solution grain interaction

Ego+ Egn \ . . . . . o
energy, Wgy, = EgbB - (—-g———g), is the grain boundary interaction energy, z is the coordination

number, 7 is the grain boundary thickness, taken as 0.5 nm throughout, and Q is the atomic

volume.

The number of independent parameters can be reduced by focusing strictly on mixing
thermodynamics, i.e., by assuming equal like-bond energies in the grain interior, EAA = ES®B,

otyh
zt

B, B
and similar grain boundary penalties, = —QZ% These parameters are taken to be 486 kJ/mol

and 2.64 kJ/mol, respectively, based on the material parameters of tungsten metal but can be
regarded as essentially arbitrary. The bond energies are summarized in Table 2.1 for general

polycrystalline binary alloys and also for the special case with the two assumptions applied.

Table 2.1: Bond energies in a polycrystalline binary alloy in full and simplified forms.

Bond energy Full form Simplified form
E&A E&A E&A
E?B E?B E(I:-\A
EAA + EZP N
— |t w
EAB 2 c EAA + o,
20%y4 204§
AA EAA 0 EAA 0
Egb ¢ + zt ¢ + zt
208yg 2045
BB EBB L EAA a3 ro
Egb c zt < F zt
ESA + EPP 1 20AVA
S — (QAvyA + ByB AA Yo
EQbB ( 2 + Wgb + Zt( Yo + YO) EC + Cl)gb + 7t

2.2.2. Monte Carlo procedure
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The general methods of Monte Carlo simulations can be classified into two main
categories, namely the standard or Metropolis Monte Carlo method and the kinetic Monte Carlo
method, depending on the thermodynamic or kinetic contributions that dominate the nature of
structural evolution. The standard Monte Carlo method samples system configurations for the
equilibrium state by transitioning toward lower energy states with possible excitation events
governed by the Boltzmann-type probability [59, 60]. On the other hand, the kinetic Monte Carlo
method considers the relative rates of transition events, which depends on the energy barrier of
transition [61]. The time increment can be obtained from the rate of transition and amounts to the
total simulation time. It is appropriate for structural changes that are kinetically motivated and

also used to capture the system evolution with time.

Our Monte Carlo procedure is a standard thermodynamics based calculation in the sense

that we probe configuration space through individual switching events that are accepted if energy

—(Ez—-E1)
lowering and accepted with probability P = e T if energy raising; E; and E, are

respectively the total system energies before and after the switch. The transition to a higher
energy state ensures that the system can reach the lowest possible energy state without being
trapped in a local energy minimum. There are two types of switching events in our MC
procedure, considered as independent and referred to as grain switching and atom switching. A
type of switch is first selected with equal probability. For atom switching, a solute atom and a
solvent atom are selected at random regardless of their grain numbers and their chemical types
are exchanged with the original grain number of each atomic site unchanged. For grain
switching, an atom is chosen at random, and if it has at least one neighbor of a different grain
number, its grain number is changed. The new grain number is chosen at random from among
those of its nearest neighbors as well as a unique grain number that matches none of the
neighboring atoms. Thus, the grain switching event allows atoms at grain boundaries to change
their grain allegiance, or to spontaneously nucleate new grains, which may subsequently grow or

disappear.

The system is initialized at 10,000 K, where it is randomized, and then slowly cooled at a

_(Tstep“Tfinal)
1000

rate . The system spends one MC step at an immediate temperature, 7ep, and

cooling decelerates as the system temperature converges to the final target, Tana. The Monte

Carlo procedure proceeds until the total system energy reaches a steady state. All simulations are
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performed for 100,000 MC steps, with each step corresponding to an average of one switch event
per atom across the whole system. We tested this MC procedure for path-independence, by using
different initial states (including bicrystal, polycrystal, amorphous, mixed, and unmixed) and
establishing convergence to the same steady-state structure regardless of the initial grain
structure and atomic distribution. We also verified that the rate of cooling specified above
yielded sufficiently equilibrated structures for the conditions presented, by running various
simulations at various rates and obtaining the same results. The equilibrium structures produced

using a bicrystal initial state and a faster cooling rate are provided for reference in Figure A.1.

2.2.3. Regular solution mixing

Before considering a system with any influence from grain boundaries, we first start by
focusing on the atomic interactions via grain interior mixing based on the regular solution model.
Single crystalline structures with 0.1 and 0.2 at.% solute are equilibrated at 500°C with only
atom switching active, and for each composition, AH™* is varied from 0 to 100 kJ/mol. At these
dilute concentrations, the solute-solvent interactions can be simplified to the first few nearest
neighbors. At a constant temperature, a transition from a miscible solution to a precipitated
structure can occur as the composition or AH™¥ increases, and by considering the total system
energy, AH™ can be evaluated based on the observation of such transition. In a completely

dissolved solid solution, all bonds around solute atoms are A-B bonds and the system energy can
be approximated by Egissolvea = ZNBELE + (% —zN B) EAA where N is the total number of

atoms, and N? is the number of solute atoms. This can be reduced further to:
N
Egissolved = ZNB(*)C + %E?A (2.9

and therefore the calculated enthalpy of mixing, Hcac, can be obtained from:

H _ Edissolved_ZNEéA/z
calc — NB

(2.10)

The plots between the calculated and input enthalpies of mixing for both BCC and FCC
lattices in Figure 2.6 show good agreement at relatively low AH MiX When a solute-solute cluster

forms, the system energy is expressed differently as Eqystered = EBB + (zNB — 2)FEAB +

N : . .
(Z? —zZNB + 1) EAA, or Eqystered = Edissolvea — 2W¢. Therefore, in systems with a positive
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AH™* | precipitation can reduce the system energy discreetly via w. by minimizing the number
of unlike bonds. When solute atoms start clustering, the calculated enthalpy of mixing from
Equation (2.10) will be lower than the actual AH™X, which is reflected in both the enthalpy plots
and the solute distributions in Figure 2.6. The threshold in AH™X at the precipitation event
decreases with the solute composition. The effects of temperature can also be investigated in the
context of regular solution mixing, and the results in Figure A.2 show a transition from solute
precipitation to a miscible solid solution with increasing temperature. At elevated temperature,

entropy effects start to become significant and therefore an entropically stabilized state may be

preferred.
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Figure 2.6: (a) Calculated and actual enthalpies of mixing from 30 x 30 x 60 BCC single
crystals with 0.1 and 0.2 at.% solute. At 0.2 at.% concentration, the solute distribution
changes from (b) miscible at AH™X* = 50 kJ/mol to (c) precipitated at AH™X = 60 kJ/mol.
(d) Calculated and actual enthalpies of mixing from 30 x 30 x 30 FCC single crystals.
Similarly, at 0.2 at.% concentration, (¢) the miscible solute distribution is observed up to
AH™X = 60 kJ/mol then (f) solute precipitation is evident with increasing enthalpy of
mixing from AH™* = 70 kJ/mol. The colors of the solute atoms indicate the depth into
the page. All simulations are performed at 7= 500°C.

2.2.4. Grain boundary segregation
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To verify conformity of the present model to conventional grain boundary segregation
thermodynamics, we perform some simulations on bicrystal geometries in which the grain
numbers are fixed, so as to permit grain boundary segregation to develop independently of any
change in grain structure. In the dilute limit, the enthalpy of grain boundary segregation relates to
local solute concentrations, Xy in the grain boundaries, and X; in the grain interior, via the

McLean segregation isotherm:

ng Xc

_ Ediff
1-Xgp  1-Xc exp( KT ) (2.11)

where Egg is the energy difference between a solute atom residing in the grain interior with
respect to a grain boundary. For a BCC bicrystal conjoined on the (001) planes, Eqir = 8ESE —
(4EZ) + 4ESB) which is equal to AH®®8 when AH™™ and y, are taken as zero to climinate the
effects from chemical mixing and grain boundary energy penalty. For a FCC bicrystal conjoined
on the (111) planes, Eg = 12E2E — BE;y + 9EEP). A solute atom occupying a grain
boundary site has more bonds in the grain interior than across the grain boundary. Therefore, the
transitional bond fraction v of 3/4 is used, and the energy difference is also equal to AH®®8 under

the same conditions as those applied to the BCC lattice.

The relative solute excess at grain boundaries, Xgv/X, is calculated from bicrystals with X
= (.1-2 at.% and plotted with AH®®8 in Figure 2.7, along with a side view of the bicrystal and a
three dimensional solute distribution map showing the solute atoms preferentially segregating at
grain boundaries. The energy difference Egsr after equilibrating the alloy configuration, denoted
by Hea in Figure 2.7(b), displays the expected behavior, but with an upper limit imposed by the
measurable relative solute excess around 15 kJ/mol when all solute atoms migrate to the grain
boundaries thus setting X, as zero. Alternatively, by definition Egi can be calculated from the
change in system energy normalized by the change in the number of solute atoms relocated to the
’grain boundaries after equilibration. This method reproduces the same relationship with AH®%8

but with no upper limit in strongly segregating systems.
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Figure 2.7: (a) The relative solute excess at grain boundaries in a bicrystal shows a higher
tendency for grain boundary segregation with increasing AH®¢E. The energy difference
calculated using (b) the segregation isotherm and (c) the change in system energy both
show the expected relationship with the input AH3€. (d) A side view of a 30 x 30 x 60
BCC bicrystal with 2 at.% solute and AH%®8 = 15 kJ/mol. The color denotes the grain
numbers and the black circles represent the solute atoms. (e) A solute distribution map of
the same BCC bicrystal with the color of the solute atoms indicating the depth into the
page. (e) A side view of a 30 x 30 x 30 FCC bicrystal with 2 at.% solute and AH%8 = 15

kJ/mol. (f) A solute distribution map of the same FCC bicrystal. All simulations are
performed at 7= 25°C.

Grain boundary segregation behaviors across a wider range of composition is further

investigated using the same BCC bicrystal geometry, AH3¢8 = 10 kJ/mol, X = 0.1 — 40 at.%, and
T'=25°C. The effective grain boundary segregation energy, Eg, is calculated from the measured
relative solute excess at grain boundaries, Xg,/X;, using Equation (2.11) and plotted with the
global solute composition, X, in Figure 2.8. At dilute concentrations, the value of Egis is similar
to the input AH®®8 value of 10 kJ/mol. However, at higher solute content, the effective grain
boundary segregation energy begins to drop as the grain boundaries start to become saturated
with solute atoms. We conclude that conventional grain boundary segregation behavior is well

captured by our simulation in both dilute and non-dilute limits with proper composition

dependence.
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Figure 2.8: Variation between the effective grain boundary segregation energy and the
global solute composition.

2.2.5. Classification of nanostructure behaviors

The bonding energies in Table 2.1 display two independent adjustable bonding
parameters, represented by the mixing parameters for grain and grain boundary regions: w,
and wgp,, Which simply map to the more intuitive parameters, AH™™ and AH*®8, using AH™X =
zw.. Consequently, we can use a two dimensional material parameter space such as in Figure
2.9 to represent binary alloy systems based on their mixing and grain boundary segregation
characteristics. The state space in Figure 2.9 encloses four main regions that emerge from
consideration of the bonding energies used in our MC model, and which are divided by the

following boundary lines.
1. Onset of solute segregation at grain boundaries, wg, = 0

The most important consideration for the present work is whether or not grain boundary
solute segregation will occur, opening the door to stable nanostructures. Relief of interface
energy penalty by grain boundary segregation requires a negative wgp, and the boundary line at
wgp = 0 along the diagonal of the map in Figure 2.9, with negative wgy lying above the
boundary line (or AH®®8 > AH™X), represents the cases where alloying can lower the grain
boundary formation energy compared to its single-component counterpart.

ZQAyf}
zt

2. Transition from solid solution to grain boundary segregation, Wgp, = — + w,

Even if wg, is negative and alloying lowers the grain boundary penalty, a bulk solid

solution may yet be more stable than a grain boundary segregated state. Only when Eé‘bB is lower
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than E2B would alloying be able to provide a lower-energy grain boundary state than a bulk solid

204v4
zt

solution. This occurs when the following inequality is met: wgp < — + w,.

ZQAyé
zt

3. Omnset of grain metastability, 0. =

For those cases where grain boundary solute segregation is not preferred (i.e., lying in the
lower part of Figure 2.9), the structure will not have a stable nanostructure. The ground state in
this condition could be a solid solution or a bulk phase separated state. The vertical boundary

line in Figure 2.9 represents the crossover between dominance of EAB and Eé‘é* and therefore

whether formation of solid solution in the grain interior or a single-component grain boundary

results in a higher energy state. Solute precipitation becomes more likely with higher w,, and

Qv

when w, > 2 , the system can lower the energy by forming a precipitated polycrystalline

structure rather than a single crystal solid solution.

