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ABSTRACT

Nanocrystalline materials have been studied extensively over the past two decades because of
their useful and interesting physical properties. In most cases, these properties derive from the
fine characteristic length scale of nanocrystalline structures and are superior to those realized in
traditional coarse-grained materials. A fundamental challenge, however, involves the synthesis
of high-quality specimens, which represent a classical far-from-equilibrium state due to the large
presence of high-energy interfaces. Alloying presents a possibility to reduce this energy penalty
through solute segregation and thermodynamic stabilization of the grain boundaries. The present
work exploits this concept in the nanocrystalline Ni-W system. Atomistic computer simulations
are used to evaluate the potential for stabilization based on the equilibrium solute distribution
and energetics of nanocrystalline structures. Following this, a synthesis technique based on
electrodeposition is developed where precise control over the alloying addition correlates with
precise control over grain size. Investigations of the microstructure involving techniques such as
transmission electron microscopy, x-ray diffraction, and atom probe tomography provide a
detailed view of the structure and solute distribution in these materials, and the results are
compared with atomistic simulations and thermodynamic models of nanostructure stabilization.
The elevated temperature behavior of experimental specimens is also evaluated and compared to
analytical models of microstructural evolution, showing that grain boundary relaxation is an
important mechanism for the finest nanocrystalline grain sizes, having a significant influence on
properties. With a new degree of control over the nanostructure, Ni-W alloys are produced over
a broad range of grain sizes to investigate hardness trends and the breakdown of a classical
scaling law in the nanocrystalline regime. An extension of the synthesis technique is also
demonstrated for the production of functionally graded and nano-scale composite materials.
Potential benefits of the methods developed in this work are highlighted for both fundamental
scientific investigations and practical applications.

Thesis Supervisor: Christopher A. Schuh

Title: Danae and Vasilios Salapatas Associate Professor of Metallurgy
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Chapter 1: Introduction

1.1 Properties of nanocrystalline materials

Nanocrystalline materials have generated interest in recent years in terms of both the challenges
they pose to fundamental scientific understanding, and the opportunities they present for
technological applications. This interest stems from the unusual and often beneficial properties
nanocrystalline materials possess owing to the emergence of grain boundary-dominated physics
as the grain size approaches ~100 nm and below [1-19]. At these extremely fine length-scales,
grain boundaries are no longer characterized as planar defects, as their volume becomes
comparable to that of the grain interior. This concept is simply illustrated through the geometric
construction of Palumbo et al. [20], who expressed the volume fraction of crystalline grain

interior, f,, as a function of grain size, d , and grain boundary thickness, ¢, as:

fo=1=fu =(—') (1.1)

where f,, represents the volume fraction of grain boundaries. This relationship is plotted in Fig.

1.1 assuming a reasonable value of =1 nm. Below a grain size of ~5 nm a crossover is
observed where the volume fraction of grain boundaries exceeds that of the grain interior. Given
the unique, relatively disordered structure of grain boundaries [21], we may speculate that

material properties should strongly depend on grain size through this transition.

Of the various techniques that may be used to investigate length-scale dependent behavior in
nanocrystalline materials, atomistic computer simulations have dominated the field in recent
years, mainly due to advances in accurate multi-body potentials [22, 23] and efficient coding
schemes [24]. Because of these advances, it is now possible to systematically explore properties
in nanocrystalline structures that are designed with precise atomic-level control over grain size,
shape, distribution, and orientation. These techniques have enabled an unprecedented
understanding of the atomic-level mechanisms behind macroscopic properties. For example, a

number of works have focused on mechanical properties and the potential breakdown of classic
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Hall-Petch strength scaling [25], which predicts that the yield strength (or hardness) of a material
should increase with the inverse square-root of grain size. A simple extrapolation suggests that
nanocrystalline materials should possess extremely high strength at the finest possible grain
sizes. However, as grain size approaches ~10 nm and below, it has been suggested that the
dislocation mechanisms responsible for the Hall-Petch relationship are no longer operative [26],
and other mechanisms such as grain boundary sliding or grain rotation are activated [27-29].
This change in deformation mechanisms has indeed been observed in recent atomistic
simulations concurrent with a breakdown in macroscopic properties, where yield strength no
longer increases with grain refinement [14, 18]. Thus, while there are still several important
drawbacks to the simulation approach, it has substantially increased our understanding of
nanocrystalline materials and provided insight on the new and interesting physics that occur at

these length-scales.
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Figure 1.1: Volume fraction of grain interior and boundary regions as a function of
grain size after Palumbo et al. [20]. A crossover is observed below ~5 nm where the
volume fraction of grain boundaries exceeds that of the crystalline grain interior.

In order to validate analytical and computer simulation predictions, a number of works have
focused on experimental techniques to directly measure grain size-dependent trends in
nanocrystalline specimens. Beginning with the pioneering work of Glieter et al. [1], experiments

in mechanical [9, 13], electrical [10, 15, 30], and magnetic [5, 6] properties have all shown
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trends that differ significantly from those in traditional coarse-grained polycrystals. For
example, considering the Hall-Petch relationship again, Fig. 1.2 plots hardness as a function of
grain size collected from a number of studies in the Ni system [31-34]. Indeed, the maximum
hardness observed in this figure (~7 GPa) rivals typical steels [35], supporting the beneficial
effects of nanoscale grain refinement. However, for grain size below ~10 nm a breakdown in
Hall-Petch scaling is suggested where hardness apparently plateaus. One of the difficulties in
interpreting this trend, however, lies in the scarcity of data; no single investigation convincingly
spans the entire range of grain sizes in Fig. 1.2. This lack of data is the direct result of
difficulties in synthesizing the finest nanocrystalline grain sizes, and encompasses one of the
major challenges in experimental approaches thus far. As such, unequivocal experimental
evidence of scaling law inflections and anomalous material behavior in the nanocrystalline
regime is still lacking. This forms an underlying motivation for the present work: there is need
for a means to access new and interesting properties by establishing precise control over the

finest nanocrystalline grain sizes.
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Figure 1.2: Hardness as a function of grain size collected from the literature in pure Ni
[32-34] and Ni-W alloys [31]. A breakdown in classic Hall-Petch strength scaling is
suggested below a grain size of ~10 nm.
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1.2 Synthesis of nanocrystalline specimens

The introduction of high-energy interfaces presents a fundamental challenge in synthesizing the
finest nanocrystalline grain sizes. These structures are in a constant struggle against the
equilibrium tendency for grain coarsening in polycrystals. Accordingly, synthesis techniques for
pure nanocrystalline materials typically involve energetic processes such as severe plastic
deformation, mechanical attrition, rapid quenching, or deposition methods [32, 36-40]. In most
cases, nanocrystalline grain size cannot be explicitly controlled using these far-from-equilibrium
techniques, and is limited by the characteristic kinetics of the process. Severe plastic
deformation, for example, cannot typically produce grain sizes below ~50 nm [40]. Other
methods involving rapid quenching or mechanical attrition have been able to achieve somewhat
finer grain sizes, but additional complications arise from quality issues and the inability to
produce bulk specimens using these techniques [41-43]. Of the available processing routes
explored to date, electrodeposition methods represent perhaps the best alternative combining
high quality with the ability to access fine grain sizes in bulk specimens. However, an overriding
problem in all pure systems is the inability to achieve grain sizes below ~10 nm. This
fundamental limitation has prevented experimental investigations of the new and interesting

behavior predicted at these extremely fine length scales.

An alternative approach that has been successful in producing the finest nanocrystalline grain
sizes below ~10 nm involves alloying of two or more elements. The addition of an alloying
element has fundamental thermodynamic implications for nanocrystalline metals, which can
explain the unique ability of alloyed systems to exhibit fine-grained structures; this has been
discussed in the works of Weissmiiller [44], Kirchheim et al. [45, 46], and Beke et al. [47, 48],
among others [49-52]. These studies have demonstrated the possibility of nanocrystalline
structures that are in thermodynamic equilibrium due to the energetics of alloying and, in
particular, due to grain boundary segregation. Such stabilized nanostructures have obvious
practical advantages for applications, and also for fundamental scientific studies of material

behavior.

The thermodynamic framework that has been used to describe nanostructure stabilization is

based upon the change in Gibbs free energy, G, with respect to grain boundary area, A:

16



dG o<y - dA (1.2)

In a single component metal, the grain boundary energy, ¥, is positive, so the system can reduce

its free energy by increasing grain size. This is the usual driving force for grain growth and the
reason why processing of pure nanocrystalline materials is nontrivial; they are inherently
unstable with respect to grain growth. In contrast, a two-component system offers the
opportunity to lower the system energy by segregating one species to the grain boundaries so that
the boundary energy is reduced via an adsorption isotherm [53]. For example, assuming a high
segregation tendency where nearly all solute atoms are located at the grain boundaries, use of the

Gibbs adsorption isotherm gives [44, 45, 54]:

y=y,-T(H,, +RTInX) (1.3)

where y, is the grain boundary energy of the pure polycrystalline solvent, I" is the specific

excess of solute located at the grain boundary, H,, is the segregation energy, R is the gas

seg
constant, T is temperature, and X is the global solute composition. The segregation term in Eq.

(1.3) now counters the positive energy penalty term, ¥,, and can stabilize the grain size at a

finite value; for sufficiently high H,, and I', the grain boundary energy can equal zero, leaving

no driving force for a change in grain size. The physical basis for thermodynamic stabilization
involves an interplay between the total number of high-energy grain boundary sites available at a
particular nanocrystalline grain size and the global solute content of the alloy. As illustrated in
Fig. 1.3, for relatively dilute alloys with small grain size there are excess grain boundary sites
available for solute atoms, each with an energy penalty (i.e. the grain boundaries are “under-
full”). Grain growth is preferred in this scenario to reduce the excess energy carried by the grain
boundaries. In the opposite case, the grain size is too large such that grain boundaries are
“overfull” and solute atoms must be rejected from the intercrystalline regions into energetically
unfavorable grain interior sites; grain growth is opposed. At the equilibrium grain size these two
effects are perfectly in balance, grain boundaries are at their optimal composition, the system

energy is minimized, and the grain size is stable. It is important to note that this interpretation of
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stability neglects the possibility of second phase precipitation, which may present a more
effective route to lower the system energy. This idea has been discussed by Kirchheim [45] who
concluded that a significant reduction in grain boundary energy is possible only if precipitation
reactions are kinetically hindered in strongly segregating alloys. Thus, the thermodynamic

calculations presented above tacitly assume the absence of such reactions.

Thermodynamically
stable grain size

Free energy

under-full over-full

Grain size

Figure 1.3: Schematic dependence of system energy on grain size for a strongly
segregating nanocrystalline alloy at fixed global composition, after Weissmuller [44].
Due to the interplay between the total number of grain boundary sites available and the
number of solute atoms in the system, an energy minimized state exists at a critical
grain size.

While the concept of complete thermodynamic stability (y=0) is attractive in its simple
theoretical basis, it has not yet been demonstrated that a vanishing grain boundary energy can
actually be achieved in experimental alloys. In light of this, Krill et al. [49-51] have suggested
an alternate, but related explanation for nanostructure stability that focuses on the kinetics of
grain growth in relation to grain boundary energy. This explanation relies on a classical result

describing grain boundary velocity, v, as [50, 55]:

47
=M =l 1.4
’ d Sl
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where M is the interface mobility. Like the previous thermodynamic description, ¥ =0 in Eq.
(1.4) predicts a grain boundary velocity of zero and, hence, complete stability of the structure.
However, Eq. (1.4) also suggests a spectrum of increasingly stable nanocrystalline structures as

y is suppressed, but not necessarily driven completely to zero. Krill et al. [50] have

experimentally shown exceptional thermal stability in the Pd-Zr system, linking this to a

thermodynamic reduction of y. Regardless of whether grain boundary energy is actually

reduced to zero, grain boundary segregation leads to a reduction of grain boundary energy and

improved stability.

In addition to the Pd-Zr system mentioned above, the idea that grain boundary segregation may
stabilize nanocrystalline structures has also been explored experimentally in the Y-Fe [56], Ni-P
[46, 57], Ru-Al [45, 46], and Fe-P [46] systems. One of the key observations in all of these
systems is a monotonic relationship between grain size and composition. For example, Fig. 1.4
plots the grain size-composition relationship for an electrodeposited Ni-P alloy [46]; higher

additions of the minority, segregating component lead to finer grain sizes. This trend is expected
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Figure 1.4: Grain size as a function of global P content in the strongly segregating Ni-P
system, after Liu et al. [46]. An increase in alloying addition leads to finer
nanocrystalline grain sizes due to the energetics of grain boundary segregation.
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as alloys containing higher amounts of solute will prefer finer grain sizes in order to
accommodate the segregating species in the grain boundaries (i.e. the energy minimum in Fig.

1.3 shifts as a function of global solute content).

The true attraction of segregation-based nanostructure stabilization lies in its thermodynamic
foundation and the characteristic relationship between grain size and composition. This trend
suggests a method to explicitly control the grain size of nanocrystalline alloys, but has yet to be

exploited for this purpose.

1.3 Thermal stability of nanocrystalline materials

With an eye towards both practical applications and fundamental studies, a number of works
have aimed at characterizing the thermal stability of nanocrystalline materials and the likelihood
for grain coarsening at elevated temperatures. Not surprisingly, it has generally been found that
pure nanocrystalline structures are highly unstable, with rapid grain growth occurring at
relatively low temperatures. Nanocrystalline forms of Ni and Co, for example, have onset
temperatures for grain growth in the range of 220-310°C [58-61], while nanocrystalline Al, Sn,
Pb, and Mg have all shown significant grain growth at room temperature [62, 63]. Several
nanocrystalline materials have also been found to undergo grain growth due to mechanical
deformation alone [64-66]. Thus, the fundamental instability that plagues the processing of pure
nanocrystalline materials also makes them undesirable for elevated temperature studies or

application.

In addition to grain growth, increasing attention has been focused on the evolution of grain
boundary structure during annealing of nanocrystalline materials, largely due to the dominant
role these regions play in determining properties [1, 13, 17]. In particular, it has been suggested
that the driven synthesis techniques typically used to produce nanocrystalline specimens result in
non-equilibrium grain boundaries, containing a large number of excess dislocations [67-70].
Upon heating, kinetic processes allow these defects to annihilate in a process termed “grain
boundary relaxation”. This phenomenon has indeed been directly observed in coarse-grained
[71, 72] and nanocrystalline structures [73] through high-resolution microscopy experiments, and

has also been suggested to explain the broad exothermic reaction preceding grain growth in a
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number of nanocrystalline materials [58, 60, 61, 74, 75]. Recent mechanistic models have
further connected this kind of relaxation with strengthening [76], providing insight on disparate
property measurements of earlier studies where nanocrystalline grain size was considered as the
sole variable affecting strength. For example, Weertman {77] commented on variations in Hall-
Petch data from a number of studies, observing that heat treated samples often show a much
higher hardness and different strength-scaling with nanocrystalline grain size than those tested in
the as-processed condition. A later study [67, 78] demonstrated that the hardness of
nanocrystalline Cu can be increased by ~50% (at the same grain size) based solely on
improvements in processing technique. Thus, it is clear that the state of grain boundaries and
their potential relaxation should be considered as an additional variable in stability studies,

especially given the significant impact on properties.

As a means to study elevated temperature behavior at the finest grain sizes, as well as extend the
temperature range over which a nanocrystalline structure can be maintained, researchers have
again turned to alloying. In line with the processing advantages that come with the addition of a
second component, vast thermal stability improvements have been observed in a number of
alloyed systems. For example, adding 3.6 at% P to Ni increases the onset temperature for grain
growth from 289 to 430 °C [58]. Over the past several decades, much work has been directed at
rationalizing this stability improvement by considering the kinetic and thermodynamic
mechanisms governing grain growth in alloys. Kinetic descriptions typically involve classical
mechanisms where solute atoms or precipitates impose drag forces on interface motion [55, 79,
80], while thermodynamic descriptions are rather unique to the nanocrystalline structure
involving significant changes in grain boundary energy as discussed in Section 1.2 [44, 81]. This
thermodynamic effect has been suggested, for example, to explain the impressive stability of

nanocrystalline Pd-Zr [50], up to 1500 °C—fully 95% of the melting point for this material.

To identify the physical mechanisms governing alloy stability and the synergistic role of kinetic
and thermodynamic contributions, detailed characterization of the solute distribution is required
in nanocrystalline specimens. This includes not only an evaluation of the grain boundary
segregation tendency, but also the degree of chemical ordering and possible second phase

precipitation during heat treatment. Unfortunately, this information becomes difficult to access
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as grain size is reduced to the finest possible levels. As such, a number of works have focused
on advanced techniques such as atom probe tomography [57, 82-85], positron annihilation [86-
89], or neutron scattering [78, 90] in an effort to characterize the microstructure and solute
distribution. Still other works have used more traditional methods such as x-ray diffraction [83,
85, 91, 92], electron microscopy [83, 85, 91, 93, 94], or calorimetry [85, 91, 92]. Together, some
combination of techniques should suffice to form an adequately complete picture of the
structural and chemical evolution during heat treatment; however, only a limited number of
works to date [82, 83, 85] have included such a set of experiments in a single nanocrystalline
system, and we are not aware of any study that explicitly investigates all of the possible
structural evolutions that may occur in nanocrystalline alloys, including segregation, ordering,

grain growth, and grain boundary relaxation.

1.4 Problem statement

The above discussion suggests a number of possible areas for advancement in the study of
nanocrystalline materials. In particular, a major obstacle thus far has been the inability to
precisely control nanocrystalline grain size in a single system. Unlike the atomic-level structural
control available in simulations, this inability has plagued experimental efforts aimed at studying
length-scale dependent trends in material behavior. Therefore, a central aim of the present work
is to exploit the thermodynamic effects of alloying to tailor microstructures over a wide range of
the finest nanocrystalline grain sizes. We specifically focus on Ni-W as a model alloy system in

this study for a number of reasons, some of which are outline below:

e Accurate multibody potentials exist for Ni-W enabling investigations via atomistic
computer simulation.

e Previous works have successfully demonstrated the experimental synthesis of
nanocrystalline Ni-W alloys [31, 95], although over a very limited range of grain sizes
and without precise control over the structure.

e There is a vast amount of data in the literature for nanocrystalline Ni-based systems with

which we may compare our results.
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With Ni-W as a model alloy, the present work is outlined according to the five major themes

presented below:

Atomistic computer simulations are used to understand the energetics of alloying and
evaluate the potential for nanostructure stabilization in Ni-W.

Learning from the atomistic simulations, an experimental effort validates nanostructure
control and tailorability of grain size in electrodeposited Ni-W specimens. A new,
scalable, and robust synthesis technique is introduced, providing unprecedented control
over composition and grain size, which should also be applicable to a broad range of
other alloy systems.

Detailed characterization of the experimental specimens is accomplished using electron
microscopy and atom probe tomography, providing atomic-level resolution of the
structure for direct comparison with simulation results and validation of the stabilizing
mechanisms in Ni-W alloys.

The thermal stability of nanocrystalline Ni-W is studied using a combination of
techniques, paying special attention to graih boundary relaxation mechanisms that are
shown to have important consequences on fnacroscopic properties at the finest grain
sizes.

