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ABSTRACT
Nanoscale Three-Dimensional Studies of Segregation at Ceramic/Metal Interfaces
Jason Thomas Sebastian

Three-dimensional atom-probe (3DAP) microscopy has been applied to the study of
segregation at ceramic/metal interfaces.

In particular, the proximity histogram

(proxigram) method has been implemented to extract the relative Gibbsian interfacial
excess of solute from the 3DAP reconstructions directly, without recourse to external
standards. Four systems have been studied—the MgO/Cu(X) (X = Ag or Sb) systems,
the CdO/Ag(Au) system, and the MnO/Ag(Sb) system. For all four systems, the relative
Gibbsian interfacial excess of solute at the ceramic/metal interface is determined, and
trends in this value for the different systems are discussed. The observed trends for
segregation imply that the driving force for solute segregation at these ceramic/metal
interfaces is not due solely to a release of elastic energy associated with the segregating
solute atoms. In the case of the MnO/Ag(Sb) system, the nanoscale temporal evolution
of the oxide MnO precipitates as a function of specimen heat treatment is discussed. The
observations have important implications for understanding the earliest stages of
nucleation and growth of metal oxide precipitates created by internal oxidation.
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CHAPTER 1 – INTRODUCTION

Ceramic/metal interfaces play an extremely important role in a number of materials
applications. In turbine blade engines, the interfaces between the metal blades and their
ceramic thermal/corrosion barriers dictate the high-temperature performance of the
system. With the move towards so-called “nanoelectronics,” the interface-to-volume
ratio within electronics devices is becoming extremely large.

As a result, it is the

interfacial properties that are determining the overall electrical behavior of such devices,
and a complete understanding of these properties is essential.
One of the most important phenomena associated with interfaces in materials is
segregation. The segregation of impurities to interfaces—to levels that are orders of
magnitude higher than bulk impurity levels—can drastically affect the overall behavior of
materials. The classical thermodynamic measure of equilibrium solute segregation at
interfaces is the Gibbsian interfacial excess.

The determination of the Gibbsian

interfacial excess at an interface requires a knowledge of the atomic-scale chemistry in
the vicinity of that interface. Until now, experimental techniques capable of directly
measuring the atomic-scale chemistry in the vicinity of an interface have been lacking.
Three-dimensional atom-probe (3DAP) microscopy is a recently developed
technique that allows for the atom-by-atom analysis of a small volume of a material. It
involves the precise evaporation of the atoms of a material, atomic layer by atomic layer,
1

2
via the application of a high voltage.

The result of a 3DAP analysis is a three-

dimensional atomic reconstruction of a small volume of a material. Analysis of the data
in the reconstruction allows for a quantitative, real-space determination of the chemistry
and structure of the material on a subnanometer scale.
This thesis presents results on the subnanoscale investigation of solute segregation
at ceramic/metal interfaces as studied by 3DAP microscopy. Sophisticated new data
analysis techniques that allow for the direct extraction of the Gibbsian interfacial excess
of solute at an interface in a 3DAP reconstruction are introduced and implemented.
The remainder of this thesis is split into five chapters:
•

Chapter Two.

Provides background on field-ion microscopy and atom-probe

microscopy (the predecessors of 3DAP microscopy). Also provides background on
the experimental and theoretical investigation of ceramic/metal interfaces, and on the
phenomenon of impurity segregation at interfaces in general.
•

Chapter Three. Provides background on 3DAP microscopy. Also included is a
detailed technical section that describes the various components of the 3DAP
microscope at Northwestern University.

•

Chapter Four. This chapter on data analysis describes a new technique developed for
the calibration of 3DAP mass spectra. It also describes the proximity histogram
(proxigram)

method

of analyzing

interfacial chemistry in 3DAP

atomic

3
reconstructions. The direct extraction of the Gibbsian interfacial excess of solute
atoms at interfaces in 3DAP reconstructions via the proxigram method is described.
•

Chapter Five. Describes the specimen preparation and experimental techniques used.

• Chapter Six. Presents results on the quantitative investigation of solute segregation at
ceramic/metal interfaces. The results are split into three sections. §6.1 presents
results from the MgO/Cu(X) (X = Ag or Sb) systems; §6.2 presents results from the
CdO/Ag(Au) system; §6.3 presents results from the MnO/Ag(Sb) system. The final
section in the chapter, §6.4, discusses the trends in segregation behavior across the
various systems, with an emphasis on a discussion of the driving force for segregation
in the various systems.

CHAPTER 2 – BACKGROUND

2.1 FIM and APFIM

The modern atom-probe microscope consists of two parts—the field-ion microscope
(FIM) and the atom-probe (AP) mass spectrometer [1-3]. Both the FIM and the atomprobe were invented by Prof. Erwin Müller, working first in Germany in the 1930s and
1940s and then at Pennsylvania State University from the 1950s until 1977. The FIM and
the atom-probe rely on the principle of electric field enhancement at a sharp tip. The
electric field, E , at the apex of a sharply pointed object is given by:
E=

V
kg r

(2.1.1)

where V is the applied voltage, r is the apex radius and k g is a numerical factor related
to the taper angle and the geometry of the tip (typically, k g ≈ 5 [2] [see [4] for an
analytical expression for k g ). In an FIM, a strong electric field at a specimen tip apex, on
the order of 50 V/nm,1 is used to ionize the atoms of an imaging gas, such as helium. The
ionization field depends on, among other things, the tip temperature [5], which is
maintained at cryogenic levels (20-100 K). Ionized gas atoms are accelerated towards a
1

For example, a typical applied voltage of 10 kV with a typical FIM tip radius of 40 nm yields, using

Equation 2.1.1 (with k f = 5), an electric field of 50 V/nm at the tip apex.

4
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phosphor screen, where their kinetic energy is converted into light photons, creating spots
of light that form an FIM image; modern instruments employ a microchannel plate array
with a gain of at least 103 to form an image.
Specimens for FIM are in the form of thin, sharply pointed needles (usually
prepared by electrochemical polishing methods). The end radius of the hemispherical
cap of the specimen is typically between 10 and 50 nm. On a mesoscopic scale, the tip is
a smoothly rounded needle. On an atomic scale, however, the end of the needle consists
of a regular and symmetric arrangement of atomic rings and planes (see Figure 2.1.1).
Prominent surface atoms serve as sites of local increased electric field enhancement.
Field-ionization of gas atoms occurs preferentially above such sites. FIM images, formed
from a constant stream of ionized gas atoms from these prominent sites, can be
interpreted essentially as the projected image of the atomic ledge sites and ring structure
of a specimen’s surface. The magnification of an FIM image, M , is given by:
M=

R
ζr

(2.1.2)

where R is the tip-to-screen distance, r is the average tip radius and ζ is a compression
factor (typically with a value of about 1.5 [2, 4]) that accounts for the fact that fieldionized atoms are not projected radially from the tip surface, but are bent towards the
phosphor screen along their trajectories (that is, along the electric field lines). In order to
form a high resolution FIM image, the tip temperature must be lowered to cryogenic

6
values (70 K or less). Lowering the temperature improves the resolution of the FIM
image [5].
The ionization of imaging gas atoms at atomic ledge sites occurs by the tunneling
of electrons from gas atoms into a tip’s surface (usually a metal) in the presence of a
strong electric field, and is therefore a quantum mechanical process.

The actual

mechanism of ionization and FIM image formation is further complicated by two major
factors. First, due to the Pauli exclusion principle, there exists a critical distance from a
tip’s surface for field-ionization (approximately 5 Å). Gas atoms closer to the surface
than this distance find their valence electrons at a lower energy level than the Fermi level
of the (metal) tip. They can be ionized, but cannot find an unfilled state in which to
tunnel into. As a result, field-ionization actually occurs just above a layer of unionized,
field-adsorbed gas atoms [2, 4]). Individual spots in the FIM image can still, however, be
unambiguously associated with individual atoms on the tip.

Second, the rate of

ionization is affected strongly by the supply of gas atoms to a tip’s surface. Gas atoms
are partially thermally accommodated to the tip temperature prior to ionization [5], a
process that occurs by a complicated sequence of hopping events at the tip surface. Once
accommodated partially to a tip’s temperature, the supply of gas atoms to individual
atomic ledge sites is dictated by the surface diffusion of gas on a tip’s shank and a tip’s
surface [5]. Schematics of an FIM and of the process of image gas field-ionization at a
tip surface are shown in Figure 2.1.2 and Figure 2.1.3, respectively.

7
The electric field at the tip of an FIM specimen can not only be made sufficiently
high to cause the field-ionization of imaging gas atoms, as described above, but can also
be made sufficiently high to cause the field-evaporation of atoms from a specimen’s tip.
In the presence of a high electric field, the ionization of a tip’s surface atoms by thermal
activation over a reduced Schottky energy barrier becomes possible [1]. Once ionized,
the field-evaporated, positively-charged ions are accelerated away from a specimen’s tip,
which is maintained at a positive potential. The time required for individual accelerated
ions to reach a detector can be measured, and their mass-to-charge (m / n ) state ratios can
be determined from their times-of-flight (TOFs) with the following relationship:
 t + to  2
m
= kα (Vdc + β Vpulse )

 d 
n

(2.1.3)

where (m / n ) is the mass-to-charge state ratio, k is a constant related to the elementary
electronic charge ( e ) on an electron (k = 2e (a.m.u.) = 1.92972 × 10-4 (a.m.u. mm2 V-1
ns-2), Vdc is the steady-state dc voltage on a tip, Vpulse is the evaporation pulse voltage, t 0
is the time offset due to propagation delays in the electronics, and d is an ion’s flight
path distance. Equation 2.1.3 is derived by equating the potential energy of a field-

[

]

[

evaporating ion neα (Vdc + β Vpulse ) to its kinetic energy (1 2)m (d (t + t0 )

2

)], under the

assumption that the ion reaches its terminal velocity in a few tip radii (≈ 150 nm). The
quantities α and β are system-specific parameters (see §4.1.1 for further discussion of
Equation 2.1.3).

8
By recording individual TOFs (and, therefore, the m / n state ratios) of
successively field-evaporated ions, the composition of a small region of an FIM specimen
tip can be determined. The instrument that performs this analysis is known as a onedimensional atom-probe (1DAP) microscope. Figure 2.1.4 shows a schematic of a 1DAP
microscope that also incorporates an FIM (the combination of instruments is known as an
atom-probe field-ion microscope [APFIM]). See §3.1 for a further discussion of atomprobe microscopy.

9

Figure 2.1.1 – Ball model illustrating the origin of FIM contrast. White atoms indicate
prominent sites above which field-ionization occurs preferentially (face-centered cubic;
(001) pole) [3].

Figure 2.1.2 – Schematic of a field-ion microscope (FIM); the needle-shaped specimen is
attached to a goniometer stage on the tail of a cryostat and a high voltage supply. A
microchannel plate image intensifier and phosphor screen assembly is positioned
approximately 10 cm in front of a specimen. After evacuating the system to a pressure
below 10-8 Pa, a small amount of a high purity imaging gas is admitted into the vacuum
(typically about 10-3 Pa). The FIM image is formed by the impact of ionized image gas
atoms on the microchannel plate/phosphor assembly.

10

Figure 2.1.3 – Principles of image formation. Image gas atoms are polarized by the
strong electric field and drawn toward a specimen’s surface. Field-absorption occurs
above prominent surface atoms, which are themselves polarized by the field (dipoles are
indicated by short arrows). Field-ionization of the gas atoms occurs by tunneling of
electrons through the field-adsorbed gas atoms and into the metal. The positively
charged image gas ions are then repelled away from a specimen’s tip toward the screen
where the field-ion image is formed [3].

Figure 2.1.4 – Schematic diagram of a linear time-of-flight (TOF) atom-probe. The
field-ion image is viewed through a 45˚ front-silvered mirror positioned after the
microchannel plate and phosphor screen assembly. A 1- to 2-mm diameter hole in the
microchannel plate and phosphor screen assembly acts as the entrance aperture to the
TOF mass spectrometer. An Einzel lens is incorporated into the design to focus the
divergent ion beam onto the single ion detector [3].
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2.2 Background on Ceramic/Metal Interfaces

2.2.1 Overview

Ceramic/metal (C/M) interfaces are ubiquitous throughout material science [6-11]. Their
presence can be found in a number of important materials applications, including thermal
and corrosion barriers in turbine blade engines, metal-ceramic seals in light bulbs and
ultra high vacuum feedthroughs, and structural fiber-matrix composites. The properties
of C/M interfaces are also of great concern in the electronics packaging industry and in
advanced electronic and optical devices involving thin films or multilayers.
The properties of C/M interfaces that are of greatest interest are: (a) the interfacial
adhesion; (b) and interface’s electronic structure; (c) the physical interface structure
(including the defect [point and dislocation] structure); and (d) the segregation behavior
of impurity atoms at such interfaces. The adhesion at a C/M interface is extremely
important insofar as it is fundamental to mechanical properties. The debonding of fibers
within a fiber-matrix composite and the spallation of protective oxide coatings on jet
turbine blades are both related to the adhesion at the C/M interface. An understanding of
the electronic structure at C/M interfaces is becoming more and more important as the
electronics packaging industry pushes towards smaller and smaller sizes. With the move
towards so-called “nanoelectronics,” the interface-to-volume ratio within electronics
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devices is becoming extremely large. As a result, it is the interfacial properties that are
determining the overall electrical behavior of such devices, and a complete understanding
of these properties is essential.
The interfacial defect structure and segregation of impurities at interfaces are
closely related. Segregation is becoming an increasingly important subject of study since
the segregation of impurities at interfaces—to levels that are orders of magnitude higher
than bulk impurity levels—can drastically affect the overall behavior of materials [12].
See §2.3 for a further discussion of the segregation of impurity atoms at C/M interfaces.
The chemistry and structure of interfaces (both C/M and otherwise) can be
experimentally investigated with a number of atomic-resolution techniques including
transmission electron microscopy (TEM), high-resolution electron microscopy (HREM),
Z-contrast scanning tunneling electron microscopy (Z-contrast STEM), electron energy
loss spectroscopy (EELS), and atom-probe (AP) microscopy.

Recent experimental

results on the study of C/M interfaces using the latter technique are presented in §2.4. In
addition to experimental investigations, atomic-scale simulations of C/M interfaces can
be performed with ab initio, first-principle methods. Such first-principles calculations,
though computationally intense, have proven to be one of the only reliable methods for
the theoretical investigation of C/M interfaces.
interfaces are presented in §2.2.3.

Recent theoretical results on C/M

13
2.2.2 Experimental Investigations of Ceramic/Metal Interfaces

A C/M interface represents an extreme example of a heterophase interface, one in which
the two materials are entirely dissimilar.

Bonding in metals originates from the

delocalization of electrons, while bonding in ceramics is mainly ionic and covalent.
Compared to metals, ceramics are usually more brittle, elastically stiffer and more
electrically insulating.

Metals, on the other hand, generally exhibit ductile plastic

behavior and more thermal expansion than ceramics.
Adding to the complexity, an interface (C/M or otherwise) between two crystals
involves five macroscopic thermodynamic degrees of freedom (three to define the
relative disorientations of the crystals and two to define the interface plane), and up to
five microscopic degrees of freedom [13]. The large number of degrees of freedom
makes the complete thermodynamic description of an interface—and the elucidation of
the relationships between materials properties and such a description—a formidable
problem.
To eliminate some of this complexity, a significant fraction of the research
concerning the atomic-scale characterization of C/M interfaces has been performed on
model systems [9, 11, 14-19].

The belief is that the information obtained from

investigations of model systems will lead to the development of guiding principles that
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can be applied to the understanding of more technologically complex, real world
applications of C/M interfaces.
Model C/M systems can be prepared for experimental investigation by a variety
of methods, including internal oxidation, diffusion bonding, or molecular beam epitaxy
[9]. For the experiments detailed in this thesis, the former method was used exclusively
[20] to form oxide/metal-type C/M interfaces. Internal oxidation occurs when a dilute
binary alloy of metal B in metal A is subjected to an oxidizing atmosphere. If the oxygen
partial pressure and temperature are adjusted such that the oxidation of metal B is
thermodynamically favored while the oxidation of metal A is not, then an oxide of B will
form in the metal matrix. Furthermore, if the permeability of oxygen in the alloy is
greater than that of metal B in the alloy:
DO cO > DB c B

(2.2.1)

where the permeability is defined as the product of the diffusivity and the solid solubility
of oxygen/metal B, then the oxidation will proceed internally. That is, particles of B
oxide will precipitate homogeneously within the metal A matrix.

Distributions of

micrometer- and nanometer-sized particles are readily obtainable using internal
oxidation.

For many systems, the oxide particles formed have unique orientation

relationships with respect to the metal matrix. This results in an abundance of pristine,
atomically sharp C/M interfaces with well-defined orientation relationships within the
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internally oxidized volume. These interfaces are subsequently amenable to experimental
investigation.
The most fundamental thermodynamic property of a C/M interface is its
interfacial free energy per unit area, γ [10]. The relationship between γ and the work of
adhesion, Wad , of the interface is given by the Dupré equation:
Wad = γ metal + γ ceramic − γ

(2.2.2)

where γ metal and γ ceramic represent the surface free energies of the metal and the ceramic,
respectively. Experiments that measure the contact angle of a liquid metal on a ceramic
substrate have been devised in order to access Wad . The relationship between the contact
angle, θ , and Wad is given by a modified version of Eqn. 2.2.2, the Young-Dupré
equation:
Wad = γ metal (1 + cosθ ) .

(2.2.3)

Eqn. 2.2.3. shows that using contact angle experiments, Wad can only be measured
relative to the surface energy of the metal, γ metal . Typical values for the interfacial energy
for C/M interfaces range from 0.46 J m-2 for VC/Cu to 2.44 J m-2 for Al2O3/Ni [6].
The adhesion at C/M interfaces results from the intricate interaction of the
metallic bonds of the metal and the ionic/covalent bonds of the ceramic. Although the
interaction is complex (see §2.2.3), one idea is that the adhesion is a result of the transfer
of electrons (that is, charge) from the metal into the oxide valence band [21]. The work
of adhesion is therefore related both to the electron density of the metal and to the
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concentration of electron holes in the ceramic valence band.

The latter quantity is

determined by the ceramic’s band gap. As a result, many physical quantities of ceramics
that depend on the band gap (for example, conductivity) can be correlated to the adhesion
between those ceramics and metals [21]. Note, however, that this correlation is only
empirical, and that the adhesion at a C/M interface involves much more than charge
transfer. A complete characterization of adhesion must involve the consideration of
effects due to covalency and Van der Waals interactions [22] (see §2.2.3).
Due to intrinsic differences in lattice parameters, C/M interfaces almost always
incorporate a degree of misfit strain. This misfit strain is usually accommodated by an
array of interfacial misfit dislocations, whose structure and distribution can be studied by
high-resolution electron microscopy [15, 18, 19, 23-27]. An interesting phenomenon
often observed at C/M interfaces is the “stand off” of misfit dislocations—the localization
of the misfit dislocation cores a few atomic spacings into the metal side of the interface
[28]. Since the ceramic is much stiffer than the metal, the misfit dislocations can lower
their strain energy by localizing their cores (that is, their strain fields) away from the
ceramic. The stand-off position is determined by a balance of this reduction in strain
energy with the energetic advantage of a semicoherent interface over a coherent one [9,
29].
Much work on the properties C/M interfaces has focused on the study of the
fracture of such interfaces [7, 9]. Though such experiments have provided empirical
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insight into the strength behavior of C/M interfaces, it is difficult to relate the results of
such experiments to fundamental properties of the interface such as the work of adhesion,
Wad (see Eqn. 2.2.2). In particular, much of the energy dissipated during the fracture of a
C/M interface goes into the plastic deformation of the metal [9]. In addition, extreme
elastic mismatch across a C/M interface makes mode I loading of an interface crack
inseparable from mode II loading [30]. That is, the elastic mismatch across the interface
creates shear stresses at the front of a crack propagating along the interface, even in the
case of pure uniaxial loading. As a result, the correlation of measured properties of C/M
interfaces, such as fracture toughness, to fundamental quantities, such as the work of
adhesion, is extremely difficult.

2.2.3 Theoretical Investigations of Ceramic/Metal Interfaces

Atomistic modeling of C/M interfaces is not well developed due to a lack of accurate
interatomic-force models. As described previously, bonding in metals occurs due to the
delocalization of electrons; bonding in ceramics is (usually) mainly ionic/covalent. The
interaction of these two types of materials to form bonds at a C/M interface cannot be
well understood in terms of common interatomic-force models (for example, image
charge interactions) [10].

First-principles, local-density-functional theory (LDFT)

calculations provide a more rigorous and accurate, though computationally more
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intensive, approach to the understanding of the electron interaction at a C/M interface.
First-principles methods involve the solution of the Kohn-Shan equations :
−∇ 2 ψ i (r ) + Veff ( r )ψ i (r ) = ε i ψ i (r )

(2.2.4)

where the wave function of the electrons in the system, ψ i (r ), is determined under the
influence of the electron-nucleus and electron-electron interactions (including exchange
and correlation) as represented by Veff (r ) [10]. Most first-principles calculations employ
the local density approximation (LDA), in which the part of Veff (r ) that represents the
exchange and correlation of electrons depends only on the local density of electrons.
In addition to the complications associated with dissimilarity of bonding, two
other major obstacles exist for the theoretical treatment of C/M interfaces. The first is the
polar nature of many C/M interfaces. The terminating ceramic layer at a C/M interface is
frequently not electrically neutral, but consists of a layer of charged species—for
example, O2- ions in the {222} plane of an oxide ceramic with the rock-salt structure.
Such a polar interface may exhibit significant charge transfer, complicating any
theoretical treatment of the bonding at an interface. The second, and more important,
complication that can arise in the theoretical treatment of C/M interfaces is the misfit at
an interface. As discussed in the previous section, almost all C/M interfaces exhibit some
degree of lattice mismatch that leads to the formation of an interfacial misfit dislocation
network [27, 31]. The incorporation of such misfit dislocation networks into theoretical
treatments is difficult, although it appears naturally in LDFT calculations.
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Of all the model C/M systems examined theoretically, the {222} MgO/Cu C/M
system has received the most sophisticated treatment [22, 32-34]. These treatments have
been on a first-principles, ab initio level, employing state-of-the-art LDFT methods
within the pseudopotential framework. Calculations of the adhesive energy for different
interface configurations have shown that the O-terminated interface is energetically
favored [22], a result that agrees with experimental observations [35]. A calculated
layer-projected density of electron states shows the presence of a small peak of states at
the interface within the band-gap of MgO. These states are interpreted to be the so-called
metal-induced gap states (MIGS), resulting from the penetration of the electron wave
functions from the metal into the ceramic, that have been observed experimentally at the
same interface [35, 36].
Recently, a fully first-principles LDFT calculation has been performed on the
{222} MgO/Cu interface, accounting for the experimental lattice parameter misfit of 15%
[34]. The relaxed structure of this semicoherent interface was obtained by allowing the
internal atomic coordinates of all the atoms (Cu, Mg and O) in the calculation unit cell to
relax to their equilibrium positions, where the forces on the atoms are close to zero. The
interface relaxation, both parallel and perpendicular to the interface, can be understood as
the shifting of atoms away from energetically unfavorable “on-top” positions (where the
interface metal and ceramic atoms are directly above and below one another) to
energetically favorable “hollow-site” positions (where an interface atom is equidistant
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from three nearest neighbors on the other side of the interface); see Figure 2.1.5.
Calculation of the interface electronic structure again shows the presence of MIGS at the
interface.
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Figure 2.1.5 – Atomic positions in O and Cu layers adjacent to a {222} MgO/Cu
interface, projected onto the plane of interface. In the top panel, ordinate and abscissa
scales are the same, whereas the abscissa scale is expanded and the ordinate scale is
contracted in the bottom panel. Note the curvature of the atomic strings along the <211>
direction, which enables atoms to improve their bonding across the interface. The results
are from a first-principles simulation of the interface including lattice parameter misfit
[34].
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2.3 Segregation at interfaces

Segregation of solute atoms (whether they are intrinsic or impurity atoms) at internal
interfaces is a phenomenon at the nano- to subnanoscale that is pervasive in materials
science [12, 37, 38]. The experimental study of segregation, however, has been limited
due to a lack of atomic-resolution techniques that are able to probe quantitatively the
chemistry at such interfaces. This trend is changing, however, and a number of different
experimental techniques—atom-probe field ion microscopy (APFIM), Auger electron
spectroscopy (AES), x-ray photoelectron spectroscopy (XPS), secondary ion mass
spectroscopy (SIMS) and others—are now being applied to the study of interfacial
segregation.
The classical thermodynamic quantity that represents the amount of equilibrium
solute atom segregation at an interface (C/M or otherwise) is the Gibbsian interfacial
excess, Γ [39]. The quantity Γi is defined for an element i as:
Γi = Ni

excess

/A

(2.3.1)

where Niexcess is the excess number of atoms associated with an interface and A is the
interfacial area over which Γi is determined (the units of Γi are number per unit area). In
the formal construction of Gibbs, the number of excess atoms associated with an interface
is determined by extending the bulk concentrations of solute atoms on either side of an
interface up to an interface as represented by a dividing surface (see Figure 4.3.2). Any
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excess concentration of atoms above these bulk concentrations contributes to the
Gibbsian interfacial excess. The Gibbsian interfacial excess should be distinguished from
the enrichment factor, K , of a solute at an internal interface, defined as the ratio of the
concentration of the solute at an internal interface to the concentration of the solute at the
bulk (for a compilation of enrichment factors at grain boundaries, see [40]). Though K
is a useful experimental quantity, it is not a thermodynamic one.