204v§
2t

4. Onset of grain boundary stabilization, Wg, =

The last boundary line represents the ideal case where alloying can lower the grain
boundary energy penalty sufficiently enough that a nanocrystalline structure becomes the
system’s ground state. This requires the alloyed grain boundaries to be the lowest-energy

A
QAyo
zZt

bonding state; such condition is realized only when wg, < — 2 , which defines the upper,

green-shaded region in Figure 2.9.
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Figure 2.9: Nanostructure stability map for binary alloys with four boundary lines and
four behavioral regimes.

The above boundary lines construct the diagram in Figure 2.9, and delineate four main
regions worthy of further exploration using the MC model. We select four particular alloy
systems, labeled A to D on the stability map above, to represent the regions enclosed by the four

boundary lines. These are denoted:

e Region A: Bulk systems (single crystalline solid solutions with precipitation of

solute beyond solubility limit)

e Region B: Phase separated polycrystals (polycrystalline structures with solute

precipitation)

e Region C: Duplex nanostructures (coexistence of nanoscale solvent- and solute-

rich crystalline structures)

e Region D: Classical nanostructured systems (nanoscale solvent-rich grains with

solute segregating at grain boundaries)

and will be explored in more detail in later sections.

2.3. Systems without stable nanostructured states
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Systems that do not exhibit stable nanostructured states generally exhibit low grain

seg

; . . . AH
boundary segregation tendency relative to bulk phase separation, 1.e.

TR 1, or wgp > 0 for

our alloy systems. In this section we begin with a brief examination of the first two structures,
labeled A and B. These structures are similar in that they involve systems where grain boundary

segregation is not expected to be energy lowering, and they exhibit bulk ground states.

Depending on the relative severity of the phase separation tendency and the grain
boundary energy penalty, instability can manifest in several ways including the structures in
Figure 2.10, all of which display no apparent solute segregation at grain boundaries. For
structure A, at low AH™* and AHS®8, the grain boundary energy penalty is greater than the
enthalpic terms and therefore all grain boundaries are higher in energy than grain interior bonds.
A nanostructure cannot be maintained in this “bulk system” regime, highlighted in red in Figure
2.9. The representative alloy system A in Figure 2.10(a) displays bulk solid solution structures at
low solute concentrations, and precipitation emerges at higher alloy contents beyond the

solubility limit; in all cases the system has only a single grain once equilibrated.

5 at.% 10 at.% 20 at.%

a)...
F1gure 2.10: Systems with no stable nanostructured state at 500°C. (a) System “A” with
AH™X = 20 kJ/mol AH®®® = 15 kJ/mol forms single crystalline solid solutions with
precipitation emerging at 10 at.% solute concentration. (b) System “B” with AH™X = 100

kJ/mol and AH®®® = 65 kJ/mol exhibits phase separation with no solute segregation at
grain boundaries.

(b)|

For structure B in Figure 2.10(b), the system equilibrates to a polycrystal with phase
separation. Although there are grain boundaries present they are not decorated with solute in
concentrations above those in the bulk solution. In this regime, highlighted in yellow in Figure

2.9, the single-component grain boundaries have a bond energy with a magnitude between that of
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the bulk solid solution, EAB, and bulk phase separation, EAA, bonds. As a result, bulk phase
separation is the preferred condition, but single-component grain boundaries may persist in an

entropically stabilized condition.

2.4. Duplex nanostructures

Traversing from lower-right to upper-left in Figure 2.9, there is a transition between the
bulk-stable conditions described above and the green region where nanocrystalline structures
may emerge. The blue region in which alloy C resides is a transition region between these
behaviors; here the solute-segregated grain boundary is a low energy configuration compared to
unalloyed grain boundaries, but higher in energy compared to bulk phase separation. A

nanostructure can exist if solute-segregated grain boundaries are preferred over bulk solid

solution, or in energetics terms when

—208vy4 -2Q
< gy <=

AyA o . .
— + W, highlighted in blue in
Figure 2.9. The “duplex nanostructures” from alloy C, shown in Figure 2.11, display a
nanocrystalline structure at low solute concentrations, and become a duplex nanocrystalline
structure with solvent-rich and solute-rich crystalline regions and solute segregation at grain
boundaries at higher solute concentrations. The overall grain boundary fraction is only 15 — 40%
and does not vary significantly with composition. The grain size can be moderately controlled by
the solute composition; by adding more solute, the system can access a higher fraction of

relatively low energy EgbB and therefore maintains a smaller grain size. However, phase

separation would also be more severe as the composition increases.
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Figure 2.11: Duplex nanocrystalline structures from system “C” at 500°C with (a) 5 at.%
(b) 10 at.% (c) 20 at.% and (d) 40 at.% solute content from a 100 x 100 x 6 BCC lattice
with AH™X = 50 kJ/mol and AH®¢8 = 65 kJ/mol. The solute atoms are presented in black
in the first and second columns with and without the grain structure, respectively. The
grain structure of the solute-rich regions is displayed with solvent atoms highlighted in
gray in the third column. The solute-rich regions remain crystalline at all concentrations.

2.5. Classical nanostructured alloys

Alloying can lower the energy penalty of a grain boundary when Wgp, 1S negative,

seg

A
or

anm — 1 for our alloy systems. An ideal case is when solute segregation at grain boundaries

creates the lowest energy state among all bond types, ultimately making a nanoscale grain

A, A
znz Y0 < 0 and highlighted in

structure the ground state. This condition is characterized by Wgp +—

green in Figure 2.9. The representative alloy D in this “classical nanostructured” region has bond

energies that are ordered EZ® > (Eqt = ESP) > (EA* = EBB) > Egy; solute segregated grain
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boundaries are preferred over bulk phase separation, and undecorated grain boundaries over bulk
solid solution.

Some typical nanostructures that emerge in system D are shown along the bottom of
Figure 2.12, in panels d-f. Here we observe polycrystalline structures that are clearly decorated at
the boundaries with solute, and as more solute is available, the grains become finer to
accommodate it. This is classical nanostructure stabilization of the kind envisioned by
Weissmuller [28, 35], Kirchheim [30, 31], and also Detor, Trelewicz, and Schuh [1, 36, 38]. The
notion that such nanostructures are formally the system’s ground state presents an interesting
alternative to conventional bulk materials thermodynamics, and proposes a major correction to,
¢.g., the assembly of binary alloy phase diagrams. As such, it is instructive to examine the
energetics and structural degrees of freedom of such materials with the present MC model, where

we can independently manipulate the structural constituents and explore the nature of these

nanocrystalline ground states.
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Figure 2.12: The structures and total system energy of system “D” with 0 — 40 at.%
solute. For the unalloyed material, the system energy reduces upon cooling from (a) a
fine grained polycrystalline structure to (b) a coarse grained structure, and finally (c) a
single crystal equilibrium state. The equilibrated structures are provided for (d) 1 at.%,
(e) 5 at.%, and (f) 10 at.% alloys, along with (g) an inverse relationship between the total
system energy and the solute content. With increasing solute content, the system energy
is lowered and a smaller average grain size can be accessed. The energies of alloys with a
static grain structure but varied solute concentration are also provided, indicating that for
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a grain structure there is a certain global concentration needed for the system energy to be
minimized. The energies of single crystal structures are provided as a reference; for a
single crystal structure, bulk precipitation emerges at 10 at.% composition and provides
lower-energy states compared to a single crystal solid solution. Simulations are
performed on a 100 x 100 x 6 BCC lattice with AH™* = 20 kJ/mol, AH®& = 65 kJ/mol,
and 7 = 500°C.

2.5.1. System energy

First, we compare the structure and total energy of alloy D after equilibration at 500°C
with those of the unalloyed material under the same conditions. The sequence of panels a-c in
Figure 2.12 shows the evolution of the unalloyed structure upon cooling. As expected, the grain
structure is initially a fine grained polycrystal (a) which coarsens (b) until the single-crystal
ground state is achieved (c) over the course of the cooling process. In panel g, the total system
energy is shown for these structures, and the monotonic drop from points ‘a’ to ‘c’ corresponds
to the coarsening process; the total energy at point ‘c’ represents the lowest energy that can be

achieved in the unalloyed condition.

Next, we consider the addition of solute atoms. Before considering the nanocrystalline
systems, it is instructive to consider the energy of a single crystalline system that is alloyed; such
systems are produced by the same equilibration process but with only a single (unchanging)
grain number used for the whole MC lattice. The asterisk data points in Figure 2.12(g) show the
energy of such single crystalline alloys. Even though the single crystalline alloys are equilibrated
without the presence of grain boundaries, solute precipitation is still a possible competing bulk
state. Given their equal enthalpy of mixing, the single crystalline behaviors of alloy D are
identical to those of alloy A shown earlier in Figure 2.10(a). We observe precipitation of solute
emerging at 10 at.% concentration in both systems, with a plateau of lower-energy states
(presented in square data points) from precipitation. The energies of a single crystalline random
solid solution are also provided by the asterisk data points in Figure 2.12(g) as a reference. Their
values increase slightly with alloying level; this is expected since the alloy in question has a

modest positive enthalpy of mixing.

Compared with any of the above results on alloyed or unalloyed single crystals, the
system energy can be lowered even further to achieve unique ground statcs when the grain
structure is allowed to remain polycrystalline in the alloyed systems. The series of panels d-f

show the resulting equilibrated structures, which, as noted earlier, are characterized by grain
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boundary segregation. What is clear now by comparison of the data in Figure 2.12(g), is that
these structures are of lower energy than any single crystal solid solution in this alloy system;
these are thermodynamically stable nanocrystalline structures in which grain growth at constant

composition is an energy raising proposition.

The black data points in panel g show a linear decrease in energy with composition,
which is in line with analytical calculations in Ref. [62]. What is more, these structures (cf.
Figure 2.12(d), () and (f)) exhibit smaller average grain sizes with increasing solute content.
This is made more explicitly clear in Figure 2.13(a), which shows an inverse relationship
between grain size and composition as expected in this regime; solute excess drives the system
toward grain boundary retention rather than solvation or precipitation. Here the average grain
size is calculated from the diameter of volume-equivalent cylinders and converted to the

nanometer scale using the lattice parameter of 3.16 A.

(@) 15 71500 _,
. I: =)
: |8
£ 10l% : 1000 ©
(0] ‘ ¥ uy]
N .

w \ >

e 5 . " 500 9

© .® =

(O] /.-' ® o o =
0 10 20 30 40

(b) Composition (at.%)

71500

(o]

= b

< °

g 10009

< &

m

® 500t @ .

© &

= " o000 o

0 5 10 15
Grain Size (nm)

Figure 2.13: (a) Inverse relationship between average grain size and solute content in the
classical nanostructured alloy D with 1 — 40 at.% solute concentration at 500°C, shown
with the associated change in total grain boundary area. (b) The total grain boundary area
increases as the average grain size decreases with solute addition.

2.5.2. Reduction in grain boundary formation energy
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The equilibrium condition for closed alloy systems with grain boundaries is the one in

. . : : ... dG
which the total system energy is minimized with respect to any change in grain size, i.e., — = 0.

The equilibrated structures in Figure 2.12 and Figure 2.13 all must satisfy this condition. There is
opportunity for confusion in closed systems because S—Z is not equal to y, and both quantities are

occasionally called “grain boundary energy”. To clarify the relationship between these variables
and to more clearly elaborate their circumstances in equilibrium, we proceed to directly evaluate

them from the simulated structures.

We call y the “grain boundary formation energy”, and it is the difference between the
energy of a grain boundary structure and that of a perfect crystal normalized by the total grain

boundary area [36, 63]:

AE —AEj
— defect ideal (2 12)
Adefect

where AE gefect and AEjqe, are respectively the formation energies of the polycrystal and a single
crystal and Agefect 18 the total grain boundary area in the polycrystal. The single crystal must
possess the same chemical ordering (chemical potentials) as the defected structure such that the
energy difference results only from topological defects [36]. By replacing all grain numbers in
the equilibrated alloy structure with a single value, a single crystal with the same chemical
distribution as the original alloy structure can be obtained, based on which AEj4., may be
calculated. The total grain boundary area can be obtained by replacing all atoms in the alloy with
the solvent, thus creating a pure polycrystal with the identical grain structure, and calibrating it
using Equation (2.12) with the formation energy of a pure single crystal (as AEjgeq) and the
grain boundary formation energy of the pure metal. After obtaining AEjqea and Agefece Of the
alloy, the total energy of the equilibrated alloy is used as AEjefect and the alloy grain boundary

formation energy can be calculated.