Application of the synthesis technique developed in this work is demonstrated for the

study of scaling laws and the production of a new class of patterned nanostructures.
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Chapter 2: Computer simulations of nanostructure stability

As described in Section 1.2, there are existing analytical thermodynamic models of nanostructure

stability, but these are unfortunately all derived for systems with a strong segregation tendency

under the assumption that H , >>RT. In these systems, saturation-type segregation occurs

resulting in significant grain boundary energy reduction via Eq. (1.3). In contrast, the Ni-W
system is expected to exhibit weaker segregation tendency given the relatively high equilibrium
solubility for W in Ni (~12 at% at room temperature [96]). For this more general case the
thermodynamic models previously described do not apply. Accordingly, in this chapter, we
resort to a more rigorous theoretical analysis of nanocrystalline Ni-W using atomistic computer
simulations. Simulations have proven very successful in fundamental studies of grain boundary
segregation at individual grain boundaries [97-99] and should therefore be of use to investigate
nanostructure stability. To date, however, there have been very few works along these lines.
Millet et al. [100, 101] have used molecular dynamics simulations to systematically study solute
atom effects on grain boundary energetics in simple but informative 2-D bicrystals [101] and
polycrystals [100]. By adjusting the effective size mismatch and enthalpy of solution between
the solute and solvent atoms, they showed that zero (or even negative) grain boundary energy
could be achieved, and grain growth suppressed, at a sufficient solute concentration. While these
simulations are qualitatively instructive, the artificially introduced state of complete solute
saturation at grain boundaries is unrealistic for most systems, and the 2-D geometry, simplified
pairwise atomic interactions, and dilute levels of solute concentration considered prevent any
direct comparison of these simulations with experimental works or proposed analytical models.
Therefore, in what follows, we use system-specific potentials in fully 3-D structures to
accurately simulate the solute distribution and associated energetics in nanocrystalline Ni-W
alloys. The main aim of these simulations is to evaluate the potential for nanostructure
stabilization as manifested through a significant reduction in grain boundary energy. Most of the

work presented in this chapter has been published in Ref. [102].
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2.1 Simulation procedure

To investigate nanostructure stability through computer simulation, we employ three unique
polycrystalline structures with average grain sizes of 2, 3, and 4 nm. Each simulated structure
contains a total of twelve grains, with 84 unique grain boundaries, and periodic boundary
conditions along all three primary axes. The grain geometry as well as the crystallographic
orientations of the grains are fixed across the three specimens, ensuring that the 2, 3, and 4 nm
grain size structures are geometrically similar and comparisons across grain sizes isolate this
variable from other structural differences. A graphical representation of the 3 nm grain size
structure is presented in Fig. 2.1(a) with the grain boundary atoms highlighted in red, along with
(b) an analysis of the grain boundary disorientation distribution [11]. Note that the grain
orientations are selected such that the disorientation distribution is random, effectively capturing
the average behavior of a bulk polycrystalline specimen. By systematically alloying the 2, 3, and
4 nm structures, we can study the equilibrium configurations and energetics as a function of
global composition and grain size in nanocrystalline alloys. The atomic interactions for these
simulations are modeled with a multi-body Finnis-Sinclair potential optimized for Ni-W [103],

allowing for a reasonable comparison with states achieved in experiments.
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Figure 2.1: (a) A representation of the 3 nm grain size structure used in atomistic
simulations, with the grain boundary atoms highlighted in red. (b) The grain boundary
disorientation distribution of the simulated structure; the solid line is the MacKenzie
function [104] which characterizes a specimen of random texture.
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For each simulation we begin with nanocrystalline structures of pure Ni, and randomly replace
Ni atoms with W up to a specified concentration. To ensure that all simulations are conducted
under a state of constant zero pressure, we isotropically expand or contract this random solid
solution alloy to a minimum energy cell size; strain is applied in 0.01% increments with a
conjugate gradient relaxation routine of the entire structure at each step. As expected, alloys
containing more of the relatively larger W atoms expand to a greater extent. Once the
depressurized state is achieved for the random solid solution, a Monte Carlo procedure is then
commenced, where the total system energy change is calculated after switching the positions of
randomly selected Ni and W atoms. In addition to simply exchanging atoms, we also perform a
complete conjugate gradient relaxation of the entire structure at every switch event. Thus, atoms
are not fixed on a rigid lattice allowing for local atomic relaxations in the grain boundary and
grain interior regions. While this adds significant computation time, it has been shown to be a
necessary step for accurate simulations of segregation behavior [105, 106]. Atomic switches that
lower the system energy are always accepted, while those that increase the energy are accepted
with an Arrhenius probability dependent on temperature; here we have used 80° C which is a
nominal processing temperature for nanocrystalline Ni-W alloys (see Chapter 3) [31, 95]. After
a sufficient number of switch attempts, the energy of the system decreases to a minimum, at

which point the simulation is complete.

For the present study, we have performed simulations on the 2, 3, and 4 nm grain size structures
over a composition range from 1-40 at%W. In what follows, we first characterize the solute
distribution in these structures to assess the degree of solute segregation to the grain boundary
regions, and any ordering/clustering tendency. We then focus on the energetics, namely a
determination of the segregation, formation, and grain boundary energies. To aid in these
analyses we also introduce simulations performed on fcc single crystals (with periodic boundary
conditions), which proceed in an identical manner as those described above for the
polycrystalline specimens unless otherwise noted. These simulations provide a useful reference

state for our discussion.
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2.2 Solute distribution in nanocrystalline Ni-W

In all of our simulations, an initially random solid solution of W in nanocrystalline Ni evolves to
a lower energy state through the Monte Carlo procedure. Figure 2.2(a) shows a typical plot of
total system energy, initialized to the starting energy of the random solution, as a function of
Monte Carlo time for a 3 nm grain size structure; in all cases the energy decreases essentially
monotonically before plateauing at a minimum. The total energy drop achieved is summarized
as a function of composition for the 2, 3, and 4 nm grain size structures in Fig. 2.2(b); also
shown is the corresponding energy drop for a single crystal (SC) structure to be discussed later.
This plot demonstrates that with increasing W content, the system can access lower energy states
as compared to a random solid solution. Because the grain size is fixed in these Monte Carlo
simulations (i.e., no grain growth occurs) this energy drop can only come from changes in alloy
configuration. For these binary solutions there are two possibilities: segregation of solute to the
grain boundary regions, or some degree of solute ordering or clustering in the structure. We

examine these two effects in turn below.
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Figure 2.2: (a) Total system energy as a function of Monte Carlo switch attempts for
the 3 nm grain size structure with composition ranging from 1-40 at%W; starting
random solid solution energies are initialized to zero. Energy decreases to a clear
minimum in all cases after a sufficient number of switches. (b) The maximum energy
drop achieved in reference to a random solid solution for all simulations.
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2.2.1 Grain boundary segregation

To evaluate the grain boundary segregation tendency in these simulations, we first directly
visualize the position of solute atoms in their equilibrium configurations. In Fig. 2.3(a-c) a
single representative 3 nm diameter grain is shown over a range of compositions from 1-20
at%W; the W atoms in this figure appear larger (and red) for visual clarity. In the dilute limit
(Fig. 2.3(a, b)) it is clear that W is segregated to the grain boundaries, while the concentration is
relatively low in the grain interior. In fact, the atoms that appear near the center of the grain in
these projections actually occupy grain boundary sites on the front or back side of the grain. As
the W content is increased, however, the structure becomes saturated and it is difficult to discern
whether there is any appreciable amount of segregation (Fig. 2.3(c)). The trend illustrated in Fig.
2.3 for the 3 nm grain size case is also representative of that observed in the 2 and 4 nm grain

size structures.

Figure 2.3: Visual representation of a single grain from the 3 nm structure, W atoms
(red) are shown relatively larger than Ni atoms (blue) for clarity. In the dilute limit of
(a) 1 at%W and (b) 5 at%W atoms preferentially occupy grain boundary sites while at
(c) 20 at%W the structure is saturated and there is no obvious segregation tendency.

In order to quantitatively assess grain boundary segregation we next consider the spatial
variation of composition within the simulated grain structure. We begin by constructing a radial
composition profile using each grain center as the origin, defining a series of concentric spherical
shells each containing the same total number of atoms. In Fig. 2.4(a-c) the resulting composition
(normalized by the global alloy composition) is plotted as a function of position for the 2, 3, and
4 nm grain size structures; these composition profiles run from the middle of an average grain
(left-most point in each plot) out to the grain boundary (right-most point). It is important to note

that the data to the right of each plot are somewhat complicated by the fact that this analysis
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coerces spherical symmetry onto equiaxed polyhedral grains. Still, it is clear from Fig. 2.4 not

only that grain boundary segregation occurs, but that it is most pronounced in the dilute limit for

all three

grain sizes.

segregation to the intercrystalline regions diminishes.
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Figure 2.4: Average normalized composition plotted versus the distance from grain
centers in (a) 2, (b) 3, and (c) 4 nm grain size structures at various levels of global W
content: 1 at% (solid circles), 5 at% (solid squares), 10 at% (solid diamonds), 20 at%
(open circles), and 40 at% (open squares). Points to the left on these plots lie in the

grain interior while those to the right represent the grain boundary.

(d) Compiled

enrichment factor, [ (grain boundary composition normalized by global composition),
for all simulations; the dashed line indicates a condition of no grain boundary
segregation.

The segregation behavior for all of our simulations is summarized in Fig. 2.4(d), where the

enrichment factor, /3, defined as the ratio of grain boundary composition to global composition
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[107] (i.e., the right-most points in Fig. 2.4(a-c)) is plotted as a function of the global W content
of the alloy. The dashed line in this figure at =1 indicates a condition with no grain boundary
segregation, where composition is homogeneous throughout the structure. It is again obvious
that the dilute alloys exhibit the most significant segregation while, as solute content is increased,
the segregation tendency decreases with the points moving closer to the dashed line. This
behavior is consistent with the qualitative conclusions drawn from the structures in Fig. 2.3 and
is characteristic of a composition-dependent segregation energy, where, as energetically
preferable grain boundary sites fill with solute atoms, the driving force for segregation decreases.
Because of this, the dilute alloys show a high degree of segregation to the grain boundaries while

a more homogeneous distribution of solute is observed as the W content increases.

2.2.2 Chemical ordering

Aside from grain boundary segregation, chemical ordering (in either the grain interior or
intercrystalline regions, or both) is an additional configurational change that could account for
some portion of the energy drop in Fig. 2.2. It is well established that crystalline Ni-W [108-
110] and the chemically similar Ni-Mo alloys [111-113] tend to exhibit some degree of short or
long range chemical ordering (depending on thermal history), and Monte Carlo simulations have
reproduced experimental observations of ordering in general [114-116], and in Ni-Mo
particularly [117, 118]. For the present work, we characterize short range order (SRO) or

clustering using the Warren-Cowley order parameter, «, , given as [117, 119]:

P,

o, =1-— @2.1)

P

random

where P, is the probability of finding an unlike atom in the k ’th nearest-neighbor shell about

any given atomic position, and P =2X(1-X) is the probability of selecting two unlike

random

atoms in the case of a perfectly random solid solution. A positive value of @, denotes a

preference for like atomic pairs, while negative values indicate that the system prefers unlike
solute-solvent interactions. Extending the Warren-Cowley order parameter out to additional

neighbor shells, &k, allows one to determine the spatial extent of order in a system [117].
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The order parameter ¢, is plotted as a function of neighbor shell number in Fig. 2.5(a-c) for the

2, 3, and 4 nm grain size structures, over a range of compositions from 10 to 40 at%W. Here, the
entire structure is considered, including both the grain interior and boundary regions, and the
neighbor shells are defined to cleanly separate the distinct peaks of a radial distribution function
calculated for each structure. Figure 2.5 suggests that some degree of SRO exists in all the
simulated alloys, where the first (and second) nearest-neighbor shells preferentially contain
unlike (and like) atomic pairs. Beyond the first and second shells these correlations decrease and
the alloys exhibit a more random distribution of pair types; it is also apparent that the degree of
ordering generally decreases with increasing composition, and decreasing grain size, over the

range plotted here.

The non-zero values of ¢, in Fig. 2.5(a-c) imply that some amount of energy reduction is

derived from SRO during the simulation of our nanocrystalline structures, but with no reference
state it is difficult to judge whether these values are significant. An appropriate reference is
provided by our simulations on fcc single crystals of Ni-W, which permit us to separate the
effects of a nanocrystalline structure on the solute distribution and alloy energetics. The Warren-
Cowley order parameters calculated for the single crystal structure containing 10-40 at%W are

plotted in Fig. 2.5(d). Also shown for comparison are the ¢, values for the 4 nm grain size

structure at 10 at%W, which corresponds to the most ordered condition observed in the
nanocrystalline systems. Note that the degree of ordering in the single crystal is extensive as
compared to the polycrystal, showing significantly stronger correlations in all neighbor shells

considered.

The sharp contrast in chemical ordering behavior for the single crystal and nanocrystalline
structures, exemplified in Fig. 2.5(d), is an important finding of the present work. Evidently, the
nanocrystalline structure has a significant impact on the state of ordering that can be achieved.
This behavior is reminiscent of the “surface-induced disorder” phenomenon [120-124] known to
occur at free surfaces of ordered alloys, and recently suggested in simulations on alloy
nanoparticles [125]. The disordering effect has been studied experimentally by Dosch et al.
[121, 122], among others [120, 123], who probed the L1, ordering behavior in a CuzAu alloy as
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Figure 2.5: The Warren-Cowley order parameter, ¢, , plotted for each nearest neighbor
shell, &, in the (a) 2, (b) 3, and (c) 4 nm grain size structures over a range of global W
content. In (d), the order parameter is plotted for an energy-minimized single crystal
structure and the 4 nm grain size, 10 at%W data are shown for comparison. Significant
chemical ordering is present in the single crystal, while it is suppressed to some extent
in the nanocrystalline structures.

a function of depth from a (100) surface. Their findings were consistent with the theoretical
predictions of Lipowsky [126, 127], who showed that a surface layer of chemical disorder should
penetrate into the bulk with a logarithmic dependence on the critical bulk order-disorder
transition temperature; even at low temperature the characteristic length-scale of the disordered
region is on the order of a nanometer. Grain boundaries are internal surfaces where the atomic
translational symmetry of the bulk is lost, and hence by analogy we may expect that a similar

behavior, which might be termed “grain-boundary-induced disorder”, may occur due to the
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presence of these interfaces [128]. At temperatures well below the critical bulk order-disorder
transition, this disordering effect should still significantly impact the solute distribution

throughout a nanocrystalline structure.

To quantitatively evaluate the possible presence of grain-boundary induced disorder, we
calculate the Warren-Cowley order parameters as a function of position within the grains. We
divide the grain structure into three regions (inner, middle, and outer), where “inner” signifies
the regions around the grain centers, and “outer” incorporates the intergranular regions. A
typical order parameter profile resulting from this analysis is presented in Fig. 2.6 for the 3 nm
grain size structure containing 20 at%W. Ordering is most pronounced in the grain interiors
(“inner”), and less pronounced (more random) in the grain boundaries (“outer”). Similar results
are obtained for other compositions and in the 2 and 4 nm grain size structures. To our
knowledge this is the first evidence of grain-boundary induced disorder in simulated
nanocrystalline alloys. This effect prevents long-range order and phase separation, and will have

considerable impact on the energetics of these nanostructures.
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Figure 2.6: The Warren-Cowley order parameter, «, , plotted for each nearest-neighbor
shell, k, now as a function of position within the 3 nm grain size structure containing
20 at%W. “Inner” signifies the center 1/3 portion of the grain, and “mid” and “outer”
indicate a progression towards the grain boundary region. The greatest degree of
ordering is seen in the center, crystalline region of the grains while the grain boundaries
appear to induce disordering.
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2.3 Energetics of segregation and ordering

In the previous section we concluded that solute segregation to the grain boundaries in
nanocrystalline Ni-W is most pronounced in the dilute limit, and becomes increasingly subtle
with alloying addition. We also observed a degree of SRO, where unlike (and like) atomic pairs
are preferred in the first (and second) nearest neighbor shell as compared to a random solid
solution, and where more extensive long-range ordering is apparently suppressed by the high
density of grain boundaries in the nanocrystalline structure. In this section we will evaluate the
energetic consequences of both solute segregation and ordering, and attempt to link this
evaluation to existing thermodynamic models of nanostructure stability. In particular, we

evaluate the segregation energy, H_, , and grain boundary energy, ¥, for nanocrystalline Ni-W

seg ?

structures as a function of composition and grain size.

2.3.1 Segregation energy

The quantity H , can be defined as the difference in energy between a solute atom in the

crystalline grain interior and in the grain boundary [107, 129]; a positive value indicates that the
system energy may be lowered if solute atoms preferentially occupy intercrystalline sites. In our

earlier discussion we proposed that a composition-dependent H ,, may explain the data in Fig.

2.4; a high positive value is expected in the dilute limit where segregation is most pronounced,

followed by decreasing H , as W content increases and the entire structure becomes saturated.

8

Here, we quantitatively evaluate H, as a function of composition following a technique

described by Rittner et al. [130], who used Monte Carlo simulations to determine the equilibrium
solute distribution for simple tilt grain boundary configurations in the Pt-Au system. By
measuring the equilibrium composition in grain interior and grain boundary regions, Rittner et al.

calculated H ,, from the McLean isotherm [107, 129], given by:

X, X H,
o _ X exp[ .g} | 2.2)
’ 8
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where X, and X, are the composition of the grain boundary and grain interior, respectively.
Classically, X, is assumed to be approximately equal to X (global solute concentration) in

coarse-grained polycrystals where the volume fraction of intercrystalline regions is negligible.
In nanocrystalline materials, however, this volume fraction can be significant and may actually

exceed that of the grain interior [20]; in this case, the composition X, will strongly influence
X and the assumption that X = X is no longer valid. In light of this, Ishida [131] introduced a
rule-of-mixtures, X = f X, + f,, X ,,, into the McLean equation (Eq. (2.2)) to incorporate grain
size effects in the nanocrystalline regime, where f, and f,, are given by Eq. (1.1). Introducing

Ishida’s rule-of-mixtures relationship into Eq. (2.2) and simplifying we obtain a grain-size-

dependent segregation isotherm:

X gh

_ X, (3d* -3dt+1*) - Xd’
1-X, (0-X

Hveg
‘ 23
)t(3d2—3dt+t2)—(]—X)d3exP[ RT] @3

gh

We use Eq. (2.3) to calculate H,

. as a function of X from the simulation data, by taking the

grain boundary composition, X ,, from Fig. 2.4(d) for each simulation of global composition
X . Aplotof H_, extracted from the 2, 3, and 4 nm grain size structures is presented as Fig. 2.7

along with a least-squares fitted exponential function shown for purposes of visualization, and to
be used in later analysis. (Note that several of the d =2 nm data points at higher W content have
not been included in this plot where values of <1 (Fig. 2.4(d)) prohibit a reasonable analysis
of H__, which must be near zero in these cases.)

yeg

The calculations in Fig. 2.7 quantitatively show that H ,, is strongly composition-dependent in

the Ni-W system, decreasing sharply with alloying addition from a maximum value in the dilute
limit of ~10 kJ/mol. This behavior is reminiscent of the classical Fowler-Guggenheim
segregation isotherm [107], which approximately accounts for solute-solute interaction effects

that decrease the driving force for segregation beyond the dilute limit. However, the exponential
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Figure 2.7: Segregation energy, H , , for simulated Ni-W alloys with 2, 3, and 4 nm
grain size plotted as a function of global composition. An exponential decrease is
observed with alloying addition due to solute-solute interactions in the grain boundaries.

form for H ,, in Fig. 2.7 is somewhat different from the linearly-decreasing trend in the Fowler-
Guggenheim isotherm; this is likely due to the use of multibody potentials in the present work,
leading to a more accurate H , calculation as compared to the nearest-neighbor pairwise

interactions assumed in the Fowler-Guggenheim model.

A composition-dependent H ,, as derived above has not yet been considered in thermodynamic

models for nanostructure stability, such as those of Weissmuller [44] or Kirchheim et al. [45,

46]. Instead, these models have generally assumed a high constant value of H , =~50-100

kJ/mol over the entire range of alloying addition. Even in the dilute limit, the Ni-W value of 10
kJ/mol from Fig. 2.7 is only a fraction of that previously assumed, reflective of the much higher
solubility of W in Ni, leading to a lower segregation tendency. The implications of these vastly

different segregation energies on the potential for nanostructure stabilization will be discussed

later on in Chapter 4.
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2.3.2 Grain boundary energy

As mentioned in the introduction, vanishing grain boundary energy (7 =0) is an underlying
assumption in several proposed models of nanostructure stabilization [44-46]. Therefore, it is
instructive to extract this quantity from the present simulations to determine if ¥ =0 can be
realized in nanocrystalline Ni-W. Grain boundary energy can be calculated from our simulations
by comparing a structure containing boundaries to an ideal structure containing no defects (at the

same global composition); ¥ is then the excess energy, normalized by the total area of grain

boundaries:

defect _ ideal
AP - AE

2.4)
Adqfe('r

where AE{™" and AE{* are the formation energies of the polycrystal and the ideal single
crystal, respectively, and A, is the total grain boundary area [119, 132, 133]. The formation

energies in Eq. (2.4) are defined by [119]:

AE, =E,, -[0-X)-E,, +X -E,] (2.5)

alloy

where E

alloy

is the energy per atom of an alloyed structure, and E,, and E, are the energies of

pure Ni and pure W, respectively, fully relaxed and with the same crystal structure as the alloy.
The values of E,, and E, have been determined in the present work by simulating pure fcc

single crystals of Ni or W, at zero pressure.

For pure metals the calculations in Eqgs. (2.4) and (2.5) are fairly straightforward, but in alloys an

additional complication arises due to the possibility of chemical ordering. In particular, an

appropriate reference state (from which AE_’;’”"’ is calculated) must be chosen to account for the

energetics of ordering in multicomponent systems. For example, when calculating the grain

boundary energy of an intermetallic phase [132, 134], the reference state is a single crystal with
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the same ideal long-range order of the intermetallic. For the present case, we have found that
extensive ordering of Ni-W is disrupted by the nanocrystalline structure (cf. Fig. 2.5(d)) and,
therefore, we propose that a fully-ordered structure is an inappropriate reference state. Using a
fully-ordered reference, such as the single crystal simulations in Fig. 2.2(b), yields unrealistically
high grain boundary energies as W is added to the system. Instead, we use an ideal reference
structure that exhibits the same degree of chemical ordering as the polycrystal, so that the
numerator in Eq. (2.4) accounts for the excess energy due to the polycrystalline structure alone,
and not a change in the state of chemical order. To reach this ideal reference state, we have
performed simulations on single crystal structures where the Monte Carlo procedure was altered

to iterate to the ¢, values shown in Fig. 2.5(a-c), rather than to a minimum energy.

A plot of AE{* for the 2, 3, and 4 nm grain size structures in the energy-minimized state (after

the Monte Carlo procedure) is presented in Fig. 2.8(a). Also shown are the single crystal AE 'f""”'

values corresponding to the same extent of SRO for each of the polycrystals. It is clear that the
single crystal structures are in each case the lower energy state as compared to their
corresponding nanocrystalline form. Furthermore, within the scatter of the data, it is generally
found that larger grain sizes are preferred over the entire range of alloying addition. This
suggests that nanocrystalline Ni-W structures are not thermodynamically stable; grain boundaries

must still represent an energy penalty to the system with ¥ > 0.