Moreover, its

interpretation is unclear when, at a heterophase interface, for instance, the bulk
concentrations on either side of the interface are unequal (see Figure 4.3.2).
In the treatment of the Gibbsian interfacial excess at heterogeneous interfaces,
Eqn. 2.3.1 does not suffice, since the equilibrium solute concentration may be different
on either side of the interface (see Figure 4.3.2), and the value of the Gibbsian interfacial
excess becomes dependent on the position of the interface dividing surface. In such a
case, the concept of the relative Gibbsian interfacial excess must be introduced [41]. The
general expression for the relative Gibbsian interfacial excess of component i with
respect to component 1 (Γi( 1) ) is [18, 41, 42]:
Cα − Cβ 
i 
Γi(1) = Γi − Γ1  iα
β
 C1 − C1 

(2.3.2)

where Cαi and Ciβ are the atomic fractions of element i in the homogenous regions of
phases α and β . The value of Γi( 1) is independent of the position of the interface
dividing surface [41]. One of the C/M interface systems investigated in this thesis is the
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MgO/Cu(Ag) interface—the interface between the ceramic MgO and a Cu(Ag) metal
matrix (where the element in parentheses represents the dilute segregating solute species).
For this system, the subscript i refers to Ag (the segregating solute), the subscript 1 to
Cu, α to the Cu(Ag) matrix, and β to the MgO phase. For this system, Eqn. 2.3.2
becomes:
Γ

(Cu )
Ag

 Cα − C β 
 Cα 
Ag
Ag 

 αAg  ≅ ΓAg .
= ΓAg − ΓCu  α
β  ≅ ΓAg − ΓCu 
 CCu 
 CCu − CCu 

(2.3.3)

( Cu )
β
β
α
The reason that ΓAg
reduces to ΓAg is because CCu
= CAg
≅ 0 and CαCu >> CAg
. That is,

the solubilities of the metal matrix components (Cu and Ag) in the ceramic MgO phase
are negligible, and the concentration of the majority component in the metal matrix (Cu)
is much larger than that of the minority component (Ag, the segregating solute species).
For all of the C/M systems investigated in this thesis, these relationships hold (except
where noted). Namely, the solubilities of the metal matrix components in the ceramic
phases are negligible, and the concentrations of the majority components in the metal
matrices are much larger than those of the minority components (the segregating solute
species). As a result, for the systems presented in this thesis, Γi( 1) always reduces to Γi ,
and the definition for the Gibbsian interfacial excess in Eqn. 2.3.1 can be used. The
correction for relative adsorption introduced with Eqn. 2.3.2 is negligible and need not be
considered [19, 42].
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The Gibbsian interfacial excess can also be defined formally for the segregation
of solute atoms at a metal surface in terms of the change in surface energy due to
interfacial segregation (the Gibbs adsorption isotherm). For a dilute binary system at
constant temperature, the relationship is given by [43]:
Γi = −

1  ∂ γ 
R T  ∂ ln Ci  T ,P

(2.3.4)

where dγ is the change in surface energy of the metal due to segregation, R is the
universal gas constant, T is temperature and Ci is the concentration of the solute atoms at
the metal surface. The important consequence of this relation is that impurity segregation
does not occur unless it results in a decrease in interfacial energy. Although Eqn. 2.3.4
relates to the segregation of impurity atoms at metal surfaces, the principle that impurity
segregation at an interface must lower that interface’s interfacial energy is a principle that
can be applied to solute segregation at all types of homophase and heterophase materials
interfaces (for example, grain boundaries and C/M interfaces, respectively).
Although Eqn. 2.3.4 is formally and thermodynamically exact for a dilute
solution, its application to the understanding of real-world experiments is often difficult,
mainly because it requires a knowledge of the quantity (dγ dln Ci )T ,P , which is not
always experimentally accessible. To overcome this limitation, an expression that relates
the bulk concentration of a solute atom, Cbulk , to its concentration at an interface, Cinterface ,
can be obtained by using the Langmuir-McLean adsorption isotherm:
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Cinterface
∝ exp(∆Gsegr RT )
Cbulk

(2.3.5)

where ∆G segr is the free energy of segregation per mole of solute. Eqn. 2.3.5 results from
a statistical treatment that considers a system with two energy levels. The difference in
the two energy levels, ∆G segr , represents the binding energy associated with segregation.
In the model, a single value of ∆G segr describes the biding energy of segregation
associated with all possible segregation sites. Eqn 2.3.3 captures the two most important
segr
characteristics of interfacial segregation—namely, that for a positive value of ∆G , the

amount of segregation increases with increasing bulk concentration and decreases with
increasing temperature.
The free energy of segregation, ∆G segr in Eqn. 2.3.5, is usually considered to
consist of two terms [6, 43]. The first term relates to bonding of the solute atom at an
interface: does the unique bonding environment at an interface (with respect to the bulk)
provide a way for solute atoms to lower their energy by segregating? Since it relates to
bonding, this term is often referred to as the electronic component. The second term
recognizes the effect of strain energy release at the interface. Since the solute atoms have
a different atomic volume than the bulk atoms on either size of an interface, they
experience a strain when situated within the bulk. The segregation of the solute atoms to
an interface allows them to relieve some (if not all) of this strain energy. This strain
energy effect, also referred to as the “ p ∆V ” effect [44, 45], has historically been
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considered to be the most important contribution to the driving force for interfacial
segregation.
Other, more complex contributions to ∆G segr have been recognized. In particular,
the structure of an interface is expected to affect the segregation behavior of impurities at
that interface. For example, interfacial dislocations, interface faceting and atom matching
across an interface are all thought to play an important role in the segregation of impurity
atoms at certain interfacial systems [6, 46-48].
segr
in Eqn. 2.3.5 can
To delineate the separate roles of all the various factors, ∆G

be expanded as:
∆Gsegr = ∆Gbonding ( electronic) + ∆G strain + ∆Gother .

(2.3.6)

The change in energy characterized by ∆G segr represents the thermodynamic driving
force for solute segregation. To understand the relative contributions of the different
segr
is to understand the specific thermodynamic causes
terms that comprise ∆G

responsible for segregation.

2.4 Atom-Probe Field-Ion Microscopy Analysis of Segregation at
Ceramic/Metal Interfaces
There has been only one detailed APFIM study of the segregation of impurity atoms at
C/M interfaces [19]. The study employed one-dimensional APFIM to investigate the
segregation of Ag at {222} MgO/Cu interfaces and the segregation of Au at {222}
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CdO/Ag interfaces. The Gibbsian interfacial excess of solute was extracted from the data
using an integral profile technique (see Figure 2.1.6 and reference [42]). Analyses of 15
MgO/Cu(Ag) interfaces yielded an average segregation level, ΓAgMgO/ Cu , of (4.0 ± 1.9) nm-2
at 500°C; analyses of three CdO/Ag(Au) interfaces yielded an average segregation level,
CdO / Ag
ΓAu
, of (3.0 ± 1.0) nm-2 at 400°C. The main limitation of the data presented in

reference [19] is that the actual area of interface sampled—corresponding to the
intersection of a cylinder with the front and back interfaces of octahedral-shaped oxide
particles formed by internal oxidation—is small. As a result, the values of Gibbsian
interfacial excess obtained by this technique yields the value for a specific {hkl} plane,
which is the {222} plane for the MgO/Cu(Ag) and CdO/Ag(Au) interfaces.
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Figure 2.1.6 – Integral profile method for determining the Gibbsian interfacial excess of
solute from one-dimensional atom-probe data [19, 42]. The nomenclature employed in
this figure is specific to the MgO/Cu(Ag) ceramic/metal system. The Gibbsian interfacial
excess is determined from the quantities in this figure using the equations detailed in
reference [19].

CHAPTER 3 – THREE-DIMENSIONAL ATOM-PROBE

3.1 Background

Three-dimensional atom-probe microscopy (3DAP microscopy) is an advanced
experimental technique that allows for the three-dimensional, atom-by-atom analysis and
reconstruction of a material.

It is an extension of the one-dimensional atom-probe

(1DAP) microscope, discussed in §2.1 (also see Figure 2.1.4).
When recording TOFs in a 1DAP mass spectrometer, only atoms from a very
small region of the specimen are analyzed (see Figure 2.1.4). The analyzed region is
selected by means of a small hole (about 1 to 2 mm in diameter) in the microchannel
plate array and phosphor screen assembly that is placed along the flight path of fieldevaporated ions, and is typically around 1 to 5 nm in diameter (depending on the
magnification, see Eqn. 2.1.2). Though, strictly speaking, ions field-evaporated from
within this analyzed region are field-evaporated from different lateral positions on a
specimen’s tip, the TOF detector in a 1DAP is insensitive to this and m / n state ratios of
ions are collected as a chronological chain of events. In this way, a one-dimensional
concentration profile of the material under analysis is obtained.

Field-evaporation,

however, occurs one atomic layer at a time, and a 1DAP yields compositional
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information with a depth resolution equal to the atomic interplanar spacing along a
specific <hkl> analysis direction, which can be less than 0.1 nm.
Because of the one-dimensional nature of the data chain collected, 1DAP
encounters a problem when dealing with systems where the scale of a feature under
examination is of the same size as the analyzed region in a specimen’s tip (see [49, 50]
and Figure 3.1.1).

Measured compositions may not be representative of actual

compositions due to the simultaneous analysis of both the feature and the surrounding
region. For the same reason, 1DAP encounters a problem when dealing with the analysis
of the chemistry of an internal interface in a material. If the angle with which the area of
analysis intersects the interface is unknown, or if the interface is irregularly shaped, then
quantitative information about the chemistry of the interface may be difficult to obtain.
Three-dimensional atom-probe (3DAP) microscopy [51-54] eliminates this
problem. A 3DAP is very much like a 1DAP in that it records the TOFs of ions that are
field-evaporated during the dissection of an FIM specimen. By recording not only the
TOFs, but also the locations of the impacts of the ions on a two-dimensional, positionsensitive detector, both the identities (that is, the m / n state ratios) and the positions of all
the atoms in a small region of an FIM specimen are determined. The result is a threedimensional, atom-by-atom reconstruction of a small volume of a material (with typical
dimensions of 10 × 10 × 100 nm3 ; see Figure 3.1.2).

A full visualization of the

morphology of the microstructure is allowed and problems of the type illustrated in
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Figure 3.1.1 are eliminated. Like 1DAP microscopy, the depth resolution of 3DAP
microscopy is equal to the atomic interplanar spacing along the <hkl> analysis direction,
and can be less than 0.1 nm (see Figure 3.1.2). The lateral resolution of a 3DAP is
limited by uncertainties associated with the individual trajectories of field-evaporated
ions [55-60] and may be on the order of 0.3 to 0.5 nm or less.
3DAPs have gone through a series of developments [61, 62]. The 3DAP recently
constructed and commissioned in our laboratory is based on the design of the energycompensated optical position–sensitive atom-probe (ECoPoSAP) [53, 61] at the
University of Oxford, Great Britain (as manufactured by Kindbrisk Ltd., Eynsham, U.K.).
A schematic description of the operation of this state-of-the-art instrument is presented in
the following section.
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Figure 3.1.1 – Examples of composition profiles through particles of different sizes and
geometries. The correct composition of the particle will not be measured due to the
simultaneous sampling of the particle and the surrounding matrix when the cylinder of
analysis is larger than the particle (C), when the particle is only partially intersected by
the cylinder of analysis (B), or when the interface is inclined to the cylinder of analysis
(E) [2].

Figure 3.1.2 – 3DAP reconstruction of a small volume (18 × 8 × 2 nm3) of an Fe-15 at.%
Mo-5 at.% V alloy after aging at 500˚C for 10 hours. The positions of the V atoms are
shown in green, Mo atoms in red and Fe atoms in blue. A Mo-rich precipitate can be
seen in the center of the reconstruction (courtesy of D. Isheim; see [63]).
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3.2 The Three-Dimensional Atom-Probe
The three-dimensional atom-probe (the 3DAP) consists of three main sections—the
vacuum and detector systems, the electronics rack, and the computer station (see Figure
3.2.1). The vacuum and detector systems are where analyses take place and where
specimens are introduced and stored. The electronics rack is where all the electronics
and power supplies for the system are located. At the bottom of the electronics rack is a
CAMAC crate, which serves as the electronic communication interface between the
electronics rack and the computer station. The computer station controls all aspects of an
actual analysis, though many of the functions of the 3DAP can be performed without
computer control (for example, FIM).
The vacuum and detector systems consist of four chambers: (a) the load lock
chamber; (b) the preparation chamber; (c) the main chamber; and (d) the gas train
manifold. Specimens are introduced into the 3DAP via the load lock chamber, shown in
Figure 3.2.2. The load lock transfer arm has a capacity of three specimen holders. The
load lock chamber has its own turbo pump.2 When specimens are introduced and the
turbo pump is started, a vacuum of approximately 1 × 10-6 torr is achieved in less than
one hour.

If left overnight, the pressure in the load lock chamber is usually

approximately 5 × 10-8 torr or better. Our standard procedure is to wait overnight before

2

Varian Turbo-V70LP turbo pump; Varian S.p.A., Torino, Italy.
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moving newly introduced specimens from the load lock chamber into the preparation
chamber or vice versa.
The preparation chamber, Figure 3.2.3, houses a storage carousel, where
specimens are stored under ultra high vacuum (UHV) conditions. It also houses the
preparation chamber transfer arm, which is used to transfer specimens into the main
chamber for analysis. Up to eight specimens can be stored in the preparation chamber in
the specimen carousel.

Movement of specimens within the preparation chamber is

achieved with the aid of a wobble stick.3 The wobble stick is an all-metal, bellows-type
appendage with a small fork at its end. Specimens can be grasped with the fork, and can
be moved within the UHV preparation chamber between the specimen carousel, the load
lock chamber transfer arm and the preparation chamber transfer arm. The preparation
chamber also has its own turbo pump;4 a typical pressure within the preparation chamber
is approximately 1 × 10-9 torr.
The imaging gas for field-ion microscopy is introduced into the 3DAP via a gas
train manifold; see Figure 3.2.4. The high purity imaging gases (normally neon, helium
or argon) are stored behind the gas train manifold in glass bottles. The desired imaging
gas (or mixture of gases) is introduced into the main chamber with precision leak valves.5

3

WS Series Wobble Stick; Vacuum Generators, St. Leonards-on-Sea, UK.

4

Varian Turbo-V250 turbo pump; Varian S.p.A., Torino, Italy.

5

Variable leak valve, model no. 951-5100; Varian S.p.A., Torino, Italy.
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A wide range of partial pressures of imaging gas(es), from 10-10 torr to 10-4 torr, can be
precisely introduced.
The timing cycle of the 3DAP is briefly described now; further descriptions and
details of the individual components involved in the timing cycle can be found in the
remaining sections of this chapter. The field-evaporation of ions from the surface of a
specimen’s tip is initiated by the transmission of a high voltage pulse. The high voltage
pulse passes through the specimen (which is situated in the cryostat; see §3.2.2.4),
causing ions to field-evaporate, and emerges from the chamber. The pulse is attenuated
and discriminated, and is sent to the CAMAC crate (§3.2.1.2) as the “start” signal for the
TOF clock. Field-evaporated ions are accelerated away from a specimen’s tip, pass
through the reflectron lens (§3.2.2.2), and strike the primary detector (§3.2.2.3). The
impacts of ions on the primary detector result are picked off as “stop” signals for the TOF
clock. The elapsed time between the “start” and “stop” signals on the clock yield an
ion’s TOF, and, hence, its chemical identity (see §2.1 and Eqn. 2.1.3). The impacts of
ions on the primary detector also causes spots of light, with a short duration, to appear on
the back face of the detector. These spots of light are recorded by a camera and yield the
impact positions of the individual ions. By correlating the TOFs and impact positions of
individually field-evaporated ions on a two-dimensional, position-sensitive detector, the
3DAP is able to reconstruct a small volume of a material on an atom-by-atom basis.
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Further discussion of the manner in which the 3DAP correlates ion TOFs with impact
positions can be found in §3.2.3.
An approximate estimate of the overall efficiency of the 3DAP can be determined
by following an ion through the various stages of the timing cycle described above. After
being field-evaporated, an ion must pass through a copper metal mesh and into the
reflectron lens (see §3.2.2.2). To exit the reflectron lens, an ion must again pass through
the reflectron mesh.

Before striking the primary detector, the ion must again pass

through a different copper mesh (see §3.2.2.3). Both copper meshes have transparencies
of approximately 98%; 2% of the ions encountering a copper mesh strike it and are
stopped. The detection efficiency of the primary detector is approximately 88% (see
§3.2.2.3). Finally, the correlation algorithm of the 3DAP is able to position correctly
about 90% of ion impacts. Therefore, an estimate of efficiency of the 3DAP is:
(three meshes) × (detector efficiency) × (positioning efficiency) =
(0.98) × (0.98) × (0.98) × (0.88) × (0.90) =
75% of atoms in the specimen are positioned by the 3DAP during an analysis.
This estimate is an upper bound.

During an actual analysis, the primary detector

efficiency may be somewhat less than 88%, and the positioning efficiency may be less
than 90%. An approximate lower bound for the overall efficiency of the 3DAP is
approximately 65%. Hence, the 3DAP accurately positions from 65% to 75% of the
atoms in a specimen during an analysis.
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Separate sections that provide detailed descriptions of the components and
functions of the 3DAP electronics rack (§3.2.1), the 3DAP main chamber (with reflectron
lens, FIM detector and primary detector; §3.2.2), and the 3DAP secondary detector
(§3.2.3) follow this section. A user’s manual that describes in detail the procedures to
operate the 3DAP can be found as an appendix.
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Figure 3.2.1 – The three-dimensional atom-probe (3DAP).
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Figure 3.2.2 – The 3DAP load lock chamber.

Figure 3.2.3 – The 3DAP preparation chamber.
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Figure 3.2.4 – The 3DAP gas train manifold.
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3.2.1 The 3DAP Electronics Rack

The electronics rack (Figure 3.2.5) houses all the electronics and power supplies for the
system. At the bottom of the electronics rack is the CAMAC crate (Figure 3.2.6), which
serves as the electronic communication interface between the electronics rack and the
computer station (Figure 3.2.7).

The electronics rack and the CAMAC crate are

described separately.

3.2.1.1 Electronics Rack Components

The components of the 3DAP electronics rack (see Figure 3.2.5) are as follows:
•

The Power Strip. All of the components of the electronics rack, including the
CAMAC crate, along with all of the components of the computer station, get their ac
power from the outlets on the back of the power strip. The switch on the front of the
power strip is an emergency switch. It will turn off (or on) all the aforementioned
components.

It will not, however, turn off any of the pumps (turbo, ion, or

mechanical) on the vacuum system, since they receive their power through separately.
•

Ion Gauge Controllers.

Two Varian Multigauge controllers6 control three hot

filament ion gauges7 in the vacuum system, capable of measuring pressures from

6

Varian multigauge controller.
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approximately 10-2 to 10-11 torr. One ion gauge in located in the preparation chamber;
one is located in the main chamber; and one is located in the gas train manifold.
•

Cold Cathode Gauge Controllers. A Televac multiple-gauge controller8 controls
two cold cathode ionization7 gauges in the vacuum system, capable of measuring
pressures from approximately 10-2 to 10-11 torr. One cold cathode gauge is located in
the main chamber, and one is located in the load lock chamber. The latter is switched
on and off automatically by a convection gauge (see Figure 3.2.3),8 also controlled by
the Televac controller.

•

Bakeout and Relay Control. This custom piece of electronics controls the fin
heaters and the temperature of the bakeout box during bakeout (via an interface with a
thermocouple and a programmable temperature controller).

It also houses two

important relay circuits that relate to the operation of the 3DAP: (1) the lowgain/high-gain relay for the primary detector microchannel plate assembly power
supply (see §3.2.2.3); and (2) the rack shutdown relay. Both relays are set to trigger
at certain pressure levels in the main chamber (as monitored by the cold cathode
gauge in the main chamber). The former relay, set at 8 × 10-7 torr, allows for the
switch between low-gain (imaging, high pressure due to the presence of imaging gas)

7

Varian UHV-24 Ionization Gauge; Varian S.p.A., Torino, Italy.

8

Televac MM200 vacuum gauge controller, Model 7F cold cathode gauge sensors and modules (2), Model

4A convection gauge sensor and module (1); Televac Corporation, Huntingdon Valley, PA.
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and high-gain (analysis, UHV) operating voltages on the primary detector
microchannel plate assembly (see §3.2.2.3). The latter relay, set at 8 × 10-5 torr, shuts
down power to the tip and reflectron lens HV power supplies and to the detectors
(FIM detector, primary detector and secondary detector) in case of a vacuum leak or
pressure burst.
•

Microchannel Plate Detector Power Supplies. This custom piece of electronics
controls the total voltages applied to the FIM microchannel plate assembly (see
§3.2.2.1) and the primary detector microchannel plate assembly (see §3.2.2.3). The
total operating voltage for either detector assembly, as well as the bias voltage for the
primary detector microchannel plate assembly grid (see §3.2.2.3), can be adjusted
independently via potentiometers on the face panel (digital voltage meters display the
corresponding total voltages when the assemblies are powered up).

There are

separate potentiometers for the high-gain/low–gain settings on the primary detector.
A switch that overrides the high-gain/low-gain relay for the primary detector is also
located on the face panel.
•

Detector Power Supply Controller. This module9 in the electronics rack contains
the master switches to power up the FIM detector and the primary detector
microchannel plate assemblies, as well as switches to enable the gate on the

9

1U Control Module; Kindbrisk Limited, Eynsham, UK.
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secondary detector image intensifier (see §3.2.3), and to power up the secondary
detector anode array (see §3.2.3).
•

Tip HV Power supply. This custom power supply10 applies the dc high voltage to
the specimen tip via the tip HV feedthrough (see Figure 3.2.8) by way of the cryostat
(see §3.2.2.4). The dc high voltage applied to the tip, from 0 to 30 kVdc, can be
controlled manually via a knob on the face panel, or remotely (via the 3DAP software
by way of the CAMAC crate; see §3.2.1.2). Switching between the two modes is
achieved via a toggle switch on the face panel of the power supply.