Upon increasing the solute content, a higher fraction of grain boundaries exists in
equilibrium to accommodate the solute, and Figure 2.13 shows a monotonic increase in the total
grain boundary area, or 4gefecr, as the concentration increases (Figure 2.13(a)), or as the grain size
is refined (Figure 2.13(b)). The reduction of the grain boundary formation energy is presented in
Figure 2.14, on both linear (a) and logarithmic (b) scales with composition. On the logarithmic

scale the alloy grain boundary formation energy displays a nearly linear trend with composition,
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as expected (at least in the dilute limit) from Equation (1.2). The grain boundary specific solute
excess, I, is estimated from the best fit line in Figure 2.14(b) to be approximately 36-49

atoms/nm®, which is a physically reasonable value.

At 0 at.% concentration, the grain boundary formation energy is 1.11 J/m? which matches
the input y, value. After alloying, the grain boundary formation energy is reduced significantly
below zero. It has been pointed out in a discussion of Kirchheim and Gottstein [39, 40] that for

closed systems, the first two terms on the right hand side of Equation (2.2) are positive but their
magnitudes are small. In order to attain equilibrium (z—j = 0), the grain boundary formation

energy, v, then must be negative. The negative values of y obtained in Figure 2.14 are thus
expected. The implication of a negative alloy grain boundary formation energy is not that
unchecked creation of grain boundaries is preferable, but rather that a very specific solute-
segregated grain boundary configuration can reduce the system energy according to Equation
(1.1). Such configuration depends in detail on the solute concentration according to Equation
(1.2). The fraction of decorated grain boundaries in the equilibrium state is limited by the amount
of solute available in the system. Any grain boundary area created beyond the capacity of solute

to stabilize them would annihilate in equilibrium because of the energy penalty from y,A.
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Figure 2.14: Reduction in grain boundary formation energy with solute addition. In the
classical nanostructured alloy D, the grain boundary formation energy is reduced to a
negative value, indicating that these nanocrystalline alloys are lower in energy than their
single crystalline counterparts. The variation between the effective grain boundary
formation energy and In(X) is almost linear as expected at dilute concentrations. The
pure-component grain boundary formation energy of 1.11 J/m” and zero grain boundary
energy are noted by the dotted lines.

To further elucidate this concept, we use our simulation to compare the total energy of
alloy D when the composition is fixed at 5 at.% but the grain size is varied away from the
equilibrium value. This is accomplished by using equilibrated grain structures obtained from
those in Figure 2.12, at a variety of compositions that effect different grain sizes (Figure 2.13).
These structures then have their chemical composition reassigned to a value of 5 at.% solute,
before the structures are equilibrated isothermally at 500°C, while fixing the grain structure. In
this way we fix a nanoscale grain size and explore the preferred solute configuration on that

structure, with results as shown in Figure 2.15.
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Figure 2.15: (a) Total system energy of 5 at.% classical nanostructured alloys from
system “D” with various pre-determined average grain sizes. The system energy is
minimized at point ‘d’ with the grain structure obtained from the equilibrium 5 at.%
alloy. The structures with smaller or larger average grain sizes are observed to have
higher energy with underfull and overfull solute segregated grain boundaries,
respectively. With the energy of a single crystalline solid solution under the same
conditions, denoted by ‘g’, as the reference state, the energies of alloys with equilibrium
and overfull grain boundaries are lowered by yyeqA via grain boundary segregation,
while the alloys with underfull grain boundaries possess both energy increment and
penalty of the magnitude yyeqAyeq + Yo(A — Ayeq)- The structures of 5 at.% alloys after
equilibration are provided for the original grain structures from (b) 15 at.%, (c) 10 at.%,
(d) 5 at.%, (e) 2 at.%, and (f) 1 at.% alloys. Simulations are performed on a 100 x 100 x 6
BCC lattice with AH™X =20 kJ/mol, AH3¢8 = 65 kJ/mol, and T = 500°C.

The solid data points in Figure 2.15 show the raw output of these simulations, giving the

total system energy as a function of grain size at fixed composition. With no precipitation and

therefore a negligible change in entropy, the slope of this data is j—g, with D the grain size, and is

d¢  d6 _ dGdD . ; R
related to i iy with the functional form between A4 and D presented in Figure

2.13(b). These data show an energy landscape that is reminiscent of those proposed by
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Weissmuller [28, 35] and others [38], which decreases to a minimum value before rising again.
Even though all of the obtained final structures are energy minimized with respect to the
chemical distributions in their present grain structures, the true minimum energy can only be

achieved at a specific grain size, shown in Figure 2.15(d), where the grain structure is obtained

from the equilibrium 5 at.% alloy structure, which is exactly the point where L)

ap da

When a grain is smaller than the equilibrium grain size, there is an energy excess in grain
boundaries that are not decorated by the solute and therefore exist in a high-energy state; grain
growth towards the equilibrium value is preferred. On the other hand, when the average grain
size falls above the equilibrium value, all grain boundaries are decorated but there are grain
interior bonds that could exist in an otherwise lower-energy solute-segregated grain boundary
configuration, if there only were grain boundary sites to accept them. The balance between
underfull and overfull grain boundary networks results in a specific equilibrium grain size. The
fine-grained equilibrium structure in Figure 2.15(d) possesses a lower energy than its single

crystalline counterpart, denoted by the asterisk labeled ‘g’.

With a single crystal as the reference state, grain refinement raises the system energy
by yoA from the increase in total grain boundary area, and when alloyed, counteracted by yA
from the reduced equilibrium grain boundary formation energy. Based on the free enecrgy
expression in Equation (1.1) and a single crystal solid solution with energy Zu;N; as the reference
state, these two terms (YA and yA) are isolated and plotted in Figure 2.15 along with the actual
system energy obtained from our simulated alloy structures. For grain sizes above the
equilibrium value, all grain boundaries are stabilized; the grain boundary formation energy vy is
thus the equilibrium grain boundary formation energy of the 5 at.% alloy and 4 is the total grain
boundary area at each grain size. However, for the grain sizes below the equilibrium value, only
a fraction of grain boundaries are decorated and stabilized by the solute, and therefore YA is fixed
to the value of the equilibrium 5 at.% alloy. The remaining grain boundaries are undecorated and
possess the energy penalty from y,. The overall energy is thus G = ZpN; + YxeqAxeq T Yo(A —
Ayeq), Where the subscript denotes the equilibrium concentration (5 at.% in this case). The

resulting energy function provides a good fit for the total energy of our alloy structures.

As a complementary line of logic to the above, a static grain structure can be equilibrated

with the solute composition varied. The subplots in Figure 2.12(g) labeled ‘D;’, ‘Dy’, and Dy’
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represent the energies of alloys with a fixed grain structure but different solute concentrations
specified by the x axis. The results show three energy minima that align with the equilibrium
data points in black, suggesting that for a certain grain structure (or its representative D), there is
a specific global solute concentration needed to achieve grain stability. The two types of energy
minima, with varying X at a fixed D in Figure 2.12(g) and with varying D at a fixed .X in Figure
2.15, are in line with the one-to-one relationship between global solute concentration and
equilibrium grain size presented earlier in Figure 2.13(a) and the consequent control of grain size

via solute concentration in these classical nanostructured alloys.

With solute-segregated grain boundaries being preferred over phase separation, énd with
an excessive amount of grain boundaries induced by the solute, the structures of alloy D from the
classical nanocrystalline regime can display an amorphous-like structure at the highest solute
concentrations. Due to the nature of our fixed lattice simulation, an amorphous structure is not
explicitly captured as a state of disordered atomic packing, but rather as a system in which
individual grains are so small as to defy definition as crystals (i.e., no larger than a few atoms).
This is captured by a high volume fraction of atoms coordinating grain boundaries, as shown
quantitatively in Figure 2.16. All atoms have at least one grain boundary bond at 50 at.%
concentration. This amorphous-like structure is in line with the analytical thermodynamic
calculations from Refs. [28] and [62], which suggested that there is a terminal concentration at
which a nanocrystalline state can exist, and above which the grain size refines to the order of the
grain boundary thickness and an amorphous phase can emerge close to the equiatomic

concentration.

GB Fraction

0 10 20 30 40 50
Composition (at.%)

Figure 2.16: The grain boundary fraction increases with solute content in the classical
nanocrystalline alloys. The grain structures, provided in the insets, are composed of a
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large volume fraction of grain boundaries at high solute compositions and eventually
become all grain boundaries at 50 at.%.

2.6. Grain boundary formation energy and influence on nanostructure stability

The efficacy of solute in stabilizing a nanoscale grain structure is determined not only by
the solute-solvent elastic mismatch, accounted for by AHS®8 in our simulation, but also other
effects including mixing (or precipitation) characteristics, accounted for by AH™X along with
solute composition and system temperature. The alloy grain boundary formation energy, vy, can
be used as measure of grain structure stability, i.e. how much energy reduction is achieved by
alloying compared to a similar structure without grain boundaries. We can simulate various 5
at.% alloy structures with the material parameters from the systems marked in Figure 2.17 across

all four different regimes of nanostructure behaviors and assess their stability via 7.
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Figure 2.17: Grain boundary formation energies in alloys with 5 at.% solute addition. (a)
The alloys from which the material parameters are taken are marked on the stability map.
(b) With varying AHS®8, y is equal to v, in bulk systems and starts decreasing as we
advance toward the classical nanostructured regime, where y becomes negative.
Similarly, with varying AH™X, y is significantly reduced below zero with alloying in the
classical nanostructured region. Only those alloys from the classical nanostructured

region have the free energy profile with a global minimum. Simulations are performed on
a 100 x 100 x 6 BCC lattice and 7'= 500°C.

No precipitation is observed in the 5 at.% alloys with low AH mix in Figure 2.17(b). The
values of y from the bulk systems at low AHS®8 are obtained from their immediate structures
before converging to single crystals. All of these unstable structures display a positive v,
indicating a higher energy polycrystalline state compared to their similar single crystalline
structures. At higher AHS®8, the structures from the duplex region have lower, but still positive,

y. Their steady-state structures are single crystals (but duplex nanocrystalline at higher
.. - : . dG . o
compositions, as shown in Figure A.3.). The grain boundary area potential d—i is positive in these

bulk and duplex systems, which is consistent with the absence of grain boundaries in their

steady-state structures.

The structures from the classical nanostructured region in Figure 2.17(b) and (c) are all
solid solutions with solute segregation at grain boundaries. These structures serve as examples of

alloy systems that could be stabilized not only against grain growth but also phase separation. All

stable classical alloys have a negative y and zero &

o 8 expected in a thermodynamically

stabilized grain structure.

With AH™X varied at a constant AH®®8 | the structures from the yellow-shaded region
“B” in Figure 2.17(c) show reduction in y from the reference metal value yo but their magnitudes
are all positive. The duplex structures with zero and positive grain boundary formation energies
at relatively high AH™ display solute precipitation while those with a negative y remain in
solution with solute segregation at grain boundaries, similar to the alloys from the classical
nanostructured region. It is interesting to note that a nanoscale grain structure can be retained in a
metastable manner with zero or slightly positive y, however these particular structures also
display phase separation. The energy reduction in these structures in fact results from phase

separation more than grain boundary segregation.
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2.7. Conclusions

We have developed a Monte Carlo simulation for the purpose of investigating
polycrystalline alloys in which both the chemical configuration and grain structure are allowed to
vary. The model is built in such a way that classical McLean-type grain boundary segregation
and regular solution mixing are recovered in the proper limits. By using the simulation to
visualize grain—atomic structures and study alloy energetics, grain stability is explored in phase-

separating binary alloys with the following findings:

e Grain boundary segregation states in some alloys can be energetically favorable compared to
any competing bulk states, and therefore a polycrystalline structure is the system’s ground

state.

e The distinction between what we call the “grain boundary formation energy”, y, and the

d

grain boundary area potential”, o na closed system is clarified using simulation results.