From the above discussion and the values of AE{*" and AE{* in Fig. 2.8(a) we can now

calculate the numerator in Eq. (2.4). However, A, , remains a quantity that is not trivial to

lefect
calculate given the complex 3-dimensional nature of the structures. A simple method to
determine A, is by calculating AE{™" and AE{*" for the random solid solution polycrystals
and then calibrating to the known ¥ of pure Ni (0.87 J/m? [135]) using Eq. (2.4). The values of

A,p extracted in this way are in line with those estimated from a simple geometric

construction, assuming spherical grains and using Eq. (1.1) to calculate grain boundary area. For

the case of pure Ni, this geometric analysis yields grain boundary areas of 77.7, 193, and 361
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nm’” while the method outlined above, using Eq. (2.4), gives 91.3, 183, and 246 nm? for the 2, 3,

and 4 nm structures, respectively.
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Figure 2.8: (a) Formation energy in the fully relaxed state after Monte Carlo simulation
for the 2, 3, and 4 nm grain size structures (AE ‘fkf“"') along with the corresponding
single crystal (“SC”) energy (AE.";’“") having the same degree of short-range order as
the polycrystal in each case; typical error on this measurement is shown for the 2 nm,
35 at%W point. (b) Grain boundary energy, ¥, calculated for the 2, 3, and 4 nm grain
size structures using Eq. (2.4) with the AE{” and AE}“ values from (a). A general
decrease in energy is observed in all cases; however, all data lie above ¥y =0 suggesting
that nanocrystalline Ni-W structures are not thermodynamically stable.

With an estimate for A, , along with the values of AE{"" and AE{“" from the Monte Carlo

simulations, we calculate y using Eq. (2.4) for the energy-minimized 2, 3, and 4 nm grain size
structures as a function of W content. These values are plotted in Fig. 2.8(b) where it is seen that
7 generally decreases with W addition. Here, the composition-dependent H ,, (Fig. 2.7) and
subtle amount of grain boundary segregation (Fig. 2.4) in the Ni-W system are naturally

included. Several interesting features can be seen in Fig. 2.8(b). First, the most dramatic

decrease in y with alloying addition occurs in the dilute limit, where the extent of segregation is
the greatest (Fig. 2.4). Second, while there is a significant reduction in ¥ for all grain sizes,
none cross ¥ =0 over the range of compositions considered. Lastly, within the scatter of this

analysis, the grain boundary energies for the 2, 3, and 4 nm grain size structures appear to be

similar at every composition, especially at higher W contents.
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2.4 Concluding remarks

This chapter has focused on atomistic computer simulations as a means to investigate the

equilibrium solute distribution and associated energetics in nanocrystalline Ni-W alloys. In

particular, we have evaluated the grain boundary segregation tendency and chemical ordering

behavior for 2, 3, and 4 nm grain size structures over a range of compositions from 1-40 at%W,

with the following main conclusions:

The extent of W segregation to intercrystalline regions is most pronounced in the dilute
limit, and decreases with increasing solute content.

Short range chemical ordering occurs in all nanocrystalline structures, but to a degree less
than that achieved in ideal single crystals. This suppression of chemical ordering
becomes more pronounced as the density of grain boundaries increases (i.e., grain size
decreases), an effect termed “grain boundary induced disorder” analogous to the well-

known “surface-induced disorder” effect.

In addition, several relevant energetic quantities were extracted from our simulations with the

main goal of relating these to thermodynamic models of nanostructure stability. Specifically,

segregation, formation, and grain boundary energies were evaluated, revealing that:

Segregation energy decreases exponentially with W addition from a dilute limit value of
~10 kJ/mol, owing to solute-solute interactions in the grain boundaries.

Formation energy calculations predict that nanocrystalline Ni-W alloys become more
stable with increasing grain size, with ideal single crystal structures maintaining the
lowest overall energy state for any given composition.

Grain boundary energy decreases significantly with solute addition in nanocrystalline Ni-
W.

Based on the prediction of significant grain boundary energy reduction in nanocrystalline Ni-W

(Fig. 2.8(b)), it is reasonable to suspect that nanostructure stabilization may occur in this system.

In the next chapter we investigate this possibility through experiments in electrodeposited Ni-W

alloys. Our main goal will be to develop precise control over alloy composition in order to

investigate relationships with grain size.
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Chapter 3: Experimental synthesis of nanocrystalline Ni-W

Electrodeposition offers one of the most promising routes to fabricate bulk, full-density, high
purity nanocrystalline materials. A number of researchers have used this method to synthesize
nanocrystalline Ni-W with the goal of producing high quality specimens of the finest possible
grain sizes. These works may be categorized according to two general themes: fundamental
electrochemical studies [136-145], and structure/property investigations [31, 95, 146-161]. In
the former category, researchers study the effects of various deposition parameters on the
electrochemical response of the plating process, as well as the atomic-level mechanisms of the
deposition reaction. Structure/property investigations, on the other hand, are more concerned
with the net result of the electrodeposition process, linking the as-deposited microstructure to
macroscopic property measurements. In this chapter we bridge these two approaches,
establishing a means to tailor the as-deposited microstructure through manipulation of the
deposition parameters. In what follows, we first introduce the electrodeposition and
characterization procedures, followed by an investigation of some key variables having
significant effects on the deposit composition. Composition, in turn, is linked to the
microstructure through several experimental techniques and discussed in terms of the
thermodynamics of nanostructure stability. Connecting these observations, we present a new
method to precisely control nanocrystalline grain size over a wider range than previously

possible. Some of the work presented in this chapter has been published in Ref. [162].

3.1 Electrodeposition procedures

A schematic of the electrodeposition set-up used in the present work is presented as Fig. 3.1,
consisting of a cathode (substrate) and anode submerged in an electrolyte bath and connected to
a power supply (Dynatronix model # PDPR 40-50-100 or DPR 20-30-100). The electrolyte is
continuously stirred and maintained at a prescribed temperature via a heated oil bath. There are
a number of variables that can be controlled in this process including, most notably: electrolyte
bath composition, rate of stirring, substrate/anode material, bath temperature, and applied
current/voltage waveform. For the present work we have maintained several of these variables

constant. In particular, we have used commercial purity copper sheet as the substrate (~12 cm?
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area, polished to a mirror finish) and pure platinum mesh as the inert anode for all experiments.
The electrolyte bath has been stirred at a rate of ~100 RPM and maintained at the composition
given in Table 3.1. This ammoniacal citrate bath is one of the most common used in the
literature for Ni-W deposition [31, 95, 136, 148, 149], containing nickel sulfate and sodium
tungstate as metal sources, with sodium citrate and ammonium chloride acting as complexing
agents to induce the co-deposition of Ni and W [31, 136]; sodium bromide is added here to
increase the conductivity of the plating bath. The remaining variables of bath temperature and
applied current waveform have been studied in detail in the present work and will be discussed in
sections 3.3 and 3.4, respectively. In the next section we introduce the characterization

procedures used to assess the composition, quality, and structure of the as-deposited specimens.

~ Heater

Figure 3.1: Schematic diagram of the electrodeposition set-up used to synthesize
nanocrystalline Ni-W alloys.

Table 3.1: Electrolyte bath composition used for all electrodeposition experiments,
after Yamasaki et al. [31]

Chemical Name Formula Concentration (g/L)
Nickel sulfate hexahydrate (NiSO, . 6H,0) 15.8
Sodium tungstate dihydrate (Na,WO, . 2H,0) 46.2
Sodium citrate dihydrate (Na;C¢Hs0O, . 2H,0) | 147.1
Ammonium chloride (NH,CIl) 26.7
Sodium Bromide (NaBr) 15.4
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3.2 Characterization procedures

Following deposition, specimens were sectioned and prepared via traditional metallographic
techniques for examination in a Leo 438VP scanning electron microscope (SEM) to gather
quantitative information on composition to within + 1 at% via energy dispersive spectroscopy
(EDS) (X-ray Optics/AAT). Cross-sectional examination in the SEM also allowed for direct
measurement of specimen thickness and inspection of any possible microscopic flaws (i.e.
cracking, porosity, inclusions, etc.). Structural characterization was conducted via X-ray
diffraction (XRD), as well as transmission electron microscopy (TEM). The X-ray diffraction
measurements were performed on a Rigaku RU300 operating at 300 mA and 60 kV, and peak
analysis (including phase identification) was conducted using the software package Jade. An
approximate grain size was quantified from the XRD data by applying the integral breadth
method to the {111} family of peaks after removing the instrumental broadening effect; this
method has been shown to provide reasonable nanocrystalline grain size measurements as it
approximately accounts for both microstrain and crystallite size contributions to peak broadening
[163]. Direct observation of the structure was conducted by TEM investigations in a JEOL 2010
operating at 200 kV using traditional bright field imaging and selected area diffraction
techniques. TEM specimens were prepared via twin-jet electropolishing at 10 V in a 2:1 solution
of methanol and nitric acid at a temperature of -60 °C. Several specimens were further thinned

in a Fischione 1010 Ion Mill operating at 4 kV and 5 mA, at a milling angle of 12°.

A complete set of all experiments performed at various bath temperatures and applied current
waveforms is presented as Appendix A, along with the resulting composition and grain size
extracted through the above techniques. A select set of these experiments, as noted, will be
discussed in the following sections to determine the important effects of bath temperature and

current waveform on the composition and structure of the deposits.

3.3 Effect of electrolyte bath temperature

Measurements of specimen composition are plotted as a function of electrolyte bath temperature
in Fig. 3.2. A linear trend is observed in this figure with composition increasing from ~9-26

at%W over a temperature range of 45-85 °C; note that all other variables are kept constant
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including the direct current (D.C.) density of 0.2 A/cm®. These results are consistent with the
work of Yamasaki et al. [31] and Giga et al. [149] who have found similar trends, although the

present study extends to lower bath temperatures.
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Figure 3.2: Effect of bath temperature on the composition of electrodeposited Ni-W
alloys. A constant direct current density of 0.2 A/cm® has been applied for all
experiments.

The electrochemical mechanism behind the observed temperature dependence in Fig. 3.2 has
received only limited attention in the literature. Atanassov et al. [139], who studied a similar
bath composition having the same W complex as the present case [136], also noted an increase in
W composition with bath temperature. They attributed this increase to a transport phenomenon
in the electrolyte, where higher temperatures promote diffusion of the (slow) W complex in
solution. Hence, in this diffusion controlled scenario, higher temperatures enable more W ions
to reach the cathode surface, resulting in higher W content in the deposit. Regardless of the
exact electrolytic mechanism, which is not the primary focus of this work, the relationship
between W content and bath temperature in Fig. 3.2 suggests a systematic method to investigate
composition-structure relationships. Unfortunately, as we will address in the next section,
quality issues plague specimens deposited at temperatures below ~65 °C, such that an alternative

means of composition control is required for reliable property investigations and applications.
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3.4 Effect of applied current waveform

Current controlled (galvanostatic) electrodeposition techniques can be divided into three unique
groups based on the shape of the applied waveform: direct, unipolar pulsed, or bipolar pulsed.
The first of these has received by far the most attention in the literature and simply involves the
application of a fixed current over the entire duration of the deposition experiment. Unipolar
pulsing incorporates some periodic “off-time” that can raﬁge anywhere from a millisecond to
several seconds or more where no current is applied to the system. This interruption of the
current has been suggested to have a number of important effects on the formation of
nanocrystalline structures [164] and has been used successfully in a variety of systems including
Ni [164-167], Cu [168], Zn [169, 170], Ni-Cu [166], and Ni-Mo [171, 172] to name a few.
Bipolar pulsing involves some periodic reverse current in the electrodeposition process, typically
on the time scale of milliseconds, where the anode and cathode are effectively “switched” by
definition. The schematic in Fig. 3.3 defines the variables that control the shape of the bipolar
waveform as presented in Appendix A: forward and reverse current density (Fwd C.D. and Rev
C.D., respectively), forward and reverse on-time (Fwd t,, and Rev t,,, respectively) and off-time

(torr). Here, off-time is always applied directly after the forward pulse. The introduction of

«—Fwdt  —

2| FwdC.D.
173
&
o l o Time
e ——————— —_ e —_ _—]
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5 l RevC.D
o
Revt,,

Figure 3.3: Definition of variables that control the shape of the applied current
waveform used in electrodeposition experiments.

bipolar pulsing has received relatively little attention in the literature with several studies
suggesting that a reverse pulse may effectively strip unwanted elements such as hydrogen from
incorporating in the deposit [173], or reduce stress levels [174] or surface roughness [175, 176].

To our knowledge, the effect of a bipolar waveform has not been investigated in the
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electrodeposition of Ni-W alloys whereas most studies to date have involved only direct current.
In what follows we present a series of experiments investigating the effect of reverse pulse

current density (Rev C.D.) and reverse pulse time (Rev t,,) on the deposit composition (noted as

‘b’ and ‘c’ in Appendix A, respectively).

The relationship between composition and reverse pulse current density is plotted in Fig. 3.4(a).
All other variables as defined in Fig. 3.3 are fixed in these experiments as: Fwd C.D. = 0.2
A/cmz, Fwd ton = 20 ms, tor= 0, and Rev t,, = 3 ms; an exception is for the deposition at 0 Rev
C.D. which was deposited under direct current (i.e. Rev t,,=0). It is apparent that an increase in
the intensity of the reverse pulse leads to a monotonic decrease in W content. Similarly, Fig.
3.4(b) plots the effect of the reverse pulse duration (Rev t,,) on deposit composition, where the
remaining variables are fixed at: Fwd C.D. = 0.2 A/cmz, Fwd to, = 20 ms, and Rev C.D. = 0.05
Alem?. Here, an increase in the duration of the reverse pulse leads to a decrease in W content.
Based on these observations, it is evident that composition is directly dependent on the time-

integrated intensity of the reverse pulse; increases in either intensity or duration lead to reduced

levels of W incorporation in the deposit.
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Figure 3.4: Effect of reverse pulse (a) current density and (b) time on bulk deposit

composition. Reverse pulsing is an effective means for controlling W content in the
range of ~2 — 23 at%.
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From an electrochemical standpoint, it has been suggested that specific elements may be
preferentially stripped from the cathode surface with reverse pulses that are targeted in an
appropriate potential range [173]. In the present work we have not studied the electrochemistry
in detail, but may gain some insight on the reverse pulsing mechanism by referring to standard
reduction potentials available in the literature [177, 178]. During electrodeposition, reactions
with a higher (more positive) reduction potential occur preferentially, with later reactions
commencing only if the necessary over-voltage is applied [179]. This type of behavior is
typically presented in electrochemical experiments as a current-potential curve for each of the
possible reactions, forming the basis for understanding alloy electrodeposition. Table 3.2 lists
standard reduction potentials for ions expected in the present Ni-W electrolyte (cf. Table 3.1):
WO42‘, H*, and Ni?* [177, 178]. Several interesting conclusions can be drawn from this data.
First, according to Table 3.2, pure Ni should deposit preferentially (along with hydrogen
evolution), and any appreciable amount of W deposition would require extremely high over-
voltages. In fact, it is common knowledge that W cannot be deposited in pure form from
aqueous solutions [137, 177, 180, 181] partly due to the low reduction potential listed in Table

3.2. However, as mentioned previously, sodium citrate and ammonium chloride are introduced

Reaction | Sfgndard potentl
2H' +2e = H, + 00
Ni* + 2e- & Ni + -0.257
WO42' +4H,0 + 6e- W + 80H | -1.074

Table 3.2: Standard reduction potentials for WO,>, H*, and Ni** ions. The equilibrium
values suggest that W is preferentially stripped from the deposit surface during the
reverse (anodic) pulse.

in the present plating bath as complexing agents, whose function is to bring the reduction
potentials of Ni and W closer together. This processes is termed “induced codeposition” [181]
and enables the present Ni-W alloy to be formed. Second, during the application of the reverse
(anodic) pulse, the data in Table 3.2 suggest that W should be preferentially stripped from the

deposit surface, as this reaction has the highest oxidation potential. While the details of these
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electrochemical phenomenona are not the main focus of this thesis, comparing the equilibrium
reduction potentials provides some qualitative insight on the deposition process, and the possible
mechanism involved in reverse pulsing. This area represents an important avenue for future

work.

Regardless of the specific electrochemical mechanism, the dissolution of W is apparently
proportional to the intensity or duration of the reverse pulse, leading to the trends observed in
Fig. 3.4(a, b). Thus, reverse pulsing presents an alternative method to tailor alloy composition in
the Ni-W system over the wide range from ~2-23 at%W. Before proceeding, it is important to
note that the millisecond timescale of pulses used in the present work essentially provide for
monolayer control of W content. Therefore, the resulting composition may be regarded as

homogeneous through thickness and the values reported represent bulk measurements.

In comparison to bath temperature control, the reverse pulsing technique described above is
found to yield high quality deposits over the entire range of composition. This is demonstrated
in the cross-sectional SEM micrographs of Fig. 3.5 for specimens deposited by (a) bath
temperature and (b) reverse pulsing control. The W content of both these specimens is roughly 8

at%, achieved in (a) through a low bath temperature of 45 °C (cf. Fig. 3.2) and in (b) through the

Figure 3.5: Cross-sectional SEM micrographs of nanocrystalline Ni-W specimens
prepared by (a) bath temperature and (b) reverse pulsing control; both specimens have
nominally the same composition of ~8 at%W. The specimen in (a) was produced at a
plating bath temperature of 45 °C (cf. Fig. 3.2) while that in (b) was deposited at 75 °C
using a reverse pulse current of 0.15 A/cm? (cf. Fig. 3.4(a)). Significant defects are
observed in (a) while the (b) reverse pulsing technique yields a high quality deposit.
The substrate can be seen at the bottom of both images.
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application of a 0.15 Alem® reverse pulse (cf. Fig. 3.4(a)). It is apparent that the bath
temperature technique leads to a number of defects in the form of voids and extensive cracking;
most deposits synthesized at bath temperature below ~65 °C show these types of flaws. On the
other hand, the deposit in (b) shows no defects and is typical of the high quality achieved using

the reverse pulsing method.

With the above information, the reverse pulsing technique stands out as a robust means to tailor
the composition of Ni-W specimens. Not only can a wide range of W contents be accessed
through systematic changes to the applied current waveform, but the resulting deposits are of
excellent quality. In the next section we investigate the structure of the electrodeposited

specimens through XRD and TEM techniques and make correlations with composition.

3.5 Composition-structure relationship

As a preliminary investigation of the microstructure, X-ray diffraction patterns are presented in
Fig. 3.6 for each of the specimens in Fig. 3.4(a), where composition has been tailored through
the reverse pulse current density. Several trends can be observed as the W content of the deposit
increases. First, the crystal structure is unchanged with composition; all of the peaks in Fig. 3.6
can be indexed with fcc reflections, as expected for Ni-rich solid solutions. It is interesting to
observe that W is dissolved to levels much higher than nominally expected from the equilibrium
phase diagram (which indicates a solubility limit near 12 at% at low temperatures [96]). Second,
the addition of W clearly leads to substantial peak broadening, which is quantified through the
trend of decreasing grain size reported at the right of Fig. 3.6. Finally, an increase in W content
leads to a clear shift of the FCC reflections to lower Bragg angles; this is consistent with lattice

swelling due to the relatively large size of W atoms in solution.

The relationship between grain size and composition revealed in Fig. 3.6 is reminiscent of that
expected for alloys stabilized by grain boundary segregation, as discussed in the introduction
with reference to Fig. 1.4. These alloys exhibit a monotonically decreasing trend in grain size
with increasing solute addition due to the energetics of segregation and, in particular, the
relationship between the total number of solute atoms and grain boundary sites available in the

system. Higher concentrations of solute prefer finer grain sizes so as to be accommodated with a
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Figure 3.6: Typical X-ray diffraction patterns for specimens produced using the reverse
pulsing technique in Fig. 3.4(a) with global W content from 2.5 — 23.0 at%. The XRD
grain size calculated using the integral breadth method is shown for each specimen.

lower energy penalty in the intercrystalline regions. To further examine this trend in Ni-W, Fig.
3.7 plots grain size as a function of composition for all the experiments listed in Appendix A.
Note that we distinguish the experiments here according to those that involved reverse pulsing
(‘RP’, blue squares) or those that were deposited under “conventional” uni-polar or direct current
conditions (‘C’, red circles). The first important observation here is that, irrespective of the
processing technique, grain size generally scales monotonically with composition, decreasing
from ~140-2 nm over the range of ~2-26 at%W, respectively. This finding implies that grain
size is dictated by bulk composition alone, rather than the specific details of the synthesis
conditions. Second, the reverse pulsing technique enables larger grain sizes to be accessed in
high quality specimens. In fact, the range of grain sizes presented in Fig. 3.7 is wider than any
previously reported in nanocrystalline Ni-W alloys; this will prove to be an important advantage

in later property studies.