•

Reflectron Lens HV Power Supply. This custom power supply10 applies the dc
high voltage to the reflectron lens (see §3.2.2.2) via the reflectron lens HV
feedthrough (see Figure 3.2.8). The dc high voltage applied to the reflectron lens,
from 0 to 30 kVdc, can be controlled manually via a knob on the face panel, or
remotely (via the 3DAP software by way of the CAMAC crate; see §3.2.1.2).
Switching between the two modes is achieved via a toggle switch on the face panel of
the power supply.

•

Cryostat Temperature Controller. The cryostat temperature controller11 controls
the temperature of the specimen in the cryostat (see §3.2.2.4). It interfaces with the

10

Custom high voltage power supply, Computer Power Supply (CPS), Portland, OR.

11

Temperature Controller Model ITC 502, Oxford Instruments, Oxford, UK..
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cold head12 (see Figures 3.2.8 and 3.2.11), with the thermocouple and heater within
the cryostat (see Figure 3.2.14 and §3.2.2.4) and with the helium compressor13
located behind the instrument. It is an extremely intelligent controller, relying on
sophisticated PID (proportional-integral-derivative) control algorithms to balance the
power delivered to the heater in the cryostat (see §3.2.2.4), the gas flow to the cold
head (see Figures 3.2.8 and 3.2.11) and the power delivered to the helium compressor
in maintaining a constant specimen temperature. The temperature can be set from
about 20 K to room temperature.
•

High Voltage Pulsing Unit.

The high voltage pulsing unit 14 delivers the high

voltage, high frequency pulse to the specimen via the pulse line connections (see
Figures 3.2.11 and 3.2.14) by way of the cryostat (see §3.2.2.4). The maximum pulse
voltage is 3 kV. The pulse frequency can be varied from 10 to 1500 Hz by means of
a knob on the face panel. Pulsing can be controlled manually or remotely (via the
3DAP software by way of the CAMAC crate; see §3.2.1.2). Switching between the
two modes is achieved via a button on the face panel of the pulsing unit.

12

Coolstar Coldhead; Edwards High Vacuum International, Crawley, UK.

13

Cryodrive 1.5 microprocessor controlled cryogenic compressor system; Edwards High Vacuum

International, Crawley, UK.
14

HVP30 High Voltage Pulse Generator; Kindbrisk Limited, Eynsham, UK.
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Figure 3.2.5 – The 3DAP electronics rack.
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3.2.1.2 The CAMAC Crate

The components of the 3DAP CAMAC crate15 (see Figure 3.2.6) are described below.
Further details can be found in the Kindbrisk ECoPoSAP Installation Manual [64].
•

Digital-to-Analog Converter. The digital-to-analog converter CAMAC module16 is
a single-slot module that allows for the computer to send digital levels to the
CAMAC crate that are converted to analog signals. Three channels of the digital-toanalog converter are used. They send analog signals, via individual, shielded BNC
cables, to the tip HV power supply, the reflectron lens HV power supply and the HV
pulsing unit. These three signals allow the computer to control the voltage levels of
tip HV power supply and the reflectron lens HV power supply and the pulse
amplitude of the HV pulsing unit, respectively.

•

Analog-to-Digital Converter. The analog-to-digital converter CAMAC module17 is
a single-slot module that allows for analog signals to be converted to digital levels
that are sent to the computer. Three channels of the analog-to-digital converter are
used by the computer. These three channels monitor (and convert) the analog signals
sent back from the tip HV power supply, the reflectron lens HV power supply and the

15

Model 1502 Powered CAMAC Crate; KineticSystems Corporation, Lockport, IL.

16

DAC 648VS-16 Multiple Output Digital to Analog Converter; Hytec Electronics Limited, Reading, UK.

17

Model ADC3216 32 Channel, 16 Bit Scanning ADC; Joerger Enterprises, Inc., Northport, NY.
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HV pulsing unit via individual, shielded BNC cables. The analog signals are sent by
these three units to “report” the current voltage levels of the tip HV power supply and
the reflectron lens HV power supply, and the pulse amplitude of the HV pulsing unit,
respectively. The computer engages in a “feedback loop” with the three units—it sets
the voltage levels via the digital-to-analog converter and monitors the voltage levels
via the analog-to-digital converter. Such a system ensures that the voltages are
always exactly where the computer “thinks” they are.
•

LeCroy 3377 TDCs.

The TDCs18 (time-to-digital converters) function as the

stopwatches of the 3DAP. These are electronic clocks with a time resolution equal to
one nanosecond. Each of the three TDCs has two banks of 16 timing channels, for a
total of 96 channels. Eighty of these channels (5 banks) are used by the anode array
(see §3.2.3). One more channel is used as the timing channel for the accurate timing
signals recorded by the primary detector (see §3.2.2.3). Fifteen TDC channels are
unused. Each TDC channel can record a maximum of eight times per timing cycle.
In the case of the 80 channels used by the anode array, both the rising and falling
edge of the timing signal are recorded. As a result, only fours hits on a single anode
can be recorded by the system per timing cycle. For the accurate timing signals
recorded by the primary detector, only the rising edge of the timing signal is recorded.
As a result, eight accurate ion TOFs can be recorded by the system per timing cycle.

18

Model 3377 32 Channel CAMAC TDC; LeCroy Corporation, Chestnut Ridge, NY.
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•

Kindbrisk Logic Module. The logic module19 is a custom single-slot CAMAC
module that controls the logical functions of the 3DAP. The header connections at
the top of the module communicate with the time-to-digital converters. The cable
connections at the bottom of the module deal with a number of activities of the
system. For example, the “STOP” cable receives the (discriminated) primary detector
timing signals from the primary detector preamplifier. The signals are processed by
the Kindbrisk logic module before being sent to the TDC timers.

•

LeCroy 4608c Discriminator. The discriminator20 is a standard piece of electronics
equipment that converts raw, rough pulse signals to clean, well-shaped pulses. It is a
double-slot CAMAC module. Two (of eight) channels on the discriminator are used.
One channel takes the rough timing signals from the primary detector preamplifier
and discriminates them prior to sending them along to the TDCs (via the Kindbrisk
logic module), where they are recorded as ion TOFs. The other utilized channel
discriminates the attenuated pulse signal as it is received after passing in and out of
the cryostat (see §3.2.2.4). The discriminated (attenuated) pulse signal is sent to the
TDCs, via the Kindbrisk logic module,21 where it serves as the common “start” signal

19

OPoSAP II CAMAC Module; Kindbrisk Limited, Eynsham, UK (manufactured by Hytec Electronics

Limited, Reading, UK).
20

Model 4608c 8-Channel NIM Discriminator; LeCroy Corporation, Chestnut Ridge, NY.

21

When the discriminated pulse reaches the Kindbrisk logic module, it is sent through a delay cable before

being passed on to the TDCs as the common “start” signal. The incorporation of a delay ensures that none
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for the current timing cycle. The discriminator is an “unintelligent” module insofar as
it does not communicate with the computer station via the CAMAC bus; it simply
receives its power from the highly-regulated voltage supply in the crate.
•

Kindbrisk Power Supply Module. The power supply module22 is a custom doubleslot CAMAC module that supplies various components of the 3DAP with electrical
power. Power from the highly regulated voltage supplies in the CAMAC crate is
distributed to various components of the 3DAP. The power supply module itself is an
“unintelligent” module insofar as it does not communicate with the computer station
via the CAMAC bus; it simply receives its own power from the highly regulated
voltage supply in the crate.

•

CAMAC Crate Controller. The crate controller23 is a double-slot module that
serves as the communications interface between the CAMAC crate and the computer
station. Commands can be sent via the crate controller from the computer to the
modules in the CAMAC crate and vice versa.

of the “ringing” in the system due to the passage of the high-voltage pulse interferes with the beginning of
the timing cycle.
22

CAMAC Power Module; Kindbrisk Limited, Eynsham, UK.

23

Model 3922 Parallel Bus Crate Controller; KineticSystems Corporation, Lockport, IL.
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Figure 3.2.6 – The 3DAP CAMAC electronics crate. Numbers refer to slot positions
within the crate (note that some modules take up two slot positions within the crate).

Figure 3.2.7 – The 3DAP computer station. The computer analysis software controls the
3DAP via communication with the CAMAC crate. A Macintosh computer with a G4
processor is used to run the analysis software.
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3.2.2 The 3DAP Main Chamber (with Reflectron Lens, FIM Detector, Primary
Detector and Cryostat)

The main chamber, Figure 3.2.8, is where specimens are analyzed; it encompasses the
cryostat (§3.2.2.4), where specimens are situated during an analysis. The connections
and feedthroughs for the cryostat are located on top of the main chamber; see Figure
3.2.11. The main chamber also encompasses the FIM detector (§3.2.2.1, Figure 3.2.10),
the primary detector (§3.2.2.3, Figure 3.2.13) and the reflectron lens (§3.2.2.2, Figure
3.2.12). A schematic that shows the spatial relationship of these components is shown in
Figure 3.2.9. The main chamber has its own turbo pump,24 and its own ion pump.25 A
typical pressure in the main chamber is 1 × 10-10 torr (with the cryostat at approximately
100 K).

24

Varian Turbo-V250 turbo pump; Varian S.p.A., Torino, Italy.

25

Varian StarCell VacIon ion pump (model 919-0105 S020); Varian S.p.A., Torino, Italy.
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Figure 3.2.8 – The 3DAP main chamber.
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Figure 3.2.9 – Schematic of the 3DAP main chamber (as viewed from the top) showing
the spatial relationship between the cryostat, the FIM detector, the primary detector and
the reflectron lens (after [61]).
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3.2.2.1 FIM Detector

The FIM (field-ion microscopy) detector26 is a single microchannel plate, 80 mm
diameter, circular detector (with P22G phosphor screen) mounted in a standard 6” UHV
flange. A schematic of the detector is shown in Figure 3.2.10. The impact of ions on the
grounded face of the microchannel plate causes an electron cascade within the
microchannel plate.

The electron cascade emerges from the back face of the

microchannel plate and strikes a phosphor screen, where it appears as a spot of light. The
face of the microchannel plate is grounded, and the back face and phosphor screen are
held at successively higher voltages in order to draw and accelerate the electron cascade
through the detector assembly. During FIM analysis, there is a constant stream of ionized
imaging gas atoms striking the grounded face of the FIM microchannel plate, and a
constant pattern of electron cascades and spots of light within the detector assembly. The
result is an FIM image; see Figure 3.2.16.
The image on the FIM detector phosphor screen is monitored with a CCD camera
(see Figure 3.2.8) attached to a video monitor next to the computer (see Figure 3.2.7).
FIM images and/or movies can be captured by the computer using a frame grabber.27

26

The 3DAP FIM detector assembly was designed by and purchased from Kindbrisk Limited, Eynsham,

UK.
27

LG-3 Scientific Frame Grabber (PCI Version); Scion Corporation, Frederick, MD.
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The operating voltages on the FIM detector are approximately distributed as follows:
FIM Out: 1200, Phosphor: 3500 V.
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Figure 3.2.10 – Schematic of the 3DAP field-ion microscopy (FIM) detector. See the
text for typical values of the operating voltages.

Figure 3.2.11 – The 3DAP cryostat external feedthroughs and connections (as viewed
from above the main chamber).
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3.2.2.2 Reflectron Lens

In atom-probe microscopy, the acceleration of ions though a time-varying field leads to
an uncertainty in the kinetic energies of the ions. This uncertainty in ion energies leads to
a spread in the measured ion TOFs and, ultimately, a spread in the calculated m / n state
ratios of the ions. Stated succinctly, it leads to a degradation of the mass resolution of the
instrument. To improve the situation, energy compensation in the form of an energy lens
must be introduced.
The energy compensation scheme incorporated in the 3DAP is a reflectron lens.28
(specifically, a single-stage reflectron lens with first-order energy compensation) The
lens consists of a series of seven electrode rings connected by a high-voltage resistor
chain; see Figure 3.2.12. The resistor chain evenly spreads the total high voltage applied
to the reflectron lens assembly between the electrode rings. This results in a linearly
increasing electric field (in one dimension) within the reflectron lens assembly. The total
high voltage applied to the reflectron lens assembly is maintained at a level higher than
the total potential of the field-evaporated ions. As a result, ions field-evaporated from the
specimen tip enter the reflectron lens assembly, follow a parabolic path as they are turned
around by this electrostatic mirror, and emerge from the reflectron lens with the same
speed with which they entered (see Figure 3.2.9). A grounded, high-transparency mesh is

28

The 3DAP reflectron lens was designed by and purchased from Kindbrisk Limited, Eynsham, UK.
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incorporated at the front plane of the reflectron lens assembly in order to prevent
improper termination of the electric field within the reflectron lens assembly. Without
such a grounded mesh, the electric field within the reflectron lens assembly “spills”
outside of the assembly and acts as a diverging lens, affecting both the imaging and the
mass resolution of the instrument [65].
The physics of ion trajectories within a reflectron lens are treated elsewhere [66,
67]. The principle of the reflectron lens is that ions with small energy deficits spend less
time in the reflectron lens assembly than ions with small energy surpluses. The result is a
“time-focusing” of the ions—identical ions experience the same TOF through the
instrument, regardless of small uncertainties in their kinetic energies.
The total TOF, t , of a ion with an energy variation (uncertainty) δ is given by
[53]:
t=

ds
cosα


m  1
d V
+ 4 r t 1+ δ cos2 α 

2ne Vt  1 + δ
ds Vr


(3.2.1)

where ds is the total distance (parallel to the reflectron axis) that the ion travels in the
field-free region (that is, between specimen and reflectron lens, and between reflectron
lens and detector; see Figure 3.2.9), α is the entry angle of the ion into the reflectron lens
(relative to the reflectron axis), m is the mass of the ion, n e is the charge of the ion, Vt is
to total potential of the evaporated ion,29 dr is the total depth of the reflectron lens
29

In terms of previous notation (see Eqn. 2.1.3), Vt = Vdc + β Vpulse .
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assembly (parallel to the reflectron axis) and Vr is the total reflectron lens voltage (the
voltage on the back reflectron plate; see Figure 3.2.12). The first term in the parentheses
of Eqn. 3.2.1 represents the time the ion spends in the field-free region; the second term
in parenthesis represents the time the ion spends in the reflectron lens assembly.
Equation (3.2.1) can be expanded to yield [53]:
t≈

ds
cosα

m
2n eVt




1 + 4 dr Vt cos 2 α − δ 1 − 4 dr Vt cos2 α  .


ds Vr
2 
ds Vr


(3.2.2)

The optimum condition is given by:
Vr = 4Vt

dr
cos 2 α .
ds

(3.2.3)

Under this setting for the total reflectron lens voltage, Vr , the measured TOF is
independent of small variations (δ ) in the ion energy.
Strictly speaking, the reflectron lens can only be optimized for one value of α :
the ion entry angle. The effect, however, of ion entry angle on the energy compensating
performance of the reflectron lens (within the range of ion entry angles typical in the
3DAP) is minor [61]. In the 3DAP, the relationship between the total reflectron lens
voltage and the total ion voltage is given by:
Vr = 1.05 Vt = 1.05 (Vdc + β Vpulse ).

(3.2.4)

The value of 1.05 (called the “lens ratio”) has been found to result in the best massresolution of the instrument [53, 61]. However, the mass resolution of the instrument is
only weakly dependent on the magnitude of the lens ratio for values between
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approximately 0.975 and 1.20. During an analysis, the total voltage on the reflectron lens
is adjusted as the total dc voltage on the tip is adjusted such that the relationship in Eqn.
3.2.4 is maintained.
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Figure 3.2.12 – Schematic of a single stage 3DAP reflectron lens. Ions follow a
parabolic trajectory while travelling through the linearly increasing electric field of the
reflectron. The electric field is established by a series of metal electrode rings, connected
in series along a high-voltage resistor chain. There are seven electrode rings in the
reflectron lens assembly.
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3.2.2.3 Primary Detector

After passing through the reflectron lens, field-evaporated ions strike the primary
detector.30 It is the primary detector that produces the accurate timing and positioning
signals of the field-evaporated ions. The primary detector assembly consists of two
double-thickness 100-mm-square microchannel plates in a chevron configuration. The
active area of the microchannel plates is 90 mm square. The entire primary detector
assembly is mounted in a standard 8" UHV flange. A schematic of the primary detector
assembly is shown in Figure 3.2.13.
As with the FIM detector (§3.2.2.1), the impact of ions on the grounded face of
the microchannel plate results in an electron cascade within the detector assembly. The
double chevron stack of microchannel plates in the primary detector provides a much
higher gain (and sensitivity) than the single microchannel plate assembly in the FIM
detector. After the electron cascade emerges from the back face of the chevron stack, it
strikes a phosphor screen, where it appears as a spot of light. During a 3DAP analysis,
there is not a steady stream of ionized imaging gas atoms to form an FIM image on the
primary detector assembly; discrete field-evaporated ions strike the primary detector and

30

The 3DAP primary detector assembly was designed by and purchased from Kindbrisk Limited,

Eynsham, UK.
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appear as single, momentary spots of light on the phosphor screen.31 Prior to a 3DAP
analysis, however, when there is still imaging gas in the analysis chamber, a magnified
version of the specimen FIM image is present on the primary detector (see Figure 3.2.16).
The magnified FIM image is compared to the full FIM image in order to position the
specimen such that the area of interest is analyzed.
When an electron cascade strikes the phosphor screen, the resulting dip in voltage
on the screen is picked off by a capacitor (see Figure 3.2.13), pre-amplified (see Figure
3.2.8), discriminated (see §3.2.1.2) and sent to the TDCs (see §3.2.1.2) as the accurate
signal for an ion’s TOF. Up to eight TOFs from individual ion impacts on the primary
detector assembly can be recorded per timing cycle. In high-gain mode, the operating
voltages on the primary detector are approximately distributed as follows: Grid: -200 V;
Ground: 0 V, MCP Center: 1200 V, MCP Out: 2400 V, Phosphor: 4800 V. In low-gain
modes, the voltages are reduced by 30% (the Grid remains at –200 V).
The primary detector assembly incorporates a negatively biased grid in front of
the grounded face of the microchannel plates (see Figure 3.2.13) [68, 69]. Ions that
impinge on the grounded face of the microchannel plates may not actually enter one of
the channels. Instead, they may strike the channel walls and the resulting liberated
electrons may drift into the chamber and not be drawn into the channels (where they

31

Unless the primary detector is used in an imaging mode – at low total bias voltage (low-gain; see

§3.2.1.1) and with an imaging gas present (see the end of the previous section, and Figure 3.2.16).
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would initiate an electron cascade). The negatively biased grid redirects these "backscattered" electrons toward the grounded face of the microchannel plates, increasing
significantly the overall detection efficiency of the detector assembly. The grid has very
little effect on the trajectories of incoming (high-energy) field-evaporated ions. Increases
in efficiency from approximately 50% to as high as 90% have been attributed to the
incorporation of a negatively biased grid in microchannel plate detector assemblies [68,
69]. The 3DAP primary detector operates at an efficiency of between 85% and 90%
(depending on experimental conditions).
When an electron cascade strikes the phosphor screen, it not only creates a dip in
the voltage on the screen (which leads to the accurate timing signal, as described above);
it also creates a spot of light. The secondary detector assembly records the position of
this spot (see §3.2.3), which provides the accurate positioning information for the fieldevaporated ion.
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Figure 3.2.13 – Schematic of the 3DAP primary detector assembly. The primary
detector utilizes a high-gain dual microchannel plate (in a Chevron stack arrangement)
and a negatively biased grid to increase the detection efficiency of the assembly. See the
text for typical values of the operating voltages.
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3.2.2.4 The Cryostat

The cryostat is where specimens are situated during an analysis.32 It is located within the
main chamber (see Figure 3.2.8). It encompasses all of the feedthroughs for specimen
manipulation and for the application of high voltages to the specimen (most connections
are made through the flange at the top of the main chamber; see Figure 3.2.11). It also
encompasses the cold head, enabling specimens to be maintained at cryogenic
temperatures for atom-probe analyses (specimen temperatures as low as 20 K can be
readily achieved). A schematic of the cryostat is shown in Figure 3.2.14. Figure 3.2.14b
shows photographs of the cryostat (with the radiation shields removed), with highlights
of the important components.
The primary feedthroughs in the cryostat are:
•

The tip HV feedthrough. High voltage is applied to the specimen via the tip HV
feedthrough (see Figure 3.2.8), which makes contact with a small flap at the base of
the cryostat (see Figure 3.2.14b). The potential is place on the specimen block
through a coiled wire at the base of the cryostat.

•

The pulse feedthroughs. The HV pulse is carried to the counterelectrode (see Figures
3.2.14 and 3.2.14b) via specially coated, UHV-compatible coaxial cables [70]. Upon
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The 3DAP FIM cryostat was designed by and purchased from Kindbrisk Limited, Eynsham, UK.
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emerging from the cryostat, the HV pulse is attenuated (see Figure 3.2.11) before
being sent along to the timing electronics.
•

Specimen manipulation. There are feedthroughs for both rotation and tilt of the
specimen. The movements of the cryostat are such that the tip of a properly prepared
and aligned specimen will remain stationary at the cryostat’s centric point during
manipulation.

•

Specimen cooling. Cooling is provided by a closed-cycle helium refrigerator [2].
Connections from the refrigerator cold head to the specimen block and the cryostat
radiation are made via copper braids. In order to isolate these braids from the areas of
high potential in the cryostat, single crystal alumina (sapphire) pieces are employed
(see Figure 3.2.14). Single crystal alumina is an excellent heat conductor, while
remaining an electrical insulator. The temperature of the specimen is monitored and
regulated by a thermocouple and a heater assembly, respectively (see Figure 3.2.14).
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Figure 3.2.14 – Schematic of the 3DAP cryostat.
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Figure 3.2.14b – Photographs of the 3DAP cryostat.
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3.2.3 The 3DAP Secondary Detector

The secondary detector assembly33 encompasses two important components (see Figure
3.2.15). The first is an image-intensified CCD camera. This camera, along with a frame
grabber, records the positions of light spots resulting from ion impacts on the primary
detector assembly (see §3.2.2.3). The second important component of the secondary
detector is the anode array (also incorporating an image intensifier). The anode array
consists of an 8 × 10 rectangular array of independent anode sensors, each linked to an
individual channel of the TDCs (see §3.2.1.2). Due to the incorporation of a partially
silvered mirror positioned at 45° in the secondary detector box (see Figure 3.2.15), both
the CCD camera and the anode array are able to "see" the primary detector
simultaneously.
When an ion strikes the primary detector, it creates a spot of light and a dip in
voltage in the primary detector phosphor screen. The dip in voltage is picked off and
recorded as the accurate timing signal for the ion, as described in §3.2.2.3. The (imageintensified) CCD camera in the secondary detector assembly records the location of the
spot of light. This provides the accurate positioning information for the ion. During an
analysis, the CCD camera is gated so that only spots appearing for 8 µs after the

33

The 3DAP secondary detector assembly was designed by and purchased from Kindbrisk Limited,

Eynsham, UK.
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evaporation pulse are recorded. This significantly reduces the number of random noise
spots recorded by the camera. For instance, if pulsing occurs at a rate of 1,000 Hz (one
pulse every 1,000 µs), then over 99% of random noise spots are not recorded by the
primary detector CCD camera (8 µs/1,000 µs = 0.8% of random noise spots recorded).
Simple events are those that consist of one TOF (recorded as a dip in the voltage
on the primary detector phosphor screen) and one light spot position (as recorded by the
CCD camera in the secondary detector assembly). For such events, the correlation of ion
position and TOF is straightforward—the single TOF goes with the single spot position.
For multiple ion events, consisting of more than one TOF and/or spot position, the
correlation of TOF with spot position is not straightforward. For such events, the anode
array provides the information necessary for data correlation. The anode array records
the rough impact positions of ions (as signals on one or more of the 80 anode array
sensors). Moreover, since each array channel is linked to an individual TDC channel, the
times of these approximate signals are also recorded. By comparing the approximate
positioning and timing information recorded by the anode array with the accurate
position and timing information recorded as spot positions and times by the primary
detector, the anode array allows for the 3DAP to position multiple-ion events. The
parallel detection capability of the 3DAP—the ability to detect and correlate multiple-ion
events—represents one of the most important improvements in 3DAP design [62].
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Figure 3.2.15 – Schematic of the 3DAP secondary detector assembly. Spots of light on
the primary detector phosphor screen (see Figure 3.2.13) are recorded by both the anode
array and the primary detector CCD camera.
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Figure 3.2.16 – Schematic showing an FIM image (as viewed by the CCD camera
mounted to the FIM detector; see Figure 3.2.8) and the corresponding primary detector
image (as viewed by the primary detector CCD camera; see Figure 3.2.15) after specimen
alignment. The area analyzed by the primary detector during a 3DAP analysis is a
magnified region of the area observed in the FIM image. The images are of a tungsten
specimen at 8.5 kV imaged with helium gas (partial pressure = 10-3 Pa) at 70K. The
center pole in the FIM image is the (110) pole. Compare the FIM image with Figure
2.1.1.