Whereas these two terms are both equivalent and called “grain boundary energy” in an open

system, in a closed system y is related to the energy change caused by topological defects and
z—j is related to the equilibrium grain size attainment.
o Upon alloying, a negative y is physically plausible, and stability against both grain growth

. . . . dG .
and phase separation can be achieved when vy is negative and eyl 0 in closed systems.

e The free energy landscape and y can both be modified via solute addition, as observed in

different types of nanostructure behaviors with alloy material parameters (AH miX and AHS®8)

and control of equilibrium grain size via solute concentration.
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Chapter 3: Synthesis and characterization of nanocrystalline W

alloys

3.1. Alloying element selection

Prior to synthesis of nanocrystalline materials, we must first select one or more preferred
alloying elements for enhancing grain stability. Even though our intended processing route based
on powder processing requires relatively mild temperature exposure compared to other
techniques, powder consolidation or sintering procedure is identified as the manufacturing step
where the material is most susceptible to grain coarsening. As a result, our goal is to preserve the
nanoscale grain structure at the typical tungsten sintering temperature of 1100°C through a
period of time suitable for a full consolidation cycle. The thermodynamic framework introduced
in Chapter 2 is applied in order to evaluate the stability of tungsten-based alloy systems at

1100°C, from the pool of candidate solutes for which materials data are available.

The nanostructure stability map in Figure 2.9 is constructed specifically for tungsten-
based systems, and this map is reproduced here in Figure 3.18. By populating this map with the
material parameters obtained from reference [64], the regions in Figure 3.18 classify the
candidate solute into three main groups. The solute in the classical region, i.e. Mn, Sc, Th, Ti and

Zn, and also the duplex region, i.e. Au, Cr and In, are potential contenders.
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Figure 3.18: Nanostructure stability map for tungsten based alloys.
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Our Monte Carlo simulation can be used to determine the equilibrium alloy
configurations at 1100°C both visually and quantitatively. Before considering the alloy
structures, a quantitative measure of grain stability may provide an overall understanding of the
solute stabilizing capability. The grain boundary formation energy, y, was measured in Monte
Carlo structures using the same methods described in Chapter 2. This is shown for tungsten
alloys with 2, 5, and 10 at.% solute concentration in Figure 3.19. It is significant that the values
of y are negative for all of those alloy systems that appeared in the “classical nanostructure”

region of Figure 3.18. By contrast, the values of y are only mildly negative for the duplex

systems.
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Figure 3.19: Reduction in grain boundary formation energy calculated from tungsten
based alloys with 2, 5, and 10 at.% solute after equilibration at 1100°C. The colors
indicate the stability region of the alloys.

A negative y is required for grain stabilization via grain boundary solute segregation, and
a more negative value of y allows a higher fraction of grain boundaries in equilibrium according
to Equation (2.2). The plot in Figure 3.19 is similar to those in Figure 2.17 but with a parameter
Wgp - G, or its linearly and negatively proportional term AH = 2AHS®8 — AH™X  on the x axis
to represent the combined effects of AH™* and AH®8. This parameter is chosen particularly for
the classical nanostructure alloys; Relief of interface energy penalty in these alloys 1s governed

by the competition between formations of solute segregated grain boundary and bulk phase
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separation (represented by g, + ), and also between formations of undecorated grain
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boundary and bulk solid solution (represented by - @¢). Thus, the correlation between vy
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and the term g, - ®. should be monotonic for the classical nanostructured alloys, as observed by

the linear trend in Figure 3.19 formed by the alloys from the classical region.

The visual representations of these tungsten based alloys created from the Monte Carlo
simulation results show the expected structural features according to the stability region in
Figure 3.18 in which each alloy resides. The classical nanostructured alloy structures in Figure
3.20 are solid solutions with solute segregation at grain boundaries. W-Au, -Cr, and -In alloys
from the duplex region exist in solid solution with a propensity for both grain boundary solute
segregation and nanoscale phase separation. Figure 3.21 shows solute segregation at grain
boundaries, and also solute-rich nanocrystalline regions emerging as the solute concentration
rises. Tungsten alloys with Ag, Cd, Cu and Sr form phase separated metastable polycrystalline
structures with no apparent grain boundary solute segregation, as shown in Figure 3.22.

Solute AH 2 at.% 5at.% 10 at.%
(kJ/mol) S B R o1 A e Vo :‘ ¥R “ae S
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Figure 3.20: Grain structures and solute distributions of tungsten based alloys from the
classical nanostructured region at 1100°C with 2, 5, and 10 at.% solute content from a
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400 x 400 x 6 BCC lattice. All alloys are single-phase nanostructured solid solutions with
solute segregation at grain boundaries.

Solute AH
(kJ/mol)

In 124

Au 72

Cr 65

Figure 3.21: Structures of tungsten based alloys from the duplex nanostructure region at
1100°C with 2, 5, and 10 at.% solute content from a 400 x 400 x 6 BCC lattice. All alloys
are nanostructured solid solutions with two apparent structural features. Solute atoms can
segregate at grain boundaries or assemble into solute-rich clusters or precipitates, which
become more evident as the solute concentration increases.
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Figure 3.22: Structures of tungsten based alloys from the precipitated polycrystalline
region at 1100°C with 2, 5, and 10 at.% solute content from a 400 x 400 x 6 BCC lattice.

None of the alloys displays classical-type grain boundary segregation, but rather, several
solute-rich precipitates are observed throughout the structure.
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From Figure 3.19, within each stability region, y displays a negative and monotonic
correlation with AH = 2AHS®8 — AH™X  The magnitude of this parameter is directly
proportional to the reduction in y, and a more negative value of y (or a more positive AH) can be
associated with a higher fraction of grain boundary in equilibrium, or in other words a smaller
grain size. The order by which these alloy structures are listed in Figure 3.20, Figure 3.21, and
Figure 3.22 is according to the value of AH. Thus, as we navigate down the list of the classical
and also duplex alloy structures with decreasing AH, or less negative y, the apparent average
grain size is observed to increase. For all of these alloy systems with the exception of W-Ag,
grain boundary formation energy can also be reduced with an increase in solute concentration as
observed in Figure 3.19, and therefore, after the selection of a suitable alloying element for any
processing requirement, the grain-atomic structure may still be modified via the solute
concentration. For the classical nanostructured alloys in Figure 3.20, the grain structures become

finer as the solute concentration increases.

With this information, several tungsten-based alloys can be processed and tested for high-
temperature stability. Alloy systems that fall into the classical nanostructured region may be
preferred for their lower chance of structural disruption from solute precipitation. Alloying
elements that are potentially unsafe (Th) or not cost competitive (Au and Sc) are eliminated at
this stage of solute selection. Among the remaining candidates, W-Ti is a preferred system for
several reasons, including more available materials and phase diagram data compared to W-In,
W-Mn, W-Zn, high intrinsic strength of Ti, and relatively simple phase equilibria between W
and Ti. The phase diagram between W and Ti in Figure 3.23 show a high solid solubility and no

competing intermetallic compounds.

Ti is also of interest because it runs counter to prior conceptions of what alloying
elements would be preferred for nanostructure stabilization. Conventional approaches for solute
selection generally prefer elements with a high atomic size mismatch or low solubility with the
host atoms for their higher tendency to segregate at grain boundaries. In this particular pool of
solute, the elements with the largest size mismatch with W (i.e. Sr with 55% size mismatch) and
the lowest solubility in W (i.e. Ag and Cu, both with negligible solubility) fall within the

precipitated polycrystal region of the nanostructure stability map.
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Among the candidate solute in Figure 3.18, Ti is the alloying element with the
lowest AH®®® and a low-to-moderate atomic size mismatch of 6% with W. At 1100°C, Ti has a
particularly high 48 at.% solid solubility in W, as shown in the phase diagram in Figure 3.23.
Yet, the placement of the W-Ti system is safe within the classical nanostructure region even after
a consideration of the errors from AH™* and AH®®8 calculations. Moreover, Ti is a fast

diffusing element so stabilization mechanisms based on kinetic drags is rather unlikely.
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Figure 3.23: Phase diagram of W-Ti alloy [65].

3.2. Material processing

3.2.1. High-energy ball milling of tungsten

Severe plastic deformation via high-energy ball milling is selected as the powder
processing method since alloying and grain refinement can be achieved simultaneously. The
powders were processed in a SPEX 8000 high-energy ball mill using tungsten carbide media
with a ball-to-powder ratio of 5 to 1. Ball milling was carried out in a controlled argon

atmosphere in a glove box, and 1 wt.% stearic acid was used as the process control agent.
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Tungsten powders were milled for 2, 4, 6, 8, and 10 hours and the resulting powders were

characterized.
Stages of milling

Scanning electron microscopy (SEM) images in Figure 3.24 show the shape, size, and
distribution of the milled particles at different milling times. Plate-like particles are present
during the first four hours of milling, and from the sixth hour on, the powder particles become
more equiaxed with minor change as milling progresses. The general mechanism of ball milling

can be understood from the developments in particle size and geometry over time.

Figure 3.24: SEM micrographs of powder particles at different milling times.

During the first stage of milling, powder particles are flattened by microforging between
the milling media, resulting in plate-like particles [66]. The increased surface area results in
extensive cold welding between powder particles, causing a lamellar structure to develop. As the
particles are continuously fractured and cold welded, lamellar colonies of random orientations
are formed in each particle and the different atomic species continue to intermix. Further
fracturing causes particles to become smaller and more equiaxed. As milling continues, the
strength is increased by strain hardening. And hence, fracturing becomes dominant and the
particle size decreases. Finally, a steady state between welding and fracturing is reached and the
particle size saturates with time. The similarity in the overall size and shape in our ball milled
tungsten powder at times after about the sixth hour (as observed in Figure 3.24) suggests a

plateau in structural changes as a steady state is reached after about 4-6 hours.

Grain refinement with time
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We use X-ray diffraction (XRD) to investigate the ball milled structures and the change
in average grain size with time. The X-ray diffraction time-series in Figure 3.25 shows
broadening of major tungsten peaks with milling time, particularly starting at six hours, due to
the refinement of grain size and the lattice strain from plastic deformation. These traces also
reveal minor peaks of tungsten carbide picked up from the milling media. The average grain size
of tungsten is estimated using the Rietveld refinement method and Figure 3.26 shows the grain
size significantly reduced below 50 nm after six hours of milling. However, as the milling time
increases, the tungsten carbide peaks from the milling media become more noticeable. Therefore,
in order to obtain nanocrystalline tungsten with a minimal amount of tungsten carbide
contamination, six hours is selected as a preferred milling duration. The amount of microstrain

shown in Figure 3.26 increases with milling as expected and the lattice parameter remains close

to 3.165 A which is the reference value for tungsten metal.
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Figure 3.25: X-ray diffraction patterns of ball-milled tungsten at different milling stages.
Broadening of tungsten peaks becomes more noticeable with the milling time.
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Figure 3.26: Average grain size, microstrain, and lattice parameter of ball-milled tungsten
at different milling times from X-ray diffraction analysis. The average grain size is
significantly refined after six hours of milling.

3.2.2. Synthesis and stability of tungsten-based alloys

Using the same ball milling procedure, solute can be added to the powder mixture and
ball milled with tungsten to produce a nanocrystalline alloy. Samples with a 20 at.% addition of
solute with a positive AH™X with tungsten, i.e. Cr, Fe, Ti and V, were produced and tested for
stability at 1100°C. After a 24-hour anneal in an argon atmosphere, the tungsten alloys were
quenched to room temperature and characterized. The X-ray diffraction results in Figure 3.27
show a rough trend between thermal stability and increasing atomic size difference (with a
positive value for a solute that is larger than tungsten). Among the metals with a positive AH™X
with tungsten and with reliable materials data, Ti exhibits better thermal stability compared to Cr
(which agrees with our simulation results in Figure 3.19) and will be our choice of alloying

element for further investigation.
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Figure 3.27: Average grain sizes and lattice parameters from X-ray diffraction analysis of
tungsten-based alloys with a 20 at.% addition of the specified solute before and after
annealing at 1100°C for one day.

3.3. Synthesis of W-Ti alloys

Tungsten samples with titanium content ranging from 0 to 20 atomic percent were ball
milled for six hours using the same procedure outlined in section 3.2 and their structures after

milling are characterized by the following two methods.