The grain sizes quantified in Fig. 3.7 were all measured indirectly using XRD techniques. To
confirm these measurements, direct structural observations were made on select samples using

TEM (as noted in Appendix A). Three bright-field images and selected area diffraction patterns
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Figure 3.7: Grain size-composition relationship for nanocrystalline Ni-W specimens
electrodeposited using reverse pulsing (RP) and conventional (C) techniques. The
range of grain sizes achievable using reverse pulsing extends that of conventional
methods.

from these investigations are presented in Fig. 3.8(a-c) for specimens containing ~3, 15, and 23
at%W, respectively; Fig. 3.8(d) reproduces Fig. 3.7 for referen;:e. The images in Fig. 3.8(a) and
(b) reveal average grain sizes of approximately 100 and 20 nm, respectively; these values are in
line with those approximated by the XRD line broadening measurements which gave 95 and 21
nm for specimens of similar respective composition (see Fig. 3.6). Fig. 3.8(c) is a high
resolution TEM image where lattice fringes can be seen for individual grains with appropriate
orientations, two of which have been circled. The individual grains visible here are all about 2-4
nm in diameter, which again correlates well with the XRD measurement (~3 nm). Together, the
series of micrographs in Fig. 3.8(a-c) confirm that a clear refinement of the nanocrystalline

structure occurs with increasing W content.
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Figure 3.8: (a-c) Bright field TEM images and selected area diffraction patterns
showing structural refinement with increasing solute content in Ni-W specimens; two
grains are outlined in the high-resolution image (c) where lattice fringes are visible.

3.6 Concluding remarks

The present chapter focused on the experimental synthesis of nanocrystalline Ni-W alloys using
electrodeposition. Several parameters of the process where investigated in detail in terms of

their effect on alloy composition. We have found that:

e Increasing the electrolyte bath temperature from 45-85 °C leads to increased W content

in the deposit over the range of ~9-26 at%.

<l



¢ Introducing a periodic reverse pulse in the applied current waveform allows for precise
control of alloy composition, where increases in either the duration or intensity of the

pulse decrease W incorporation in the specimen (cf. Fig. 3.4).

While both bath temperature and reverse pulsing control may be used to adjust the deposit
composition, the reverse pulsing technique was shown to yield higher quality specimens free of
cracking and other defects. Investigating the microstructure of reverse pulsed specimens
revealed a monotonic trend of decreasing grain size with W addition (cf. Fig. 3.7). Combining
the relationships in Figs. 3.4 and 3.7 leads to a new, robust method to precisely tailor grain size
in nanocrystalline Ni-W alloys. Systematic changes in reverse pulsing conditions affect the
deposit composition and, in turn, the grain size of the resulting specimen. It is important to note
that the methods developed here should also be applicable to other alloy systems as well; this
possibility represents a significant opportunity for future work. In the next chapter we
investigate possible mechanisms behind the observed grain size-composition relationship in Ni-
W. Specifically, we characterize the grain boundary segregation tendency in experimental

specimens to determine the applicability of segregation based models of nanostructure stability.
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Chapter 4: Grain boundary segregation in nanocrystalline Ni-W
specimens

The experimental results presented in Chapter 3 are characteristic of a system stabilized by grain
boundary segregation, after the thermodynamic models of Weissmiiller [44] and others [45-47,
50] discussed in the introduction. Specifically, the observed trend of decreasing grain size with
alloying addition suggests that W may be segregated at the grain boundaries in nanocrystalline
Ni-W. In this chapter we evaluate the potential for nanostructure stabilization through
experimental measurements of the grain boundary segregation tendency in Ni-W specimens.
Unfortunately, this behavior is difficult to quantify in nanocrystalline materials due to the
extremely fine characteristic length-scales, especially when the grain size is below ~20 nm. In
this case most traditional methods used to study grain boundary segregation (e.g., energy-
dispersive spectroscopy in the TEM, or Auger spectroscopy) are inadequate. Therefore, we use
the three-dimensional atom probe (3DAP) in the present work, which provides near atomic-level
resolution of the position and chemical identity of individual atoms in a specimen. For a detailed
discussion of the atom probe tomography technique, including the history and operation of the

instrument, see the works of Miller et al. [182-185].

The 3DAP has been used to study grain boundary segregation in a number of coarse-grained
alloys [186]. Typically, the area to be analyzed is pre-screened by TEM and/or field ion
microscopy to identify the location and orientation of the grain or phase boundary so that 3DAP
data, collected subsequently, can be related back to a known microstructure. A number of
authors [97, 187-195] have successfully applied this method to study solute segregation at
internal interfaces in steels and Ni-based superalloys. For nanocrystalline materials of the finest
grain sizes (less than 20 nm) this type of analysis becomes complicated, as a typical analyzed
volume will contain a number of randomly oriented boundaries that are difficult to map, even by
TEM. In this case, it is not generally possible to relate 3DAP data directly to a known
microstructure, so careful analysis is required when attempting to quantify solute segregation.
Because of this and other complications (i.e., specimen preparation, quality, strength, etc.) there

have been relatively few atom probe studies of nanocrystalline materials [57, 82, 84, 85, 196-
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199]. Of particular relevance to the present work are studies of solute distribution in systems

suspected to obey thermodynamic models of nanostructure stabilization, such as Ni-P [46].

The Ni-P system is an example of a strongly segregating alloy and has been studied both
experimentally and theoretically by a number of authors including Kirchheim [45], Liu et al.
[46], Férber et al. [S7], Hentschel et al. [82] and Abraham et al. [200]. Segregation isotherms for
this alloy predict essentially perfect saturation-type partitioning of P to the grain boundaries,
behavior that has been confirmed in 3DAP experiments [82] on a 9 nm grain size alloy, where
composition profiles along the analyzed volume showed clear peaks in P composition at intervals
consistent with the average grain size. Unlike Ni-P, the Ni-W system is expected to show only
weak segregation behavior owing to the high degree of W solubility in the Ni lattice [107]. In
spite of this, the nanocrystalline Ni-W system shows a characteristic composition-dependent
grain size (cf. Fig. 3.7) as mentioned above. A 3DAP investigation of nanocrystalline Ni-W has
only previously been conducted by Choi et al. [84] in an alloy containing 18 at%W with ~3 nm
grain size, where evidence for W segregation to grain boundaries was presented. However, this
study focused primarily on the thermal stability and evolution of solute distribution with time
and temperature in a single 3 nm grain size specimen. A more complete understanding of the
segregation behavior in nanocrystalline Ni-W, to determine the applicability of thermodynamic
models of nanostructure stabilization, requires an investigation of specimens over a range of

grain sizes.

This chapter seeks to experimentally characterize the solute distribution in high-quality
nanocrystalline Ni-W specimens, with grain sizes ranging from 3-20 nm, produced using the
reverse pulsing technique described in Chapter 3. To overcome the difficulty in associating
3DAP data with known microstructural features, we introduce a statistical approach to extract an
average grain interior and grain boundary composition. This technique is guided by the
atomistic computer simulation results of Chapter 2, and has been further validated
experimentally in heat-treated nanocrystalline Ni-W specimens in Appendix B. We introduce

the technique here as applied to the as-deposited condition. The work that follows has been
published in Refs. [201] and [102].
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4.1 Atom probe procedures

3DAP experiments were conducted at Oak Ridge National Laboratory (Oak Ridge, TN) on an
Imago Local Electrode Atom Probe. Three specimens were examined with average grain sizes
of d =3, 10, and 20 nm and global compositions of ~19, 16, and 12 at%W, respectively.
Needle-shaped specimens required for atom probe experiments were prepared by
electropolishing using the standard floating layer method [184, 185] resulting in tip radii of ~50
nm. The specimens were held at 60-70 K under ultra-high vacuum in the 3DAP and subject to a
voltage pulse of 20% the standing voltage (typically ~5-10 kV) at a rate of 200 kHz. Following
field evaporation, the position and chemical identity of individual ions was back calculated using
standard equipment and procedures detailed in Refs. [182-185]. A typical sample volume
contained about 15 million atoms with overall dimensions of approximately 60 x 60 x 100 nm.
The data obtained from the 3DAP was analyzed with Oxford nanoScience Ltd.’s Position
Sensitive Atom Probe (PoSAP) software. Additional analysis was also conducted with custom

software written by the authors.

To characterize the grain boundary segregation tendency in electrodeposited specimens, we
begin with an analysis of the length scale of composition fluctuations, linking this to the
structural length scale of the material. Following this, the extent of segregation is assessed
through statistical analysis of the composition distribution. Throughout the analysis, direct
comparisons with the atomistic computer simulation results of Chapter 2 facilitate interpretation
of the experimental data. As mentioned, the statistical techniques presented here are validated in
Appendix B on heat-treated nanocrystalline Ni-W alloys, which form the main focus of Chapter
5.

4.2 Length scales

As a first comparison between experiments and simulations, Fig. 4.1 presents graphical
representations of a d =3 nm simulated structure containing 18 at%W (a) and an equal
representative volume of the d = 3 nm atom probe specimen (b), where tungsten atoms are
highlighted; the atom probe structure appears more disordered and more sparsely populated than

the simulated cell due to the spatial resolution and limited detection efficiency (~60%) of the
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3DAP'. From these images the W appears to be approximately randomly distributed with no
obvious segregation tendency. Accordingly, more quantitative analysis, involving composition
profiles, autocorrelation functions, and composition frequency distributions, are required to
better appreciate the solute distribution in these specimens; these techniques will be the main

focus of what follows.

Figure 4.1: Representations of 3 nm grain size (a) experimental and (b) simulated
structures with the tungsten atoms plotted in red; specimens are approximately 6 x 7 x 5
nm.

Composition profiles have been constructed along the length of the 3DAP sampling volume (or
along a primary axis of the simulated structure) using a 2 nm square cross-section and a moving
average over 100 atoms (~0.3 nm resolution); this method has been shown to provide an accurate
measure of interfacial composition for specimens containing a single grain boundary of known
position [185]. Fig. 4.2 plots typical examples of these profiles for both the experimental (Fig.
4.2(a-c)) and simulated (Fig. 4.2(d)) structures. For each of the 3DAP specimens, the total
length of the sampled volume is the distance shown along the x-axis in the composition profiles,

while the simulated structure was repeated twice (periodic boundary conditions) to better

" In an effort to better match the density and resolution of the atom probe data, we have also considered simulated
structures in which 40% of the atoms were removed at random, or in which the atoms were randomly displaced by
as much as several atomic diameters. However, these variations were found to have no effect on the analysis
presented in this chapter, and here we report only the results from the full, unaltered simulated structure.
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elucidate the composition trends. For all of the structures in Fig. 4.2 it is apparent that the
composition is not homogeneous, but fluctuates around a mean value with a noticeable

periodicity; mean composition is indicated with a thin solid line, and the dashed lines indicate the

standard deviation in the data.
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Figure 4.2: Composition profiles for experimental (a) d = 3 nm, (b) 10 nm, (c) 20 nm,
and simulated (d) 3 nm structures. The mean composition and standard deviation are
marked by thin solid and dashed lines, respectively. In the case of the simulated

structure (d) the positions of grain boundaries are known, and are denoted by gray
vertical bars.

If grain boundary segregation were present in these specimens then peaks in the composition
fluctuations in Fig. 4.2 would be expected to coincide with the location of grain boundaries, and,

hence, we expect that the average wavelength of the composition fluctuations should be
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consistent with the grain size. Analysis of the simulated structure provides further insight on this
issue because, in this case, the positions of the grain boundaries are exactly known. In Fig.
4.2(d) the known grain boundary locations are indicated by thick vertical lines, and it is obvious
that the W composition peaks coincide with these positions, confirming the presence of grain
boundary segregation. Based on this result, it seems reasonable to infer that the composition
peaks in the atom probe data, Fig. 4.2(a-c), also correspond to intergranular regions. Taking
those peaks which clearly extend above the standard deviation limit, we calculate mean peak
separations of 4, 8, and 17 (+ 2) nm, which correspond well with the measured grain sizes of d =

3, 10, and 20 nm, respectively.

A more statistically robust measure of the mean wavelength of composition fluctuations in Fig.
4.2 can be obtained through use of the autocorrelation function. The autocorrelation function has
been used in a number of atom probe studies to measure characteristic length scales in a
microstructure [185, 202-205], such as the size of precipitates or the periodicity of a composition

fluctuation. For a system of assumed spherical symmetry, the autocorrelation function, R, , can

be defined as [185, 206]:

Toas =k
S, - X)X, - X)

r=0 —
>, -xy
r=0

R, = (4.1)

where X, and X, , are the mean compositions within spherical shells at a distance r and r+k,
respectively, from a chosen center point, and r,,, is the largest value of r permitted by the finite

sample size. Here & is the characteristic length-scale or “lag” of the measurement, and X is the

mean composition of the total analyzed volume. According to Eq. (4.1), a positive value of R,
indicates a correlation in the composition profile, at a wavelength of k, where the values of X,

and X, are both greater than the mean composition, X .
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Plots of the autocorrelation function, averaged over 100 randomly chosen center points with a k
resolution of 0.3 nm, are shown in Fig. 4.3(a-d) for the atom probe and simulation data. The

characteristic wavelength is indicated by the value of k coinciding with the first non-trivial

maximum in R, , as marked with arrows.

0.3

0.2

1 1

0 6 12 18 24 30 0 2 4 86
k (nm) k (nm)

Figure 4.3: Three-dimensional autocorrelation functions for experimental (a) d = 3 nm,
(b) 10 nm, (c) 20 nm, and simulated (d) 3 nm structures. The first maxima, indicating
the periodicity of composition fluctuations, are marked with arrows.

As expected from our earlier discussion, the characteristic length-scales, as determined from the
autocorrelation function (d =3, 9, and 17 nm), are in excellent agreement with the measured
grain size of the experimental structures (d =3, 10, and 20 nm, respectively). In addition, the

length-scale determined for the simulation data (d =3 nm) lines up well with our a priori
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knowledge of the solute distribution and grain size of this structure, again confirming segregation

to the grain boundary regions.

A summary of our length-scale measurements using TEM and XRD (as described in Chapter 3),
as well as observation of the composition profiles and autocorrelation data, are presented in
Table 4.1. The mutual agreement between all of these techniques, along with the side-by-side
comparison of the experimental data and simulated structure, lends strong support to the
assertion that grain boundary segregation is present in these alloys. In the next section, we will
be concerned with the amplitude of composition fluctuations in these materials to assess the

extent of segregation.

Table 4.1: Comparison of characteristic length-scales as determined by a number of
different methods. For the XRD and TEM measurements the values denote the mean
grain size, while the composition profiles and autocorrelation function analysis from
3DAP and simulation data give the scale of W composition fluctuations without direct
information about grain size.

Characteristic length-scale (nm)
XxRD | TEM Compc_>sition Autocorrglation
profiles function
Experimental | 2 ~3 4 3
9 ~10 8 9
17 | ~20 17 17
Simulated 3 3 3

4.3 Extent of segregation

The composition profiles in Fig. 4.2 not only provide information about the length scale of
composition fluctuations, but also about the degree to which solute is partitioned in the grain
interior and grain boundary. In the case of our idealized simulated structure (Fig. 4.2(d)), the
composition peaks are uniquely attributed to grain boundaries, and the solute enrichment is
readily discerned as ~7 at% compared with the grain interior regions. In the case of the 3DAP
data from experimental materials there is a much wider variability in the composition profiles,
due to the larger volume and unknown microstructural elements being sampled (including a

range of grain sizes, various grain boundary inclinations with respect to the sampling axis, and
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possibly triple junctions). Nevertheless, from the data in Fig. 4.2(a-c) we judge the average level
of solute enrichment at the intergranular regions to be on the order of 5-10 at%. As this is an
important quantity in thermodynamic models of nanostructure stabilization, a more accurate
analysis of the level of intergranular segregation, using composition frequency distributions, is

described next.

For a perfectly random binary solid solution the frequency distribution of the composition is
binomial, i.e., the probability of a solute atom occupying any atomic site is exactly the atomic
fraction of the alloying element. In this case the probability, P(c), of observing any given
composition, ¢, in a sufficiently large discrete sample volume, can be accurately approximated

with a single normal distribution given by [207]:

P(c)=

2
—(c=X) } 4.2)

1
€X
o2rx p[ 20°

where o is the standard deviation, calculated as ¢ = X(1- X)/n where n is the number of

atoms in the sampling volume. A compelling fit of Eq. (4.2) to experimental data would
therefore suggest that the solute distribution were homogeneously random, while deviation of the
experimental data from the form of Eq. (4.2) would be characteristic of some non-random solute

distribution.

To calculate composition distributions from the 3DAP data, the specimen volumes have been
divided into non-overlapping cubes containing n =100 atoms each, and the frequency of
composition observations amongst these blocks has been counted; the results are presented as
solid points in Fig. 4.4(a-c). Also included are the binomial distributions predicted by Eq. (4.2)
for a random solid solution (wide black dashed line labeled as “single binomial™); note the poor
fit for these specimens, where the observed distribution is significantly broader. This lack of fit
suggests some degree of solute partitioning or segregation in the alloy structure, which we will
rationalize by modeling nanocrystalline materials as composed of two regions: grain interior and
grain boundary. The relative volume fraction of these regions are determined by the grain size,

d , through the simple geometric model introduced in Eq. 1.1 [20]. By assuming that the grain
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interior (g) and boundary (gb) regions are both random solid solutions, the composition
frequency distribution of the microstructure can be characterized by the weighted average of two

normal approximations to the binomial distribution:

f -(c-X,)’ for —(c-X,)’
P(c) =—* L P : 43
© o V2r exP[ 20’ } O W27 exP[ 20, @

8

where each regions is now allowed to have a unique mean composition related to the global

mean composition through a rule-of-mixtures (X = f, X+ f,, X, ), with a standard deviation
p g gtg T Jgp b

as defined for Eq. (4.2). For the present analysis, ¢ is approximated as 0.75 nm, in line with
previous experimental measures of the grain boundary thickness in similar electrodeposited Ni-
W specimens [208] and consistent with the typical width of a segregated grain boundary layer
[107] *. Knowing the global mean composition and average grain size, Eq. (4.3) can be fitted to

the experimental data with only a single adjustable parameter, either X, or X ,. From this

analysis we can extract the important parameters that characterize the mean composition of the
grain interior and grain boundary regions. This analysis is similar to the method of Langer, Bar-
on, and Miller (LBM) [185] used, for example, by Hyde et al. [204] to analyze 3DAP data from a
spinodally decomposed Fe-Cr alloy. Here, however, the volume fractions are fixed by Eq. (1.1)
and each constituent assumes the corresponding binomial standard deviation. The free

parameter, X, in Eq. (4.3) has been determined using a least-squares fit over the experimental

composition distribution for each of the 3DAP specimens. The results are assembled in Table
4.2, and Eq. (4.3) has been plotted using these best-fit values as a thin blue dashed line (labeled
“Binomial-Binomial”) in Fig. 4.4(a-c). For the smallest grain size specimen of Fig. 4.4(a) the
binomial-binomial approximation fits the experimental data well, while only a moderate

improvement is observed for the larger grain size structures of (b) and (c).

To obtain a better fit to the data, we may further relax the constraint on the standard deviations in

Eq. (4.3), as there is no reason to assume that the solute distribution is perfectly random in both

* Changing t over the range 0.5-1.0 nm has no major effect on the conclusions drawn.
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constituents, as evidenced, for example, by the ordering tendency in the atomistic computer
simulations of Chapter 2. Repeating the fitting procedure as above, but now including the
additional parameters of o, and o, (three fitting parameters total), provides an excellent fit to

the experiments as shown by the solid red curve in Fig. 4.4(a-c) (labeled “Normal-Normal™); the

parameters extracted from this fit are collected in Table 4.2. It is important to note that the
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Figure 4.4: Frequency distributions of tungsten composition for experimental (a) d = 3
nm, (b) 10 nm, and (c) 20 nm specimens, compared with the expected single binomial
distribution for a random solid solution (Eq. (4.2)). Also shown are fits of the two-
constituent distribution of Eq. 4.3 where both the grain boundary and grain interior are
modeled as random solid solutions (binomial-binomial) and where the standard
deviation of both regions is included as an additional adjustable parameter (normal-
normal). In (d), the distribution for the simulated d = 3 nm structure is presented, along
with the normal-normal fit.
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Table 4.2: Model parameters for the best fit of Eq. 4.3 to the composition frequency
distributions in Fig. 44 Here, the volume fractions are fixed by Eq. (1.1) and the
composition of the grain interior (X ,) and grain boundary (X,,) are related to the
mean composition through a rule-of-mixtures. For the binomial-binomial fit, the
standard deviations o, and o, are fixed to approximate the binomial form, while for
the normal-normal fit both are included as additional adjustable parameters.

Binomial-Binomial fit Normal-Normal fit
Grain size
(nm) X Xgo X Xgp Gy Ggb
3 14.9 21.9 16.4 20.8 4.7 5.6
Experimental 10 14.4 21.8 14.8 22.3 4.5 4
20 10.8 19.2 10.8 19.2 4 3.3
Simulated 3 - - 16.5 19.2 3.4 3.8

addition of these fitting parameters does not materially affect the main result of this exercise: the
compositions extracted for both the binomial-binomial and normal-normal fit are similar for the
d =3 nm specimen (within 1.5 at%) and nearly identical or exactly identical for the d = 10 and
20 nm structures, respectively. Consequently, either model will suffice for the purpose of

approximating the extent of segregation to the grain boundary regions.

The compositions extracted from these analyses (Table 4.2) directly indicate the average level of
solute enrichment at the grain boundaries, which we find to be in line with our earlier

observations from the composition profiles of Fig. 4.2. We note that the values of X, and X ,

represent the mean compositions of the grain interior and grain boundary regions, and so are not
expected to coincide with the composition peaks in Fig. 4.2, but rather with some less extreme
value found from averaging over the peaks of different heights and widths. An important result
here is that the degree of segregation measured in nanocrystalline Ni-W is relatively subtle (~5-8

at%) as compared to other, strongly segregating alloys such as Ni-P [57, 82].