CHAPTER 4 – DATA ANALYSIS

4.1 Analysis of Mass Spectra—Calibration

A new method for the calibration of three-dimensional atom-probe (3DAP) microscopy
mass spectra has been developed. The method is based on a linear regression procedure
that takes full advantage of the large number of data points collected during a typical
3DAP analysis. The data analysis procedures involved in the method are direct, relying
only on simple scripting routines written in a spreadsheet program. When performed
properly, the calibration ensures that all of the peaks in a mass spectrum lie at their
expected positions, making subsequent peak identification and mass window
determination procedures relatively unambiguous. One of the distinct advantages of the
method is that mass windows determined for one 3DAP spectrum can be applied directly
to subsequent spectra from similar specimens, eliminating the need to reexamine the
individual peaks in each spectrum. The example of the calibration of a tungsten 3DAP
mass spectrum is presented. With minor modifications, the method can be applied to the
calibration of spectra from other techniques that utilize TOF mass spectrometry.
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4.1.1 Introduction and Principle

A modern three-dimensional atom-probe (3DAP) [51, 53, 54] run can record on the order
of one million (or more) ion TOFs (TOFs) in a single run. When analyzed in the
appropriate manner, this large amount of data allows for an extremely accurate
calibration of a 3DAP mass spectrum. Such an accurate calibration is useful insofar as
the mass windows determined for a particular 3DAP spectrum can be applied directly to
other 3DAP spectra without the need to reexamine individual peaks.
The method described in this section builds on previous methods developed for
the calibration of one-dimensional atom-probe (1DAP) mass spectra [71-73].

The

advantage of the method described herein is that it takes full advantage of the large
number of data points that a 3DAP run collects, allowing for an extremely accurate and
rapid calibration.
The equation for mass-to-charge state ratio, (m / n) —as a function of the
measured TOF, t , in a 3DAP—is given by [2]:
 t + to  2
m
= kα (Vdc + β Vpulse )

 d 
n

(4.1.1)

where k is a constant related to the elementary electronic charge ( e ) on an electron (k =
2e (a.m.u.) = 1.92972 × 10-4 (a.m.u. mm2 V-1 ns-2)), Vdc is the steady-state dc voltage on
a tip, Vpulse is the evaporation pulse voltage, t 0 is the time offset due to propagation delays
in the electronics and d is the ion flight path distance. Equation 4.1.1 is derived by
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[

]

equating the potential energy of a field-evaporating ion neα (Vdc + β Vpulse ) to its kinetic
energy

[(1 2)m (d (t + t ) )], under the assumption that the ion reaches its terminal
2

0

velocity in a few tip radii (≈ 150 nm). The quantities α and β are system-specific
parameters: β accounts for the fact that the pulse energy is not completely transferred to
the evaporating ion and α accounts for modification of the pulse amplitude due to
reflections and impedance mismatches along the pulse transmission line.

For the

remainder of this section, α and β are treated as constants with values of 1.015 and 0.7,
respectively. Note well that their values are not independent of one another. The value
of β is less than one, accounting for the fact that the ions field-evaporate, on average, not
at the peak of the evaporation pulse, but during the ascending and descending edges of
the incoming evaporation pulse. As a result, the ions acquire only a fraction (that is, ~
0.7) of the total pulse energy. The value of α is slightly greater than one, accounting for
the fact that the evaporation pulse is slightly amplified due to reflections and impedance
mismatches along the pulse transmission line. However, since the values of α and β are
not independent, the two effects that they account for cannot, strictly speaking, be
uncoupled entirely. Equation 4.1.1 can be rearranged to yield:


mn

 −t .
t = d
 o
 kα (Vdc + β Vpulse )

(4.1.2)
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Equation 4.1.2 yields an ion's TOF, t, as a function of (Vdc + β Vpulse ), the total voltage
applied to a field-evaporating ion. It is seen directly from Eqn. 4.1.2 that a plot of t
versus the quantity in parentheses yields a straight line with slope d and intercept t 0 .
The accurate determination of d and t 0 results in an accurate calibration of 3DAP mass
spectra.

4.1.2 Calibration of a Spectrum

An example of the calibration of a 3DAP tungsten mass spectrum is presented in this
section. Tungsten has five stable isotopes, occurring with the abundancies presented in
the penultimate column of Table 4.1 [74].

During a 3DAP analysis of a tungsten

specimen, tungsten ions are field-evaporated in both the +3 and the +4 charge state, with
the majority of the ions evaporating in the +3 charge state.
The run used for this example recorded 212,088 total TOFs. The tip's steady-state
dc voltage ranged from approximately 12 to 15.5 kV during the run. The tip temperature
was maintained at 70 K, and a pulse fraction of 15% (at 1500 Hz) was employed. The
first step in a calibration involves the construction of an approximate spectrum using
approximate calibration parameter values for d and t 0 (see Eqn. 4.1.1). An example of
such a spectrum is exhibited in Figure 4.1.1. This spectrum was constructed using
reasonable initial estimates of 280 ns for t 0 and 615 mm for d . Three major sets of
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peaks are observed in the spectrum: W4+ ions; W3+ ions; and small, residual gas ion peaks
due to both H+ and He+. Residual helium is present due to its use as an imaging gas for
tungsten during 3DAP analysis. Hydrogen is present as the predominant background gas
in the 3DAP chamber (which, during an analysis, is approximately 10-10 torr = 1.3 × 10-8
Pa); hydrogen is the main residual gas impurity in a stainless steel ultrahigh vacuum
system. The ordinate of Figure 4.1.1 has been truncated to highlight these residual gas
ion peaks.
The next step in the calibration procedure is to locate individual peaks within this
approximate spectrum whose actual masses are well known.

To ensure that the

calibration is accurate for all masses, peaks must be selected across the width of the mass
spectrum. For the purposes of this example, three peaks are selected—the He+ peak
(expected m / n state ratio of 4 a.m.u.), the 186W4+ peak (expected m / n state ratio of 46.5
a.m.u.) and the 186W3+ peak (expected m / n state ratio of 62 a.m.u.). Highlights of these
peaks from the initial approximate spectrum presented in Figure 4.1.1 are displayed in
Figure 4.1.2. The measured mass windows for these three peaks are given in the figure
caption. These mass windows are chosen to encompass the majority of ions associated
with each peak, without encompassing ions due to random noise on either side of the
peaks.

Since the peaks in Figure 4.1.2 are highlights from an initial approximate

spectrum, the measured windows do not correspond exactly to their anticipated m / n
state ratio locations.
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With the measured windows of these calibration peaks determined, the next step
is to scan through the 3DAP data file and isolate all of the data points whose initial
approximate masses (calculated with the initial values of t 0 and d ) fall into these
measured windows. If an initial approximate mass falls into a calibration peak window,
then the values for Vdc , Vpulse and t are extracted for this approximate mass. These
values, along with the actual mass value for that initial approximate mass (that is, in the
case of these windows, either 4, 46.5, or 62 a.m.u.) are then used to calculate the value of
the quantity in parentheses in Eqn. 4.1.2.
For example, one of the data points collected during the run had a steady-state dc
voltage of 11,733 Vdc; a pulse voltage of 1,759 Vdc; and a measured TOF of 2,771 ns.
Using the initial approximate calibration parameters of d = 615 mm and t 0 = 280 ns,
these values yield an approximate m / n state ratio (see Eqn. 4.1.1) of 62.4943 a.m.u.
This ratio falls into the calibration peak approximate window corresponding to the 186W3+
peak expected, at a m / n state ratio of 62 a.m.u. (see Figure 4.1.2c). Hence, the actual

(m / n) value of 62 a.m.u., along with the measured values of Vdc and Vpulse (11,733 Vdc
and 1,759 Vdc, respectively), are used to calculate the value of the ratio in parentheses in
Eqn. 4.1.2; in this case, the value is 4.94132 ns mm-1. This calculated value, along with
the measured TOF (that is, 2,771 ns), constitutes one data point to be used in the bestfitting procedure described in the paragraph following Eqn. 4.1.2.
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All of the data manipulation heretofore described is achieved easily with simple
script routines written in a spreadsheet program. Of the original 212,088 TOFs in the
data file, 56,581 fall into one of the three calibration peak windows displayed in Figure
4.1.2: 99 TOFs fall into the He+ peak window; 3,241 TOFs fall into the
window; and 53,241 TOFs fall into the

186

186

W4+ peak

W3+ peak window. For each of these 56,581

individual data points, the ratio in parentheses in Eqn. 4.1.2 is calculated, and this ratio is
then plotted against the isolated TOFs. This plot is exhibited in Figure 4.1.3 together
with a best-fit line.

The slope and intercept of the best-fit line yield directly the

calibration parameters: d = 618.2537 mm and t 0 = 284.3513 ns (see Eqn. 4.1.2).
Once the calibration parameters are determined, the m / n ratios can be
recalculated using Eqn. 4.1.1 and new spectra can be constructed. Highlights of the W3+
and W4+ sections of the calibrated spectrum are exhibited in Figure 4.1.4. All of the
peaks are exactly centered at their expected locations (compare to Table 4.1). The
location of the

186

W4+ peak in Figure 4.1.4a can be compared to its corresponding

uncalibrated position in Figure 4.1.2b, and the location of the

186

W3+ peak in Figure

4.1.4b can be compared to its corresponding uncalibrated position in Figure 4.1.2c. The
mass resolution, (m ∆ m), as calculated from the

186

W3+ peak (the rightmost peak in

Figure 4.1.4a), is approximately 500 at full-width at half-maximum (FWHM) and
approximately 250 at full-width at tenth-maximum (FWTM). The measured abundancies
of the four major isotopes, as calculated from the W3+ peaks in Figure 4.1.4a, are
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included in Table 4.1; the agreement between the experimental and the expected
abundancies is very good.

4.1.3 Discussion

This calibration procedure is extremely robust. Much of its robustness can be attributed
to the fact that the linear regression procedure used to determine the best-fit line for
calibration (see Figure 4.1.3) relies on many thousands of data points. In the case of
Figure 4.1.3, 56,581 points were utilized for the best-fit procedure. Because of this
robustness, the initial approximate spectrum windows used to identify the calibration
peaks (see Figure 4.1.2) need only be approximate to ensure an accurate calibration.
Further evidence for the accuracy and robustness of the method is demonstrated
using Figure 4.1.5. In this figure, all calibrated masses between 61.7 and 62.3 are plotted
against their total voltage values, (Vdc + β Vpulse ), in Vdc. The result is a projection of the
186

W3+ peak as the total voltage increases during the run. The texture observed in the

scatter of the data is related to the fact that, during an analysis, the total voltage is
increased and decreased only by discrete amounts (for example, 15 Vdc increments and
25 Vdc decrements in Vdc ). The m / n state ratio values are indeed centered around the
expected value of 62, but a best-fit line reveals a slight upwards drift to the data as a
function of total voltage,

(V

dc

+ β Vpulse ).

Possible explanations for this drift are
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systematic changes in the values of either β or α (see Eqn. 4.1.1) as functions of total
voltage (note that β and α are treated as constants with values of 0.7 and 1.015,
respectively). The slope, however, of the best-fit line in Figure 4.1.5 is 3.38 × 10-6
(1/Vdc). For an ideal 3DAP run spanning 10,000 total volts, this slope yields a drift in
the m / n state ratio of 0.038—a negligible amount relative to the mass resolution of the
instrument (that is, (m ∆ m) = 62/0.038 ≈ 1,600 >> 500, the FWHM value for mass
resolution reported in the previous section). Though the values of β and α may be
slightly voltage dependent, the effects of such voltage dependencies are insignificant. It
should be noted that the values of β and α are not usually independent. For most 3DAP
runs, the value of Vpulse is held at a constant fraction, f , of the value of Vdc . Substitution
of the relationship Vpulse = f Vdc into Eqn. 4.1.2 yields:



d

 m n  −t .
t =

 o
 k α (1 + β f )   Vdc 

(4.1.3)

The true independent quantities are the compound quantity in parentheses and t 0 .
For the calibration method to work best, calibration peaks must be identified
across the entire approximate spectrum. For the example presented in this section (see
Figs. 1 and 2), the He+ peak was chosen at the far left of the initial approximate spectrum,
the
186

186

W3+ peak was selected at the far right of the initial approximate spectrum and the

W4+ peak was selected in the middle of the initial approximate spectrum. Choosing

peaks in this manner ensures that the calibration is accurate across the entire width of the
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spectrum; note the excellent fit through all three clusters of data points in Figure 4.1.3.
The more peaks that are identified and used during the calibration procedure, the more
accurate is the resulting calibration.
It is correct that this method requires that the identities of the calibration peaks—
their expected m / n state ratio values—be known a priori. Though this is a limitation, it
is not usually a problem.

Unless the chemical composition of the specimen being

analyzed is completely unknown, the main peaks from the predominant isotopes, along
with ubiquitous residual gas ion peaks, can almost always be identified. For particularly
difficult spectra, an initial approximate calibration can be performed using known peaks,
further calibration peaks can be identified in the initial approximately calibrated spectrum
and a final calibration can be subsequently performed.
One of the greatest benefits of an accurate calibration for 3DAP mass spectra is
derived during the determination of the mass windows from the calibrated spectrum.
When a specimen from a particular system is first analyzed, the mass windows from the
calibrated spectrum are determined.

For the example presented in this section, the

specimen system is tungsten. Within this system, mass windows must be determined for
the W3+ peaks, the W4+ peaks and the residual gas ion peaks (see Figure 4.1.1). These
windows are then used in the development of a 3DAP atomic reconstruction [51, 53, 54].
If further samples from the same system are analyzed, then the same mass windows can
be generally applied to the resulting calibrated mass spectrum.

That is, the mass
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windows determined for the calibrated tungsten spectrum presented in this section can be
directly applied to calibrated spectra from any tungsten specimen. All that is required is a
cursory check of a subsequent spectrum to identify and determine windows for any
previously unobserved peaks.

For specimens from the same system, the peaks are

usually the same from specimen-to-specimen. As a result, individual mass windows need
not be redetermined for every specimen examined; mass window templates can be
developed and modified as required. This constitutes a significant timesaving in terms of
current 3DAP data analysis (since the mass windowing procedure is generally still done
by hand). Templates of this sort have been developed for the analysis of complex spectra
recorded from 3DAP investigations of ceramic/metal systems (see Chapter 6).
The calibration concepts constituting the method described in this section are by
no means exclusive to 3DAP analyses. With minor modifications, the method can be
applied to the calibration of spectra from other techniques that utilize TOF mass
spectrometry. For example, the methods have been recently modified and applied to the
calibration of mass spectra from pulsed-laser atom-probe (PLAP) analyses [67].
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Table 4.1 – Tungsten isotopic abundancies [74]. The measured isotopic abundancies of
the four major isotopes (last column) are calculated from the calibrated W3+ peaks
(Figure 4.1.4a).
Isotope

180

W
W
183
W
184
W
186
W
182

Mass
(a.m.u.)

180
182
183
184
186

(m / n)

(m / n)

n=3
(a.m.u.)

n=4
(a.m.u.)

60
60.67
61
61.33
62

45
45.5
45.75
46
46.5

Actual
isotopic
abundance
(%)
0.14
26.4
14.4
30.6
28.4

Measured
isotopic
abundance
(%)
26.12 ± 0.10
13.90 ± 0.08
30.82 ± 0.11
29.16 ± 0.11

Figure 4.1.1 – An initial approximate spectrum constructed using d = 615 mm and t 0 =
280 ns. Three major sets of peaks are observed: W3+ peaks, W4+ peaks, and two small
residual gas ion peaks (H+ and He+). The ordinate of the spectrum has been truncated to
highlight these residual gas ion peaks.
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Figure 4.1.2 – Individual peak highlights from the initial approximate spectrum in Figure
4.1.1 (note that different histogram bin widths have been used, resulting in a re-scaling of
the ordinate relative to Figure 4.1.1). Figure 4.1.2a exhibits the He+ peak, whose
expected location is at a m / n state ratio of 4 a.m.u.; the measured window is from 3.90
to 4.05 a.m.u. Figure 4.1.2b displays the 186W4+ peak, whose expected location is at a
m / n state ratio of 46.5 a.m.u.; the measured window is from 46.65 to 47.00 a.m.u.
Figure 4.1.2c shows the 186W3+ peak, whose expected location is at a m / n state ratio of
62 a.m.u.; the measured window is from 62.3 to 62.7 a.m.u.
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Figure 4.1.3 – Best-fit analysis to determine the calibration parameters. The clusters of
data points correspond to the He+, 186W4+ and 186W3+ calibration peaks, made up of 99;
3,241; and 53,241 individual data points, respectively. The equation of the best-fit line is
y = 618.2537 x – 284.3513, from which the calibration parameters are directly extracted
(d = 618.2537 mm, t 0 = 284.3513 ns; see Eqn. 4.1.2).
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Figure 4.1.4 – Highlights of the spectrum after calibration. The peaks lie exactly at their
expected locations (compare to Table 4.1). Figure 4.1.4a shows a highlight of the
calibrated W4+ peaks (the low isotopic abundance 180W4+ peak is barely visible at a m / n
state ratio of 45 a.m.u.); compare the location of the 186W4+ peak to Figure 4.1.2b. Figure
4.1.4b displays a highlight of the calibrated W3+ peaks (the low isotopic abundance
180 3+
W peak is barely visible at a m / n state ratio of 60 a.m.u.); compare the location of
the 186W3+ peak to Figure 4.1.2c.
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Figure 4.1.5 – Plot of m / n state ratio versus total voltage (Vdc + β Vpulse ) (in Vdc)
highlighting the calibrated data points corresponding to the 186W3+ peak (expected m / n
state ratio of 62 a.m.u.). The slope of the best-fit line superimposed on the data is 3.38 ×
10-6 (1/Vdc).
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4.2 Scaling of the 3DAP Reconstruction

First, recall the basic equation for the point-projection magnification of an FIM
microscope (Eqn. 2.1.2):
M=

R
ζr

(4.2.1)

where M is the magnification, R is the tip-to-screen distance, ζ is the image
compression factor (a specimen-specific constant that accounts for the fact that the point
projection is not perfect) and r is the tip radius. Also recall the equation for the electric
field at a sharp point (Eqn. 2.1.1):
E=

V
kg r

(4.2.2)

where E is the electric field, V is the applied voltage, k g is the voltage correction factor
and r is the point radius. Eqn. 4.2.2 can be rearranged to yield:
r=

V
.
kg E

(4.2.3)

If the radius of the tip, r1 , is known at a particular voltage, V1 , then the relationship
between applied voltage and tip radius is:
r 
r(V ) = V  1  .
 V1 

(4.2.4)

93
Substitution of Eqn. 4.2.4 into Eqn. 4.2.1 gives an expression for the magnification as a
function of voltage:
M(V ) =

R 1  V1 
⋅ ⋅ .
ζ V  r1 

(4.2.5)

Eqn. 4.2.5 demonstrates that the magnification is inversely proportional to the applied
voltage. Ion impacts in the 3DAP are recorded from the primary detector microchannel
plate by a CCD camera (see §3.2.3). The CCD camera has a resolution of 512 × 512
pixels. Considering one corner of the CCD camera as the origin, the conversion between
the impact position of an ion ((x pixel ,y pixel ) , in pixels) and the actual impact position
((x, y), in SI units) is:
r 
x ,y 
x ,y 
C
ζ
(x, y) =  pixel pixel  ⋅
=  pixel pixel  ⋅C ⋅ ⋅V ⋅  1 
 512  M(V )  512 
R
 V1 

(4.2.6)

where C is the detector edge length (90 mm; see §3.2.2.3). Inspection of Eqn. 4.2.6
shows that to scale the impact positions correctly, two pieces of information (that is,
specimen-specific scaling parameters) are required—the image compression factor, ζ ,
and the radius of the tip, r1 , at a particular voltage, V1 . The other constants in Eqn.
4.2.6—namely, the tip-to-screen distance R (also known as the flight distance d , see
Eqn. 4.1.1) and the detector edge length C —are particular to the instrument (not the
specimen), and are well known.
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The lateral edge lengths of the reconstructed volume, (xbox ,y box ) , are equal to the
value of (x, y) when (x pixel ,y pixel ) = (512, 512):
 r 
C
∝  ζ ⋅ 1  .
M(V )  V1 

(xbox ,y box ) =

(4.2.7)

Eqn. 4.2.7 demonstrates that during the scaling of the 3DAP reconstruction, the effects of
the values of the image compression factor, ζ , and the radius of the tip, r1 , at a particular
voltage, V1 , on the lateral dimensions of the reconstruction are not independent. Rather,
it is the product of the two values that determines the edge lengths of the reconstructed
volume.
The depth scaling of the 3DAP reconstruction is achieved by assigning each ion a
successively greater depth in the reconstructed volume: the first ion recorded in a data set
has a depth of zero, and the last ion recorded has a depth of zbox (the total depth of the
reconstructed volume). The z-coordinate of the n th ion, zion (in SI units), is given by
zion =

n
zscaling

.

(4.2.8)

The relevant scaling parameter, zscaling , has units of (number of ions/depth = 1/distance).
Note well that since the area of the reconstruction changes during an analysis (because
the magnification changes with voltage, see Eqn. 4.2.5), the value of zscaling changes with
voltage:
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 z ∗scaling  2
zscaling (V) =  ∗  ⋅ V .
 V 

(4.2.9)

∗
The actual, specimen-specific depth scaling parameter, zscaling
(number of ions per unit

depth of the reconstruction), must be referenced to a specific voltage, V ∗ .
In summary, the three specimen-specific parameters that are used to scale a 3DAP
reconstruction are the image compression factor, ζ , the radius of the tip, r1 , at a
∗
∗
particular voltage, V1 , and zscaling , the number of ions per unit depth at a voltage V . The

former two parameters, which are not independent, relate to the lateral (x, y) scaling of
ions, the latter parameter relates to the depth (z) scaling of ions. Note that the reference
∗
voltages V1 and V ∗ are usually set at 10 kV. That is, r1 and zscaling
are always measured at

(or referenced to) 10 kV.

Adopting this convention, the density, ρ , of a 3DAP

reconstruction, defined as the number of atoms in the reconstruction ( N ) divided by the
volume of the bounding box of the reconstruction, scales as:
z ∗scaling
N
∝
ρ=
2 .
x box ybox zbox (ζ r1 )

(4.2.10)

The absolute scaling of the data set can be performed in three ways. The first
would be to measure independently the values of the three scaling parameters ζ , r1 and
∗
zscaling
.