3.3.1. Characterization methods

X-ray diffraction
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The X-ray diffraction patterns in Figure 3.28 show similar peak positions and peak
profiles with the change in Ti composition. Using the Rietveld refinement method, the results in
Figure 3.29 shows a general trend of decreasing grain size with increasing solute content,
although the change is minor. There is no evident peak from titanium in these as-milled
diffraction patterns; however the change in tungsten lattice parameter suggests that the addition
of larger titanium atoms may slightly alter the tungsten host lattice in the as-milled state by
possibly forming a substitutional solution. The peaks from tungsten-containing phases generally
dominate peaks from other elements due to the high atomic number and therefore high scattering

capability, or structure factor.
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Figure 3.28: X-ray diffraction patterns of W-Ti alloys with 0-20 at.% Ti content. There is
no significant change in peak profile with solute addition in the as-milled state.

100 1 <
_ ® XRD ~ . 3.166
& O TEM R 2
p £ o e
N 5 " 05 S S 3165t @ @ o @ .
w X X w oy 7] ©
= . X N X o C;;
o O 0O = O
(3 .8....... = '%3.164
0 0 -
0 5 10 15 20 0 5 10 15 20
Solute Composition (at.%) Solute Composition (at.%)

Figure 3.29: Average grain size, microstrain, and lattice parameters of as-milled W-Ti
alloys with 0-20 at.% Ti addition from X-ray diffraction analysis. The average grain sizes
from TEM observation are also provided.
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Electron microscopy

The second method of grain structure characterization is by transmission electron
microscopy (TEM). TEM allows direct observations of grain size, shape and distribution;
however, preparation of TEM specimen from particulate materials can be challenging since their
irregular surface and interparticle voids can give rise to nonuniform milling or etching rate.
Furthermore, due to the high atomic weight of tungsten, electron transmission requires a
particularly thin specimen. As a result, preparation of TEM specimens with a uniform thickness

small enough for electron transmission is crucial.

Many of the common methods to prepare TEM specimens from powders were found
ineffective for the present W-based materials. For example, particulate samples may be
embedded in a media or binder material prior to TEM sample preparation, but preferential
thinning can occur when the media is softer than the embedded powder; the present W powders
are exceptionally strong and pose challenges to this method. Compaction of the powder into a
bulk form was also ruled out because it may introduce a change in structure and mechanical
state. Instead, the focused ion beam lift-out method was used to prepare TEM specimens from
loose, uncompressed powder instead of the conventional argon ion milling that would otherwise

require embedding or pressing the powder.

An FEI Helios NanoLab DualBeam focused ion beam (FIB) is used to prepare the
samples for electron microscopy with the steps shown in Figure 3.30. The powder is planarized
by a platinum protection layer, milled down to a thin membrane, lifted out by a manipulating
probe, placed on a TEM grid and thinned down to electron transparency. The lift-out process
provides a large uniform area of uncompressed powder with no external binding material
available for TEM observation and structural analysis. Bright- and dark-field images from JEOL
2010F and JEOL 2011 transmission electron microscopes were obtained for grain structure
observation and grain size measurement. The perimeter of each grain was traced and the grain

size was calculated from the diameter of an area-equivalent circle.
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Figure 3.30: Lift-out procedure for TEM specimen preparation from loose powder.

3.3.2. As-milled grain structures

The complete grain size distributions are presented by the histograms in Figure 3.31
along with bright- and dark-field TEM images of tungsten and W-Ti alloys. All samples have
grains that are smaller than 100 nm and an average grain size around 20 nm. The structures
appear uniform and polycrystalline, as also confirmed by electron diffraction. In order to
compare with the X-ray diffraction results, the XRD-equivalent 3/4 volume averaged grain sizes

from the TEM measurements are plotted in Figure 3.29 [67]. Both methods of grain
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characterization reveal only a slight change in the overall grain size with solute content in the as-
milled state, as all samples are imposed with a similar degree of deformation from the same ball
milling procedure. The structure could remain in an out-of-equilibrium state as a result of severe

plastic deformation and the solute atoms do not display any noticeable influence at this stage.
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Figure 3.31: Bright-field TEM images with dark-field insets along with the grain size
distributions from as-milled W specimens with 0-20 at.% Ti addition. The grain sizes are
observed to be below 100 nm after milling.

3.4. Conclusions

Selection of a suitable alloying element for enhancing high-temperature stability of
nanocrystalline tungsten with a focus on powder consolidation requirements is discussed based
on simulation of alloy structures and specific material considerations. As an extension of the
nanostructure stability map, which represents a general classification of nanostructure behaviors,
a parameter ®g - 0, or in our study 2AH%®8 — AH™X_ is used as a quantitative representation of
the solute’s potential stabilizing efficacy, through the magnitude of reduction in the grain
boundary formation energy.

Our choice of titanium as the alloying element is supported by both simulation results and
the alloy screening experiment from the pool of candidate of various material parameters. The

processing method of nanocrystalline tungsten by high-energy ball milling is established and
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yields an initial average grain size of around 20 nm in both unalloyed and alloyed tungsten.
Structural characterization by diffraction and microscopy methods reveals a uniform nanoscale

grain structure with marginal change with solute concentration in the as-milled state.
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Chapter 4: Thermal stability of nanocrystalline W-Ti alloys

Enhancing thermal stability is a considerable engineering leap toward practical
nanostructured materials, especially for powder-route nanocrystalline metals which are
susceptible to structural changes at the high temperature required for full-density consolidation.
The results in Chapters 2 and 3 suggest that by adding a suitable alloying element, the energy
penalty of grain boundaries can be reduced and a nanoscale grain structure can be retained. This
concept is explored further with a focus on the extent of stability in terms of both temperature
and time. By changing the alloying composition, control of structural stability for the
temperature and the time duration needed for a specific processing or usage requirement may be
possible. Diffraction and microscopy techniques can be used to investigate the extent and the

nature of stabilizing effects of the added solutes.

4.1. Diffusion in W and Ti metals

Lee at al. reported two regimes of self-diffusion in polycrystalline tungsten [68]. In the
lower temperature range of 887-1050°C, grain boundary diffusion is dominant with the grain
boundary self-diffusivity of Dw s = 1.41x107*exp(-294[kJ/mol]/RT) m?/s, where R is the ideal
gas constant. As the temperature increases, a change in diffusion mechanism is observed from
grain boundary to lattice diffusion, which begins to dominate at 1600-1900°C, with the volume
self-diffusivity of Dy.yoi = 4x10*exp(-525.9[kJ/mol)/RT) m/s.

The low-temperature hexagonal close-packed phase of titanium metal transforms to the
BCC structure at 880°C and therefore titanium becomes dissolved in solid solution with BCC
tungsten at elevated temperatures. The self-diffusivity of Ti at 1000°C is Dripcc = 1.6x10"
m?/s, and at 1100°C is Drisce = 4.1x107% m?/s [69]. Therefore, titanium is a fast diffusing
element compared to tungsten. The diffusion distances, calculated from the square root of the
product of diffusivity and diffusion time, are listed in Table 4.2 by both grain boundary and
volume pathways at 1000°C and 1100°C.
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Table 4.2: Diffusion lengths of W and Ti in the grain boundary and grain interior paths.

Lw.cs Lw.cs Liw vol Lw vol Liivol Ltivol
Temperature
t=1 day | t=1 week | t=1day | t=1lweek | t=1day | t=1 week
°C)
(um) (um) (nm) (nm) (nm) (um)
1000 1 2.7 0.01 0.03 118 311
1100 2.8 7.5 0.06 0.15 188 498

In our temperature range of interest, grain boundary diffusion is the dominant diffusion
path in tungsten. The diffusion distances after 1 day at 1000°C and 1100°C are on the order of
micrometers and are both significantly larger than the average grain size of around 20 nm in the

as-milled tungsten samples.

4.2. Short annealing

In order to determine the effects of alloying on grain structure evolution, the ball milled
tungsten samples are annealed at 900-1100°C for 4.5 hours to probe for any change in structure
at these temperatures. Analysis of the post-annealing structures by X-ray diffraction and TEM
imaging shows evidence of grain size retention in the W-15 at.% Ti alloy annealed at 1000°C,
while the unalloyed tungsten grain structure is significantly coarsened at a lower annealing
temperature of 950°C. Figure 4.32 shows a comparison between the grain sizes obtained from
XRD patterns and TEM images, with the TEM grain sizes plotted in blue. The extracted lattice
parameters in Figure 4.33 are observed to vary with the solute content, with a lower lattice
parameter as the solute composition increases. At a certain solute concentration, the lattice
parameter displays a positive linear relationship with the annealing temperature, which could

result from a higher degree of relaxation at the higher annealing temperature.
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Figure 4.32: (a) XRD grain size of tungsten alloys after annealing. The grain size that
falls above the reliable limit of XRD grain size analysis is plotted with an open marker at
100 nm. (b) Comparison between XRD and TEM grain sizes with those obtained from
TEM images in blue.
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Figure 4.33: Lattice parameter of tungsten after annealing.

The grain size histograms in Figure 4.34 are obtained from TEM images and they
confirm the difference in thermal stability in these alloys with respect to solute composition and
annealing temperature. The TEM images show the grain size on the order of several hundreds of
nanometers in the unalloyed tungsten annealed at 950°C and a uniform fine-grained structure in
the W-15 at.% Ti sample. After annealing, the average grain size of the W-15 at.% Ti sample
increases only marginally and the distribution becomes slightly broader. The larger grains are a
small fraction of the entire grain population, and therefore result in only a minor change in
average grain size from those runaway grains. A second phase emerges in the W-2.5 at.% Ti

sample annealed at 1000°C and the W-15 at.% Ti sample annealed at 1100°C.
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Figure 4.34: TEM images and grain size distributions of the tungsten samples after a 4.5-
hour isothermal anneal at 950-1100°C.

These initial results show the grain size dependence on the annealing temperature and the
solute content. Specifically, increasing the solute content appears to extend the temperature range
in which the fine grain structure can be maintained. With a possibility of retaining the grain
structures at 1000°C with 15 at.% solute content, these tungsten alloys are tested further by

annealing for a longer duration of time to probe for any stability limit.

4.3. Extended annealing

Ball milled tungsten with 0, 5, 10, and 20 at.% titanium content were annealed at 1100°C
for one day and at 1000°C and 1100°C for one week in an argon atmosphere then quenched to
room temperature. The pre- and post- annealing structures were analyzed using X-ray diffraction
for phase identification, grain size, microstrain, and lattice parameter. The procedures for
specimen preparation and TEM imaging are similar to those outlined in Chapter 3. For relatively
large grained structures, FIB imaging was performed using an FEI Helios NanoLab focused ion

beam.

The lattice parameters of tungsten in the annealed samples are plotted in Figure 4.35

along with those obtained from the pre-annealing structures. The decrease in tungsten lattice
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parameter with titanium composition after annealing could result from redistribution of titanium
atoms from the titanium-tungsten solid solution in various possible scenarios, such as
segregation of titanium into grain boundaries of tungsten, titanium-rich precipitates, or new
phase formation. Relaxation of the deformed lattice also contributes to the change in lattice
parameter of tungsten, although chemical effects may be more significant, as seen in the minor
change in lattice parameters of unalloyed tungsten compared to those of tungsten alloys. In the
as-milled samples, the lattice parameter slightly increases with the addition of titanium, and the
variation results from the larger metallic radius of titanium compared to tungsten. However, the

increase is very minor and is lower than the weighted average of the two metallic radii.
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Figure 4.35: Lattice parameters of tungsten in the pre- and post- annealing structures.

Figure 4.36(a) shows the post-annealing XRD grain sizes and improvement in grain
stability with increasing solute concentration. We note that grain sizes after annealing at 1000°C
for one week and at 1100°C for one day are comparable and this is consistent with the similar
diffusion distances listed in Table 4.2 under both conditions. The average grain sizes obtained
from TEM images in Figure 4.36(b) confirm the solute-enhanced thermal stability, but reveals

severe grain coarsening at dilute concentrations.
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Figure 4.36: (a) As-milled and post-annealing XRD grain sizes under different annealing
conditions. (b) Comparison between XRD and TEM grain sizes obtained from tungsten
samples after a one-week anneal at 1100°C.