We can gain further insight on the segregation behavior in this system by considering the
simulation data, for which a composition distribution is shown in Fig. 4.4(d). Unfortunately, for
the simulated structure we cannot follow precisely the same analysis as used for the 3DAP data

because the relatively small number of simulated atoms (~21,000) produces insufficient
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sampling statistics to compare with the binomial form of Eq. (4.2). More specifically, the
standard deviation of a randomly distributed 21,000 atom structure is narrower than that
predicted by the binomial approximation. This precludes application of the binomial-binomial
fit, but imposes no limitation on the normal-normal fit with the standard deviations included as
free parameters. The results of a normal-normal fit on the simulated distribution are shown in
Fig. 4.4(d) with the parameters included in Table 4.2. These values, as for the experimental data,

are found to be reasonably in line with the composition profile of the simulated structure.

4.4 Thermodynamically stable nanostructures?

A main goal of the above sections was to verify the existence of grain boundary segregation and
quantify its extent in experimental nanocrystalline Ni-W specimens. As pointed out in the
introduction, grain boundary segregation and its impact on grain boundary energy form the basis
for thermodynamic models of nanostructure stabilization [44-46, 50]. With the results presented
in this chapter, along with the atomistic simulation results of Chapter 2, we now compare with
existing data in the literature to gauge the potential for thermodynamic nanostructure stability in

Ni-W.

Returning to the computer simulations, the grain boundary energy values of Fig. 2.8(b) directly
challenge a thermodynamic interpretation of stability in nanocrystalline Ni-W alloys where a
state of ¥ >0 is apparently maintained for any alloying addition. An important question then
arises as to how systems previously modeled, such as Y-Fe [56] and Ni-P [46], can attain a
thermodynamically stable state with vanishing grain boundary energy. Because ¥ is directly
related to grain boundary segregation [135], with more extensive segregation leading to greater
reductions in ¥, it is instructive to compare the extent of segregation in Ni-W with that assumed
in the previously studied systems. Here, we directly compare with Ni-P, for which there have
been significant theoretical modeling efforts [45, 46] as well as detailed experimental
investigations of solute distribution [57, 82]. The expected large extent of grain boundary
segregation in this system is reflected by the high, constant value assumed as the segregation
energy (55 kJ/mol [46]) in the proposed theoretical models of nanostructure stabilization. With

the composition-dependent H ,, derived in the present work for Ni-W (Fig. 2.7), we can
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compare the segregation tendency of these two systems using an appropriate isotherm (such as

Eq./(2.2) 08 (2.3))

The grain size-independent McLean isotherm (i.e., Eq. (2.2) or Eq. (2.3) assuming d — o) is
plotted as a blue dashed line in Fig. 4.5 for a constant value of H,, =55 kJ/mol, corresponding

to that assumed for the Ni-P system. Note that this extremely high segregation energy predicts

complete saturation of the grain boundaries in coarse-grained structures over the entire range of
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Figure 4.5: Grain size-independent McLean segregation isotherms plotted as blue and
red dashed lines for constant segregation energies of H, = 55 and 10 kJ/mol,
respectively, corresponding to the value assumed in a thermodynamic model of
nanostructures stability for Ni-P [46], and the dilute limit value determined from the
present work in Ni-W (Fig. 2.7). Incorporating nanocrystalline grain-size effects (Eq.
2.3) leads to the solid blue curve for Ni-P alloys, while the exponentially decreasing
form of H,, (Fig. 2.7) predicts the solid red curve for Ni-W; these isotherms represent
an approximation of the grain boundary segregation tendency in nanocrystalline Ni-P
and Ni-W. The disparity between these two predictions (indicated by an arrow)
suggests that Ni-W may not derive sufficient grain boundary energy reduction for
complete thermodynamic stability. Also shown for comparison are experimental atom
probe (AP) data for grain boundary composition in nanocrystalline Ni-W (Table 4.2)

and Ni-P [82] specimens.

global composition. To more accurately represent the segregation in nanocrystalline alloys,

grain size effects as discussed in relation to Eq. (2.3) must be included in this type of analysis.
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Following the results of Liu and Kirchheim [46], the grain size-dependent form assumed for Ni-
P is plotted as a solid blue line in Fig. 4.5 for comparison, demonstrating a significant decrease in
the predicted extent of segregation for nanocrystalline structures. This grain size-dependent
isotherm corresponds to the level of segregation predicted and required for thermodynamically
stable Ni-P alloys in Ref. [46].

We may conduct a similar type of analysis for Ni-W, to compare with the Ni-P results. The
dashed red line in Fig. 4.5 plots a grain size-independent isotherm assuming a constant value of

H_, =10 kJ/mol, corresponding to the dilute limit value found for Ni-W (Fig. 2.7), and

representing an upper bound for the extent of segregation. Note that this curve falls well below
the grain size-independent form assumed for Ni-P. For a more accurate representation of the
segregation behavior in Ni-W we may incorporate grain-size effects (as in the Ni-P analysis), as

well as the composition-dependent form of H,, derived in Fig. 2.7. In our analysis we have

found that the latter effect most significantly affects the shape of the curve in Fig. 4.5, with the
additional effect from nanocrystalline grain sizes being relatively minor by comparison. The
solid red line in Fig. 4.5 plots Eq. (2.2) incorporating the composition-dependent segregation
energy from Fig. 2.7, and presents a reasonable estimate of the extent of segregation in

nanocrystalline Ni-W structures.

At this point we can compare the nanocrystalline Ni-P and Ni-W systems on an equal basis, as
the solid blue and red curves in Fig. 4.5 most accurately reflect the respective solute distribution
in the thermodynamic model of Kirchheim et al. for Ni-P [45, 46], and also that expected in Ni-
W based on our simulations. Also shown for comparison are experimental atom probe data in
both these systems; the Ni-W data (from Table 4.2) line up reasonably well with the simulation
prediction, while the Ni-P isotherm appears to overestimate grain boundary composition for the
single experimental point measured [82]. We note that these data are somewhat complicated as
the analytical and computer simulation predictions are based on equilibrium calculations, while
the experimental electrodeposited specimens are not necessarily in an equilibrium state.
Nevertheless, the most important finding here is that in the range of ~2-17 at% solute the
isotherm for Ni-P anticipates significantly higher grain boundary solute content as compared to

Ni-W (as indicated by the arrow in Fig. 4.5). It is this high assumed extent of segregation that
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could lead to a condition of =0 in Ni-P, for which there would be true thermodynamic

stability as proposed by Kirchheim et al. [45, 46]. On the other hand, the comparatively subtle
degree of segregation in Ni-W suggests that the grain boundary energy may not be depressed as
thoroughly in this system; this is consistent with the results presented in Fig. 2.8(b), which

indicates that the grain boundary energy is positive for the conditions we have simulated.

Although true thermodynamic stability may not be reached in nanocrystalline Ni-W, a non-
vanishing grain boundary energy does not rule out the possibility of achieving metastable
nanocrystalline structures as proposed by Krill et al. [S0]. Based on experiments in the Pd-Zr
system, Krill et al. found that a significant reduction in y still leads to the characteristic grain
size-composition relationship in this system, in line with theories of segregation-based
nanostructure stabilization but relying on a kinetic, rather than purely thermodynamic
explanation. In this case, the condition of metastability is a significant reduction in ¥ such that
the driving force for grain growth is diminished [55]. Linking the thermodynamic and kinetic

approaches, data such as those in Fig. 2.8(b) may be useful in defining a threshold value for y
below which grain growth is effectively suppressed. Instead of requiring ¥ =0, for example, we
may relax this constraint and instead require that < C-y,, where C takes on a value from 0-1

and ¥, is the grain boundary energy of the pure solvent.

To gain some insight into the extent of ¥ reduction in experimental Ni-W alloys, we can

compare the data of Fig. 2.8(b) with the experimental grain size-composition relationship
presented in Chapter 3 (cf. Fig. 3.7). Although these data were acquired from electrodeposited
specimens, and thus, as mentioned above, are not necessarily in an equilibrium state, we can
estimate the extent to which their grain boundary energy may be reduced. Figure 3.7 suggests
that alloys with grain sizes in the range of 2-4 nm prefer an experimental composition of ~22
at%W. At this composition, Fig. 2.8(b) yields a grain boundary energy of ~0.35 J/m?, a ~60%
reduction from the pure Ni value of 0.87 J/m® (i.e. C=0.4 in the above discussion). This
reduction in grain boundary energy is significant, and should substantially stabilize the

nanocrystalline structure. =~ However, this result also supports the notion that these
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electrodeposited alloys are out of equilibrium, since true thermodynamic stability (y = 0) has

apparently not been achieved.

4.5 Concluding remarks

The solute distribution in nanocrystalline Ni-W alloys has been investigated in the present
chapter by means of atom probe tomography. Three experimental specimens with grain sizes of
~3, 10, and 20 nm were examined, and their solute distribution compared with a simulated 3 nm

grain size structure. The following major conclusions were drawn:

e The characteristic length-scale of composition profile fluctuations, and that extracted
from a three-dimensional autocorrelation function analysis, are consistent with the grain
size of experimental and simulated structures, indicating segregation of W to the grain
boundaries.

e For the experimental and simulated specimens, the observed composition frequency
distribution is best described by a two-constituent model, with unique mean
compositions in grain interior and intercrystalline regions.

e The compositions extracted for the grain interior and boundary regions reveal a
comparatively subtle degree of grain boundary segregation in Ni-W, as compared to
other nanocrystalline alloys that apparently obey thermodynamic models of

nanostructure stability.

.

The use of a simulated structure with known grain boundary locations has significantly aided the
present analysis by allowing direct comparison of the simulated structure with experimental
specimens. Furthermore, the statistical techniques presented in this chapter have been validated
in Appendix B on heat treated specimens, suggesting the accuracy and robustness of these

methods for measuring grain boundary segregation in nanocrystalline alloys.

The consequences of a subtle degree of segregation in Ni-W have been discussed in terms of the
possible reduction in grain boundary energy and likelihood for thermodynamic nanostructure
stability in these alloys. Comparing with computer simulations, a ~60% reduction in grain

boundary energy is estimated for grain sizes in the range of 2-4 nm, suggesting that
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nanocrystalline Ni-W structures are not thermodynamically stable. The elevated temperature

behavior of Ni-W specimens will be investigated in detail in the next chapter.
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Chapter 5: Thermal stability of nanocrystalline Ni-W alloys

The results of the previous three chapters suggest that nanocrystalline Ni-W alloys may benefit
from a significant reduction in grain boundary energy and, hence, should show improved
elevated temperature stability compared to pure systems. In the present chapter, we examine the
thermal stability of Ni-W alloys by combining traditional and advanced techniques to track grain
size, chemical ordering, and grain boundary segregation during isothermal annealing. We also
discuss evidence for grain boundary relaxation, including preliminary property measurements,
showing that this mechanism is particularly important for the finest nanocrystalline structures.
We conclude with an overview of the various processes activated during annealing by way of a
microstructural evolution map, incorporating analytical descriptions of the relevant mechanisms

in both pure and alloyed systems. The work contained in this chapter is included in Ref. [209].

5.1 Experimental procedures

Nanocrystalline Ni-W specimens were electrodeposited using the periodic reverse pulsing
technique described in detail in Chapter 3. For the present investigation, we have used a forward
(cathodic) current density of 0.2 Al/cm? either in direct current mode, or pulsed with a 20 ms
forward duration and a 3 ms reverse of 0.1 or 0.2 A/cm” intensity. These three conditions
resulted in specimens with grain sizes (compositions) of approximately 3 nm (21 at% W), 20 nm
(13 at%W), and 70 nm (6 at%W), respectively. All specimens were deposited on commercial

purity Ni substrates and will be referred to by their as-deposited (starting) grain size, d,,

throughout this chapter.

Following the electrodeposition process, specimens were isothermally annealed in an inert argon
atmosphere at temperatures ranging from 150 to 900 °C and times from 0.5 to 72 hours, followed
by a water quench. Structural characterization was performed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) using the procedures outline in Section 3.2. Atom
probe tomography, as introduced in the previous chapter for as-deposited specimens, was used to

characterization the solute distribution in two representative heat treated specimens (d, =3 nm

heated at 600 °C for 3 hr, and d, =20 nm heated at 600 °C for 0.5 hr); details of these
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experiments can be found in Appendix B. Calorimetry experiments were conducted in a TA
Instruments Q1000 differential scanning calorimeter (DSC) at a heating rate of 20 °C/min.
Preliminary property measurements were obtained through microhardness indention on a Clark

model DMH?2 indenter using a 100 g load applied for 15 seconds.

In what follows we begin with an analysis of the structural evolution with heat treatment in
nanocrystalline Ni-W alloys using XRD and TEM techniques, with the main goal of assessing
grain growth during annealing. We then focus on detailed characterization of the solute
distribution, and also present evidence for grain boundary relaxation in the annealed specimens.
Data from all isothermal experiments are included as Appendix C, and here we present the main

results.

5.2 Grain growth

In the as-deposited state, all three of the present Ni-W alloys are fcc solid solutions, as revealed
by both XRD and TEM observations (see Chapter 3). Using XRD line profile analysis, we can
accurately quantify the average grain size of Ni-W alloys, in addition to characterizing any
secondary phases that may precipitate during annealing. A series of XRD patterns are presented

in Fig. 5.1 for the d, =3 nm Ni-W specimen heated for 24 hrs at various temperatures from 300

to 900 °C. Note that the structure appears nearly unchanged up to 450 °C, indicating the
excellent thermal stability of this alloy as compared to, for example, pure nanocrystalline Ni [58,
60, 61, 210] which coarsens to the micron scale under similar conditions. At 600 °C the XRD
pattern sharpens and higher-order fcc-Ni peaks become more obvious, consistent with coarsening
of the grain structure. At the highest annealing temperature of 900 °C peaks associated with the
equilibrium NisW phase emerge, as expected given the high W content (21 at%) of this alloy
[96]. Similar coarsening trends (i.e. sharpening of the fcc diffraction peaks) are observed during

annealing of the d, =20 and 70 nm specimens, with the notable difference that the NisW phase

never appears in these lower W content alloys for the set of conditions studied here. Quantitative
grain size measurements based on the XRD analyses are compiled in Fig. 5.2 as a function of

temperature for all specimens following 24 hr heat treatments. This plot demonstrates the
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exceptional thermal stability of nanocrystalline Ni-W below ~500 °C. At higher temperatures

grain growth occurs in all cases, but ultrafine or even nanocrystalline structures are still retained.
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Figure 5.1: X-ray diffraction patterns for 24 hr heat treatments of an as-deposited (AD)
3 nm grain size specimen containing 21 at%W. The structure remains fairly stable up to
450 °C followed by coarsening and eventual precipitation of the equilibrium NisW
phase at higher temperatures.
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Figure 5.2: Grain size quantified by X-ray diffraction analysis for 24 hr heat treatments
of three different starting grain sizes (plotted at 25 °C), showing excellent stability up to
~500 °C.
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As an assessment of long-term stability, two XRD patterns are presented in Fig. 5.3 fora d, =3
nm Ni-W specimen deposited in October, 2003. In Section 1.3 we mentioned that a number of
pure nanocrystalline materials have shown significant grain growth at room temperature, even
when measured over a period of several days or less [62, 63]. The XRD pattern labeled “April,
2007 in Fig. 5.3 was taken on the same d, =3 nm specimen after 3.5 years exposure at room

temperature; there is no apparent change in the structure and no measurable increase in grain

size. This again points to the excellent stability of nanocrystalline Ni-W alloys.
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Figure 5.3: X-ray diffraction patterns for a ~3 nm grain size Ni-W specimen deposited
in October, 2003. No change in the structure is observed after 3.5 years at room
temperature, indicating the exceptional long-term stability of the present alloys.

The above analysis gives a sense of the thermal stability of nanocrystalline Ni-W based on
indirect grain size measurements. In order to confirm these measurements, and also observe the
type of grain growth (i.e. normal or abnormal), we have conducted direct TEM investigations on

several specimens. Representative bright field images and inset SAD patterns are shown in Fig.

5.4 for the (a) d, =3 nm specimen heat treated for (b) 3 hr at 600 °C and (c) 12 hr at 700 °C as

well as the (d) d, =20 nm specimen heated at 600 °C for (e) 0.5 hr and (f) 12 hr. The grain sizes
observed in Fig. 5.4 are in line with those determined by XRD: (a) 3, (b) 16, (c) 100, (d) 20, (e)

28, and (f) 73 nm. The SAD patterns are also consistent with grain coarsening where the

diffraction lines sharpen and eventually form discrete spots as fewer grains are sampled. Lastly,
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Figure 5.4: Bright-field transmission electron microscopy images and inset selected
area diffraction patterns for as-deposited (a-c) ~3 nm and (d-f) ~20 nm grain size
specimens in their initial and heat treated states as indicated. Grain growth is normal in
all cases.

in no case do we find evidence of abnormal grain growth in Fig. 5.4, such as has been observed
in nearly all pure nanocrystalline materials [60, 63, 211]. This uniformity of grain size is an
important finding, and simplifies our subsequent analysis by ruling out possible complications

from a bimodal grain size distribution.

The above analyses constitute a typical approach to evaluate the thermal stability of
nanocrystalline materials; isothermal annealing followed by structural characterization using
XRD and TEM techniques. In what follows, we extend our discussion to investigate the solute
distribution in nanocrystalline Ni-W. We first consider chemical ordering information that can

be gleaned from the electron diffraction patterns in Fig. 5.4, followed by a review of the atom
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probe tomography experiments in Appendix B to assess the grain boundary segregation

tendency.

5.3 Chemical ordering

The chemical ordering of coarse-grained Ni-W alloys has been extensively studied by Mishra et
al. [108, 109, 212] through isothermal annealing experiments at both stoichiometric (NigW) and
off-stoichiometric compositions. In addition, the chemically similar Ni-Mo alloy, for which the
equilibrium phase diagram is comparable to Ni-W below ~900 °C and at alloying additions less
than 25 at% [213], has received even more attention because of its potential application as a
high-temperature, corrosion resistant material [111-113, 117, 118, 212, 214-218]. The
progression of chemical ordering in both these materials is well established based on electron
diffraction experiments in the TEM [108, 109, 111], as well as computer simulation [112, 117,
118]. Following a rapid quench from the melt, supersaturated fcc structures of Ni-W and Ni-Mo
can be obtained with no evidence of second-phase (NiyW or NisMo) precipitation. However, the
SAD patterns for both these materials show diffuse intensity maxima at {1 %2 0} positions, which
has been attributed to chemical short range ordering (SRO) in the system [108, 109, 111, 113,
118, 216, 217]. Following low temperature annealing, the SRO spots typically increase in
intensity and, at higher temperatures (or longer times) split into positions corresponding to the
long range ordered (LRO) equilibrium second phase. The SRO condition can therefore be
considered as a precursor to the LRO state, and this transition can be monitored through SAD

analysis.

Based on the work introduced above, information about the SRO and LRO behavior in the
present Ni-W alloys can be accessed by examining SAD patterns, such as those of Fig. 5.4. To
precisely evaluate these patterns, radial intensity profiles have been constructed extending
outward from the center of the direct beam, as presented in Fig. 5.5 for each of the patterns in
Fig. 5.4, with the addition of a low temperature 300 °C, 24 hr heat treatment. Given differences
in exposure time, grain size, and sample thickness, the edges of the direct beam and peak
intensities vary from one condition to the next. Nevertheless, we may gather important
information about the ordering tendency in these alloys from the peak positions and intensity

trends at low Bragg angles.
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Figure 5.5: Selected area electron diffraction intensity profiles for the (a) d, =20 nm
grain size specimen containing 13 at%W and the (b) d, =3 nm grain size specimen
containing 21 at%W. Short range ordering, as evidenced by intensity maxima at the {1
¥2 0} position, is observed for temperatures greater than 300 °C in both figures. (b) A
long range order transition to the equilibrium NisW phase appears in this higher W
content alloy at sufficiently high temperature and time.

The as-deposited state (blue diamonds) for both the (a) d, =20 and (b) d, =3 nm specimens

show a monotonic decrease in measured electron intensity at low Bragg angles below the {111}
peak position at ~0.012 degrees. In particular, there is no discernible feature at the {1 Y2 0}
position at 0.0076 degrees, which is consistent with a state of complete chemical disorder in the
system. This disordered state is apparently maintained following a relatively low temperature
heat treatment at 300 °C for 24 hr, after which no appreciable change in the intensity profile is
observed near the {1 %2 0} position for either specimen. Heating the d, =20 nm specimen at a
higher temperature of 600 °C, however, results in a progressive increase in intensity around the
{120} position in Fig. 5.5(a), indicative of SRO development. As this alloy lies very near the
solubility limit (~13 at% W) at 600 °C [96], it is not surprising that some degree of SRO should
develop during annealing. This observation is consistent with that of Mishra et al. [108] who
found diffuse intensity maxima at the same {1 Y2 O} positions in a coarse-grained, rapidly

quenched Ni-15 at%W alloy. Similarly, the d, =3 nm specimen shows a broad intensity

maximum at {1 %2 0} after a 3 hr anneal at 600 °C, indicating that SRO also develops in this
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alloy. However, due to the higher W content (21 at%) of this specimen, further annealing leads
to splitting of the {1 Y2 0} peak into two peaks associated with the equilibrium Ni4W phase.
Because this alloy lies very near the stoichiometric NigW composition, the observed SRO to
LRO transition is expected and is again consistent with the work of Mishra et al. on a cast Ni-20

at%W alloy [109].