For instance, an FIM tip could be developed to a particular voltage and

subsequently examined in the TEM, and the radius of the tip could be directly measured,
giving a value for r1 (note that the radius of the tip varies across the tip surface, so this
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method yields an average value for r1 , and the specific radius of the region analyzed).
Similarly, r1 and ζ for a specimen can be determined by meticulous examination of FIM
images using the ring counting method [1, 72]. A second, more elegant method of
scaling the data set is to identify atomic planes in the 3DAP reconstruction. The value of
∗
zscaling
can be adjusted until the observed interplanar spacing equals the expected

crystallographic spacing. Subsequently, the values of ζ and r1 can be adjusted until the
density of the reconstruction is approximately what is expected for the material under
investigation. The third way to scale the 3DAP data set is to start with values for the
scaling parameters that have been determined for other, similar systems, and adjust (that
is, tweak) their values until the density of the reconstruction is approximately what is
expected for the material under investigation. Often, the third method is the only method
that can be employed, especially when a new system is being investigated, and when
atomic planes cannot be identified in a 3DAP reconstruction.
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4.3 The Proximity Histogram

The data sets acquired during a 3DAP analysis encompass a tremendous amount
of information. The thorough analysis of 3DAP data requires the development of entirely
new data evaluation methods. In particular, the quantitative investigation of the atomic
chemistry in the vicinity of an irregularly shaped interface within a 3DAP reconstruction
is an issue that has not been fully addressed. To address this important and challenging
issue, the proximity histogram, or proxigram, method has been developed [75]. If a
3DAP reconstruction contains an interface, then an isoconcentration surface can be
constructed that delineates that interface within the reconstruction. An isoconentration
surface is a surface constructed such that all points on one side of the surface have a
concentration level greater than a particular threshold level, while all points on the other
side have concentrations lower than the threshold.
The isoconcentration surface is constructed relative to a discrete and regular set of
concentration points created from a 3DAP reconstruction. The surface itself has a welldefined position within the reconstruction. Consequently, the minimum distance to an
isoconcentration surface are determined for every atom in a 3DAP data set. The atoms
are placed in bins according to this minimum distance, the bins are normalized relative to
their individual populations, and the resulting concentration values are plotted as a
function of distance to the isoconcentration surface. The construction of a proxigram is
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schematically illustrated in Figure 4.3.1. In addition to plotting the concentration levels
themselves, the one-sigma error levels for the concentration values, σ , are calculated
using standard binomial statistics:[75]
σ=

c i (1− ci )
;
Nbin

(4.3.1)

where ci is the concentration of component i within the proxigram bin and Nbin is the
total number of atoms in the proxigram bin. To improve the statistics of a proxigram,
data from many precipitates/interfaces could be obtained, and an averaging across
proxigram bins with identical abscissa values could be performed. Such an averaging
effectively increases the value of Nbin in Eqn. 4.3.1, resulting in a decrease in σ .
The power of the proxigram method is multifold.

First, it allows for the

examination of concentration changes relative to an irregularly shaped surface (that is, an
isoconcentration surface) within a 3DAP reconstruction. The requirement to treat an
interface as planar, which is rarely the case for interfacial structures on the nanometer and
subnanometer scale, is eliminated. It is a significant improvement over previous methods
used to examine concentration changes in 3DAP data sets—for example, methods based
on simple radial sampling techniques [76].
Second is the proxigram's ability to investigate segregation phenomena
quantitatively on a subnanometer scale.

Consider the inclusion of a ternary solute

component in Figure 4.3.1 (other than orange and yellow). If the small amount of solute
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was segregating at the orange/yellow interface (as represented by the red isoconcentration
surface in this figure), then the proxigram plot at the bottom of Figure 4.3.1 would
display a third curve, resembling a small "bump" centered at the origin (see Figure 4.3.2).
This bump represents the segregation of the ternary component at the interface. The area
under the bump, calculated as its integral value, has units of (concentration [at. fr.] ×
distance = distance). Multiplying the area of the bump (with units of distance) by the
atomic density of the material being analyzed (with units of number of ions/volume =
1/distance3), a value with units of (1/distance2) is obtained (Figure 4.3.2). This number
represents the Gibbsian interfacial excess of the solute atom (see §2.3) at the interface
(the isoconcentration surface), as extracted directly from the 3DAP data [75].
One of the most significant accomplishments of the work presented in this thesis
is the application of the proxigram technique to the quantitative investigation of
segregation at internal interfaces. This is because 3DAP data represents direct, real-space
data.

The extraction of the Gibbsian interfacial excess from 3DAP data using the

proxigram method (as described above) allows for this important physical quantity to be
determined directly, and without recourse to external standards.

In determining the

Gibbsian interfacial excess, the proxigram method is, in effect, counting up the number of
segregated atoms and dividing by the area of the interface: this is exactly how the
Gibbsian interfacial excess is formally defined (see §2.3, Eqn. 2.3.1).
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Figure 4.3.1 – Schematic showing the construction of a proximity histogram (proxigram)
in two dimensions (analogous to the actual three-dimensional case; see [75]). The
isoconcentration surface represents a surface of constant concentration (orange or
yellow). To construct a proxigram, the minimum distance of every atom from the
isoconcentration surface is determined. Atoms are then placed in bins according to their
distance, and the bins are normalized relative to their total population to yield the
concentration values in the proxigram. In this figure, the proxigram displays a transition
from a region rich in yellow atoms to a region rich in orange atoms (from approximately
the upper-left of the array of atoms to the lower-right).
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Figure 4.3.2 – Schematic illustration explaining the determination of the Gibbsian
interfacial excess of solute from a proxigram. The area of the segregation zone in the
proxigram is multiplied by the atomic density of the material to yield the Gibbsian
interfacial excess of solute.

CHAPTER 5 – EXPERIMENTAL PROCEDURES

5.1 Specimen Preparation

5.1.1 Preparation of MgO/Cu(Ag) Specimens

A Cu(Mg,Ag) alloy with the nominal composition Cu – 2.5 at.% Mg – 0.8 at.% Ag was
prepared by vacuum arc-melting. High-purity constituent elements (99.999 wt.% Cu,
99.99 wt.% Mg and 99.999 wt.% Ag) were used. Arc-melting produced a small ingot,
which was subsequently swaged into a small rod and drawn into wires 200 µm indiameter. Recrystallization heat treatments were employed at various stages during the
forming of the wires to facilitate cold working and to ensure that the final wires had a
large grain size.

The wires were then internally oxidized in a Rhines pack [77],

consisting of a 1:1:1 by volume mixture of Cu, Cu2O and Al2O3, at 950°C for two hours
(the Al2O3 is incorporated to prevent sintering of the Rhines pack). These conditions
result in an oxygen partial pressure of 10-2 Pa [18]. Internal oxidation under these
conditions produces a distribution of octahedral-shaped MgO precipitates with a mean
diameter of 20 nm and an average distance between precipitates of approximately 46 nm
[18].

102

103
To enhance the segregation of Ag at the MgO/Cu interfaces, the internally
oxidized wires were subjected to a segregation anneal. The latter was performed under
an atmosphere of pure argon at 500°C for 72.5 hours. Under these conditions, the
minimum root-mean squared diffusion distance of Ag in Cu is approximately

2 Dt =

1,520 nm in one dimension [78], where D is the diffusivity of the segregating species
(Ag) and t is the annealing time.

Therefore, since the average distance between

precipitates is approximately 46 nm, it is likely that the segregating silver at the MgO/Cu
interfaces is in global equilibrium with the silver in the copper matrix.

5.1.2 Preparation of MgO/Cu(Sb) Specimens

A Cu(Mg) alloy with the composition Cu – 2.46 at.% Mg (as measured by direct current
plasma emission spectroscopy by Luvak, Inc., Boylston, MA, USA) was prepared by
vacuum arc-melting. The arc-melted ingot was swaged into a rod and drawn into wires
200 µm in diameter. The wires were recrystallized at 700°C for 17 hours to increase the
grain size, and were internally oxidized subsequently at 950°C for two hours in a Rhines
pack consisting of a 1:1:1 by volume mixture of Cu, Cu2O and Al2O3 (the Al2 O3 is
incorporated to prevent the sintering of the Rhines pack). These conditions result in an
oxygen partial pressure of 10-2 Pa [18]. As with the Cu(Mg,Ag) alloy, internal oxidation
under these conditions produces a distribution of octahedral-shaped MgO precipitates
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with a mean diameter of 20 nm and an average distance between precipitates of
approximately 46 nm [18]; see Figure 5.1.
Antimony was introduced into the internally oxidized Cu(Mg) wires by means of
a vapor treatment in a high-vacuum furnace. Antimony must be introduced by a vapor
treatment after internal oxidation, because under the internal oxidation conditions used
the formation of antimony oxide also occurs. The experimental setup for the vapor
treatment is shown in Figure 5.2. The treatment was performed at a temperature of
700°C for 72 hours. At this temperature, the solid-solubility of Sb in Cu is about 4 at.%
[79]. The high Sb concentration at the surfaces of the wires causes local melting. As a
result, the wires were prevented from touching each other by placing them into small
slits, which had been cut into an Al2O3 boat. To further enhance the segregation of Sb at
the MgO/Cu interfaces, a segregation anneal was subsequently performed at a
temperature of 500°C for 24 hours. Under these conditions, the minimum root-mean
squared diffusion distance of Sb in Cu is approximately
dimension [78].

2 D t = 2,700 nm in one

Therefore, since the average distance between precipitates is

approximately 46 nm, the segregating antimony at the MgO/Cu interfaces is most likely
in global equilibrium with the antimony in the copper matrix.
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5.1.3 Preparation of CdO/Ag(Au) Specimens

Alloys with a nominal composition of Ag – 1.5 at.% Cd – 1.0 at.% Au were prepared by
arc-melting, and wires 200 µm in diameter were drawn from the as-cast ingots. The
wires were internally oxidized at 650°C in air for 48 hours (where the partial pressure of
oxygen is approximately 0.2 atm). This internal oxidation treatment yields a distribution
of nanometer-size CdO precipitates in a Ag(Au) matrix with a number density of
approximately 1021 m-3 [19].

5.1.4 Preparation of MnO/Ag(Sb) Specimens

Alloys with a nominal composition of Ag – 1 at.% Mn were prepared by arc-melting, and
wires 200 µm in diameter were drawn from the as-cast ingots. The Ag(Mn) wires were
then subjected to a three-step internal oxidation treatment: (1) annealing in vacuum at
550°C for 6 hours; (2) internal oxidation in air at 900°C for 30 minutes; and (3) annealing
in vacuum at 650°C for 48 hours (where the partial pressure of oxygen is approximately
0.2 atm). Internal oxidation yields a distribution of nanometer-sized MnO precipitates in
an Ag matrix with a high number density.
To introduce antimony into the internally oxidized specimen wires, a vapor
diffusion technique was employed (as described in §5.1.2; see Figure 5.2). The wires
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were placed across the top of an alumina (Al2O3) boat containing a small amount of pure
antimony. This arrangement was then placed in a vacuum furnace at 700°C for 110
hours. This temperature is above the melting temperature of antimony, allowing Sb to
evaporate and diffuse into the internally oxidized Ag(Mn) wires. Under these thermal
conditions, the value of the dimensionless parameter Dt a 2 , where D is the diffusivity
of Sb in Ag [80], t is time and a is the radius of the wire, is approximately 1.6.
Examination of the relevant solution to the diffusion equation (viz., diffusion into a
2
cylinder with a constant surface concentration) shows that for value of Dt a greater

than approximately 0.8, the concentration of Sb within the cylinder is homogenous [81].
Clearly, for the conditions described above, the concentration of Sb within the wires is
constant and homogeneous.
After the introduction of antimony, the wires were further annealed at 550°C for
30 hours in vacuum to increase the level of Sb segregation at the internal MnO/Ag
ceramic/metal heterophase interfaces. Under these conditions, the minimum root-mean
squared diffusion of Sb in Ag,

2 D t , is approximately 15.5 µm [80]. This relatively

large diffusion distance (with respect to the distance between MnO precipitates, which is
on the order of nanometers) ensures that the Sb in the metal matrix is at least in local
equilibrium with the segregating Sb at the MnO/Ag(Sb) interfaces. A schematic that
illustrates the processing procedures used to prepare specimens is displayed in Figure 5.3.
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Four different specimen groups were therefore created: (A) as-cast; (B) internally
oxidized (without Sb); (C) internally oxidized, containing Sb; and (D) internally
oxidized, containing Sb plus a segregation anneal. These different processing treatments
are referred to as groups A, B, C and D, respectively.
summarized in Table 5.1.

Their characteristics are
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Figure 5.1 – (a) Bright field image of an MgO/Cu(Sb) specimen. The small, dark spots
are MgO precipitates. (b) Selected area diffraction pattern of the same specimen in the
<110> orientation. The bright spots, originating from the copper matrix, are surrounded
by satellite spots from the MgO precipitates [82].

Figure 5.2 – Schematic diagram showing the setup used for the diffusion of Sb into the
MgO/Cu specimens from the vapor phase [82].
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Figure 5.3 – Schematic showing the processing of MnO/Ag(Sb) specimen preparation.
Table 5.1 – Characteristics of the different types of MnO/Ag(Sb) specimens studied (also
see Figure 5.3).
Group
A

Description
As-cast

B

Internally oxidized
(without Sb)

C

Internally oxidized,
with Sb introduction

D

Internally oxidized,
with Sb introduction
and segregation anneal

Heat treatment
6 hr. at 550°C
(vacuum; Recrystallization)
30 min. at 900°C
(air; internal oxidation)
48 hr. at 650°C
(vacuum)
110 hr. at 700°C
(with Sb, vacuum;
Sb introduction)
30 hr. at 550°C
(vacuum;
Sb segregation anneal)
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5.2 3DAP Analyses

5.2.1 3DAP Analyses of MgO/Cu(X) (X= Ag, Sb) Specimens

For both MgO/Cu specimen systems, tips for 3DAP analysis were prepared by
electropolishing in a solution of 10 vol. % Na2Cr2O7 in glacial acetic acid. The polishing
voltage commenced at 20 Vdc and was decreased stepwise to a final voltage of
approximately 2 Vdc.
For both specimen systems, 3DAP analyses were performed using a specimen
temperature, T , of 45 to 50 K and a voltage pulse fraction, f , of 15% ( f is the ratio of
the pulse voltage to the steady-state dc voltage).

These values were based on

experimental conditions determined to be optimal in previous one-dimensional atomprobe (1DAP) investigations of internally oxidized Cu(Mg) alloys [18, 19]. Analyses on
the MgO/Cu(Ag) system were performed using the energy-compensated optical position–
sensitive atom-probe (ECoPoSAP) in the laboratory of Professor G. D. W. Smith at the
University of Oxford, United Kingdom [53] (this research was performed as part of a
contractual agreement between Northwestern University and Kindbrisk Limited).
Analyses on the MgO/Cu(Sb) system were performed using the 3DAP at Northwestern
University. The areal and length scales of the 3DAP atomic reconstructions were scaled
as described in references [76, 83, 84] and in §4.2.
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5.2.2 3DAP Analyses of CdO/Ag(Au) and MnO/Ag(Sb) Specimens

Specimens for the CdO/Ag(Au) and MnO/Ag(Sb) systems were prepared and analyzed in
the exact same manner (since both systems consist predominantly of Ag matrix). Tips
were prepared by electropolishing in a solution of 2.5 vol. % perchloric acid in
butoxyethanol. The polishing voltage was varied from 30 Vdc at the early, rough stages
of polishing to less than 8 Vdc during the final stages. Electropolishing of Ag alloys in
this manner results in the formation of a black residue on the wire during polishing. To
ensure successful polishing, the residue was periodically rinsed away and/or removed
from the specimens with a cotton swab, and the polishing solution was refreshed often.
Specimens were analyzed utilizing the 3DAP microscope. Field-ion microscopy
(FIM) was performed at a specimen temperature of 50 to 60 K using argon as the imaging
gas; FIM was performed only for tip development and alignment purposes. For atomprobe analyses, a specimen temperature of 45 K, a pulse fraction (ratio of pulse voltage to
steady-state dc voltage) of 15 to 18%, a pulse frequency of 1500 Hz and an evaporation
rate between 25 and 50 pulses per ion (0.02 to 0.04 ions per pulse) were employed.
These values were based on experimental conditions determined to be optimum in
previous one-dimensional atom-probe (1DAP) investigations of internally oxidized
Ag(Cd) alloys [15, 19, 23].

CHAPTER 6 – RESULTS

6.1 MgO/Cu(Ag) and MgO/Cu(Sb) Systems

Three-dimensional atom-probe (3DAP) microscopy has been applied to the study of
segregation at ceramic/metal (C/M) interfaces. In this section, results on the MgO/Cu(X)
(where X = Ag or Sb) systems are summarized. Nanometer-sized MgO precipitates with
atomically clean and atomically sharp interfaces were prepared in these systems by
internal oxidation (see §5.1.1). Segregation of the ternary component (Ag or Sb) at the
MgO/Cu heterophase interface was enhanced by extended low-temperature anneals.
MgO precipitates in the 3DAP reconstructions were delineated as isoconcentration
surfaces, and the segregation of each ternary component at the C/M interfaces was
analyzed with the proximity histogram (§4.3).

This method allows for the direct

extraction of the Gibbsian interfacial excess of solute at the C/M interfaces from the
experimental data.

A value of (3.2 ± 2.0) × 1017 m-2 (0.018 ± 0.011 effective

monolayers34) at 500°C is obtained for the segregation of Ag at an MgO/Cu(Ag)

34

Effective monolayers are calculated relative to the atomic density of the {111} planes of the metal matrix

(in this case, Cu). Note that this is an approximation. The experimental values for the Gibbsian interfacial
excess reported in this thesis are extracted via the proxigram method (§4.3). The values are extracted from
irregularly shaped interfaces in 3DAP reconstructions, and they represents an average over many different
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interface, while a value of (2.9 ± 0.9) × 1018 m-2 (0.17 ± 0.05 effective monolayers) at
500°C is obtained for the segregation of Sb at an MgO/Cu(Sb) interface.

planar orientations (not just those corresponding to {111} planes of the metal matrix). This approximation
applies to all of the values with units of “effective monolayers” reported in this thesis.
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6.1.1 MgO/Cu(Ag)

Figure 6.1.1 displays a 3D reconstruction of an MgO precipitate in a Cu(Ag) matrix.
Magnesium atoms are in red, oxygen atoms are in green and silver atoms are in blue.
The copper atoms are shown as small green dots, allowing for the precipitate to be
distinguished clearly from the matrix.

The overall dimensions of the reconstructed

volume—which contains approximately 400,000 atoms—are 17 nm × 17 nm × 57.1 nm.
Figure 6.1.2 shows another view of the same data set. In this figure, the matrix
copper atoms are omitted for the sake of clarity. Overlaid on the reconstruction is an
isoconcentration surface that delineates the surface of the MgO precipitate (and hence the
MgO/Cu C/M interface). The isoconcentration surface is constructed such that all points
outside of the surface have a concentration level (of the specified species) less than a
particular threshold value, whereas all points inside of the surface have a concentration
level greater than a particular threshold value.

In the case of Figure 6.1.2, the

isoconcentration surface represents an Mg concentration of 11 at.%. This value defines
the C/M interface close to the point of steepest magnesium concentration gradient. At
this point, the dependence of the location of the isoconcentration surface on the value of
the threshold concentration is weakest [75]. During this analysis, approximately 60 at.%
Cu was detected within the MgO precipitate.
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Figure 6.1.3 exhibits a proxigram analysis [75] of the concentration of silver as a
function of distance to the isoconcentration surface depicted in Figure 6.1.2. Negative
distances represent regions outside of the isoconcentration surface, and positive distances
represent regions inside of the isoconcentration surface. The error bars represent the onesigma error in the calculated concentration values (see Eqn. 4.3.1).
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Figure 6.1.1 – 3DAP reconstruction of an internally oxidized Cu(Mg,Ag) alloy. The
dimensions of the reconstruction are approximately 17 nm × 17 nm × 57 nm and the
number of atoms is approximately 400,000.

Figure 6.1.2 – An 11 at.% Mg isoconcentration surface overlaid on the data set shown in
Figure 6.1.1. The matrix copper atoms have been removed for the sake of clarity.
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Figure 6.1.3 – Silver concentration (at.%) as a function of distance (nm) to the MgO/Cu
isoconcentration surface depicted in Figure 6.1.2. The bulk atomic concentration of Ag is
approximately 0.5 at.%, as indicated on the figure. This figure is called a proximity
histogram or proxigram for short [75]; see §4.3.
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6.1.2 MgO/Cu(Sb)

Figure 6.1.4 shows a 3DAP reconstruction of an MgO precipitate in a Cu(Sb) matrix.
The MgO precipitate was encountered at the end of a 3DAP analysis. As a result, the
precipitate appears only in the back corner of the reconstruction. Magnesium atoms are
in red, oxygen atoms are in green and antimony atoms are large and in blue. The matrix
copper atoms are shown as small yellow dots, allowing for the precipitate to be
distinguished clearly from the matrix.

The overall dimensions of the reconstructed

volume, which contains approximately 60,000 atoms, are 11.7 nm × 11.5 nm × 13.8 nm.
The segregation of the large, blue antimony atoms to the MgO/Cu precipitate/matrix
interface is qualitatively evident from this figure.
Figure 6.1.5 shows a proxigram analysis [75] of the concentration of antimony as
a function of distance to an isoconcentration surface overlaid on the data set depicted in
Figure 6.1.4 (the isoconcentration surface is not explicitly shown in Figure 6.1.4). This
isoconcentration surface was constructed at a magnesium threshold level of 30 at.% (that
is, at the point of steepest magnesium concentration gradient).

Negative distances

represent regions outside of the isoconcentration surface; positive distances represent
regions inside of the isoconcentration surface. The error bars represent the one-sigma
error in the calculated concentration values (see Eqn. 4.3.1).

During this analysis,

approximately 40 at.% Cu was detected within the MgO precipitate.

119

Figure 6.1.4 – 3DAP reconstruction of an MgO precipitate in a Cu(Sb) matrix. The
MgO precipitate was encountered at the end of the 3DAP analysis. As a result, the
precipitate appears only in the lower left-hand corner of the reconstruction. The overall
dimensions of the reconstruction are 11.7 nm × 11.5 nm × 13.8 nm and the number of
atoms is approximately 60,000. The segregation of the large blue antimony atoms to the
MgO/Cu precipitate/matrix interface is qualitatively evident from the figure.
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Figure 6.1.5 – Antimony concentration (at.%) as a function of distance to the surface of
the MgO/Cu precipitate depicted in Figure 6.1.4. A 30 at.% Mg isoconcentration surface
is used to delineate the MgO/Cu interface. The bulk atomic concentration of Sb is
approximately 0.05 at.%. This figure is called a proximity histogram, or proxigram [75].
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6.1.3 Discussion of MgO/Cu(Ag) and MgO/Cu(Sb) Results

The most significant information that can be extracted from the data presented in Figures
6.1.1 through 6.1.5 is the Gibbsian interfacial excess, Γi , of the segregating species (that
is, Ag or Sb). The quantity Γi can be extracted from the data in Figures 6.1.3 and 6.1.5
using the procedure outlined in §4.3. That is, the areas of the bumps in the proxigrams
that corresponds to the segregation of solute at the interface is used to obtain directly the
value of Γi (see §4.3).
The area of the bump in the proxigram in Figure 6.1.3 (that is, the area under the
curve from –5.0 nm to 5 nm) is approximately equal to 0.0038 nm (note the units of
distance). The theoretical atomic density of the copper matrix is approximately 85 atoms
nm-3. Therefore, the Gibbsian interfacial excess of Ag at the MgO/Cu interface, as
determined from Figure 6.1.3, is (see §4.3):
ΓAg

MgO / Cu

= (0.0038 nm) (85 atoms nm-3) =

0.32 nm-2 = 0.32 × 1014 cm-2 = 3.2 × 1017 m-2 =
0.018 effective monolayers at 500°C.
The value is for 500°C because the segregation annealing treatment of the specimen was
performed at this temperature (see §5.1.1).
This value for ΓAgMgO / Cu should be compared to the values reported for the same
data set in reference [84] (that is, between (2.33 ± 0.88) × 1018 m-2 and (5.81 ± 2.11) ×
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1018 m-2) and the mean value reported for the same specimen system in reference [19]
(that is, (4.0 ± 1.9) × 1018 m-2).