After a one-week anneal at 1100°C, the FIB cross section image of unalloyed tungsten in
Figure 4.37 confirms grain coarsening in the unalloyed nanocrystalline tungsten powder to
several hundreds of nanometers in average grain size. The grains become faceted and straight
grain boundaries are clearly visible. The W alloy powders with 5, 10 and 20 at.% Ti content are
prepared by the lift-out technique and studied under a TEM. The W-5 at.% Ti sample shows
second phase particles throughout the structure. The tungsten grains grow noticeably larger
although the grain boundaries are not straightened out like those in the unalloyed tungsten. The
W-10 at.% Ti sample exhibits grain growth and some second phase formation but not as severe
as in the 5 at.% sample. On the contrary, the W-20 at.% Ti sample displays grain size retention

below 100 nm with no evident second phase. The grain sizes obtained from TEM and XRD

analysis are listed in Table 4.3.
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Figure 4.37: FIB image of unalloyed W and TEM bright-field images with a dark-field
TEM inset of W-Ti alloys after a one-week anneal at 1100°C. Grain size distribution
histograms of the post-annealing structures are also provided.

Table 4.3: Grain sizes obtained from TEM observation and estimated from XRD patterns.

Ti TEM arithmetic TEM volume XRD XRD
Composition | Condition | average size averaged size Rietveld size | Langford size
(at.%) (nm) (nm) (nm) (nm)

20 As-milled 22 32 20 30
20 Annealed 24 33 35 43
10 Annealed 35 70 59 79
5 Annealed 153 280 83 > 100

0 As-milled 17 26 27 43
0 Annealed 604 883 > 100 > 100

The extent or breakdown of nanostructure stability with respect to composition and

temperature may result from a change in structural or chemical arrangements that could be
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overlooked in bulk thermodynamics. Without any consideration of grain boundaries, a bulk
tungsten-titanium mixture is expected to exist in BCC solid solution with a possibility of
hexagonal close packed (HCP) titanium emerging at temperatures below 490°C. In
nanocrystalline materials, the large volume of interfaces may induce behaviors or structures that
are unexpected in coarse grained materials. For instance, as a fast diffusing specie, titanium
atoms can redistribute via tungsten grain boundaries or aggregate into a second phase, such as
those in the 5 at.% Ti case. The solute redistribution can thus trigger a change in grain boundary
segregation state and therefore tungsten grain structure. Here the appearance of the second phase
seems to be associated with the breakdown of grain structure stability in the samples with
relatively dilute concentrations. At the higher Ti composition of 20 at.%, the grain structure

remains uniformly on the nanoscale with no observable second phase.

4.4. Conclusions

Grain stability of nanocrystalline tungsten is investigated by several isothermal annealing
experiments. The post-annealing structures are characterized by X-ray diffraction and electron

microscopy and the following conclusions may be drawn:

e The post-annealing grain sizes are similar in the samples subjected to annealing
conditions with equivalent diffusion distance, but significantly different annealing time
and temperature (i.e. 1000°C for one week and 1100°C for one day).

e Grain stability can be intervened by a competition from a second phase and therefore
stability against both grain growth and second phase formation must be considered.

e Titanium is potentially a good candidate for grain stabilization of tungsten, and the grain
stabilizing effects is dependent on titanium concentration. A 20 at.% addition of titanium
is observed to help inhibit grain coarsening in nanocrystalline tungsten at the expected
sintering temperature of 1100°C for the duration of one week.

e Grain structure stability is influenced by diffusion length, solute concentration and a
change in equilibrium state. The alloying condition should be adjusted according to the
thermal requirement, i.e. the time and temperature, as well as any possible phase

transformation at the required temperature.
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Chapter 5: Segregation behaviors in W-Ti nanocrystalline alloys

5.1. Characterization of grain boundary segregation

5.1.1. Characterization methods

Among the direct and indirect characterization methods of chemical segregation,
microscopy techniques are a particularly useful tool for assessing the extent of solute segregation
at grain boundaries in both qualitative and quantitative manners. For chemical segregation in the
vicinity of a grain boundary, Taheri et al. suggested three characterization methods as follows

[70]:

1. Estimation of segregation level from grain boundary mobility

2. TEM based methods such as Z (atomic number) contrast imaging by scanning
transmission electron microscopy (STEM) and/or electron energy loss spectroscopy
(EELS)

3. Atom probe tomography (APT) method -- local electrode atom probe (LEAP)
tomography also offers site-specific analysis by using a movable electrode to field-

evaporate atoms locally.

TEM based methods such as STEM and EELS provide through-thickness information of
the specimen, or more specifically, atomic column imaging. Instead of a parallel electron beam,
STEM technique is based on using a convergent beam of electrons, or electron probe, to obtain
point-by-point electron scattering data by scanning over the surface of the specimen. The
scanning electron probe can simultaneously generate several types of signals, both images and
spectrometry depending on the physics of interactions, including annular dark-field imaging
(ADF), high-angle annular dark-field imaging (HAADF), energy dispersive X-ray spectroscopy
(EDS), and EELS. STEM images are produced by the scattered electrons collected by the
annular detector below the specimen. The amount of scattering depends on the Rutherford
scattering cross-section which varies with atomic number by Z?. As a result, the intensity at each
point of a STEM image indicates the average atomic number over the vertical atomic column
illuminated by the electron probe [71]. One advantage of STEM imaging is the robustness of the

data; there is no contrast reversal with local specimen thickness or change of focus. Therefore,
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qualitative observation in STEM is considered reliable; the position of an atomic column can be
accurately identified by bright contrast. Hence, STEM images can provide direct observation of
atomic arrangement and consistently identify the difference in chemical species. In particular,
ADF and HAADF imaging works well with high atomic number elements but can be insensitive

to certain light elements.

STEM analysis of the chemical arrangement at or near grain boundaries is most of the
time qualitative (by contrast comparison) or by direct observation at the atomic resolution.
Quantitative STEM-based characterization is possible with spectrometry based on signals
generated by electron scattering, which are generally EDS and EELS techniques. EDS analysis 1s
common and particularly suited for heavier elements. For light elements, EELS can provide
complementary data, specifically for elements from carbon to zinc, with a requirement of very
thin specimens. For the analysis of heavy metals such as tungsten based alloys, EDS is the

STEM-based spectroscopy method of choice.

5.1.2. Resolution limit

Kimoto et al. made an interesting statement regarding the practicality of imaging

techniques as follows [72]:

“Although atomically resolved measurements have long been possible, an important
goal in microstructure characterization is to achieve element-selective imaging at atomic
resolution. A combination of scanning transmission electron microscopy (STEM) and
electron energy-loss spectroscopy (EELS) is a promising technique for atomic-column
analysis. However, two-dimensional analysis has not yet been performed owing to
several difficulties, such as delocalization in inelastic scattering or instrumentation

instabilities.”

Requirements for obtaining the atomic-column resolution in crystalline materials using
STEM-based techniques include a small intense probe and localization of electron probe
propagation. Instead of propagating along a certain atomic column, in thick specimens the
electron probe can experience dechannelling by having the intensity transferred to adjacent

atomic columns and this in turn worsens the resolution [72].
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In thick specimens, beam spreading from the single-scattering model determines the
spatial resolution by [73]:

Y
b=625-105 = (B) 2.t (5.1)

[} A

where b is the beam spread in cm, Z is the atomic number, E is the beam energy in eV, p is the
density in g/em’, 4 is the atomic weight, and ¢ is the foil thickness in cm. For tungsten based
materials, the high atomic number and density may lead to significant beam spreading and an
inherent resolution limit in STEM observation. Therefore, a comparison to other characterization
techniques or use of complementary data may be particularly useful in determining the reliability

of STEM-based characterizations of heavy metal structures.

5.2. STEM-based grain boundary studies

Characterization of grain boundary structures near or at atomic resolution reported by far
has been carried out mostly on individual well-defined grain boundaries with high symmetry
(coincident site lattice, or CSL grain boundaries) or ideal grain boundaries in bicrystals, made
possible by site-specific sample preparation (such as focused ion beam methods) on pre-
determined high-symmetry grain boundaries or those that are artificially made [70, 74-76].
Thorough characterization of grain boundary networks or a relatively large volume of material
with small grain sizes in the nanocrystalline or near-amorphous regime is still lacking. And with
small grain sizes and a large volume fraction of grain boundaries, characterization of all grain
boundaries may not be carried out in the “edge-on” direction, making the quantitative analysis in
STEM more difficult due to averaging of signals over the whole atomic column under the
electron probe. Beside the TEM based methods, three-dimensional tomography techniques may
become a critical tool when grain boundaries are entangled into a network and atomic column

imaging may be irrelevant or extremely difficult.

STEM-based grain boundary characterization techniques can be classified into two
general approaches, namely by direct observation and quantitative spectrometry, as discussed in

the following sections.

5.2.1. Direct observation
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Atomic resolution images of solute segregation at interfaces have been reported via direct
observation of atomic column structures and chemically induced contrast. Z-contrast imaging of
individual grain boundaries in Figure 5.38 reveals special atomic arrangement in the grain
boundaries compared to the bulk [75-77]. Particularly in CSL boundaries, atoms usually
assemble into repeating “structural units” in the vicinity of grain boundaries. Identification of
solute segregation is often qualitative, mostly by identifying a peak in contrast and sometimes

comparing to image simulations.

Figure 5.38: (a) STEM HAADF images of a Ni polycrystal showing different contrast
from a bilayer interfacial phase of adsorbed Bi along the grain boundaries [77]. (b) Z-
contrast images of symmetric 36.8° <001> tilt boundaries in pure and Bi-doped Cu.
Repeating structural units and segregation of Bi atoms are observed along the grain
boundaries [75]. (c) Z-contrast images of £31 [0001] tilt grain boundaries in undoped and
Y-doped alumina. Grain boundary segregation of Y is evident from the contrast
difference. The atomic column arrangement of structural units is highlighted by the
overlays [76].

A STEM-based study of grain boundary segregation in polycrystalline metals was
reported by Taheri et al. by direct observation and qualitative identification of solute segregation
[70]. The STEM image in Figure 5.39(a) shows a variation in atomic contrast at different types
of special grain boundaries, which results from selective grain boundary segregation of the

solutes. The variation in brightness intensity over a line drawn across different types of grain
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boundaries in the STEM image represents the degree of solute segregation, however only in a

qualitative manner.
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Figure 5.39: Semi-quantitative and quantitative measurements of grain boundary
segregation. (a) A STEM image showing higher brightness at the non-tilt X7 grain
boundary compared to the mobile £7 tilt leading edge of a growing grain. (b) Brightness
intensity across the X7 tilt and non-tilt £7 grain boundaries [70]. (¢) The Sr/Ti ratio
obtained from STEM-EDS chemical composition analyses near the grain boundary
vicinity showing Sr enrichment at the grain boundary [78]. (d) STEM image and EDS
chemical maps for (¢) Y and (f) Al in sintered nanocrystalline tetragonal zirconia [79].

5.2.2. Quantitative methods

Several attempts at the quantitative analysis of grain boundary segregation in STEM
using EDS spectrometry have been reported, with many relying on the Cliff-Lorimer equation to

obtain the composition profile from EDS intensities.

Cliff-Lorimer method

The weight ratio between two atomic species in a thin specimen can be approximated

using the Cliff-Lorimer equation:

(5] 1
ﬁ = Kkag i (5.2)
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where C denotes the weight fraction of A and B atomic species, / is the EDS peak intensity
above background, and kup is the Cliff-Lorimer factor for elements A and B, which is determined

experimentally using multiple thin-film standards with known composition [80, 81].

Shih et al. performed discrete STEM-EDS measurements using several spot scans across
grain boundary regions of SrTiO; and used the Cliff-Lorimer equation to quantify the ratio
between Sr and Ti enrichment at the grain boundaries, as shown in Figure 5.39(b). There are
some known errors associated with such method. Specifically, X-ray absorption by the specimen
can alter the X-ray intensities even in thin specimens, and the variation of specimen thickness

can also affect the amount X-ray generated from each region of the specimen.
Zeta-factor method

Watanabe et al. proposed the zeta-factor method to address the issues of X-ray absorption
and specimen thickness variation in the Cliff-Lorimer method [81, 82]. In their approach, the

mass-thickness can be related to X-ray intensity by = {4 Z‘ILD , where p is the specimen density,
Ale

t is the specimen thickness, {, is the proportional factor, /4 is the measured X-ray intensity above

background, C, is the composition, and D, is the electron dose. For a binary system, the mass-

{ala+{plp

e

thickness varies with the intensity from each element as pt = , and therefore the

weight fraction can be derived as Cy = _fala_ The { factor can be experimentally
{ala+3pip
determined using standards for each required element using the relationship, { = H\I—h ,
0

where A4 is the atomic weight, Ny is Avogadro’s number, ( is ionization cross-section, ® is the
fluorescence yield, a is the relative transition probability, and i is the beam current. As a result,
the ¢ factor is independent of the specimen thickness and therefore local thickness variation,

which the Cliff-Lorimer method may suffer from [83].