The measurements in Fig. 5.5 suggest that the ordering sequence in electrodeposited
nanocrystalline Ni-W alloys is similar to that observed in rapidly quenched coarse-grained
specimens. It is important to note, however, that the as-deposited state in the present work
(including both stoichiometric and off-stoichiometric compositions) more closely resembles a
random solid solution, with no sign of short or long range chemical ordering. This is unlike the
work of Mishra et al. [108, 109, 111] and others [113, 216-218] where rapidly quenched Ni-W or
Ni-Mo specimens show diffuse SRO spots prior to annealing. This may be the result of a higher
effective “quench rate” for electrodeposition, which has been described as a highly driven
process capable of achieving non-equilibrium states [179], or it may be a fundamental
consequence of the nanocrystalline grain size. Farkas et al. [128] have proposed that the high
density of grain boundaries in nanocrystalline structures may actually lead to a chemical
disordering effect, and our simulation work in Chapter 2 has shown the same tendency in Ni-W
alloys in particular. Grain growth would then further facilitate ordering during annealing as the

density of grain boundaries decreases.

5.4 Grain boundary segregation

Atom probe tomography investigations of the segregation tendency in nanocrystalline Ni-W
alloys are reported in Chapter 4 and Appendix B for as-deposited and heat treated specimens,
respectively. These analyses yield an average grain interior and boundary composition for each
specimen and we use this information here to assess the evolution of grain boundary segregation
during annealing. TEM images of the selected heat treated structures are shown in Fig. 5.4(b)

and (e) for the 16 and 28 nm grain size specimens, respectively.

To compare the extent of segregation in the as-deposited and heat treated conditions we plot

grain boundary composition vs. grain interior composition in Fig. 5.6; grain size is indicated next
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to each point and the dashed line in this figure is for the case of no grain boundary segregation
where both regions share equal W content. It is apparent that the extent of segregation for the
heat treated specimens (i.e. the difference between grain boundary and interior compositions) is
similar to that in the as-deposited state; no dramatic enhancement or reduction in grain boundary
segregation is apparent as a consequence of annealing. In fact, the minor differences between as-
deposited and annealed samples presented in Fig 5.6 are in line with the analytical work of Ishida
[131]. As discussed in Chapter 2, Ishida introduced a rule-of-mixtures into the McLean
segregation isotherm (Eq. 2.2) to account for the significant fraction of grain boundaries in
nanocrystalline materials, and to offer a simple model for changes in segregation state due only
to changes in grain size (cf. Eq. 2.3). This concept is best illustrated by comparing the solute
distribution in the as-deposited 3 nm specimen with that in the heat treated 16 nm grain size
structure, which was annealed from a similar as-deposited d, =3 nm state. Both samples have
approximately the same global composition, near 20 at%W, but their grain boundary volume

fractions are now significantly different following heat treatment. Using the geometric

construction of Palumbo et al. [20] and assuming a grain boundary thickness of 0.75 nm, we
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Figure 5.6: Grain boundary vs. grain interior composition for as-deposited and heat
treated Ni-W alloys as reported in Chapter 4 and Appendix B, respectively; grain size is
indicated next to each point. A similar extent of segregation is observed for all
specimens.
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calculate that the majority of the 3 nm structure is comprised of grain boundaries (~58%). As a
consequence, the grain boundary composition is the dominant contribution to the global
composition, as indicated by the horizontal black arrow at 20.8 at%W in Fig. 5.6. On the other
hand, the 16 nm specimen contains a larger fraction of grain interior regions (~87%) and,
therefore, the grain interior composition essentially equals the global measurement, as shown by
a vertical red line at 19.6 at%W in Fig. 5.6. The observed differences in solute distribution
between the as-deposited 3 nm and the heat treated 16 nm grain size samples can thus be
explained on the basis of grain growth alone. This suggests that the energetics of segregation are

essentially similar in both the as-deposited and heat treated conditions.

5.5 Evidence for grain boundary relaxation

The potential for grain boundary relaxation is relevant for all nanocrystalline materials, whether
alloyed or pure, and should have an increasingly important effect on properties as grain size is
reduced to the finest levels. In what follows, we present evidence for relaxation of the present
Ni-W alloys through several techniques including calorimetry, hardness measurements, and atom

probe tomography.

A number of studies have focused on calorimetric data and the heat released during annealing of
both pure [58-61, 73-75] and alloyed [82, 85, 92] nanocrystalline materials. Exothermic signals
have mainly been attributed to two irreversible reactions: grain boundary relaxation and grain
growth. During relaxation, energy stored in the form of excess grain boundary dislocations is
released as the boundary transforms to a more stable configuration, while exothermic grain
growth signals are the direct result of a reduction in total grain boundary area. To confirm that
heat released is a consequence of relaxation therefore requires that there be no increase in grain
size. For the present Ni-W alloys, we have used DSC to measure irreversible heat flow [59] over
a temperature range where grain size remains constant — below 300 °C according to Fig. 5.2.
The results are presented in Fig. 5.7 for the d, =3, 20, and 70 nm specimens. It is important to
note that at these relatively low temperatures we also find no evidence of significant chemical
ordering (cf. Fig. 5.5) and expect no change in the extent of grain boundary segregation (cf. Fig

5.6). Therefore, the exothermic signals of Fig. 5.7 are likely the result of grain boundary
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relaxation alone, allowing for several interesting conclusions to be drawn. First, an exothermic
onset temperature of ~120 °C is observed for all specimens, indicating that a structural change
occurs even at this relatively low temperature. Second, the total amount of heat released scales

inversely with grain size, amounting to ~37, 22, and 6 J/g for the 3, 20, and 70 nm grain size
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Figure 5.7: Differential scanning calorimetry results showing the irreversible heat
release in as-deposited 3, 20, and 70 nm grain size specimens; all experiments were
performed at a scanning rate of 20 °C/min. Exothermic signals, beginning at ~120 °C,
scale inversely with grain size and are attributed to grain boundary relaxation of the as-
deposited Ni-W specimens.

specimens, respectively. Normalizing these energies by an estimated grain boundary area for
each sample [20] yields values of ~1 J/m” in all cases, on the order of a typical grain boundary
energy [21]. Thus, a significant amount of heat is released during low temperature annealing and
this amount scales directly with grain boundary area. These observations support an

interpretation of grain boundary relaxation in nanocrystalline Ni-W.

Additional evidence for grain boundary relaxation in nanocrystalline Ni-W is presented by
macroscopic property measurements. As mentioned in the introduction, the detailed structure of
the boundaries plays an important role in nanocrystalline materials, and both experimental [77,
90, 219] and theoretical works [68, 76, 220] have suggested a possible strengthening effect due

to relaxation. In light of this, we have used microhardness indentation as a preliminary strength
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measurement to assess the effect of relaxation in Ni-W. To isolate the effect of grain boundary
relaxation, we consider only low temperature heat treatments (up to 300 °C), where a significant
amount of heat can be released from the sample (cf. Fig. 5.7) with no appreciable change in the
grain size (cf. Fig. 5.2), chemical ordering (cf. Fig. 5.5), or grain boundary segregation tendency
(cf. Fig. 5.6). For samples heat treated at 300 °C for 24 hr, no grain growth was measurable
beyond the measurement noise, and for samples heat treated below this temperature grain growth
can simply be neglected. Changes in the hardness values of such samples therefore likely reflect
changes in the state of the grain boundaries, and Fig. 5.8 shows that finer grain sizes and higher

annealing temperatures result in proportionally more strengthening. Similar to our argument for
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Figure 5.8: Linear-log plot of hardness vs. grain size for specimens in both the as-
deposited condition and subject to low temperature heat treatments where negligible
grain growth, chemical ordering, and solute redistribution occur. Significant hardening
is observed at the finest grain sizes, likely as a result of grain boundary relaxation.

the heat release scaling in Fig. 5.7, this finding is consistent with grain boundary dominated
eformation mechanisms that become increasingly important as grain size is reduced. At the
finest grain size of ~3 nm, for example, hardness can be increased by almost 3 GPa whereas the
largest grain size examined (~70 nm) shows no significant change in hardness within
measurement error. The degree of grain boundary relaxation clearly plays an important role in

determining the strength of nanocrystalline Ni-W, in particular for the finest grain sizes, and
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should be considered when conducting fundamental studies of deformation mechanisms or other

properties in nanocrystalline materials in general.

Lastly, some additional qualitative support for a structural change in the grain boundaries is
provided by the atom probe data. Based on local structural and energetic effects, a higher
number density of grain boundary atoms are often detected in atom probe experiments [182, 197,
221], which, incidentally, serves as an important marker for grain boundary locations in
Appendix B. With this in mind, we turn our attention to Fig. 5.9 where the positions of W atoms
are plotted within a 4 nm slice of an (a) as-deposited and (b) heat treated specimen having
similar grain sizes of ~10 and 16 nm, respectively. In the as-deposited state W atoms appeér to
be randomly distributed (a) whereas a clear grain structure is observed in the heat-treated

specimen (b). It is important to note that this effect is not due to grain boundary segregation, as

Figure 5.9: Atom probe maps plotting the positions of individual W atoms within a ~70
x 90 x 4 nm section of (a) as-deposited and (b) heat treated specimens having similar
grain sizes of ~10 and 16 nm, respectively. The grain structure is clearly observed in
(b) possibly owing to a structural change in the grain boundaries upon annealing; the
data in (b) also appear in Appendix B.
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the extent of segregation is similar in both materials (cf. Fig. 5.6) and, in addition, plotting Ni
atoms instead of W yields a similar picture where the grain structure is clearly observed in the
heat treated condition, but not in the as-deposited state. It is not entirely clear why annealing
leads to such a significant effect in the sampling preference of the atom probe. However, it
seems reasonable to speculate that this effect may be associated with a structural change in the
grain boundaries upon annealing, because grain boundary atom density in Fig. 5.9(b) is clearly
enhanced as compared to virtually any region in Fig. 5.9(a). Although this evidence is not
quantitative, it is an intriguing complementary observation to the DSC and hardness
measurements, all of which suggest that significant gain boundary relaxation occurs in these

alloys during annealing.

5.6 Microstructure evolution map

At this point it is clear that numerous mechanisms may be active during the heat treatment of
nanocrystalline alloys: grain growth, chemical ordering, grain boundary segregation, and grain
boundary relaxation. In the preceding four sections we have attempted to characterize and
quantify these phenomena in the Ni-W system. In what follows, we turn our attention to a more
general discussion of these mechanisms by way of a microstructure evolution map; analytical
models of the various mechanisms will be introduced and presented together to assess their
relative activity in nanocrystalline structures. We emphasize that the following constructions
serve only as a rough, order-of-magnitude comparison, and are primarily used as a means to
discuss the general grain size dependent trends of microstructural evolution. We begin with a
discussion of pure materials, considering only grain growth and boundary relaxation, followed
by an analysis of alloys for which the additional complications of solute drag, grain boundary

energy reduction, chemical ordering, and grain boundary segregation are introduced.

5.6.1 Grain growth and relaxation in pure metals

Numerous analytical investigations of grain growth have been presented in the literature. One of
the most widely used is based on the early work of Burke and Turnbull [55, 222, 223] who
expressed grain boundary velocity, v, as the product of a driving pressure, P, and grain

boundary mobility, M , as:
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v=P-M=2Yo.p exp —Ln (5.1)
r RT

where P is assumed to be entirely curvature driven related to the grain boundary energy, 7, ,
and grain radius, r, and the mobility is described by an Arrhenius relationship with M a pre-

exponential factor, O, the activation energy for boundary migration, R the gas constant, and T

the temperature. Relating grain boundary velocity to the time rate of change in grain radius (i.e.

v =dr/dt in Eq. (5.1)) and integrating, results in the familiar parabolic grain growth law:

4% —d® =16y M rexp| —2n 5.2
0 },() 0 p[ RT ] ( )

where the grain size, d =2r, has been introduced. Further expressing the final grain size as a

multiple ¢ of the initial grain size (d =c-d, ), Eq. (5.2) can be recast as:

l/
16y,M t]7 -Q
d,=|——| .exp|—2 5.3

‘ [ -1 ] xP[zRT] -3)

Plotting d, as a function of either T or ¢ in Eq. (5.3) therefore describes the temperature/time

required to increase the starting grain size by a factor of ¢. Using this relationship we can

compare grain growth kinetics over a wide range of starting grain sizes.

Grain boundary relaxation has been studied experimentally by a number of researchers using
high resolution TEM to observe changes in the boundary structure upon annealing [71-73).
Several analytical models have been proposed to describe the associated kinetics of the
relaxation process focusing on the climb and/or glide of excess dislocations away from grain
boundaries, annihilating either in the lattice or adjacent triple junctions. Here we consider the
recent model of Nazarov [224] who, using a continuum energy-balance approach, described the

rate of grain boundary relaxation as:
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dQ _ -1638D,GV,Q
dr RTd*

(54)

where Q is the density of grain boundary dislocations defined as Q =b/h with b the burgers
vector and h the spacing between dislocations in the boundary. The remaining terms in Eq.

(5.4) are the grain boundary width J, grain boundary diffusivity D, , shear modulus G, and

molar volume V

m*

Assuming a constant grain size during boundary relaxation, introducing an

Arrhenius relationship for D, , and integrating, Eq. (5.4) can be expressed as:

~1636v,, ¢ 1% [-0
d, = : -exp| - (5.5)
In(Q/Q,)RT 3RT

with D, , a pre-exponential term for grain boundary diffusivity and Q/Q, representing the

fraction of dislocations remaining in the boundary. Note that we assume the same activation
energy for grain boundary diffusion in Eq. (5.5) as mobility in Eq. (5.3), a similarity that has
been empirically established [55]. Thus, Eq. (5.5) describes the time/temperature required to

achieve a given amount of relaxation, quantified by the ratio ©/Q, , based on the initial grain

(7

size of the material.

Using Eqgs. (5.3) and (5.5) we can compare the grain growth and grain boundary relaxation
kineftics in pure nanocrystalline materials. Before proceeding, it is interesting to point out the
difference between these two relationships in terms of the scaling behavior with grain size and

temperature. Whereas grain growth follows a d dependence, related to the driving pressure on

a curved interface, grain boundary relaxation scales as d, consistent with the grain boundary
volume fraction [20]. This difference implies a cross-over between the two mechanisms, with
grain boundary relaxation becoming more important at the finest grain sizes. In addition, the

exponential temperature dependence in Egs. (5.3) and (5.5) includes activation terms with

87



energies proportional to Q, /2 and Q, /3 for grain growth and boundary relaxation,

m m

respectively, suggesting that relaxation should become more prevalent at low temperatures.

Equations (5.3) and (5.5) are plotted together in Fig. 5.10(a) as a function of temperature, for a

constant time of 0.5 hr, labeled as “grain growth” (red) and “relaxation” (blue), respectively.
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Figure 5.10: Microstructural evolution maps for (a, b) pure and (c, d) alloyed structures
summarizing the relationship between initial grain size and (a, c¢) temperature and (b, d)
time required for significant activation of grain boundary relaxation, grain growth,
chemical ordering, and grain boundary segregation as described by Egs. (5.3), (5.5),
(5.6), and (5.7) with the constants given in Table 5.1. Solid lines in (a) and (c) represent
the onset conditions for each mechanism, while the dashed line signifies the completion
of grain boundary relaxation; all lines in (b) and (d) represent onset conditions. Kinetic
(“Yo» Qm”) and thermodynamic (“0.4Y,, Qn” and “0.47y,, 1.5Q,,*) contributions to grain
growth in alloys are included in (c); see text for details.
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Here, the solid lines are intended to represent the effective onset of each mechanism, as defined

by values of ¢=2 in Eq. (5.3) and Q/Q,6 =0.99 in Eq. (5.5), respectively; the dashed line
indicates the significant completion of boundary relaxation as defined by Q/Q_, =0.01. The

remaining constants used here are compiled in Table 5.1, representing typical values for pure Ni
[21, 55, 225, 226]. It is interesting to note that the onset temperatures for both grain growth and
boundary relaxation decrease with decreasing grain size in Fig. 5.10(a), indicating the relative
instability of nanocrystalline materials. Perhaps more interestingly, a cross-over is predicted
between these mechanisms at a grain size of ~400 nm, suggesting that grain boundary relaxation
plays an important role in nanocrystalline materials and should actually precede grain growth.
For larger, microcrystalline initial grain sizes the opposite is true where grain growth occurs

before boundary relaxation.

As an alternative analysis, the onset conditions as described above are plotted as a function of
time in Fig. 5.10(b) for a series of temperatures from 100-300 °C. The solid red lines here
represent the onset of grain growth (¢ =2 in Eq. (5.3)), while the dashed blue lines describe

grain boundary relaxation (/€ =0.99 in Eq. (5.5)). A similar cross-over trend is observed in

Table 5.1: Constants used to plot Egs. (5.3), (5.5), (5.6) and (5.7) in Fig. 5.10(a-d),
representing typical values for pure Ni and/or Ni-W alloys [21, 55, 225, 226]

Description Symbol | Value Units
Grain boundary energy Yo 1 J/m?
Grain boundary mobility pre-exponential factor] M, 0.01 m*/J-s
Activation energy for boundary migration/diffusion, Ni Qu 114.7 KJ/mol
Activation energy for boundary migration/diffusion, Ni-W 149.7
Shear modulus G 76 GPa
Molar volume| V,, 6.6 x 10° | m’/mol
Grain boundary thickness ) 1 nm
Grain boundary diffusion pre-exponential factor| D, 3.5x 10° m%/s
Lattice diffusion pre-exponential factor| D, 2.0x10* m’/s
Activation energy for lattice diffusion of W in Ni| Qwi 2994 kJ/mol
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this figure where grain boundary relaxation occurs before grain growth at low temperatures and
fine grain sizes. It is also evident from Fig. 5.10(b) that, because of the exponential dependence
in Egs. (5.3) and (5.5), temperature plays a critical role in controlling grain growth and boundary
relaxation. Changing the constant 0.5 hr time assumed in Fig. 5.10(a) by several hours or more
leads to only a minimal shift in the curves, while the relatively minor temperature changes

covered in Fig. 5.10(b) lead to order-of-magnitude effects.

5.6.2 Alloying effects on grain growth

We now turn our attention to multi-component systems with the goal of developing a
microstructural evolution map for alloys. We begin with a description of the kinetics and
thermodynamics of grain growth in alloys, followed by a discussion of the additional

mechanisms of chemical ordering and grain boundary segregation.

In the absence of second-phase precipitation, kinetic descriptions of grain growth in solid

solutions typically invoke changes in the activation energy for grain boundary mobility, Q,, , to

describe solute drag effects [55]. Physically, these changes are related to the enhancement or
impediment of grain boundary diffusion that results from alloying, affecting grain boundary
velocity through Eq. (5.1). Thus, in the present work we can model this kinetic effect by
incorporating an appropriate activation energy for grain boundary diffusion in Ni-W, which we
expect to be somewhat higher than that in pure Ni. Unfortunately, to the author’s knowledge,
this quantity has not been measured experimentally, so here we approximate it as one-half the
activation energy for lattice diffusion of W in Ni [226]. This activation energy scaling between
crystalline and grain boundary regions is well-established for pure metals [55, 225], and should

give an approximate description of the kinetic contribution to stability in Ni-W.

Thermodynamic contributions to alloy stability have historically received less attention in the
literature. Recently, however, it has been suggested that a reduction in grain boundary energy
via solute segregation may effectively stabilize nanocrystalline structures by reducing the driving
pressure in Eq. (5.1). As discussed in the introduction, Weissmuller [44], Kirchheim et al. [45],
and others [46, 47, 100, 101] have even considered the limiting case where ¥ =0 in Eq. (5.1)
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would completely eliminate the driving force for grain growth, rendering thermodynamically
stable polycrystals. Taking a more general approach, Krill et al. [SO] considered the stability

improvement that comes with a reduction in grain boundary energy, even if ¥ =0 is not

achieved, and used this notion to explain the impressive stability of nanocrystalline Pd-Zr. More
specifically, Krill et al. estimated that a ~70% reduction in grain boundary energy leads to
nanocrystalline Pd-Zr structures that are stable up to ~1500 °C. Our computer simulations in
Chapter 2 suggest that a ~60% reduction in boundary energy may be achieved in nanocrystalline
Ni-W alloys, and we may incorporate this energy reduction here to evaluate the thermodynamic

contribution to stability.