The values reported in references [19, 84] are

significantly higher than the value reported in the present section.

This apparent

discrepancy can be understood in terms of the statistical techniques used to extract the
value of ΓAgMgO / Cu from the data sets. In references [19, 84], the integral profile method
[42] of extracting ΓAgMgO / Cu from the data was employed (see §2.4), whereas in the present
section the proxigram method [75] is utilized. In using the integral profile method [42] in
reference [84], only the interfacial area corresponding to the intersection of an analysis
cylinder with the front and back precipitate interfaces is sampled. In the proxigram
method, the entire interfacial area of the precipitate is taken into account in the
calculation of ΓAg

MgO / Cu

. It is clear that in reference [84], the analysis cylinder intersected

a region of locally high segregation, and a correspondingly higher value of ΓAg

MgO / Cu

extracted from the analysis.

was

In the present section, the value of ΓAgMgO / Cu reported

represents an average calculated from the entire precipitate interface, including regions of
both locally high and locally low segregation. That is, it is averaging over any anisotropy
in segregation that exists among the {hkl} interface planes of the precipitate. The two
methods of extracting ΓAg

MgO / Cu

are consistent and compatible.

However, since the

proxigram method examines the entire precipitate interface at once, it yields a number
that is more representative of the average segregation behavior at the ceramic/metal
interface as a whole. Furthermore, it is noted that the proxigram method is the only
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method capable of extracting the Gibbsian interfacial excess from nonplanar interfacial
structures.
The physical reason that Ag solute segregation is not uniform over the entire
interfacial area of the ceramic/metal interface is connected with the mechanism of a
growing MgO precipitate losing its coherency with the Cu matrix. At very small sizes
the MgO precipitate is coherent with the Cu matrix, but as it grows it can decrease its
energy by nucleating an interfacial network of misfit dislocations and thereby becoming
semicoherent; note that the strain energy of a coherent precipitate is proportional to its
volume. For specimens prepared under the same conditions as those in this work, a
dislocation network with an average spacing of 1.45 ± 0.19 nm was observed at some
{222}MgO/Cu(Ag) interfaces, which is in good agreement with the theoretical value [18,
19]. In addition, Z-contrast microscopy, in a dedicated STEM, was employed to detect
qualitatively Ag segregation at {222}MgO/Cu(Ag) interfaces, and it was observed that
not all interfaces have silver at them and also that the Ag is not always uniformly
distributed around the MgO precipitates [18, 19]. The reason for this is that the entire
interface does not have its full complement of misfit dislocations, reflecting an interfacial
dislocation nucleation problem.
ΓAg

MgO / Cu

These observations may explain why the value of

is less when it is measured by the proxigram method rather than the integral

profile method, which samples only a fraction of the interfacial area of the MgO/Cu(Ag)
interfaces. Note, however, that there is no direct evidence for the above assertion in the
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present investigation—the observations reported in references [18, 19] are only
mentioned as a possible explanation.
The proxigram method of extracting the Gibbsian interfacial excess has its
sources of error in several different effects. First, and most important, is the uncertainty
in the area of the peak in the proxigram itself (see Figures 6.1.3 and 6.1.5). Other
secondary sources of error include uncertainty in the threshold level of the
isoconcentration surface used to construct the proxigram, field-evaporation effects in the
vicinity of the precipitate/matrix interface, and uncertainty in the atomic density of the
reconstruction in the vicinity of the precipitate/matrix interface.

These latter three

sources of error, however, are thought to be insignificant relative to the primary source of
error—the uncertainty in the area of the peak in the proxigram. Using the +σ error bars
to calculate the area of the peak in the proxigram in Figure 6.1.3 yields a value of 0.0062
nm. Using the data points themselves, a value of 0.0038 nm is obtained (as above).
Using the -σ error bars to calculate the area of the peak in the proxigram in Figure 6.1.3
yields a value of 0.0015 nm. Therefore, an estimate of the area of the peak in this
proxigram, including error, is 0.0038 ± 0.0024 nm. The corresponding value of ΓAg

MgO / Cu

including error, is:35

35

The determination of the relative error in the Gibbsian interfacial excess is schematically illustrated in

Figure 6.3.4.2a, for the case of Sb segregation at MnO/Ag(Sb) interfaces. This figure is discussed further
in §6.3.5.2.

,
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ΓAgMgO / Cu = (0.0038 ± 0.0024 nm) (85 atoms nm-3) =
0.32 ± 0.20 nm-2 = (0.32 ± 0.20) × 1014 cm-2 = (3.2 ± 2.0) × 1017 m-2 =
(0.018 ± 0.011 effective monolayers) at 500°C.
This value of ΓAgMgO / Cu , with error, is now compared to the values reported in references
[19, 84]. Considering error bars, an upper threshold for the value of ΓAgMgO / Cu reported in
the present section is 5.2 × 1017 m-2 at 500°C. Also considering error bars, the lowest
value for ΓAgMgO / Cu reported in reference [84] is 1.45 × 1018 m-2 at 500°C. The smallest
experimental value of ΓAgMgO / Cu reported in reference [19] is 1.15 × 1018 m-2 at 500°C. It
can be seen that the actual statistical discrepancy between the value of ΓAgMgO / Cu reported
in the present section and the values reported in references [19, 84] is less than a factor of
three.
We turn now to the data from the MgO/Cu(Sb) data presented in §6.1.2. Using
the +σ error bars to calculate the area of the peak in the proxigram in Figure 6.1.5 yields
a value of 0.045 nm. Employing the data points themselves yields a value of 0.034 nm.
Utilizing the -σ error bars to calculate the area of the peak yields a value of 0.023 nm.
Therefore, an estimate of the area of the peak in this proxigram, including error, is 0.034
± 0.011 nm. The theoretical atomic density of the copper matrix is approximately 85
atoms nm-3. Hence, the Gibbsian interfacial excess of Sb at the MgO/Cu interface, as
determined from Figure 6.1.5, is equal to:
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ΓSbMgO / Cu = (0.034 ± 0.011 nm) × (85 atoms nm-3) =
(2.9 ± 0.9) nm-2 = (2.9 ± 0.9) × 1014 cm-2 = (2.9 ± 0.9) × 1018 m-2 =
(0.17 ± 0.05 effective monolayers) at 500°C.
This value is for 500°C because the segregation annealing treatment of the specimen was
performed at this temperature (see §5.1.2). The value of ΓSbMgO / Cu is more precise than
that of ΓAgMgO / Cu (that is, the relative error is much less) due to the fact that the peak in the
proxigram in Figure 6.1.5 is substantially more distinct than the peak in the proxigram in
Figure 6.1.3.
A note on the statistical significance of the values of Gibbsian interfacial excess
presented above is in order. It is correct that the values of ΓSb

MgO / Cu

and ΓAgMgO / Cu presented

are both extracted from the analyses of single precipitate/matrix interfaces.

In this

respect, their values may not be fully representative of the overall precipitate population.
However, employing the proxigram method allows for a large total interfacial area to be
sampled. For example, if the precipitate in Figure 6.1.2 is treated as a sphere of radius 5
nm (an approximation), then the total interfacial area sampled is approximately 300 nm2.
Similarly, if the precipitate in Figure 6.1.4 is treated as one-eighth of a sphere of radius
2.5 nm (again, an approximation), then the total interfacial area analyzed is
approximately 10 nm2. These values for the area should be compared to the interfacial
areas sampled in reference [84]. In this reference, analysis cylinders with diameters
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between 1 nm and 4 nm—with corresponding areas of approximately 0.8 nm2 and 13
nm2, respectively—were employed to sample the MgO/Cu(Ag) interface.
The precipitate in Figure 6.1.4 appears in the back corner of the 3DAP
reconstruction. At the end of the run corresponding to the reconstruction in Figure 6.1.4,
the MgO precipitate “popped out” of the specimen's surface (indicated by a precipitous
change in the steady-state dc voltage applied to the specimen, and an abrupt end to the
detection of magnesium and oxygen ions).

“Popping out” creates an artifact back

interface for the precipitate in the 3DAP reconstruction that appears flat. In order to
prevent the inclusion of this back interface in the proxigram analysis of segregation, the
data set was slightly truncated. The isoconcentration surface employed to obtain the
proxigram information presented in Figure 6.1.5 approximately resembles one-eighth of
the surface of an ellipsoid positioned in the back corner of the 3DAP reconstruction.
As is evident from the above values, the Gibbsian interfacial excess of Sb at the
MgO/Cu interface at 500°C is almost an order of magnitude higher than the Gibbsian
interfacial excess of Ag at the MgO/Cu interface at the same annealing temperature. This
is evident qualitatively by comparing Figures 6.1.1 and 6.1.4: in Figure 6.1.4 the
segregation of Sb is readily apparent; the segregation of Ag in Figure 6.1.1 is not evident
until the proxigram analysis (Figure 6.1.3) is performed. In both specimens, the driving
force for segregation may be related to the elastic strain energy associated with the
volume change produced by the solute atom—the so-called p ∆V effect [44, 45]. The
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effect is manifested in the ∆Gstrain term of the expansion of ∆G segr , the free energy of
segregation (see §2.3 and Eqn. 2.3.6). For the p ∆V effect, the driving force is due to the
release of elastic strain energy in the matrix as a result of interfacial segregation. In
terms of atomic radii, the volume difference between Cu and Ag atoms is approximately
44%, while the volume difference between Cu and Sb atoms is approximately 92% [85].
Therefore, the larger value of the Gibbsian interfacial excess of Sb at the MgO/Cu
interface as compared to that of Ag can be understood in terms of this p ∆V effect. That
is, the larger volume difference of the Sb atoms (relative to the copper matrix atoms)
allows for a greater release of strain energy at the interface. Further discussion of the
driving force for segregation can be found in §6.4.1.
The precipitates in the reconstructions in Figures 6.1.1 and 6.1.4 appear somewhat
diffuse and as a result, the precipitate/matrix interfaces appear somewhat “spread out.”
Such effects are most likely artifacts of the field-evaporation process in the vicinity of a
high-dielectric constant MgO precipitate [84]. The presence of such a precipitate at the
surface alters the geometry of the local electric field, causing a divergence in ion
trajectories [55-60].

A further complication arises due to the differences in the

evaporation fields of the precipitate and the metal matrix, causing either a protrusion or a
depression at the surface of the MgO precipitate. Both of these factors result in a
decrease in the local spatial resolution of the 3DAP, causing the precipitates to appear
diffuse and the precipitate/matrix interfaces to appear “spread out.”
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The “spreading out” of the interface does not, to first order, result in a change in
the location of the interface within the 3DAP reconstruction.

For this reason, the

decrease in the local resolution of the 3DAP in the vicinity of ceramic/metal interfaces
should not affect greatly the value of the Gibbsian interfacial excess, Γi , extracted with
the proxigram method (§4.3). The “spreading out” of the interface causes the segregation
peak in the proxigram to have a greater width and a reduced height as compared to the
proxigram analysis of an interface that is less “spread out.” To first order, the area of the
peak, and the value of Γi extracted, does not change. In extracting a value of Γi , the
proxigram method is counting the number of segregated atoms in the vicinity of an
interface, and dividing by the area of that interface (see Eqn. 2.3.1). Calculated in this
way, Γi should not be affected (to first order) by a “spreading out” of the interfacial
profile due to field-evaporation complications.
Finally, a note on the 3DAP experimental parameters employed. A specimen
temperature of 45 to 50 K and a pulse fraction of 15% were employed for both analyses.
A previous systematic study of the effects of experimental parameters on the 1DAP
analysis of MgO/Cu ceramic/metal systems determined that the values employed in the
present study yielded the best results, with minimum complications due to preferential
evaporation effects. As described in reference [84], the precipitate depicted in Figures
6.1.1 and 6.1.2 had an apparent copper concentration of approximately 50%. This high
apparent concentration may be understood in terms of a combination of field-evaporation
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complications (see §6.4.2 and §6.4.3) and preferential evaporation effects. It should,
however, be noted that an incorrect value for the concentration of a precipitate does not
affect the position of the precipitate/matrix interface, nor does it affect the value of the
Gibbsian interfacial excess of a segregating solute species as determined by the
proxigram method.

6.1.4 Summary of MgO/Cu(Ag) and MgO/Cu(Sb) Results

The Gibbsian interfacial excess of Sb at the MgO/Cu(Sb) interface at 500°C is (2.9 ± 0.9)
× 1018 m-2 (0.17 ± 0.05 effective monolayers), while the Gibbsian interfacial excess of Ag
at the MgO/Cu(Ag) interface at 500°C is (3.2 ± 2.0) × 1017 m-2 (0.018 ± 0.011 effective
monolayers); both values were determined by the proxigram method. The former value
is almost an order of magnitude higher than the latter. This large difference in the
Gibbsian interfacial excesses is apparent qualitatively from the 3DAP reconstructions.
The larger value of the Gibbsian interfacial excess of Sb at the MgO/Cu interface
as compared to that of Ag may be understood in terms of the so-called p ∆V effect. The
volume difference between Cu and Ag atoms is approximately 44 %, while the volume
difference between Cu and Sb atoms is approximately 92 % [85]. Hence, Sb experiences
a larger driving force for interfacial segregation than does Ag. Further discussion of the
driving force for segregation can be found in §6.4.1.
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The MgO precipitates appear somewhat “diffuse” in the 3DAP reconstructions.
This effect is understood in terms of complications arising during the field-evaporation of
a high-dielectric constant MgO precipitate from within the copper metal matrix (see
§6.4.2 for a further discussion of such complications). Such complications result in a
decrease in the local resolution of the 3DAP. These complications, however, do not
affect, to first order, the value of the Gibbsian interfacial excess of solute as extracted by
the proxigram method. The 3DAP retains its ability to obtain heterophase interfacial
chemical information on a subnanoscale level.
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6.2 CdO/Ag(Au) System

We present results of a 3DAP microscopy study of solute segregation at CdO/Ag(Au)
(where Au is the segregating species) ceramic/metal (C/M) heterophase interfaces
prepared by internal oxidation. In the 3DAP atomic reconstructions, the interfaces of
nanometer-sized CdO ceramic particles are delineated as Cd isoconcentration surfaces.
The distribution of the segregating species as a function of distance to the
isoconcentration surfaces is determined with the proximity histogram (or proxigram)
method (§4.3).

Three interfaces are investigated in detail.

The first two show no

appreciable Au segregation, while the third exhibits segregation with a Gibbsian
interfacial excess of (1.65 ± 0.56) nm-2 (0.12 ± 0.04 effective monolayers) at 650°C.

6.2.1 As-Molten

We present the results from a 3DAP run of an as-molten Ag(Cd,Au) polished specimen
(see §5.1.3 for specimen preparation details). The total number of TOFs recorded during
the run was 101,080. Of these TOFs, 93,291 (93.3 %) fell into mass windows before
positioning and 81,108 (80.2 %) fell into mass windows after positioning.
The mass windows, with populations, of the mass spectrum of this run, along with
details of the important sections of the spectrum, can be found on the following pages in
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Table 6.2.1.1, Figure 6.2.1.1 and Figure 6.2.1.2. The populations of the mass windows
are given both before and after positioning of the data set. Before windowing, the
spectrum was calibrated with d = 616.6794 mm and t 0 = 281.268 ns (see §4.1 and
reference [86]).
As can be seen in Table 6.2.1.1 and Figure 6.2.1.1, two peaks, with m / n state
ratios of 44 and 53.5, were not identified.

The latter could be
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Ag2+, but a

corresponding peak at 54.5 for 109Ag2+ is not observed (see Figure 6.2.1.1). Regardless,
the populations of these two “UFO” peaks are insignificant relative to the total size of the
data set. Their ions are not included in any further data analysis.
As can be seen in Table 6.2.1.1, silver has a strong propensity to form a doublehydride, consistent with previous atom-probe analyses of silver alloys [15, 16, 23].
Under the high-field conditions in the near-tip region, silver also has a slight propensity
to form a double nitride (at 135 and 137 a.m.u.). The N2 molecules required to form such
complex-ionic species come from the background residual gas in the 3DAP chamber.
However, it should be noted that relative to the total size of the data set, the number of
total gas ions detected (H+, H2+, N2+, O2+ and Ar+,) is small. This indicates that the
vacuum was very good during the analysis and that the spectrum is clean (less than 2% of
the windowed ions are residual gas ions). Cadmium occurs only in the doubly-charged
state. The relative populations of the different cadmium peaks can be determined and the
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calculated abundancies can be compared to the handbook values—see Table 6.2.1.2.
Considering the small number of total cadmium ions, the agreement is quite good.
Table 6.2.1.1 and Figure 6.2.1.2 show that Au ions occur in three distinct
groups—as Au+ ions, as AuH+ ions, and as AuH2+ ions. AuH and AuH2 molecules do not
normally occur in nature, and the presence of their ionic counterparts in the mass
spectrum is a testament to the complex conditions encountered in the vicinity of the high
electric field at an FIM specimen’s tip. Under such high-field conditions, surface Au
atoms (and all other surface atoms) are strongly polarized. Dipole-dipole interactions
lead to the formation of AuH and AuH2 molecule pairs at the surface of the specimen’s
tip. The hydrogen is present in small amounts as a background residual gas in the
system. These molecules can subsequently be field-evaporated as the complex ionic
species AuH+ and AuH2+. Although such ionic species do not normally occur in nature,
as long as their half-lives are greater than their TOFs through the instrument, which is at
most 1 µs, then their presence will be detected as peaks in the mass spectra. The same
principle applies to the observation of all types of complex ionic species in the mass
spectra of the ceramic/metal systems in this thesis—for example, the Ag hydride peaks in
Table 6.2.1.1, and the complex ions involving ceramic oxide ions and residual gases (e.g.,
MnO2H2+ in §6.3.2)
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Considering only those mass windows highlighted in blue in Table 6.2.1.1 (that is,
the windows encompassing Ag, Cd and Au atoms), the concentration of the specimen can
be calculated. The results are presented in Table 6.2.1.3.
This specimen was analyzed at a time when the 3DAP was experiencing a “high
mass” problem. That is, high m / n state ratio ions were not being detected by the
instrument.36 In particular, the gold peaks near 197 a.m.u. were not being detected until a
dc tip voltage of approximately 13.5 kV was reached. In Figure 6.2.1.3, we see that the
tip dc voltage during this run appears to oscillate above and below this approximate
threshold, particularly at the beginning of the run. As a result, it can be said that the gold
concentration calculated for the specimen is underestimated (and the silver and cadmium
concentrations are correspondingly overestimated). This effect is, however, only slight,
and the calculated concentrations (see Table 6.2.1.3) are representative. That is, the asmolten alloy is approximately 98.75 at.% Ag, 1.0 at.% Cd and 0.25 at.% Au (Ag – 1.0 Cd
– 0.25 Au).

The nominal composition before arc-melting (the starting composition

before arc-melting) was Ag – 1.5 Cd – 0.5 Au. We see a slight decrease in the gold
concentration relative to this starting composition. The sharp rise in voltage at the end of
the run in Figure 6.2.1.3 indicates that the tip flashed at the end of the analysis.

36

The problem was related to an artificial limitation on the maximum value of the time-of-flight that the

instrument could record.
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The approximate composition profile of the specimen is presented in Figure
6.2.1.4. The profile shows evidence of small fluctuations of high Au concentration,
indicating that the alloy was not completely homogeneous after arc-melting.

The

fluctuations are, however, very small in scale and magnitude, and can be considered to be
statistically insignificant.

3DAP reconstructions of the run can be found in Figure

6.2.1.5. In Figure 6.2.1.5, we see that except for the Au atoms, the minority components
of the reconstructions (Cd and O) appear to be homogeneously distributed. In the case of
the Au atoms, we see a higher concentration at the end of the run (the right section of the
reconstruction) than at the beginning of the run (the left section of the reconstruction).
This can be explained in terms of the “high mass” problem discussed above. Calculating
the concentration of the specimen using only the last third of the data set yields slightly
different results (viz., ~0.5 at.% Au instead of ~0.25 at.% Au).
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Table 6.2.1.1 – Mass windows, with populations (both before and after positioning) for
an as-molten Ag(Cd,Au) specimen.
The windows used to create the 3DAP
reconstruction and calculate the concentration of this specimen are highlighted in blue.
Peak identity

Window
(a.m.u.)
0.95 to 1.05
1.95 to 2.05
27.9 to 28.1
32.85 to 32.15
39.85 to 40.15
43.85 to 44.15
53.35 to 53.65
54.85 to 55.15
55.35 to 55.65
55.8 to 56.2
56.35 to 56.7
56.85 to 57.25
57.8 to 58.15
98.3 to 98.95
106.75 to 107.5
108.75 to 109.5

Number of
masses before
positioning
689
116
36
47
544
107
32
121
114
237
120
315
92
57
13544
45240

Number of
masses after
positioning
757
102
29
41
431
97
22
99
92
201
103
274
78
36
12732
39196

% Change
during
positioning
9.87%
12.07%
19.44%
12.77%
20.77%
9.35%
31.25%
18.18%
19.30%
15.19%
14.17%
13.02%
15.22%
36.84%
6.00%
13.36%

H+
H2+
N2+
O2+
Ar+
?
?
110
Cd2+
111
Cd2+
112
Cd2+
113
Cd2+
114
Cd2+
116
Cd+2+
Au2+
107
Ag+
109
Ag+ &
107
AgH2+
109
AgH2+
107
AgN2+
109
AgN2+
Au+
AuH+
AuH2+

110.75 to 111.5
134.7 to 135.4
136.75 to 137.45
196.85 to 197.3
197.9 to 198.5
198.75 to 199.5

31495
77
82
103
69
54

26582
53
58
48
42
36

15.60%
31.17%
29.27%
53.40%
39.13%
33.33%
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Figure 6.2.1.1 – Highlight of the mass spectrum of an as-molten Ag(Cd,Au) specimen.
We see six of eight cadmium isotopes, along with an unidentified peak with a m / n state
ratio value of 53.5.

Figure 6.2.1.2 – Highlight of the mass spectrum of an as-molten Ag(Cd,Au) specimen
showing the three high-mass peaks corresponding to singly-charged 197Au, along with its
single- and double-hydrides.
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Table 6.2.1.2 – Calculated isotopic abundancies of the Cd2+ peaks in Table 6.2.1.1 and
Figure 6.2.1.1. The abundancies are compared to the handbook values [74]. Considering
the small number of total cadmium ions, the agreement is quite good.
Isotope

Actual

110

Cd2+

12.49%

111

Cd2+

12.80%

112

Cd2+

24.13%

113

Cd2+

12.22%

114

Cd2+

28.73%

116

Cd2+

7.49%

Before
Deviation
After
Deviation
positioning
positioning
3.03%
6.42%
12.11
11.69
± 1.03 %
± 1.10%
10.85%
15.14%
11.41
10.86
± 1.01 %
± 1.07%
1.68%
1.65%
23.72
23.73
± 1.35%
± 1.46%
1.70%
0.49%
12.01
12.16
± 1.03%
± 1.12%
9.75%
12.60%
31.53
32.35
± 1.47%
± 1.61%
22.95%
22.95%
9.21
9.21
± 0.91%
± 0.99%
999 total ions
847 total ions

Table 6.2.1.3 – Concentration of the as-molten specimen, both before and after
positioning. When calculating these concentrations, only the windows encompassing Ag,
Cd and Au atoms in Table 6.2.1.1 were considered.
Before positioning

After positioning

CAg = 98.60 ± 0.04 %
CCd = 1.09 ± 0.03 %
CAu = 0.31 ± 0.02 %

CAg = 98.73 ± 0.04 %
CCd = 1.07 ± 0.04 %
CAu = 0.20 ± 0.02 %
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Figure 6.2.1.3 – Voltage plot of an as-molten Ag(Cd,Au) specimen. The dashed line
represents a tip voltage of 13.5 kVdc (corresponding to the high mass cut-off discussed in
the text). The sharp rise in voltage at the end of the run indicates that the tip flashed at
the end of the analysis.