The composition ratio between two elements derived from the zeta-factor method

resembles the Cliff-Lorimer equation, as in E—A = Sala

I
= k,p=. However, here the { factor can
B {plp Ip

be independently measured for each element, and therefore the calibration can be done using a
single-element standard. It should be noted that the Cliff-Lorimer method remains accurate given
that the appropriate k factor is used. Even though the zeta-factor method may offer some

improvements over the Cliff-Lorimer method, it is yet to be made available in standard
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commercial EDS software. On the other hand, the Cliff-Lorimer method is more accessible and

remains reliable with proper calibration.

5.2.3. Other characterization methods

A combination of TEM-based methods such as TEM, STEM, EDS, and EELS with other
characterization tools and modeling has been shown to provide intensive complementary data
[84]. In particular, atom probe tomography (APT) has aided the visualization of microstructural
features in three dimensions as an extension to two-dimensional TEM-based methods. Although
the chemical data with respect to the spatial position in three dimensions is the advantage of
APT, direct detection of grain boundaries is generally difficult or unavailable in the instrument,
and may not be straightforward in all material structures. Evidence of grain boundaries can be
indirect, such as an orientation shift shown in stereographic projection in field ion microscopy, or
a sharp increase in evaporation rate, or it could be derived from statistical analysis [70, 85, 36].
These evidences may be less pronounced in ultrafine-grained structures where an excessive
amount of grain boundaries exist throughout the volume of the specimen. Furthermore, the
advance of the evaporation front through the specimen may obscure the intensity of such signals,

or the grain boundary related events may be so frequent that the data appears too scattered.

5.3. Segregation behaviors in W-Ti alloys

The bright- and dark- field TEM images of the annealed W-Ti alloys in Chapter 4
provide grain structure information and degree of thermal stability of these alloys. However,
further analysis of the chemical distribution may offer an insight into the segregation behavior
and possibly the mechanism behind the enhanced stability. In the following section, the
chemical distributions will be investigated using the STEM-EDS method and the Cliff-Lorimer
equation will be used to quantify the extent of segregation. Comparison to a three-dimensional
characterization technique will be made in order to assess the validity of the STEM-EDS

method.

5.3.1. STEM-EDS analysis

A JEOL 2010F TEM with STEM and EDS capability was used for atomic contrast

imaging and elemental analysis of the annealed samples. Elemental maps and compositional line
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scans can be obtained from these grain structures to study the distribution of titanium in tungsten
after annealing. The two alloys that exhibit enhanced grain stability at 1100°C, i.e. W-10 at.% Ti

and W-20 at.% Ti, were characterized.

A bright-field STEM image, showing titanium-rich areas in brighter contrast and
tungsten-rich areas in darker contrast, and EDS elemental maps of the annealed W-10 at.% Ti
alloy display irregular shaped titanium-rich regions in the tungsten polycrystalline structure as
shown in Figure 5.40. The titanium composition profile from EDS shows the titanium
composition ranging between 75 and 96 at.% in the relatively large titanium-rich precipitates that
appear to enclose the tungsten grains. There is also segregation of titanium at the boundaries of

tungsten grains at a lower concentration range of around 5-20 at.%.
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Figure 5.40: STEM image, elemental maps, and Ti compositional line profile obtained
from the W-10 at.% Ti alloy after a one-week anneal at 1100°C.

Figure 5.41 show an inhomogeneous distribution of Ti in the annealed W-20 at.% Ti
alloy around the visible tungsten grains identified by the darker contrast in the bright-field STEM
image. The EDS compositional profile shows the titanium composition varying between 5 and
53 at.%, which is close to the 0-48 at.% solubility limit of Ti in W at 1100°C. The compositional
line scan also suggests that titanium is depleted from the tungsten-rich grain centers and rises to

approximately 50-60 at.% close to the tungsten-rich grain exterior. Although STEM images can
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reveal the contrast between heavy and light elements, two adjacent tungsten grains with different
crystal orientations may not be as clearly resolved as by the diffraction contrast in the TEM

images.
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Figure 5.41: STEM image, elemental maps, and Ti compositional line profile from the
W-20 at.% Ti alloy after a one-week anneal at 1100°C.

The heterogeneous distribution of Ti in these tungsten alloys is unexpected in
conventional bulk W-Ti phase diagrams, which suggest complete miscibility of Ti in W at our
annealing temperature of 1100°C and Ti concentrations of 10 and 20 at.%. This unusual
separated state could result from incomplete mixing in the as-milled state and therefore we
proceed to analyze the as-milled structure of the W-20 at.% Ti alloy. The results in Figure 5.42,
however, show fairly uniform distributions of W and Ti atoms with some fluctuation in Ti

content around the 20 at.% nominal concentration.
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Figure 5.42: STEM image, elemental maps, and Ti compositional line profile obtained
from the as-milled W-20 at.% Ti alloy.

5.3.2. Atom probe tomography

The annealed W-20 at.% Ti sample is further analyzed using the atom probe tomography
technique to investigate the volume distribution of Ti atoms. The APT specimen was prepared by
the FIB lift-out method and the atom probe evaporation procedure was performed using a
Cameca local electrode atom probe (LEAP-4000X HR) in the laser pulse mode with the initial
pulse frequency of 50 kHz at the pressure of 4.9x10™"" torr at 55 K. Before going into further
detail, the APT results are first presented in a top-down view of the overall volume distributions,
as shown in Figure 5.43(a), in order to compare with the through-thickness STEM

measurements.
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Figure 5.43: Through-thickness representation of (a) mixed W and Ti elemental map and
separate (b) W and (c) Ti distributions from atom probe tomography analysis of the W-20
at.% Ti alloy after a one-week anneal at 1100°C. Tungsten atoms are uniformly
distributed whereas the titanium atoms display a spatial preference with the size of the Ti-
depleted region comparable to the tungsten grain size. The compositional isosurfaces of
(d) W and (e) Ti distributions show regions with local composition higher than the
nominal values.

While the distribution of W atoms appears uniform in Figure 5.43(b), both of Ti-rich and
Ti-depleted regions are present in the Ti distribution map in Figure 5.43(c). The overall
distributions of both types of atoms presented in the mixed elemental map in Figure 5.43(a)

resemble those observed earlier using the STEM-EDS method.

A more quantitative interpretation of the APT results is first presented by the
compositional isosurfaces in Figure 5.43(d) and (e). The region enclosed by the red surface in
Figure 5.43(e) are enriched above the nominal 20 at.% Ti concentration, and the complementary
blue surface bounds the regions in Figure 5.43(d) with the W content higher than 80 at.%. Even

though the absolute value of tungsten concentration inside the blue isosurface is above the
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nominal 80 at.% value, it is a result of Ti depletion rather than W enrichment, as shown earlier
by the fairly uniform distribution of tungsten in Figure 5.43(b). The tungsten and titanium

isosurfaces are combined and provided in Figure 5.44(a) and (d) as a reference.

(a) Isosurface (b) Isovolume

s Ti > 20 at.% Ti Content

mm \\ > 80 at.% Highest Lowest

Figure 5.44: Quantitative volume distribution of Ti in the annealed W-20 at.% Ti alloy.
(a) Composition isosurfaces of W and Ti show location-specific depletion of Ti below the
nominal concentration of 20 at.% in blue and enrichment of Ti above 20 at.% in red. (b)
The volume distribution of Ti can be presented by the isovolume with the highest local Ti
content in red and the lowest local Ti content in blue. The three-dimensional views of the
isosurfaces (d) and volume distribution (¢) are provided for the whole specimen volume.

The volume distribution of atoms can also be presented by a combination of multiple
isosurfaces into an isovolume shown in Figure 5.44(b) and (e). The colors indicate the relative Ti
content at each point in the volume and identify regions with Ti depletion and enrichment, which

match the blue and red isosurfaces in Figure 5.44(a) and (d).

A compositional line profile can also be generated from the APT data and the Ti profiles
in Figure 5.45(a) and (b) display local peaks in Ti concentration around 20 at.% and 60 at.% with
the periodicity comparable to the grain size of tungsten. The quantitative APT results presented
in the form of isosurfaces, the isovolume, and the compositional line profiles all illustrate an

inhomogeneous distribution of Ti atoms in our post-annealing alloy structure consistent with the
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data from STEM-based measurements, with similar segregation profiles measured by both

techniques
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Figure 5.45: Compositional line profiles across the horizontal and vertical axes of the
annealed W-20 at.% Ti APT specimen.

The inhomogeneous distribution of titanium atoms observed in the annealed W-20 at.%
Ti alloy is unexpected based on a comparison to an equilibrium bulk phase diagram between
tungsten and titanium, which anticipates a homogeneous solid solution with a maximum
solubility beyond 40 at.% Ti at 1100°C. Nevertheless, our nanocrystalline material is produced
by severe plastic deformation, which results in a highly defected, out-of-equilibrium structure in
the as-milled state. During the anneal, Ti atoms can redistribute into a low-energy configuration
via short-circuit diffusion through interfaces and defects at a faster diffusion rate compared to
tungsten atoms. The mismatch between diffusivity and also atomic sizes can result in a

combination of W-rich crystalline structures with Ti-rich intergranular regions.

Thus, the discrepancy between our observed structures and a uniform solid solution
expected by bulk thermodynamics may result from the influence from grain boundaries, which
exist in a large volume fraction in nanostructured materials. The simulated structures of W-Ti
alloys in Chapter 3 show a preference for segregation of titanium atoms at grain boundaries over
grain interior mixing, which is expected from the larger magnitude of enthalpy of grain boundary
segregation, AH®®8, compared enthalpy of mixing, AH™X  In the large grained form, such
segregation behavior has a length scale that is much finer than the grain size and a volume
fraction that is much smaller than the granular regions. As a result, the overall material structure
is dominated by the crystalline constituent and can display the behavior of a crystalline solid
solution. However, a grain boundary segregation state may manifest differently if the alloy is

allowed to fully equilibrate in a nanocrystalline grain environment and exists in the form of these
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complex nanoscale segregation structures. To further explore the effects of grain boundaries, we
can use the Monte Carlo alloy simulation to determine the equilibrium structure of W-Ti alloys
when grain boundaries are explicitly included as equilibrium features and when the material

parameters of W and Ti are applied.

5.3.3. Comparison to simulated structures

The structures of W-Ti alloys at 1100°C are simulated using the Monte Carlo method
with the same procedure discussed in Chapter 2 and the input material parameters of W and Ti.

Here, the values of bulk like-bonds, E¥W = EI'Tl = 486 kJ/mol, and grain boundary energy

. wagv _ .QTiy?;i _ . . .
penalties, = 2.64 kJ/mol and —=% = 2.02 kJ/mol are applied. Before considering the
zZt zt p

influence of grain boundaries, it may be intuitive to consider the equilibrated bulk structures in

order to compare our results with bulk phase diagrams.

When grain boundaries are not allowed, our Monte Carlo simulation produces the
expected single-phase solid solution at 1100°C, as shown in Figure 5.46, without any distinct
feature such as phase separation or ordering. Further investigation can be made by imitating the
experimental compositional line scans. The numbers of W and Ti atoms on the horizontal edges
(two rows at the bottom and one row at the top of the image, which are interconnected by the
periodic boundary conditions) of the simulated structures are extracted and the through-thickness
compositional line profile can be calculated, as shown in Figure 5.46. The Ti profiles show some
fluctuation around the nominal 10 and 20 at.% concentrations, however there is no significant
local peak. Thus, the expected homogeneous solid solution bulk structures can be appropriately

captured by our simulation.