The thermodynamic theories of stability mentioned above have focused on the first term in Eq.
(5.1), and the associated reduction in driving pressure with decreasing grain boundary energy.
However, it is likely that the mechanisms leading to grain boundary energy reduction will also
affect the mobility, as the physical basis for both phenomena are closely related [227]. Grain
boundary energy is reduced when solute atoms preferentially occupy high-energy sites, reducing
the excess free volume, energy, and local strain in the intercrystalline regions. This effect, in
turn, should lead to reduced mobility as diffusion becomes more frustrated in the boundary. This
idea is similar to the well-established relationships between grain boundary disorientation angle,
energy, and mobility in pure metals [21, 55]; as the disorientation of a low-angle boundary
decreases, grain boundary energy drops while the activation energy for boundary migration
increases. In systems such as pure Cu and Al [55], an increase in the activation energy of ~50-
100% has been observed as the disorientation is decreased to low angles, and this effect is
attributed to the same structural changes that account for a reduction in the boundary energy.
Based on this analogy, it seems reasonable to suspect that a similar increase in activation energy
might be realized when grain boundary energy reduction is achieved through alloying, rather
than a change in grain orientation. This idea has received only limited attention in the literature
[227], and suggests that thermodynamic effects may enter into both the pressure and mobility

terms in Egs. (5.1-5.3). We will evaluate the consequences of this in more detail later on.
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5.6.3 Grain boundary segregation and chemical ordering

In addition to the grain growth effects discussed above, the mechanisms of chemical ordering
and grain boundary segregation must also be evaluated for alloys. In general, these mechanisms
add significant complication to our discussion as they are likely to interact with each other and
with the grain growth and relaxation mechanisms addressed above. However, taking a
simplified viewpoint and emphasizing again the schematic nature of the present discussion, we
can proceed to approximate the characteristic time/temperature for these effects as well.

Recognizing that both segregation and ordering are diffusive processes, we will approximately

quantify these mechanisms with a characteristic diffusion distance, Z= VD-t, where D
describes the diffusivity of the segregating/ordering species. For chemical ordering, the
characteristic distance is assumed to be independent of grain size, as atomic rearrangements take
place in the bulk and are not likely to depend on this structural length-scale. Thus, ordering can

simply be described as:

(5.6)

where an Arrhenius relationship has again been introduced for the diffusivity with D, a pre-
exponential factor and Q. the activation energy for lattice diffusion of W in Ni [226]. The

onset condition for ordering is then determined by the characteristic distance Z over which

solute atoms must diffuse.

To treat static grain boundary segregation we again resort to a characteristic diffusion distance
but now assign it as some fraction of the grain size, describing a region bounding the interface
acting as a source for solute atoms. Thus, unlike classical kinetic segregation models where
grain size is assumed to be infinite [107, 129], this scaling approximately accounts for finite
grain size effects that become important in the nanocrystalline regime [228]. With this assumed

scaling, the condition for grain boundary segregation can be expressed as:
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where s represents the initial grain size fraction over which solute atoms must diffuse to cause
grain boundary segregation. Note that Eq. (5.7) only describes static grain boundary segregation
whereas a moving boundary during grain growth will likely serve as an additional route for

solute enrichment [197, 229].

5.6.4 Alloy mechanism map

A schematic structural evolution map for alloys is presented in Fig. 5.10(c) as a function of
temperature and (d) as a function of time, incorporating the grain boundary relaxation and grain
growth analysis used earlier, and now introducing solute effects as well. The approximated
activation energy for grain boundary diffusion in Ni-W, given in Table 5.1, has been included in
Eq. (5.5) to describe grain boundary relaxation. To model grain growth, three onset curves are
presented in Fig. 5.10(c) incorporating the kinetic and thermodynamic effects discussed in
Section 5.6.2. The left-most curve, labeled “Y,, Qn”, represents only the kinetic contribution of
solute drag as described by the increased activation energy for grain boundary migration in Table
5.1. Thermodynamic effects are included in the remaining curves where the first, labeled “0.47,,
Qn”, contains a 60% reduction in the initial grain boundary energy only and the second, labeled
“0.4v,, 1.5Qn,” includes both a reduction in boundary energy and a 50% increase in the activation
energy for boundary migration. The sequence of onset curves from left to right therefore
captures the alloying contributions as introduced in Section 5.6.2. It is apparent in Fig. 5.10(c)
that a 60% decrease in grain boundary energy has only a minimal effect on the grain growth
prediction of Eq. (5.3), suggesting that this mechanism alone does not account for the improved
stability of nanocrystalline Ni-W alloys. However, including an increase in the activation energy
term, which, as suggested above, may coincide with grain boundary energy reduction, predicts a
vast stability improvement; this will be discussed in relation to experimental data later on.
Regardless of the particular curve chosen, grain boundary relaxation is found to precede grain
growth for nanocrystalline grain sizes, similar to the results for pure Ni (Fig. 5.10(a)), suggesting

that this mechanism remains important in alloys.
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To evaluate chemical ordering and grain boundary segregation in Ni-W, appropriate values for

the pre-exponential factor, D,, and activation energy, QO u; , describing diffusion are included

in Table 5.1 [226]. Onset curves are plotted for these mechanisms in Fig. 5.10(c, d) defined by
values of Z =0.35 nm in Eq. (5§.6) and s=0.01 in Eq. (5.7) for ordering and segregation,
respectively. Thus, in the description of alloys, ordering will commence when W and Ni atoms
can diffuse a distance of ~1 lattice parameter, while segregation is likely if solutes can diffuse a

distance of 0.01d, into the grain boundary. It is apparent in Fig. 5.10(c) that these additional

mechanisms occur secondary to relaxation and grain growth for the finest nanocrystalline grain
sizes. Thus, static grain boundary segregation as assumed in Eq. (5.7) is not expected to occur in
nanocrystalline structures, where segregation via moving boundaries during grain growth is a
more likely scenario [197, 229]. Also, chemical ordering is unlikely before a significant increase

in grain size, consistent with the experimental findings of the present work.

The various mechanisms in alloys are plotted as a function of time in Fig. 5.10(d) where similar
features are observed compared to the pure system in (b); note that, for clarity, only the onset
curves for grain growth incorporating kinetic effects are plotted here (i.e. “Yo, Qn” in Fig.
5.10(c)). Although the temperatures are higher in Fig. 5.10(d), a cross-over from grain boundary
relaxation to grain growth is observed in the range of 200-600 °C. Also, the ordering and
segregation mechanisms, some of which do not appear at lower temperatures on this plot, are

found to be secondary over the entire range of initial grain sizes.

Despite the various assumptions inherent in the construction of Fig. 5.10(a-d), the synthesis of
mechanisms provides a framework in which to appreciate the complex microstructural changes
that occur during the heating of nanocrystalline materials. As a summary, Fig. 5.11 combines
the results of Fig. 5.10(a) and (c) to directly contrast the structural evolution in pure metals and
alloys. The shaded regions in Fig. 5.11 encompass the mechanisms for alloyed systems, which
occur at significantly higher temperatures compared to those in pure structures. Note that only
one onset curve is shown for alloy grain growth, incorporating both a thermodynamic reduction
in grain boundary energy and increase in the activation energy for migration (*‘0.4Y,, 1.5Qy,” in
Fig. 5.10(c)).
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Although Fig. 5.11 serves mainly as a schematic, dependent on the assumptions of Egs. (5.3),
(5.5), (5.6), (5.7) and the constants in Table 5.1, it is instructive to qualitatively compare the
predictions with available experimental data in the literature. For example, da Silva et al. [58]
and Klement et al. [61] demonstrated that boundary relaxation occurs in pure Ni in the range of
~60-80 °C for grain sizes of ~10-50 nm. For nanocrystalline Ni-W alloys, our DSC
measurements (Fig. 5.7) show that relaxation commences at somewhat higher temperatures,
above ~120 °C. These findings line up reasonably well with the predictions of Fig. 5.11
suggesting that this type of analysis (Eq. (5.5)) may be applied to interpret relaxation in
nanocrystalline materials. Onset temperatures for grain growth in pure nanocrystalline Ni have
been measured at ~200 °C, somewhat higher than the prediction of Fig. 5.11 but reasonable
considering the order-of-magnitude nature of this discussion. For grain growth in alloys, the
experimental results of the present work have shown that nanocrystalline Ni-W is stable up to
~500 °C (cf. Fig. 5.2). Here, it is obvious that the onset curve incorporating thermodynamic

effects, mainly an increase in the activation energy for boundary migration, leads to a good fit
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Figure 5.11: Combining the results of Fig. 5.10(a) and (c¢) showing the improved
thermal stability of alloys (shaded regions) as compared to pure systems.

with experiments. This finding lends support to the coupled grain boundary energy reduction-

increased activation energy argument discussed above. However, there is significant uncertainty
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in the activation energy for grain boundary diffusion in Ni-W and more work should be done in
this area to more clearly distinguish these two kinetic effects. Finally, extensive chemical
ordering has been observed in the present work only after significant grain growth at
temperatures above ~750 °C (cf. Fig. 5.1), matching well with the predictions of Fig. 5.11.
Although these constructions mainly serve as order-of-magnitude approximations, the reasonable
agreement with experiments is encouraging and suggests that this technique may be used to

evaluate the structural evolution in pure and alloyed nanocrystalline specimens.

5.7 Concluding remarks

In the present chapter we have used a variety of techniques to assess the microstructural
evolution during heat treatment of nanocrystalline Ni-W. Aside from routine grain size
measurements, characterization of the solute distribution and evidence for grain boundary
relaxation provide a more complete picture of the processes activated during annealing. The

main findings of the present work can be summarized as follows:

e The grain size of nanocrystalline Ni-W remains stable over 24 hrs at temperatures up to
~500 °C; higher temperatures result in normal grain growth.

e A chemical ordering transition is observed at sufficiently high temperatures following a
sequence from disorder, to short range order, to long range order, similar to that reported in
coarse-grained alloys.

e The extent of grain boundary segregation remains fairly constant after annealing with no
significant enrichment or depletion of solute in the grain boundaries beyond that expected
as a consequence of grain growth.

e Relaxation of the grain boundaries is manifested through a large heat release in the absence

of grain growth, and significant hardening at the finest nanocrystalline grain sizes.

A general microstructural evolution map was also constructed by considering various analytical
models describing the mechanisms of grain growth, grain boundary relaxation, chemical
ordering, and grain boundary segregation. Plotting onset curves for these mechanisms allows an
order-of-magnitude comparison of their activity as a function of grain size, temperature, and

time.
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Chapter 6: Applications of the reverse pulsing synthesis technique

A main outcome of the present work involves the ability to precisely tailor nanocrystalline grain
size in Ni-W alloys through simple adjustment of the electrodeposition parameters. In particular,
it has been shown that a periodic reverse pulse in the electrodeposition current can be used to
control the composition (cf. Fig. 3.4) and, in turn, grain size (cf. Fig. 3.7) of high quality
specimens. Up to now we have aimed at a scientific understanding of the grain size-composition
relationship in Ni-W, and the resulting stability of nanocrystalline structures. In the present
chapter we apply the reverse pulsing technique in order to illustrate the potential benefit of this
new method for both fundamental scientific investigations as well as practical applications. We
begin by examining a scaling law that has recently come under scrutiny in the nanocrystalline
regime. Following this, we show how the reverse pulsing technique can be used to create
patterned nanostructures and functionally graded materials. Some of the work presented here is
included in Ref. [162].

6.1 Hall-Petch breakdown

Control of grain size is highly desirable for probing properties at the nanoscale where much
attention has recently been focused on the breakdown of classical scaling laws [2, 5, 6, 9, 14, 26,
76, 230-232]. As mentioned in the introduction, the Hall-Petch relationship has received perhaps
the most attention and there has been considerable debate over its validity at grain sizes near or
below ~10 nm [9, 14, 26, 27, 29, 76]. Fueling this debate is a notable lack of experimental data,
as evidenced and discussed in relation to Fig. 1.2, along with the uncertain quality and stability
of experimental nanocrystalline specimens. With our new degree of control in the Ni-W system
we can now access a wide range of grain sizes, convincingly spanning the suspected crossover
from conventional scaling to breakdown behavior. Experimental data for specimens synthesized
using the techniques outlined in Chapter 3 are shown as red squares in Fig. 6.1, along with
available data from the literature introduced in Fig. 1.2. The new data in Ni-W capture both
Hall-Petch strengthening at large grain sizes, as well as an unambiguous demonstration of
scaling breakdown for grain sizes below ~10 nm. Although additional complications arise in

interpreting this data due to the effects of solid solution strengthening, it can be shown that this
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mechanism likely accounts for less than ~0.05 GPa of hardening over the composition range
considered here (~2-25 at%W) [95]. Thus, grain refinement may be regarded as the main
contributor to strengthening in Fig. 6.1 where a ~5 GPa increase in hardness is observed, two
orders of magnitude greater than the solid solution effect. Furthermore, the present Ni-W alloys
offer the possibility of examining properties in specimens that are in a relatively stable state over
the entire range of grain sizes, as compared to pure Ni where nanoscale grain refinement

represents an increasing departure from equilibrium.
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Figure 6.1: Hardness plotted as a function of grain size for the present Ni-W alloys
along with data from the literature introduced in Fig. 1.2 [31-34]. The present study
convincingly demonstrates Hall-Petch strengthening, followed by a plateau in hardness
for grain sizes less than ~10 nm.

The Ni-W hardness data in Fig. 6.1 includes specimens in the as-deposited state, demonstrating
one of the major benefits of the reverse pulsing technique in the ability to synthesize specimens
over a wide range of grain sizes. As an alternative approach, heat treatment may also be used to
tailor grain size where a single fine-grained specimen is annealed through various
time/temperature schedules to access a range of nanocrystalline structures. As discussed in
Chapter 5, this approach has been used in a number of studies to measure grain size-dependent
properties. However, serious complications may arise if researchers neglect other structural
changes that occur in additional to grain growth, most notably grain boundary relaxation as

discussed in relation to Fig. 5.8.
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With the present synthesis technique we have the unique ability to investigate property
dependence where grain size is achieved in both the as-deposited state and through heat
treatment. For example, the open-hatched points in Fig. 6.2 represent hardness data taken from
specimens in the as-deposited condition (as presented in Fig. 6.1); the dashed line is a best-fit to
this data and serves as a guide to the eye. In addition, hardness data are included for specimens
subject to isothermal annealing, as presented in Appendix C, with three different as-deposited

grain sizes of d, =3, 20, and 70 nm. Points where grain size remains largely unaffected by heat

treatment were used in Fig. 5.8 as part of the grain boundary relaxation analysis, and here we
include all the isothermal experiments to investigate hardness trends with grain growth;
relatively larger grain sizes in Fig. 6.2 are achieved through longer time and/or higher
temperature exposures. Independent of the specific heat treatment leading to coarsening, several
interesting trends can be observed in this figure. First, all of the hardness data for the heat

treated d, =3 and 20 nm specimens (red circles and blue squares, respectively) lie above the
corresponding as-deposited values, while the d, =70 nm data (green points) roughly follow the
Hall-Petch trend at larger grain sizes. In fact, both the d, =3 and 20 nm data sets exhibit inverse

Hall-Petch behavior where hardness initially increases with increasing grain size. In both cases,
hardness peaks at a grain size of ~30 nm, followed by a decrease in hardness with further grain
growth; note that the maximum hardening is achieved for the 3 nm heat treated specimen, with

values above 10 GPa.

Figure 6.2 demonstrates the important influence that prior temperature exposure can have on
properties in the nanocrystalline regime. In line with previous experimental [77, 219] and
theoretical [76, 220] works, as discussed in detail in Chapter 5, strength scaling can vary widely
depending on specimen condition and thermal history. For the Ni-W data in particular, several
complicating mechanisms likely contribute to the trends observed in Fig. 6.2. Perhaps the most
important is grain boundary relaxation, which was shown in Chapter 5 to have a significant
influence on properties for the finest nanocrystalline grain sizes (cf. Fig. 5.8). As introduced in

Ref. [76], inverse Hall-Petch behavior and significant hardening in the heat treated d, =3 and 20

nm specimens may be a fundamental result of grain boundary relaxation, which hinders grain
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Figure 6.2: Hardness as a function of grain size for specimens in the as-deposited
condition, as well as those subject to isothermal annealing experiments from starting
grain sizes of 3, 20, and 70 nm; raw data are compiled in Appendix C. Inverse Hall-
Petch behavior is observed for the heat-treated specimens with grain size less than ~30
nm.

boundary sliding mechanisms expected to be active in nanocrystalline specimens. However,
alloying effects, in particular the tendency for chemical ordering, add further difficulties in
interpreting the data of Fig. 6.2. Because finer grain size specimens contain more W, the

maximum hardening observed for the d, =3 and 20 nm specimens may at least partially derive

from chemical ordering, in addition to grain boundary relaxation. In both cases, however, high
hardness values are achieved in specimens where only short-range chemical ordering is detected
in TEM experiments (cf. Fig. 5.5). In line with the solid solution strengthening argument of Fig.
6.1, short range chemical ordering alone is not expected to account for a ~3—-5 GPa hardening

effect [233, 234], suggesting that grain boundary relaxation is likely the dominant contributor.

In light of the above discussion, data such as those in Fig. 6.2 may be useful for studies of
strengthening and deformation mechanisms in nanocrystalline alloys where a number of
important effects, including composition, grain size, and grain boundary relaxation, can be

incorporated. Future work should be directed in this area to examine these effects in more detail.
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6.2 Patterned nanostructures

In addition to controlling grain size in a monolithic specimen, the reverse pulsing approach also
enables a new class of nanostructured solids where grain size and properties are patterned
through the specimen thickness. In principle, traditional deposition procedures could be applied
in a series of discrete steps involving different temperatures, current densities, plating bath
chemistries, etc., in order to build up a series of different layers [235]. However, here we
propose an in-situ approach to the fabrication of such materials, and to our knowledge this
procedure has not been used to create graded or layered nanocrystalline materials previously. By
effecting changes in the reverse pulsing conditions in real-time, it is possible to deposit a
sequence of tailored layers or smooth gradations in composition and grain size. In principle, any
conceivable one-dimensional pattern can be produced, on scales ranging from nanometers to
millimeters. Figure 6.3 shows two specimens exemplifying this capability; the specimen in (a)
comprises eight layers of increasing grain size (from ~10 to ~60 nm), while that in (b) has a
composite structure of alternating ~7 and ~70 nm grain size regions. For the graded specimen in
Fig. 6.3(a), a serial-sectioning x-ray study was undertaken to profile the grain size of the deposit
through its thickness (cf. Fig. 6.4). For this study, layers ~10 um in thickness were successively
removed from the surface of the deposit by mechanical polishing. After each polishing step, an
x-ray scan was performed on the polished surface and grain size was quantified using the line
profile procedure introduced in Chapter 3; the penetration depth of the x-rays was ~10-15 um. In

Fig. 6.3(b) grain size was estimated based on composition using the data in Fig. 3.7.

In addition to changes in composition and structure, grain size patterning permits customizable
material properties, such as the nanoindentation hardness measurements also shown in Fig. 6.3.
Nanoindentation experiments were performed on polished cross-sections of the graded and
layered specimens, using a Hysitron Tribolndenter. A Berkovich tip was used with a linear
loading function reaching a maximum of 10 mN over 10 seconds; typical indents were ~150 nm
deep and hardness was calculated from the load-displacement curves using standard methods and
an empirically calibrated tip area function [236]. Six hardness profiles through the deposit
thickness were obtained on each specimen by indenting along a line from the substrate to the
surface, with indents spaced 6 pm apart, and each data point in Fig. 6.3 is an average over these

tests. Such patterned structures may be ‘functionally graded’ as in Fig. 6.3(a), to impart superior
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surface characteristics and allow smooth property transitions to the bulk. Alternatively, laminate
structures such as that shown in Fig. 6.3(b) may be useful for balancing two desirable properties

individually optimal at different grain sizes.

Composition (at% W)

Nanoindentation hardness (GPa)

L 1 L L 1 L O
0O 20 40 60 80 100 O 20 40 60 80 100
Distance from substrate ( um)

4

Figure 6.3: Patterned nanocrystalline electrodeposits synthesized using the periodic
reverse pulsing technique of Chapter 3. Backscatter SEM images and composition line
scans are shown at the top of both figures. Nanoindentation hardness (blue circles) and
grain size (green squares) profiles show the level of structure and property control
available using this method. The specimen in (a) comprises eight layers of
monotonically decreasing W content, while that in (b) contains alternating layers of low
and high W content. Grain size measurements in (a) were obtained from a serial
sectioning X-ray study, while those in (b) are an estimate based on the composition.
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Figure 6.4: Serial XRD study conducted on the eight layer specimen of Figure 6.3(a).
Grain size calculated using the integral breadth method is shown along with the
corresponding distance from the substrate. The star symbol (*) on the pattern closest to
the substrate indicates the emergence of a copper diffraction peak as the X-rays
penetrate the Ni-W specimen and begin to sample the substrate.

6.3 Concluding remarks

The examples above briefly demonstrate the potential benefit of the reverse pulsing method
towards both fundamental scientific investigations and practical applications. It is expected that
the ability to precisely tailor nanocrystalline grain size in Ni-W, combined with high specimen
quality, will lead to detailed property studies in the future. This includes not only mechanical
behavior, but also magnetic, electrical, and corrosion properties, among others, that show grain
size dependence. In addition, the ability to pattern Ni-W nanostructures has already lead to
interesting scientific inquires related to the indentation and scratch response of graded materials
[237]. Other studies involving residual stress in multilayers, fatigue crack propagation, and
corrosion resistance, to name a few, should also be possible. Finally, direct application of
nanocrystalline Ni-W as a functional coating, taking advantage of its high hardness, luster, and
scratch resistance, should find many practical uses. In fact, this technology is currently being
commercialized as an alternative to hard chromium, having important environmental benefits as

well as superior properties.
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Conclusions

Control of grain size has proven to be a significant barrier towards the understanding and
application of nanocrystalline materials. Therefore, a main goal of this work was to develop a
method to precisely tailor this length-scale by exploiting the thermodynamics of alloying.
Existing theories have suggested that stable nanocrystalline structures can be obtained where the
energy penalty from intercrystalline regions is reduced through grain boundary segregation.
Here we have used atomistic computer simulations to evaluate this phenomenon and explore the
potential for nanostructure stabilization in Ni-W. Detailed investigation of the solute distribution
and energetics revealed that a decrease in grain boundary energy occurs in this system, owing to
the tendency for grain boundary segregation. In addition, atomic-scale details of the ordering
behavior revealed that the fine structural length-scale leads to a chemical disordering effect,

which significantly impacts the energetics of nanocrystalline materials.