Figure 6.2.1.4 – Approximate concentration profile of an as-molten Ag(Cd,Au)
specimen. The profile shows evidence of small fluctuations of high Au concentration.
The fluctuations are, however, very small in scale and magnitude, and can be considered
statistically insignificant.
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Figure 6.2.1.5 – 3DAP reconstructions of an as-molten Cd(Ag,Au) specimen. The scale
bar is approximate.
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6.2.2 Internally Oxidized Without Precipitate

Results from a 3DAP run of an internally oxidized Ag(Cd,Au) polished specimen are
presented (see §5.1.3 for specimen preparation details). The total number of TOFs
recorded during the run was 220,471. The mass windows, with populations, of the mass
spectrum of this run can be found in Table 6.2.2.1. Before windowing, the spectrum was
calibrated with d = 617.3285 mm and t 0 = 287.0287 ns (see §4.1 and reference [86]).
This run was a random-area analysis of an internally oxidized tip. No precipitate was
encountered during the run; hence the run is entirely Ag(Au) matrix.
A 3DAP reconstruction of the data set is shown in Figure 6.2.2.1. Only Ag, Au
and O atoms were windowed, and only Ag and Au atoms are shown in the reconstruction.
As can be seen, no cadmium atoms are present in Table 6.2.2.1 or Figure 6.2.2.1. Since
this was an internally oxidized specimen, all of the cadmium atoms in the material are
tied up in the form of CdO precipitates.
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Table 6.2.2.1 – Mass windows, with populations, for a random-area analysis of an
internally oxidized Ag(Cd,Au) specimen. No CdO precipitate was encountered during
the run; hence the run is entirely Ag(Au) matrix.

Peak identity

Window
(a.m.u.)

H+
H2+
H3+
O2+
?
Au2+
Ag(107)
Ag(109)
Ag(111)
?
?
Au+
AuH+
AuH2+

0.95 to 1.05
2.0 to 2.1
3.0 to 3.1
31.9 to 32.2
34.9 to 35.2
98 to 99
106.7 to 107.4
108.7 to 109.4
110.8 to 111.3
161.1 to 161.3
170.4 to 170.6
196.8 to 197.6
197.8 to 198.2
198.8 to 199.6

Number of
masses before
positioning
149
70
64
216
68
57
71560
87585
23096
26
22
1465
93
1504
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Figure 6.2.2.1 – Three-dimensional atom-probe (3DAP) reconstruction of the Ag(Au)
matrix of an internally oxidized Ag(Cd,Au) specimen. Figure 6.2.2.1a shows only the Ag
and Au atoms, while Figure 6.2.2.1b shows only the O atoms. The box dimensions are
15 nm × 15 nm × 21 nm; there are 172,532 atoms in this reconstruction. Figure 6.2.2.1a
shows a uniform distribution of gold atoms in a silver matrix—no cadmium atoms are
present. Figure 6.2.2.1b displays only oxygen atoms. A limited concentration of
dissolved oxygen (remnant from the internal oxidation process) is present within the
specimen; approximately 0.001 at. fr. (0.1 at.%) oxygen, which agrees with experimental
and predicted values of the solubility of oxygen in solid silver at elevated temperatures
[87].
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6.2.3 Precipitate Without Segregation

6.2.3.1 Number One, Precipitate Without Segregation

This is a 3DAP run of an internally oxidized Ag(Cd,Au) polished specimen (see §5.1.3
for specimen preparation details). The total number of TOFs recorded during the run was
118,383. The mass windows, with populations, of the mass spectrum of this run can be
found in Table 6.2.3.1.

Before windowing, the spectrum was calibrated with d =

616.6559 mm and t 0 = 281.4171 ns (see §4.1 and reference [86]). The run was a selected
area analysis of a CdO precipitate. The precipitate was observed in the FIM image, the
precipitate/matrix interface was aligned in the primary detector, and the specimen was
analyzed. The precipitate fell out of the tip near the end of the run, and the run was
stopped shortly afterwards. Highlights of the mass spectrum of this specimen can be
found in Figures 6.2.3.1 to 6.2.3.4.
As can be seen in Figures 6.2.3.1 to 6.2.3.4 and in Table 6.2.3.1, several peaks in
the run are particular to the field-evaporation of the CdO oxide precipitate. These include
the CdO2+ peaks in Figure 6.2.3.2, the Cd+ peaks in Figure 6.2.3.3 and the CdO+ peaks in
Figure 6.2.3.4 (compare Tables 6.2.1.1 and 6.2.3.1). The strict association of these peaks
with the evaporation of the CdO precipitate can be confirmed by examining a mass chart
for this run (Figure 6.2.3.5; see [88]). Figure 6.2.3.5 also shows that O2+ and O+ oxygen
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ions are particular to the field-evaporation of the CdO precipitate. As an addendum, we
see the strong association of background gas ions (both hydrogen and argon) with the
field-evaporation of the CdO precipitate. The association is due to the strong dipoledipole interactions that occur in the vicinity of a specimen’s tip between the surface
atoms of the tip and residual gas atoms in the instrument. Figure 6.2.3.1 shows the
presence of all eight cadmium isotopes. The measured abundancies can be calculated and
compared to the actual values. The results are presented in Table 6.2.3.2.
As mentioned above, this run was a selected-area analysis of a CdO precipitate.
The FIM image of the tip before 3DAP analysis is shown in Figure 6.2.3.6. The darkly
imaging precipitate in the lower right-hand corner of Figure 6.2.3.6 was aligned in the
primary detector and a 3DAP analysis was performed. An approximate concentration
profile of the run can be found in Figure 6.2.3.7. The composition "oscillations" in
Figure 6.2.3.7 can be interpreted as alternating field-evaporation of the precipitate and
matrix. That is, the matrix preferentially evaporates to reveal a protruding section of
precipitate, which subsequently preferentially field-evaporates, and so on. At the end of
the run, the precipitate broke away from the tip, resulting in an abrupt change in
measured concentration (Figure 6.2.3.7). The change in evaporation field when the
precipitate broke away from the tip can be observed in the voltage plot for the run (Figure
6.2.3.8). The dip in voltage indicates that the field strength for the field-evaporation of
the precipitate is higher than that of the matrix.
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Using the mass windows in Table 6.2.3.1, the data set can be reconstructed
(Figure 6.2.3.9). As mentioned above, the precipitate broke away from the specimen tip
at the end of the run (see Figures 6.2.3.7 and 6.2.3.8). Breaking away creates an artifact
back interface for the precipitate in the 3DAP reconstruction that appears flat. In order to
avoid the inclusion of this interface in the analysis of the data, the data set was slightly
truncated before the reconstruction was created.
Figure 6.2.3.9a shows a 3DAP reconstruction of the data set (see figure caption
for box dimensions). The interface is tilted with respect to the direction of analysis. As a
result, in the atomic reconstruction displayed in Figure 6.2.3.9a, the interface between the
CdO precipitate and the matrix (that is, CdO/Ag(Au)) appears somewhat diffuse. In
Figure 6.2.3.9b, a 45 at.% Cd isoconcentration surface is overlaid on the data set. The
isoconcentration surface is constructed at a threshold level equal to the value where the
concentration gradient in Cd is steepest. At this threshold, the dependence of the location
of the isoconcentration surface of the value of the threshold is weakest.
A proxigram showing the distribution of Ag, Au, Cd and O atoms as a function of
distance to the 45 at.% Cd isoconcentration surface in Figure 6.2.3.9b is shown in Figure
6.2.3.10. In Figure 6.2.3.10, the left-hand side represents the Ag(Au) matrix, while the
right-hand side denotes the CdO precipitate. A sharp transition from matrix to CdO
precipitate is observed, with the measured interfacial region being between 2 and 3 nm
wide. The measured composition of the CdO precipitate is approximately Cd0.55O0.45,
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which is nonstoichiometric. It appears that during the pulsed field-evaporation of the
ceramic precipitate, some of the oxygen is lost and is therefore not detected. Though the
observed loss of oxygen is not completely understood, a possible mechanism for the loss
of oxygen is discussed in reference [89]. Another possible explanation is that the O+
peak at a m / n state ratio of 16 (see Table 6.2.3.1) actually consists of some diatomic,
doubly-charged oxygen ions (O22+).

Windowing the peak as O+ may, therefore,

underestimate the actual oxygen content of the specimen.
Figure 6.2.3.10 shows that no segregation of Au to this particular CdO/Ag(Au)
interface is detected. The Au concentration decreases from a level of approximately 0.5
Au at.% within the Ag(Au) matrix to nearly zero within the CdO precipitate. The
relatively large error in the two outer Au concentration levels (that is, furthest left and
furthest right) is due to the small number of atoms in these proxigram bins (resulting in
poor statistics; see Eqn. 4.3.1).
Figure 6.2.3.11 shows front and back views of two different isoconcentration
surfaces overlaid on the data set in Figure 6.2.3.9b: a 37 at.% Cd isoconcentration surface
and a 37 at.% Ag isoconcentration surface. Since the Ag and Cd curves in the proxigram
in Figure 6.2.3.10 intersect at a concentration level of approximately 37 at.%, the two
surfaces are essentially topologically equivalent, as expected.
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Table 6.2.3.1 – Mass windows, with populations, of an internally oxidized Ag(Cd,Au)
specimen. A CdO precipitate was encountered during the run; hence a number of ions
particular to the field-evaporation of CdO ceramic precipitates are listed (see text for
details).
Peak identity

Window
(a.m.u.)

H+

0.95 to 1.05

Number of
masses before
positioning
5176

H2 +

1.9 to 2.1

637

H3 +

2.9 to 3.1

275

O

+

15.9 to 16.1

1707

OH+

16.85 to 17.15

884

OH2+

17.9 to 18.1

91

N2 +

27.9 to 28.1

91

O2 +

31.8 to 32.2

2982

?

34.8 to 35.1

63

Ar+

39.8 to 40.2

766

ArH+

40.8 to 41.1

66

106

Cd2+

52.85 to 53.15

116

108

Cd2+

53.85 to 54.15

97

110

Cd2+

54.8 to 55.2

1116

111

Cd2+

55.3 to 55.7

1194

112

Cd2+

55.8 to 56.2

2179

113

Cd2+

56.3 to 56.7

1174

114

Cd2+

56.8 to 57.2

2493

116

Cd2+

57.8 to 58.2

772

CdO (rough)

62.5 to 67.5

362

Au2+

98 to 99

40

Ag(107)

106.7 to 107.4

28915

Ag(109)

108.7 to 109.4

36401

Ag(111)

110.7 to 111.4

10905

2+

110

Cd+

109.6 to 110.3

1018

112

Cd+

111.6 to 112.35

1417

113

Cd+

112.7 to 113.4

1170

114

+

113.8 to 114.4

1329

114.8 to 115.2

394

Cd

Cd+ hydride
116

Cd+

115.75 to 116.3

368

CdO+ (rough)

125 to 135

3475

Au+

196.75 to 197.75

352

AuH2+

198.75 to 199.75

140
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Figure 6.2.3.1 – Highlight of the mass spectrum of an internally oxidized Ag(Cd,Au)
specimen showing all eight cadmium isotopes.

Figure 6.2.3.2 – Highlight of the mass spectrum of an internally oxidized Ag(Cd,Au)
specimen showing the showing the CdO2+ peaks (with hydrides) particular to the fieldevaporation of CdO oxide precipitates.
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Figure 6.2.3.3 – Highlight of the mass spectrum of an internally oxidized Ag(Cd,Au)
specimen showing the Cd+ peaks particular to the field-evaporation of CdO oxide
precipitates. Note that the 111Cd+ peaks overlaps with the 109AgH2+ peak at a m / n ratio
of 111.

Figure 6.2.3.4 – Highlight of the mass spectrum of an internally oxidized Ag(Cd,Au)
specimen showing the showing the CdO+ peaks (with hydrides) particular to the fieldevaporation of CdO oxide precipitates.
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Figure 6.2.3.5 – Mass chart [88]. We clearly see the association of certain peaks with the
field-evaporation of the CdO oxide precipitate. For example, the CdO+ peaks (see Figure
6.2.3.4) no longer appear upon making the transition from precipitate plus matrix to just
matrix (as indicated by the solid vertical line in the figure).
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Table 6.2.3.2 – Calculated isotopic abundancies of the Cd2+ peaks in Table 6.2.1.1 and
Figure 6.2.1.1. The abundancies are compared to the handbook values [74].
Isotope
108

Cd2+
106
Cd2+
110
Cd2+
111
Cd2+
112
Cd2+
113
Cd2+
114
Cd2+
116
Cd2+

Actual
abundance
1.2%
0.9%
12.4%
12.8%
24.0%
12.3%
28.8%
7.6%

Calculated
abundance
1.2690 ± 0.0001
1.0612 ± 0.0001
12.2087 ± 0.0012
13.0620 ± 0.0012
23.8377 ± 0.0020
12.8432 ± 0.0012
27.2727 ± 0.0022
8.4455 ± 0.0008
9141 total ions

Figure 6.2.3.6 – FIM image of an internally oxidized Ag(Cd,Au) specimen. The image
is formed using Ar gas at 50 K, and the tip voltage is approximately 8.2 kV (the scale bar
is approximate). The CdO precipitate is the darkly imaging region in the lower righthand corner of the image.
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Figure 6.2.3.7 – Snapshot of the online composition profile of the analysis. We see an
abrupt change in composition where the precipitate broke away from the tip at the end of
the analysis.

Figure 6.2.3.8 – Voltage plot of the run. The shallow dip in voltage near the end of the
run indicates the transition from the field-evaporation of matrix plus precipitate to just
matrix.
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Figure 6.2.3.9 - (a) 3DAP reconstruction of a CdO precipitate in a Ag(Au) matrix. The
box dimensions are 16 nm × 16 nm × 6 nm and there are 72,251 atoms in the
reconstruction. The apparent density difference between matrix and precipitate is due to
the fact that different sizes of atoms are used in the reconstruction for clarity. (b) The
CdO/Ag interface is delineated by a 45 at.% Cd isoconcentration surface. The distinction
between the ceramic precipitate and the metal matrix is clearly seen. Note that almost all
the Au atoms are located within the Ag matrix.
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Figure 6.2.3.10 – Proxigram constructed relative to the isoconcentration surface in
Figure 6.2.3.9b (note the dual ordinate axes). The dashed vertical line delineates the
distinction between matrix and precipitate. There is no evidence for Au segregation at
the CdO/Ag(Au) precipitate/matrix interface.
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Figure 6.2.3.11 – Front and back views of two different isoconcentration surfaces
overlaid on the data set in Figure 6.2.3.9b: a 37 at.% Cd isoconcentration surface and a 37
at.% Ag isoconcentration surface. Since the Ag and Cd curves in the proxigram in Figure
6.2.3.10 intersect at a concentration level of approximately 37 at.%, the two surfaces are
essentially topologically equivalent.
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6.2.3.2 Number Two, Precipitate Without Segregation

This is a 3DAP run of an internally oxidized Ag(Cd,Au) polished specimen (see §5.1.3
for specimen preparation details). The total number of TOFs recorded during the run was
485,758. The mass windows, with populations, of the mass spectrum of this run can be
found in Table 6.2.3.3.

Before windowing, the spectrum was calibrated with d =

616.5490 mm and t 0 = 281.6709 ns (see §4.1 and reference [86]). This run was a
selected area analysis of a CdO precipitate. The precipitate was observed in the FIM
image, the precipitate/matrix interface was aligned in the primary detector, and the
analysis was performed. Due to precipitate breakoff, the data file was truncated prior to
creating the 3DAP reconstruction. The total number of TOFs recorded in the cut section
of the run is 285,642.
3DAP reconstructions of the data set are shown in Figure 6.2.3.12. The figure
shows front and back views of two types of isoconcentration surfaces. Figure 6.2.3.13
displays a proxigram constructed relative to the 35 at.% Cd isoconcentration surface
shown in Figure 6.2.3.12. As with the data presented in §6.2.3.1, we see no evidence of
Au segregation at the CdO/Ag interface.

In fact, there is some evidence for the

desegregation of Au at the interface, as indicated by the dip in Au concentration at a
distance value of approximately –2 nm.
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Analogous to Figure 6.2.3.11, the two isoconcentration surfaces depicted in
Figure 6.2.3.12—the 35 at.% Cd and the 35 at.% Ag isoconcentration surfaces—are
topologically very similar. This is due to the fact that the Cd and Ag curves in the
proxigram in Figure 6.2.3.13 intersect at a concentration level of approximately 35 at.%.
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Table 6.2.3.3 – Mass windows, with populations, of an internally oxidized Ag(Cd,Au)
specimen. As with Table 6.2.3.1, we see a number of ions associated with the fieldevaporation of a CdO precipitate.
Peak
identity
H+
H2+
H3+
O+
OH+
OH2+
N2+
?
O2+
106
Cd2+
108
Cd2+
110
Cd2+
111
Cd2+
112
Cd2+
113
Cd2+
114
Cd2+
116
Cd2+
Au2+
Ag(107)
Ag(109)
Ag(111)

Window
(a.m.u.)

Number of
masses
before
positioning
0.97 to 1.04
8889
1.97 to 2.07
2374
2.97 to 3.08
2237
15.9 to 16.1
2242
16.9 to 17.1
1677
17.9 to 18.1
257
27.9 to 28.2
381
28.9 to 29.1
113
31.8 to 32.3
3858
52.8 to 53.2
186
53.75 to 54.2
157
54.8 to 55.2
1185
55.3 to 55.7
1156
55.8 to 56.25
2094
56.3 to 56.7
1179
56.8 to 57.25
2398
57.8 to 58.15
832
98.2 to 98.75
190
106.6 to 107.6
49121
108.6 to 109.6
188210
110.6 to 111.7
139150

Peak
identity
106

Cd+
Cd+
110
Cd+
112
Cd+
113
Cd+
114
Cd+
?
116
Cd+
?
+
CdO (110)
CdO+ (111)
CdO+ (112)
CdO+ (113)
CdO+ (114)
CdO+ (115)
CdO+ (116)
CdO+ (117)
Au+
AuH+
AuH2+
AuH3+
108

Window
(a.m.u.)

Number of
masses
before
positioning
105.7 to 106.4
313
107.65 to 108.5
1475
109.65 to 110.5
3026
111.8 to 112.3
2442
112.7 to 113.4
3572
113.7 to 114.4
2702
114.8 to 115.3
1138
115.8 to 116.4
1182
116.8 to 117.3
723
125.7 to 126.4
494
126.8 to 127.5
668
127.8 to 128.4
858
128.8 to 129.4
797
129.8 to 130.5
1095
130.8 to 131.4
704
131.8 to 132.4
540
132.8 to 133.3
352
196.8 to 197.6
590
197.8 to 198.6
376
198.8 to 199.5
530
199.8 to 200.6
346
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Figure 6.2.3.12 – Several views of the 3DAP reconstruction of the data presented in
§6.2.3.2: a CdO precipitate in a Ag(Au) matrix (the scale bar is approximate). For the
reconstructions on the left, only the Cd (purple) the O (blue) and the Au (red) atoms are
shown. For the reconstructions on the right, only the Ag (green) and Au (red) atoms are
shown. The two different isoconcentration surfaces are topologically similar since the Cd
and Ag curves in the proxigram in Figure 6.2.3.13 intersect at a concentration level of
approximately 35 at.%.
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Figure 6.2.3.13 – Proxigram constructed relative to the Cd isoconcentration surface on
the left-hand side of Figure 6.2.3.12 (note the dual ordinate axes). There is no evidence
for Au segregation at the CdO/Ag(Au) precipitate/matrix interface.
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6.2.4 Precipitate with Segregation

This is a 3DAP run of an internally oxidized Ag(Cd,Au) polished specimen (see §5.1.3
for specimen preparation details). The total number of TOFs recorded during the run was
31,315. The mass windows, with populations, of the mass spectrum of this run are listed
in Table 6.2.4.1. Before windowing, the spectrum was calibrated with d = 616.7135 mm
and t 0 = 281.6529 ns (see §4.1 and reference [86]). This run was a selected-area analysis
of a CdO/Ag(Au) precipitate/matrix interface. The precipitate fell out of the tip mid-run,
and the run was stopped shortly afterwards.
Table 6.2.4.1 shows the windows of the peaks in the mass spectrum of the
specimen. As with the data presented in §6.2.3, we see the presence of several ionic
species particular to the field-evaporation of the CdO precipitate—namely, Cd+ ions and
CdO+ ions.
The FIM image of the tip before 3DAP analysis is shown in Figure 6.2.4.1. As is
highlighted in this figure, the CdO precipitate in the center of the FIM image, along with
a portion of the surrounding Ag(Au) matrix, was aligned in the primary detector prior to
starting the analysis.

Aligning the specimen in this manner allows for the

precipitate/matrix interface to be dissected during an analysis.
At the end of the run, the precipitate broke away from the tip suddenly. The
changes in the on-line concentration profile and the voltage plot were identical to those
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displayed in Figures 6.2.3.7 and 6.2.3.8. That is, there was a sharp concentration change
in the on-line profile and a corresponding decrease in evaporation field, observable as a
shallow dip in the voltage plot of the run. As before, the shallow dip indicated the
transition from the evaporation of both precipitate and matrix to just matrix.
Using the mass windows in Table 6.2.4.1, the data set can be reconstructed (see
Figure 6.2.4.2). The breaking away of the precipitate creates an artifact back interface in
the 3DAP reconstruction that appears flat. To avoid the inclusion of this interface in the
analysis of the data, the data set was truncated slightly before the reconstruction was
created.
In Figure 6.2.4.2, the segregation of Au atoms to the CdO/Ag(Au) interfacial
region is qualitatively evident.

Figure 6.2.4.3 shows a proxigram displaying the

distribution of Au atoms relative to the 45 at.% Cd isoconcentration surface overlaid on
the atomic reconstruction (Figure 6.2.4.2b). In Figure 6.2.4.3, the only Au concentration
levels whose one-sigma error level do not intersect the horizontal axis occur in a small
segregation zone extending from approximately –4 nm to 2 nm along the abscissa. This
segregation zone corresponds to the region of segregation observed qualitatively in
Figure 6.2.4.2. From the area of this segregation zone (that is, the yellow-shaded region
in Figure 6.2.4.3), the Gibbsian interfacial excess of Au at the CdO/Ag(Au) interface
CdO/Ag

(ΓAu

CdO/Ag
) can be determined (see §4.3 and references [75, 90]). ΓAu
determined in this

manner is (1.65 ± 0.56) nm-2 (0.12 ± 0.04 effective monolayers) at 650°C, which
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represents the thermodynamic equilibrium value of Au segregation at the temperature of
CdO/Ag
internal oxidation (650°C; see §5.1.3). It is noted that the value of ΓAu
is, to first

order, independent of the isoconcentration surface threshold level. For example, using a
CdO/Ag
threshold of 50 at.% as compared to 45 at.% yields a value of 1.83 nm-2 for ΓAu
, a 10
CdO/Ag
% difference; this difference is within the statistical uncertainty of ΓAu
.