38



W-10at% Ti

W-20 at.% Ti
O e

(b) S

() (d) EEEEENE

100 100 o=

9

e B0 80

3

— 60 60

c

£ 40 40

[e]

O B AT AN 20l,\N\/WM
= 0 0

0 50 100 0 50 100
Position (nm) Position (nm)

Figure 5.46: Equilibrated bulk structures of (a) W-10 at.% Ti and (b) W-20 at.% Ti alloys
at 1100°C calculated using the Monte Carlo alloy simulation. The structures are
homogeneous single crystalline solid solutions. The through-thickness compositional line
scans across the bottom rows of atoms of the simulated structure also confirm a uniform
distribution of titanium atoms around the nominal (c) 10 at.% and (d) 20 at.% Ti
composition. Simulations are performed on a 400 x 400 x 6 BCC lattice with AH mix.= 20

kJ/mol.
When the single crystalline requirement is no longer imposed, the fully equilibrated
structures shown in Figure 5.47 are polycrystalline with complex solute segregation structures.
Multiple nanoscale grains can coexist in our equilibrium structures and they are connected by

regions of solute segregation in the grain boundary vicinity.
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Figure 5.47: Simulated equilibrium structures of W-Ti alloys at 1100°C.The W-10 at.%
Ti alloy structures with (a) AH3*8 = 47 kJ/mol and (b) AHS®8 = 60 kJ/mol are solid
solutions with titanium grain boundary segregation states. Both of the equilibrated W-20
at.% Ti alloy structures with (c) AH%®8 = 47 kJ/mol and (d) AH3®8 = 60 kJ/mol display
inhomogeneous distributions of titanium with titanium atoms being preferentially
depleted from the tungsten-rich grains. Simulations are performed on a 1000 x 1000 x 6
BCC lattice and AH™ = 20 kJ/mol.

With the values of AH™* = 20 kJ/mol and AH®®8 = 47 kJ/mol obtained from Ref. [64],
both of the W-10 at.% Ti and W-20 at.% Ti structures in Figure 5.47(a) and (c) are solid
solutions with solute segregation in the grain boundary vicinity. Solute segregation is clearly
visible in the 20 at.% Ti structures where the titanium atoms are depleted from the crystalline
tungsten-rich regions, which is in line with our experimental results. By using the best fit value
of AH®®® = 60 kJ/mol, which is within the calculation errors of AH®8 from Ref. [64], the
experimental W-10 at.% Ti structure can also be captured by our simulation while the
segregation state in the W-20 at.% Ti structure remains roughly the same. These simulated
structures resemble the experimentally observed chemical distributions in the W-10 at.% Ti and

W-20 at% Ti samples from both STEM-EDS and APT characterizations; They are

polycrystalline with complex solute segregation structures.

In particular, the W- 20 at.% Ti alloy forms a dilute solid solution in the grain interior
with solute enrichment in the grain boundary vicinity. Chemical segregation is clearly visible as

the titanium atoms are depleted from the crystalline regions presented in solid colors and form a
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surrounding segregation zone, which is consistent with our STEM-EDS and APT results. This
structural-dependent chemical isolation results from the preference for grain boundary
segregation over grain interior mixing of titanium, or in other words, a higher solubility of Ti in
the grain boundary vicinity than the grain interior. Further comparison can be made by imitating

the experimental compositional line scans.

The through-thickness compositional line profiles are shown in Figure 5.48. The peaks in
the Ti composition profiles overlap with the position of grain boundaries. There appear to be two
types of solute enriched regions. For the W-20 at.% Ti alloy, the relatively large Ti-rich areas
appear to have Ti segregation zones with a higher solute content around 60 at.% and also thin
layer of segregation at grain boundaries with the Ti content around 20 at.%. These local peak
magnitudes are comparable to the APT line profiles in Figure 5.45. Formation of Ti segregation
zones is balanced by regions with Ti depletion, which appear to be crystalline, or in other words,

in the tungsten-rich grain interior.
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Figure 5.48: Equilibrium grain-atomic structures of W-Ti alloys at 1100°C calculated
using the Monte Carlo alloy simulation. The crystalline regions are in solid colors and the
Ti atoms are displayed in gray. The fully equilibrated alloy structure displays a complex
segregation structure of Ti atoms around W-rich crystalline regions in both (a) W- 10
at.% Ti and (b) W-20 at.% Ti alloys. The chemical distribution, showing titanium atoms
in white and tungsten atoms in black, of the alloy structure displays an evident chemical
inhomogeneity in the fully equilibrated polycrystalline structures. The through-thickness
compositional line scans across the bottom rows of atoms of the simulated structure
confirm depletion of titanium atoms from the tungsten-rich crystalline regions and
formation of a segregation zone with the Ti content above the nominal Ti composition of
10 at.% in (c) and 20 at.% in (d). Simulations are performed on a 400 x 400 x 6 BCC
lattice with AH™ = 20 kJ/mol and AH*®8 = 60 kJ/mol.

The unusual solute distribution in our annealed W-Ti samples can therefore be captured
by our model by incorporating the influence of grain boundaries. The energy relief via alloying

enables solute-segregated interface states to persist even after an extended annealing time. The
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comparison between the STEM-EDS, APT, and Monte Carlo results are summarized in Figure
5.49. The heterogeneous distribution of Ti is captured by all methods as shown in Figure 5.49(a)-
(c) and is supported by the line profiles in Figure 5.49(d)-(f). Ti atoms can form a segregation
zone around W-rich grains with the maximum Ti content well above the nominal Ti
concentration and is observed to be around 60 at.%. The fluctuation of Ti concentration profile

shows an apparent periodicity of Ti depletion similar to the tungsten grain size obtained by TEM.

(a) STEM-EDS (b) Atome Probe (€) Simulation

Ti Content (at.%)
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Figure 5.49: Comparison of the W-20 at.% Ti alloy structures after an equilibration at
1100°C from STEM-EDS analysis, atom probe tomography, and Monte Carlo alloy
simulation. (a) An EDS elemental map with W atoms in blue and Ti atoms in red is
shown on the left, and a grayscale STEM image with an overlaying EDS map of Ti in red
is shown on the right. (b) Through-thickness distribution from APT technique with W
atoms in blue and Ti atoms in red. (c) A chemical map with Ti atoms in red. The W
atoms are shown in red on the left-hand side to compare with the full W-Ti EDS map and
the APT results, but shown in black on the right-hand side in order to compare to the
STEM contrast. A heterogeneous distribution of Ti is confirmed by all three independent
methods. The Ti composition line scans from (d) the STEM-EDS method, (e) atom probe
tomography, and (f) Monte Carlo alloy simulation all reveal a similar segregation profile,
with the fluctuation up to about 60 at.% and a periodicity comparable to the average

tungsten grain size of around 20 nm. Ti atoms are presented in red.

5.4. Conclusions
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The through-thickness information obtained from STEM-based methods provides similar
results to the bulk information obtained from atom probe tomography, and therefore the
STEM-based results could be considered sufficiently reliable.

In the W-Ti alloys with enhanced thermal stability, an inhomogeneous distribution of
titanium atoms is observed in both STEM-EDS and APT results, but it is unexpected by
bulk thermodynamics.

By using the Monte Carlo simulation, such segregation states are shown to be induced by
the inclusion of grain boundaries as an equilibrium feature. In this way, the
experimentally observed grain-atomic structure can be reproduced by our simulation.

Ti atoms preferentially segregate to the intergranular region and form solute segregation
structures that enclose W-rich grains. This alloy configuration allows grain boundaries to
exist in a lower energy state with Ti enrichment. This in turn allows tungsten atoms to
remain in a nanoscale crystalline structure without an energy penalty or driving force for

grain coarsening.
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Chapter 6: Concluding remarks

By employing both atomistic simulation and experimental testing, the thermodynamics of
panocrystalline alloys is explored. Alloying as the approach for thermodynamics based
nanostructure stabilization is demonstrated to be a powerful method for enhancing stability of
nanostructured metals and for establishing control of their properties via structural design. The

important conclusions drawn from this thesis are summarized below.

In Chapter 2, we show by a thermodynamics based simulation that a nanostructured alloy
can be the most energetically favorable thermodynamic state given a suitable alloying condition.

The grain boundary energetic requirement for grain stability is clarified and we distinguish the

two thermodynamic terms, 3—3 and 7, that are both generally recognized as the grain boundary

dé

energy. Beside a zero grain boundary area potential, e

a negative grain boundary formation

energy, v, is also a requirement for achieving grain stability via grain boundary segregation of
solute, and its magnitude is identified as a quantitative measure of grain stability. The control of
grain size and grain-atomic structure via alloying specie and concentration is demonstrated in

detail.

In Chapter 3, the framework for alloying element selection is presented and we identify
titanium as a suitable alloying element for powder-route nanocrystalline tungsten. The synthesis
method of nanocrystalline tungsten alloys by severe plastic deformation via high-energy ball
milling is developed, and the as-processed structure is characterized to be about 20 nm in
average grain size. The X-ray diffraction and electron microscopy techniques required for

structural characterizations are introduced.

In Chapter 4, thermal stability of nanocrystalline tungsten and nanocrystalline W-Ti
alloys is tested by short and extended isothermal annealing in the temperature range of 900-
1100°C. Grain stability can be modified via diffusion length (comprising temperature, time, and
material characteristics), solute concentration and possible phase change. For the purpose of
power-route manufacturing development, the nanoscale grain structure of tungsten can be
retained at the expected sintering temperature of 1100°C for one week with a 20 at.% addition of

titanium.

95



In Chapter 5, the chemical distributions of tungsten and titanium in the post-annealing
structures are investigated using microscopy, diffraction, and tomography techniques. An
inhomogeneous distribution of titanium atoms in the more uniform tungsten host is
experimentally observed but unforeseen according to the high solubility of titanium in tungsten
from conventional bulk phase diagrams. By using the Monte Carlo simulation to equilibrate the
W-Ti structure with an explicit consideration of grain boundaries and alloying effects, the
nanoscale heterogeneous distribution of solute is clearly anticipated. The complex interface and
chemical configuration induced by grain boundaries and alloying is expected to be the basis of

the enhanced grain stability.

The findings in this thesis may provide detailed understandings of thermodynamics in
nanostructured metals and its application in establishing the thermodynamics-based stabilization
approach for synthesis of stable nanocrystalline alloys. In particular, the production of
nanocrystalline tungsten-titanium alloys with enhanced thermal stability may serve a case study

for further developments of many other stable nanocrystalline alloys.
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Chapter 7: Directions for future work

Through the understandings of thermodynamics in these nanocrystalline alloy systems,
many interesting research questions have cmerged and the future research efforts may be

directed to explore the following topics:

e Alloys with a negative enthalpy of mixing that may exhibit ordering, compound
formation, and solute-induced amorphization may be explored using the Monte Carlo
simulation method. Furthermore, alloys with negative grain boundary adsorption could be
studied for grain boundary anti-segregation behaviors.

o FCC and other types of metals can also be studied using our simulation framework with
an adjustment of the base lattice. A specialized grain boundary phase can also be included in
the simulation to account for grain boundary thickness and its atomic disordering.

e Beyond binary systems, simulation of multi-component systems is possible with an
adjustment in the bond energy scheme.

e The sintering mechanism in nanocrystalline tungsten should be further explored in order
to complete the development of powder-route nanocrystalline tungsten compact. The solute
that acts as a grain stabilizer may be beneficial or deteriorative to the sintering process.

e The mechanical properties of nanocrystalline tungsten alloys should be explored
especially for their deformation behavior. Confirmation of rate sensitivity in nanocrystalline
alloy will be important for the applications of these materials.

e Characterization techniques of grain boundary solute segregation should be further
developed with a focus on nanoscale grain boundary networks. Investigation of any change
in grain boundary characteristics as a result of alloying in nanostructured metals will also be

an interesting topic.
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Appendix A: Monte Carlo simulation details

A B

Initial State

Cooling Rate

Figure A.1: Equilibrium state convergence with different initial states and cooling rates.

The structures with a bicrystal initial state evolve to similar configurations to those with a

: — . : ~(Tstep—TH
randomized initial state in Chapter 2. The cooling rate of L‘TOOM

equilibrium structures to those with a slower cooling rate in Chapter 2. Simulations are
performed on a 100 x 100 x 6 BCC lattice with the material parameters of alloys A, B, C,
and D from Figure 2.4, X =5 at.%, and 7' = 500°C.

produces similar
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Figure A.2: Effects of temperature and entropically stabilized states. The solute
distribution evolves from a precipitated state to a completely miscible solid solution with
increasing temperature. The normalized energy excess from chemical mixing, reflected
E. - zZNEAA /2 . . .
by Eexcess = sy“emNz e/ . increases with the system temperature. An entropically
B
stabilized solid solution is preferred over a precipitated state with lower internal energy at

elevated temperatures as a result of the uphill switching events with the temperature
—(Ez2-Eq)

dependent probability P = e k7 . Simulations are performed on a 30 x 30 x 60 BCC
single crystalline lattice with AH™* = 100 kJ/mol and 0.2 at.% solute content.
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