Based on the computer simulation results, experiments were performed to synthesize Ni-W
specimens over a broad range of compositions. An electrodeposition technique was developed
where adjustments to the applied current waveform allow for precise composition control.
Structural characterization revealed that specimens synthesized using this technique were
nanocrystalline, and that grain size scaled with W content as predicted by thermodynamic
theories of nanostructure stabilization. High quality specimens with any grain size in the range
of ~150-2 nm can be precisely tailored through judicious control of the electrodeposition

parameters.

To further investigate the origins of the observed composition-grain size relationship in Ni-W,
detailed atom probe tomography experiments were performed to assess the solute distribution in
experimental specimens. Through statistical analysis, a subtle extent of grain boundary
segregation was measured that was in line with the computer simulation results. Incorporating
the findings from simulations and experiments, it was concluded that nanocrystalline Ni-W
likely benefits from a reduction in grain boundary energy; however, contrary to previous

theories, nanocrystalline Ni-W does not reside in a thermodynamically stable state.
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To assess the stability of experimental specimens, elevated temperature annealing experiments
were performed in combination with a variety of experimental characterization techniques.
Grain size was found to be stable up to ~500 °C, although evidence was presented for a
significant structural relaxation in the grain boundaries at lower temperatures. This relaxation
leads to hardening of the finest nanocrystalline grain sizes, an important effect that has received
little attention in the literature. In addition to grain growth and boundary relaxation, the
chemical ordering evolution in Ni-W was evaluated and shown to follow a similar sequence as
that reported for coarse-grained alloys. Grain boundary segregation tendency, measured through
additional atom probe tomography experiments, showed little change in comparison to the as-
deposited state. As a summary, analytical model of the various mechanisms activated during
annealing were introduced in a microstructure evolution map, providing a convenient means to

appreciate the complex structural and chemical changes that occur in nanocrystalline alloys.

Lastly, the synthesis technique developed in this work was applied in several specific examples
in order to highlight the potential benefit of this new method. With precise control over grain
size, we demonstrated the direct study of a scaling law that has shown anomalous behavior in the
nanocrystalline regime. We also extended the synthesis technique to the production of patterned
nanostructures, where functionally graded or composite coatings can be formed in any
conceivable combination. Other benefits of this capability were pointed out in terms of both

fundamental studies and practical applications.

In closing, the present work has shown that nanocrystalline grain size can be precisely tailored in
Ni-W alloys through judicious control of the synthesis parameters. Fundamental understanding
of the structure and stability of these alloys was gained through both atomistic computer
simulations and advanced experimental techniques. We expect that this unprecedented level of
control over the structure will open the door to new studies of material physics at the finest
possible length-scales. We are also optimistic that the work presented here will ultimately

promote the useful application of nanocrystalline materials.
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Directions for future work

This thesis research represents a significant advancement towards grain size control and an
understanding of the thermal stability in nanocrystalline alloys. However, future work will help
to further elucidate the mechanisms discussed here, as well as apply the methods developed to
important scientific questions. In particular, studies should be directed in the following specific

arcas:

e The atomistic computer simulations of Chapter 2 were focused on a rather narrow range
of nanocrystalline grain sizes (2-4 nm) due, in large part, to computational constraints. It
would be beneficial to simulate larger grain sizes in order to compare with the length-
scales achieved in experiments. Work in this area is currently underway, taking
advantage of columnar, rather than fully three-dimensional grain structures. Reducing
the dimensions in this way allows for simulation of grain sizes up to ~20 nm while still
incorporating bulk behavior. It is anticipated that these simulations will shed further light
on the energetics, chemical ordering behavior, and segregation tendency in Ni-W
specimens.

¢ As mentioned in Chapter 3, the methods developed in this work for Ni-W should also be
applicable to other alloy systems. Extending the computer simulation technique of
Chapter 2 should afford an understanding of alloy selection by substituting appropriate
multi-body potentials. In this way, binary or higher alloy systems could be screened
before attempting to synthesize experimental specimens. This work would also shed
light on the relationship between solute solubility, segregation tendency, and the resulting
potential for nanostructure stability.

e Based on the selection of potential candidates from computer simulation, the reverse
pulsing electrodeposition technique could be applied to specific alloy systems to
investigate processing/composition/structure relationships. This would extend the range
of materials available for both fundamental studies and applications.

e Although an electrochemical mechanism for the observed reverse pulsing-composition

relationship was suggested in Chapter 3, it was not the main focus of this thesis. Future
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studies involving detailed electrochemical measurements would help to fully appreciate
this phenomenon, and the reactions occurring at or near the cathode during deposition.
The thermal stability study of Chapter 5 was intended to provide a complete picture of
the microstructural evolution during annealing of nanocrystalline Ni-W. One of the more
interesting outcomes of this work was the clear evidence for grain boundary relaxation,
affecting not only the DSC results but also significantly influencing the hardness of
nanocrystalline specimens. This mechanism deserves further investigation involving, in
particular, direct observation via high resolution TEM; to the author’s knowledge no
work to date has conducted such experiments in nanocrystalline alloys. This type of
direct evidence would unequivocally prove the importance of grain boundary relaxation
for the finest nanocrystalline grain sizes.

Additional investigations of grain boundary relaxation via atomistic computer simulation
would help to further understand this important mechanism. For example, molecular
dynamics studies of the relaxation process would provide a detailed view of the
associated kinetics and structural transformations involved in the process. Also,
simulating the mechanical properties of bulk nanocrystalline structures, where the grain
boundaries reside in various relaxed states, would provide insight on the hardness
measurements obtained in the present work (cf. Figs. 5.8 and 6.2).

Finally, the most immediate benefit will likely come from additional length scale-
dependent property investigations using the synthesis technique developed in this thesis.
Detailed studies of any property — mechanical, electrical, magnetic, environmental, etc. —

will benefit from the ability to precisely control the finest nanocrystalline grain sizes.
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Appendix A: Electrodeposition experiments

Table A.1: Synthesis conditions and characterization results for all electrodeposition
experiments performed relevant to this work; note that the table is continued on the next
page. Details of the electrodeposition process, including a schematic of the set-up (cf.
Fig. 3.1), materials used, and definition of the waveform variables (cf. Fig. 3.3), along
with the characterization procedures, can be found in Chapter 3. Experiments are sorted

according to the resulting deposit composition.

The TEM column indicates those

sample conditions inspected using this technique, and the notes column contains
additional details including identification of those experiments used for the studies in
Figs. 3.2 and 3.4(a, b) of Chapter 3. The electrolyte bath composition used for all
experiments is given in Table 3.1.

Forward Puise Reverse Pulse
Bath | Current Current . .
Temp. | Density | t,, (ms) |t (ms)| Density |t,, (ms) Comz/:;lltlon XsRD Grain Ha:::ess Tem | Notes
(oc) (Ncm2) (Alcmz) (a ) ize (nm) ( a)
60 0.06 20 - 0.06 8 1.1 98
60 0.15 5 - 0.15 2 1.5 130 2.00
60 0.10 20 - 0.10 5 1.5 140 2.58
75 0.20 20 - 0.30 3 2.5 95 3.60 X b
75 0.20 20 - 0.05 9 3.7 84 c
60 0.15 5 - 0.08 2 4.3 97 3.59
75 0.20 20 - 0.20 3 4.4 58 4.73 X b
60 1.00 5 45 - - 5.1
40 0.15 50 50 - - 5.6 39 5.67
75 0.20 20 - 0.05 6 5.8 73 c
75 0.20 20 - 0.05 5 7.7 56 X c
75 0.20 20 - 0.15 3 7.7 38 5.43 X b
45 0.20 DC 8.9 23 5.06 a
40 0.15 20 20 - - 9.0 14 d
60 0.15 5 45 - - 12.5
55 0.20 DC 13.0 16 6.12 a
75 0.20 20 - 0.05 13.3 19 c
60 0.10 20 20 - - 13.9
60 0.30 1 90 - - 14.3 7
75 0.20 20 - 0.10 3 15.0 21 6.34 X b
60 0.15 50 50 - - 15.7 17 6.51
60 0.03 40 - 0.03 2 16.0 4
60 0.03 40 - 0.03 2 16.0 4 d
75 0.20 20 - 0.05 3 16.5 16 6.48 X b, c
60 0.03 DC 17.3 5 6.63
60 0.03 DC 17.5 3 d
70 0.15 20 | 20 | - - 17.5
60 0.15 DC 17.8 15 6.75
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Forward Pulse Reverse Pulse
Bath | Current Current . X
Temp. | Density | t,, (ms)}| t.s (ms)| Density | t,, (ms) COm::;);IItIOh XSRD Grain Hag!:ess TEM | Notes
C) ( A/cm"’) ( A/cmz) (at%W) ize (nm) (GPa)
60 0.02 DC 17.8 4
70 0.20 20 20 - - 18.2
85 1.00 5 45 - - 18.9
60 0.15 50 50 - - 18.9 7 6.63 d
65 0.20 DC 19.1 6 6.41 a
83 0.03 DC 19.3 4
75 0.15 50 50 - - 20.8 4 7.31
75 0.20 20 - 0.002 2 21.0 6 6.30
85 0.20 50 - 0.005 1 22.8
60 0.15 5 40 - - 22.8 3 d
75 0.20 DC 23.0 3 6.70 X |lab,c
60 0.15 DC 23.3 2 6.68 d
75 0.35 DC 23.5 2 6.87
75 0.35 34 67 - - 23.7 3 6.76
85 0.20 20 20 - - 23.9 2
75 0.35 75 25 - - 24.2 2 6.41
60 0.15 20 20 - - 24.3 2 6.24
60 0.15 20 20 - - 24.3 2 6.24 d
60 0.15 18 6 - - 24.7 2 6.47
60 0.15 18 6 - - 247 2 6.47 d
75 0.15 DC 248 2 7.32
60 0.1 5 | 10 | - | - 25.4 2 d
83 0.35 DC 26.2 2 7.22
85 0.2 DC 26.2 3 a
83 0.15 DC 26.5 2
75 0.20 40 - 0.01 1 2
75 0.20 40 - 0.03 1 2
75 0.20 40 - 0.1 1 2
75 0.20 20 - 0.1 1 2
75 0.20 20 - 0.03 3 17

a: experiment used in bath temperature study on composition (Fig. 3.2)

b: experiment used in reverse pulse current density study on composition (Fig. 3.4(a))
c: experiment used in reverse pulse time study on composition (Fig. 3.4(b))

d: cathode slowly rotated during deposition
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Appendix B: Measuring grain boundary segregation in heat-treated
nanocrystalline alloys: Direct validation of statistical techniques
using atom probe tomography

In Chapter 4 we introduced a statistical procedure to measure the grain interior and grain
boundary composition in nanocrystalline alloys without prior knowledge of the structure or exact
position of individual grain boundaries. In what follows we perform identical procedures to
quantify the average level of grain boundary segregation in heat-treated nanocrystalline Ni-W
alloys. In addition, grain boundary locations for these specimens are uniquely identified in the
atom probe data due to a residual effect of the technique itself. Using this information, a
comparison is made between the statistical approach and direct measurements of grain boundary
composition, showing good agreement between the methods. The work that follows has been

published in Ref. [238].

The two Ni-W specimens examined here were electrodeposited following the procedures of
Chapter 3, and exhibited an average grain size (composition) of ~3 nm (21 at%W) and ~20 nm
(13 at%W) in the as-deposited condition. After deposition, the specimens were subject to short
heat-treatments (3 hr and 0.5 hr, respectively) at 600 °C to induce slight grain growth. Bright
field TEM images and inset selected area diffraction patterns, reproduced from Chapter 5, are
shown in Fig. B.1; the approximate grain size of each is (a) 16 nm and (b) 28 nm (Chapters 3 and
5 provide details of the TEM specimen preparation and observation techniques, and the x-ray
line broadening method used to quantitatively assess the average grain sizes reported here.)
Atom probe experiments were performed on these specimens at Oak Ridge National Laboratory
using an Imago Scientific Instruments Local Electrode Atom Probe. In what follows, the
statistical approach of Chapter 4 is employed to evaluate grain boundary segregation in these
specimens, followed by a direct comparison of local segregation measurements at known grain

boundary positions.

In the statistical approach, composition profiles are constructed along the length of each acquired

atom probe data set using a moving average over 100 atoms within a 2 x 2 nm cross-sectional
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Figure B.1: Bright field transmission electron microscopy images and inset selected
area diffraction patterns for the heat treated (a) ~16 nm (b) ~28 nm grain size Ni-W
alloys containing approximately 21 and 13 at%W, respectively.

area. For the case of grain boundary segregation, a characteristic wavelength is expected in these
profiles, and should be similar to the measured grain size of the alloy. As shown in Fig. B.2(a)
for the ~16 nm grain size specimen, the composition exhibits fluctuations with a wavelength of
~20 nm. Similarly, the composition profile presented in Fig. B.2(c) for the ~28 nm grain size
specimen exhibits fluctuations of ~30 nm. For a more statistically robust measure of this length-
scale a 3-dimensional autocorrelation function analysis is performed over the entire atom probe
data-set. This analysis is presented in Fig. B.2(b) and (d) for the 16 and 28 nm grain size
specimens, where the characteristic wavelength is clearly observed as the first non-trivial
maximum in the autocorrelation function. For comparison, an arrow is drawn at the position of
the grain size for each specimen. The mutual agreement between these measurements in both

alloys is strong evidence for grain boundary segregation of W.

The average composition of grain boundary and grain interior regions can also be assessed from
the atom probe data using statistical methods. As described in Chapter 4, a composition
distribution is constructed by dividing the structure into blocks containing ~100 atoms each and

counting the frequency of composition observations amongst these blocks. The results of this
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Figure B.2: Composition profiles constructed from atom probe data in the heat treated
(a) ~16 nm grain size and (c) ~28 nm grain size Ni-W alloys. Autocorrelation functions
revealing characteristic wavelengths in the composition profiles of (a) and (c) are
presented as (b) and (d), respectively. The wavelengths are consistent with the
measured grain size in both alloys, suggesting W segregation at the grain boundaries.

analysis are plotted as points in Fig. B.3 (a) and (b) for the ~16 nm and ~28 nm grain size alloys,
respectively. To extract an average grain interior and boundary composition, this data is fit with
a model function (Eq. 4.3) that superimposes two normal distributions, one each for the grain
interior and boundary regions. A weighting factor is introduced to account for the contribution
of these individual regions based on the measured grain size of the alloy; more details on this

procedure can be found in Chapter 4.

Best-fits of the model function to the experimental data are plotted as solid black lines in Fig.
B.3. Also shown for illustrative purposes are the individual distributions for the grain interior

and boundary regions in red and blue, respectively. In all cases the standard deviation of these
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regions amounted to 4.0 £ 0.1 at%W, which is near that expected for random solid solutions at
these compositions. The grain interior and boundary compositions extracted from this analysis
are, for the ~16 nm grain size specimen: 19.6 and 25.6, and for the ~28 nm grain size specimen:
14.6 and 21.2 at%W, respectively. These values are well in line with the amplitude of
composition fluctuations in Fig. B.2(a, c), and present a statistical estimate of the average W
content in the grain interior and grain boundary regions. Note that the ~6 at% solute
enhancement measured here constitutes a relatively subtle degree of grain boundary segregation

as compared to previous atom probe studies of heat-treated nanocrystalline alloys [82].
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Figure B.3: Composition distributions for the heat treated (a) ~16 nm grain size and (b)
~28 nm grain size Ni-W alloys. A double-normal model fit to the experimental points
yields information about the individual grain interior (red) and grain boundary (blue)
distributions.

The subtle extent of segregation estimated for the present Ni-W alloys, in combination with high
global solute contents, would normally prevent positive identification of grain boundaries based
solely on the distribution of W in atom map images. However, in comparison to crystalline
regions, grain boundaries are sometimes found to yield higher local evaporation/detection rates
in atom probe experiments [182, 197, 221]. This, in turn, enables grain boundaries to be
distinguished in the structure as regions of apparently higher density. Atom maps for W are
presented in Fig. B.4(a, b) for the ~16 and ~28 nm specimens, respectively, and, due to enhanced

evaporation at the boundaries, the grain structure can be directly observed in these images.
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Figure B.4: Atom maps plotting the position of individual W atoms within a 4 nm slice
of the heat treated (a) ~16 and (b) ~28 nm grain size specimens; the grain structure is
seen in these images due to enhanced evaporation from the grain boundary regions.
Typical (c, d) composition profiles and (e, f) ladder diagrams are taken across known
grain boundary positions in (a, b), respectively. Segregation of W is observed in these
constructions and the extent is consistent with the statistical analysis of Fig. B.3.
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The clear observation of grain boundaries in the heat treated specimens of Fig. B.4(a, b) was
proposed to be the result of grain boundary relaxation in Chapter 5 (cf. Fig. 5.9(a, b)). In any
case, the additional structural information revealed here enables a direct analysis of grain

boundary composition for comparison with the statistical methods used earlier.

Traditional composition profiles and ladder diagrams are presented in Fig. B.4(c-f), taken
directly from the atom map images as indicated; note that these are typical results based on a
number of independent measurements of various grain boundaries in the structures. These
constructions represent two of the most common techniques employed in atom probe analyses of
interfacial segregation when the position of the interface is known [184, 185]. The composition
profiles in Fig. B.4(c, d) were constructed using the same moving average technique as in Fig.
B.2(a, c) and show peaks in W content consistent with the grain boundary locations. All
boundaries examined revealed similar amplitudes within + 4 at%W of those plotted in Fig. B.4(c,
d). Overlaid on these plots as blue and red dashed lines, respectively, are the grain boundary and
interior compositions approximated by the statistical technique of Fig. B.3. As a first direct
comparison, the statistical predictions are found to line up very well with the observed

composition profiles.

The ladder diagrams of Fig. B.4(e, f) represent an additional method to visualize and measure
grain boundary segregation. In this construction, the cumulative number of W atoms is plotted
as a function of Ni atoms, taken sequentially along the same sections as examined in the
composition profiles. Solute content is directly proportional to the slope of these plots, and the
differentiation between grain boundary and grain interior regions is shown schematically with
blue and red dashed lines, respectively. Direct calculation of the grain boundary (interior)
composition yields values of ~27 (19) and ~23 (14) at%W for the ~16 nm and ~28 nm grain size
specimens as indicated. These measurements line up well with the composition profile peaks of

Fig. B.4(c, d), and are again consistent with the statistical predictions of Fig. B.3.
With unique knowledge of the grain boundary locations, the statistical technique of Chapter 4
has been validated for measuring grain boundary segregation in nanocrystalline alloys. Good

agreement between the distribution analyses of Fig. B.3 and the composition profiles and ladder
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diagrams of Fig. B.4 suggests the accuracy and robustness of these measurements. Therefore,
statistical analysis of atom probe data may be regarded as an accurate technique to characterize

grain boundary segregation in nanocrystalline solids.
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Appendix C: Isothermal annealing experiments

Table C.1: Compiled data from isothermal heat treatments of nanocrystalline Ni-W. The results
are incorporated in the thermal stability study presented in Chapter 5. Specimen preparation and

characterization procedures can be found in Chapter 3. Note that this table is continued on the

following page.
As.-de[')osited Temperature (°C) | Time (hr) Heat_trea.ated XRD | Microhardness
grain size (nm) grain size (nm) (GPa)
as-deposited 6.73
150 24 - 7.74
300 24 4.0 9.27
400 24 8.8 10.35
0.5 10.9 9.76
3 11.8 10.82
500 12 11.6 11.03
24 13.8 10.90
73 12.7 10.89
29 0.5 12.2 10.55
3 15.8 11.14
600 12 32.7 11.46
24 38.1 11.11
72 53.3 11.34
0.5 32.5 10.78
3 69.4 8.34
700 12 100.4 8.31
24 85.1 8.40
72 105.9 8.12
as-deposited 6.59
150 24 - 6.84
300 24 15.9 7.69
400 24 19.1 8.95
0.5 23.2 8.46
3 25.5 9.08
500 12 26.2 9.14
24 35.2 8.83
73 57.4 8.02
18.0 0.5 28.9 9.16
3 68.1 6.93
600 12 72.9 6.42
24 78.1 6.48
72 88.7 6.44
0.5 72.7 6.17
3 94.3 6.16
700 12 72.7 6.13
24 80.4 5.63
72 72.6 5.57
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As-deposited Temperature (°C) | Time (hr) Heat treated XRD | Microhardness

grain size (nm) grain size (nm) (GPa)
as-deposited 4.77

150 24 - 4.55

300 24 76.0 5.12

400 24 72.0 5.31

0.5 80.5 4.16

3 82.3 4.63

500 12 71.7 4.65

24 87.0 4.20

73 70.3 4.62

69.0 0.5 95.5 4.67
3 108.0 4.12

600 12 98.6 4.36

24 126.8 4.10

72 100.3 3.87

0.5 133.9 4.11

3 121.5 3.06

700 12 150.1 3.06

24 178.3 3.22

72 121.7 2.56
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