The 3DAP reconstruction in Figure 6.2.4.2 allows for a unique opportunity to test
the validity of the proxigram method to determine the Gibbsian interfacial excess of
solute at internal interfaces.

Since Figure 6.2.4.2 shows only a small slice of a

precipitate/matrix interface, the number of Au solute atoms segregating at the interface
can be directly counted. In addition, the physical area of the isoconcentration surface in
the figure can be directly calculated using the 3DAP reconstruction software. The former
number, the number of segregating Au solute atoms, is 42. The latter number, the
physical area of the slice of isoconcentration surface, is 24.27 nm2. Therefore, the
Gibbsian interfacial excess of solute, calculated directly using Eqn. 2.3.1, is:
−2
CdO / Ag
ΓAu
= Niexcess / A = 42 / (24.27 nm 2 ) = 1.73nm .

The agreement between the above value, 1.73 nm-2, calculated directly from the
reconstruction, and the value calculated from the proximity histogram, (1.65 ± 0.56) nm2

, is nearly perfect. This is an extremely important result, as it lends definitive credence

to the proxigram method of determining the Gibbsian interfacial excess.
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Table 6.2.4.1 – Mass windows, with populations, of an internally oxidized Ag(Cd,Au)
specimen. As with Tables 6.2.3.1 and 6.2.3.3, we see a number of ions associated with
the field-evaporation of a CdO precipitate.
Peak identity

Window
(a.m.u.)

H+
H2+
H3+
O+
OH+
OH2+
N2+
?
O2+
106
Cd2+
?
110
Cd2+
111
Cd2+
112
Cd2+
113
Cd2+
114
Cd2+
116
Cd2+
Au2+
Ag(107)
Ag(109)
Ag(111)
110
Cd+
112
Cd+
113
Cd+
114
Cd+
CdO+
?
?
Au+
AuH2+

0.95 to 1.05
1.9 to 2.1
2.9 to 3.1
15.9 to 16.1
16.85 to 17.15
17.9 to 18.1
27.9 to 28.1
28.9 to 29.1
31.8 to 32.2
52.85 to 53.05
53.8 to 54.2
54.8 to 55.2
55.3 to 55.7
55.8 to 56.2
56.3 to 56.7
56.8 to 57.2
57.8 to 58.2
98 to 99
106.7 to 107.4
108.7 to 109.4
110.7 to 111.4
109.7 to 110.5
111.8 to 112.5
112.7 to 113.6
113.8 to 114.2
125 to 133
140.5 to 141.25
144.0 to 144.5
196.75 to 197.75
198.75 to 199.75

Number of
masses before
positioning
2246
440
171
565
499
90
32
31
718
40
32
325
356
620
319
707
223
26
4140
8742
4902
468
472
420
243
745
38
32
98
40
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Figure 6.2.4.1 – FIM image of an internally oxidized Ag(Cd, Au) specimen. A darkly
imaging CdO precipitate can be seen in the center of the FIM image (imaging conditions:
11.6 kV, 50 K, Ar gas). As is highlighted in the figure, the CdO precipitate, along with a
portion of the surrounding Ag(Au) matrix, was aligned in the primary detector prior to
starting the analysis. The approximate scale bar on the right refers to the primary
detector image.
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Figure 6.2.4.2 - (a) 3DAP reconstruction of a CdO precipitate in a Ag(Au) matrix (the
reconstruction is rotated relative to the primary detector image on the right of Figure
6.2.4.1). The dimensions of the rectangular parallelepiped are 20.8 nm × 20.4 nm × 0.8
nm and there are 14,378 atoms in the reconstruction. The segregation of Au atoms to the
CdO/Ag(Au) interface is qualitatively evident. (b) Reconstruction in (a) with a 45 at.%
Cd isoconcentration surface overlaid on the data set. The matrix silver atoms have been
removed for the sake of clarity.
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Figure 6.2.4.3 - A proxigram showing the distribution of Au atoms relative to the
CdO/Ag(Au) interface in Figure 6.2.4.2 (Au atomic fraction vs. distance in nanometers);
the segregation zone is shaded for clarity. The Gibbsian excess of Au at the
CdO/Ag
, as extracted from the area of this zone is (1.65 ± 0.56) nm-2 (0.12 ±
CdO/Ag(Au), ΓAu
0.04 effective monolayers) at 650°C.
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6.2.5 Discussion of CdO/Ag(Au) Results

Results from three CdO/Ag(Au) interfaces have been presented. One interface exhibits
segregation; the other two do not. An explanation for this observed disparity is the
relationship of segregation behavior to interfacial dislocation structure. We hypothesize
that the interface that exhibits segregation was part of a larger CdO precipitate than were
the interfaces that did not exhibit segregation. A larger precipitate would contain an
array of misfit dislocations to accommodate the lattice parameter misfit between Ag and
CdO, which is ≈15%. These misfit dislocations produce a strain field that contains
atomic sites where the segregating gold atoms are attractively bound to the interface.
Note, however, that there is no direct evidence for the above assertion in the present
investigation.
The 3DAP results on segregation at a CdO/Ag(Au) interface are consistent with
results from a previous one-dimensional atom-probe study on the same system [19]. In
the 1DAP study, Au segregation was not observed at all interfaces examined, and when it
was observed, it had an average value of (3.0 ± 1.0) nm-2 at 400°C; note well the
segregation annealing temperature of 400°C. This value for ΓAu

CdO/Ag

is higher than, but

entirely consistent with, the segregation level presented in this section—namely, (1.65 ±
0.56) nm-2 at 650°C—due to the difference in the equilibrium segregation temperature.
CdO/Ag
The absolute value of ΓAu
is expected to increase with decreasing temperature (see
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§2.3), for a positive free energy of segregation, and the experimental results (1DAP and
3DAP) are consistent with this classical thermodynamic picture.
Comparing the 1DAP and 3DAP experimental results allows for an estimate of
the free energy of segregation in the CdO/Ag(Au) system—∆G segr in Eqn. 2.3.5 (the
Langmuir-McLean adsorption isotherm) and Eqn. 2.3.6.

One can make the

approximation that the Gibbsian interfacial excess for this system, ΓAu

CdO/Ag

, is proportional

to the quantity on the left-hand side of Eqn. 2.3.5 (the ratio of the concentration of a
solute atom at an interface, Cinterface , to its bulk concentration, Cbulk ):
CdO/Ag
ΓAu
∝

Cinterface
∝ exp(∆Gsegr RT ).
Cbulk

(6.2.1)

CdO/Ag
If the value of ΓAu
is known at two different temperatures T1 and T2 (with T2 > T1 ),

then Eqn. 6.2.1 can be used to obtain the value of ∆G segr for the CdO/Ag(Au) system:
 ln(Γ CdO /Ag @ T )− ln (Γ CdO/Ag @T )
Au
2 
Au
1
∆Gsegr = R 
.
(1 T1 ) − (1 T2 )



(6.2.2)

CdO/Ag
Using the two experimental values for ΓAu
presented above, (3.0 ± 1.0) nm-2 at 400°C

and (1.65 ± 0.56) nm-2 at 650°C, yields a value for ∆G segr for the CdO/Ag(Au) system of
12.4 kJ/mol (0.13 eV atom-1).
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6.2.6 Summary of CdO/Ag(Au) Results

The results on the analyses of CdO precipitates embedded in an Ag(Au) matrix lead to
two observations about the field-evaporation of oxide precipitates from within a metal
matrix.

First is the strict association of certain ions with the evaporation of the

precipitates themselves. As is evidenced in Figure 6.3.2.5, a mass chart of a run that
dissected a CdO precipitate, the presence of CdO+ ions, Cd+ ions, CdO2+ ions are
particular only to the field-evaporation of the precipitate.

Second, the presence of

monatomic O+ ions is strictly associated with the evaporation of the precipitate. It is
noted that the latter observation has never been explicitly mentioned in previous 1DAP
and 3DAP analyses of ceramic precipitates within a metal matrix [15, 16, 18, 19, 23, 84].
Like the MgO precipitates in §6.1, the CdO precipitates in the present section
appear somewhat diffuse in the 3DAP reconstructions. As mentioned in §6.1.4, this
effect is most likely due to field-evaporation complications in the vicinity of the highdielectric constant CdO precipitates. Such complications are discussed further in §6.4.2.
Of the three CdO/Ag(Au) interfaces presented in §6.2.3 and §6.2.4, two exhibited
no Au segregation, while the third exhibited segregation with a Gibbsian interfacial
excess, ΓAu

CdO/Ag

, of (1.65 ± 0.56) nm-2 (0.12 ± 0.04 effective monolayers) at 650°C. This

CdO/Ag
value of ΓAu
is consistent with the value previously reported in a 1DAP study of Au
CdO/Ag
segregation at CdO/Ag(Au) interfaces [19]. In reference [19], a value for ΓAu
of (3.0
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± 1.0) nm-2 at 400°C was reported. Since the equilibrium segregation temperature in
reference [19] is lower than that of the specimens presented in this work (400°C as
CdO/Ag
compared to 650°C), the experimental value of ΓAu
is correspondingly higher,

consistent with the thermodynamic picture of solute segregation at interfaces (see §2.3).
CdO/Ag
The two experimental values for ΓAu
, (3.0 ± 1.0) nm-2 at 400°C and (1.65 ± 0.56) nm-2
segr
for the CdO/Ag(Au) system—the
at 650°C, can be used to calculated a value for ∆G

value obtained is 12.4 kJ/mol (0.13 eV atom-1). A further discussion of the driving force
for segregation is found in §6.4.1.
For the interface that did exhibit segregation, §6.2.4, a unique opportunity was
provided to test the validity of the proxigram method of determining the Gibbsian
interfacial excess. It was determined that the proxigram method yielded a value for the
Gibbsian excess that was identical to the quantity obtained by calculating the value
directly. The latter method involves counting the number of segregating solute atoms in
the 3DAP reconstruction individually, and dividing that number of atoms by the physical
area of the interface in the reconstruction (see Eqn. 2.3.1).
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6.3 MnO/Ag(Sb) System

We have studied Sb segregation at MnO/Ag(Sb) ceramic/metal heterophase interfaces
employing three-dimensional atom-probe (3DAP) microscopy. Specimens are prepared
by the internal oxidation of Ag(Mn) alloys, leading to the formation of nanometer-sized
MnO precipitates within an Ag(Mn) matrix (see §5.1.4). Sb is introduced into the
internally oxidized specimens with a vapor diffusion treatment.

Appreciable Sb

segregation is only observed after a subsequent segregation anneal is performed, and the
interfacial excess of Sb at the MnO/Ag(Sb) interfaces, ΓSb

MnO/ Ag

, is determined directly.

The value obtained is (3.8 ± 2.1) × 1016 m-2 ((3.8 ± 2.1) × 10-2 nm-2 or 0.0027 ± 0.0015
effective monolayers) at 550°C.
Sections 6.3.1 through 6.3.4 present the results from this specimen system and a
detailed discussion of the results are in §6.3.5.

6.3.1 As-Molten

Results from a 3DAP run of an as-molten Ag(Mn) polished specimen are presented (see
§5.1.4 for specimen preparation details). The total number of TOFs recorded during the
run was 622,511. The mass windows, with populations, of the mass spectrum of this run,
along with details of the important sections of the spectrum, presented in Table 6.3.1.1
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and Figure 6.3.1.1. Before windowing, the spectrum was calibrated with d = 616.6301
mm and t 0 = 281.3340 ns (see §4.1 and reference [86]).
As can be seen in Table 6.2.1.1, silver has a strong propensity to form a doublehydride, consistent with previous atom-probe analyses of silver alloys [15, 16, 23], and
also consistent with the CdO/Ag(Au) results presented in §6.2. Under the high-field
conditions in the near-tip region, silver also has a slight propensity to form a doublenitride (at 135 and 137 a.m.u.). The N2 molecules required to form such complex-ionic
species come from the background residual gas in the 3DAP chamber. It is noted,
however, that relative to the total size of the data set, the number of total gas ions
detected (H+, H2+, N2+, O2+, and Ar+) is small. This indicates that the vacuum was very
good during the analysis and that the spectrum is clean. Mn ions occur in both the singly
and doubly-charged states, with various hydrides associated with both charge states.
A 3DAP reconstruction of this data set is shown in Figure 6.3.1.2. We see an
approximately homogeneous distribution of Mn within the specimen, with an average
composition of 1.42 at.%. The small amount of homogeneously distributed oxygen
(occurring as O2+ within the mass spectrum of the specimen; see Table 6.3.1.1 and Figure
6.3.1.1) is believed to be gaseous oxygen from within the 3DAP analysis chamber, and
not oxygen from within the bulk of the specimen.
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Table 6.3.1.1 – Mass windows, with populations (before positioning) for an as-cast
Ag(Mn) specimen. Only the mass windows used to create the 3DAP reconstruction and
calculate the concentration of this specimen are shown.
Peak identity

Window
(a.m.u.)

Mn++
MnH2++
O2+
Mn+
MnH+
MnH3+
107
Ag+
107
AgH2+, 109Ag+
109
AgH2+
107
AgN2+
109
AgN2+,
TOTAL

27.35 to 27.6
28.36 to 28.6
31.9 to 32.15
54.8 to 55.2
55.9 to 56.1
57.8 to 58.2
106.8 to 107.4
108.8 to 109.4
110.8 to 111.4
134.8 to 135.5
136.75 to 137.5

Number of
masses before
positioning
3777
246
294
316
3126
890
13738
293120
262670
504
1107
579788

Figure 6.3.1.1 – Mass spectrum of an as-molten specimen. The salient groups of peaks
are labeled in the figure (the Ag+ nitrides are the peaks that are furthest to the right).
Furthermore, the peaks at m / n state ratios of 1 and 2 are residual singly-charged
hydrogen (H+ and H2+), the peak at a m / n state ratio of 32 is O2+, and the peak at a m / n
state ratio of 40 is Ar+ (residual imaging gas from FIM).

177

Figure 6.3.1.2 – (a) 3DAP reconstruction of an as-cast Ag(Mn) alloy (side view—the
analysis direction is left-to-right). The dimensions of the rectangular parallelepiped are
22.9 × 22.4 × 29.5 nm3; there are 514,025 atoms in the reconstruction. Mn atoms are
small and light colored, diatomic oxygen molecules (remnant gaseous oxygen in the
3DAP chamber) are large and dark. The matrix Ag atoms have been omitted for the sake
of clarity. (b) Concentration profile showing the Mn and O concentrations as a function
of analysis depth (left-to-right in (a)). An average composition of 1.42 at.% Mn is
measured. The error bars represent the ±σ error bounds.
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6.3.2 Internally Oxidized

Results from a 3DAP run of internally oxidized Ag(Mn) polished specimen are presented
(see §5.1.4 for specimen preparation details). The total number of TOFs recorded during
the run was 516,125. The mass windows, with populations, of the mass spectrum of this
run, along with details of the important sections of the spectrum, can be found in Table
6.3.2.1 and Figure 6.3.2.1. Before windowing, the spectrum was calibrated with d =
616.8611 mm and t 0 = 281.2942 ns. (see §4.1 and reference [86]). Table 6.3.2.1 and
Figure 6.3.2.1 indicate a number of complex ionic species particular to the fieldevaporation of MnO oxide precipitates (see §6.2.1 and §6.3.5 for further discussion).
A 3DAP reconstruction of the data set is shown in Figure 6.3.2.2a (manganese
atoms are red, and oxygen atoms are green).

The overall dimensions of the

reconstruction are 15.3 × 15.0 × 44.1 nm3 and the atomic density of the reconstruction is
34.3 nm-3.

We see clearly the difference between the 3DAP reconstruction of the

internally oxidized specimen, Figure 6.3.2.2a, and the as-molten specimen (Figure
6.3.1.2a). An isoconcentration surface can be constructed at a threshold concentration
level of 16 at.% manganese and overlaid on the matrix Ag atoms (see Figure 6.3.2.2b).
The isoconcentration surface is irregular, but we see that relatively few matrix atoms are
within the boundary of the surface.

A proxigram constructed relative to the

isoconcentration surface in Figure 6.3.2.2b is shown in Figure 6.3.2.3.
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Table 6.3.2.1 – Mass windows, with populations (before positioning) for an internally
oxidized Ag(Mn) specimen. Only the mass windows used to create the 3DAP
reconstruction and calculate the concentration of this specimen are shown.
Peak identity

Window mass range
(a.m.u.)

O+
OH+
Mn2+
MnH22+
MnH32+
MnH42+
O2+
MnO2+
MnOH2+
MnO22+
MnO2H2+
MnO32+
MnO3H2+
Mn+
MnH+
Mn2O2+
MnO+
MnOH+
MnO2+
MnO2H2+
MnO3+
107
Ag+
107
AgH2+, 109Ag+
109
AgH2+
TOTAL

15.9 to 16.1
16.9 to 17.1
27.35 to 27.6
28.4 to 28.6
28.9 to 29.1
29.4 to 29.6
31.9 to 32.15
35.4 to 35.7
35.85 to 36.1
43.3 to 43.65
43.85 to 44.1
51.35 to 51.65
51.8 to 52.15
54.8 to 55.2
55.9 to 56.1
62.8 to 63.2
70.8 to 71.2
71.9 to 72.1
86.8 to 87.2
88.85 to 89.1
102.8 to 103.2
106.8 to 107.3
108.8 to 109.3
110.8 to 111.3

Number of masses
before
positioning
4963
262
9888
3290
111
627
886
291
532
414
206
170
323
1719
100
157
3029
133
3465
163
4520
166930
194830
41265
438274
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Figure 6.3.2.1 – A portion of the mass spectrum of an internally oxidized MnO/Ag
specimen (see Table 6.3.2.1). The salient groups of peaks are labeled in this figure. We
see the presence of a number of complex ionic species, not observed in the spectrum of
the as-cast specimen (Figure 6.3.3.1), that are associated with the field-evaporation of the
MnO ceramic precipitates.
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Figure 6.3.2.2 – (a) 3DAP reconstruction of an internally oxidized Ag(Mn) alloy (side
view—the analysis direction is left to right). The dimensions of the rectangular
parallelepiped are 15.3 × 15.0 × 44.1 nm3 ; there are 347,388 atoms in this reconstruction.
The matrix Ag atoms have been omitted for the sake of clarity. (b) A 16 at.% Mn
isoconcentration surface overlaid on (a). In (b), the Mn and O atoms are omitted, and
only the matrix Ag atoms are shown. It is clear that within the regions bounded by the
isoconcentration surfaces, the density of matrix Ag atoms is reduced.
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Figure 6.3.2.3 – Proxigram showing the atomic fractions of Mn, O and Ag as a function
of distance to the isoconcentration surface in Figure 6.3.2.2b—an internally oxidized
specimen containing MnO precipitates within an Ag matrix. Negative distances represent
regions outside of the isoconcentration surface (that is, Ag matrix), positive distances
represent regions inside of the isoconcentration surface (that is, MnO precipitates). The
error bars are large on the rightmost data points due to the limited proxigram bin
population for this value of the abscissa (resulting in poor statistics). We note
approximately a 1:1 stoichiometry within the MnO precipitates. The centers of the
precipitates, however, contain, on average, approximately 45 at.% Ag.

183
6.3.3 Internally Oxidized, Antimony Introduced

We present results from a 3DAP run of an internally oxidized, Sb-containing specimen
(see §5.1.4 for specimen preparation details). The total number of TOFs recorded during
the run was 155,179. The mass windows, with populations, of the mass spectrum of this
run, along with details of the important sections of the spectrum, can be found on the
following pages. The populations of the mass windows are given both before and after
positioning of the data set. Before windowing, the spectrum was calibrated with d =
616.7652 mm and t 0 = 282.1386 ns (see §4.1 and reference [86]).
3DAP reconstructions of the data set are shown in Figure 6.3.3.1. Figure 6.3.3.1a
shows only the Mn, O and Sb atoms, while Figure 6.3.3.1b shows only the matrix Ag
atoms. The overall dimensions of the reconstruction are 19.5 × 19.2 × 12.4 nm3. A
proxigram constructed relative to an isoconcentration surface overlaid on the
reconstructions in Figure 6.3.3.1 is shown in Figure 6.3.3.2 (the isoconcentration surface
has not been shown in the 3DAP reconstructions).
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Table 6.3.3.1 – Mass windows, with populations (both before and after positioning) for
an internally oxidized Ag(Mn) specimen, with Sb introduced by vapor treatment. Only
the mass windows used to create the 3DAP reconstruction and calculate the concentration
of this specimen are shown.
Peak identity

Window
(a.m.u.)

O+
OH+
Mn++
MnH2++
MnH3++
MnH4++
O2+
MnOH++
MnO2++
MnO2H++
MnO3H++
Mn+
MnH+
Mn2O++
MnO+
MnOH+
MnO2+
MnO2H2+
MnO3+
107
Ag+
107
AgH2+, 109Ag+
109
AgH2+
121
SbH4+
123
SbH4+
TOTAL

15.9 to 16.1
16.9 to 17.1
27.35 to 27.6
28.4 to 28.6
28.9 to 29.1
29.4 to 29.6
31.9 to 32.15
35.85 to 36.1
43.3 to 43.65
43.85 to 44.1
51.8 to 52.15
54.8 to 55.2
55.9 to 56.1
62.8 to 63.2
70.8 to 71.2
71.9 to 72.1
86.8 to 87.2
88.85 to 89.1
102.8 to 103.2
106.8 to 107.3
108.8 to 109.3
110.8 to 111.3
124.8 to 125.2
126.8 to 127.3

Number of
masses before
positioning
1280
122
3152
1980
210
489
311
247
77
101
132
565
62
86
924
65
870
86
1023
49757
73028
29091
134
148
163940

Number of
masses after
positioning
1274
99
4040
1766
22
415
214
203
57
83
115
398
36
58
739
55
690
77
829
46774
67014
24039
99
112
149208

% Change
during
positioning
0.47%
18.85%
-28.17%
10.81%
89.52%
15.13%
31.19%
17.81%
25.97%
17.82%
12.88%
29.56%
41.94%
32.56%
20.02%
15.38%
20.69%
10.47%
18.96%
6.00%
8.24%
17.37%
26.12%
24.32%
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Figure 6.3.3.1 – 3DAP reconstruction of an internally oxidized Ag(Mn) specimen
containing antimony. The overall dimensions of the reconstruction are 19.5 × 19.2 × 12.4
nm3 and the atomic density of the reconstruction is 33.4 nm-3.
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Figure 6.3.3.2 – Proxigram showing the Mn, O, Ag, and Sb atomic fractions as functions
of distance from the surfaces of the precipitates of an internally oxidized MnO/Ag
specimen containing antimony. As with the internally oxidized specimen (Figure
6.3.2.3), we see approximately a 1:1 stoichiometry within the MnO precipitates. Though
there appears to be evidence of Sb segregation at the MnO/Ag(Sb) interface, the
segregation cannot be considered statistically significant (see §6.3.5 for further
discussion). The background level of Sb within the Ag matrix is approximately 0.0013
at. fr. (0.13 at.%). The centers of the precipitates contain, on average, approximately 3540 at.% Ag, which is somewhat reduced relative to the internally oxidized specimen
(Figure 6.3.2.3).
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6.3.4 Antimony Introduced, Segregation Anneal

Results are presented from a 3DAP experiment on an internally oxidized, Sb-containing
specimen that had undergone a segregation anneal (see §5.1.4 for specimen preparation
details).

The total number of TOFs recorded during the run 405,470.

The mass

windows, with populations, of the mass spectrum of this run are listed in Table 6.3.4.1.
Before windowing, the spectrum was calibrated with d = 616.7132 mm and t 0 =
281.9019 ns (see §4.1 and reference [86]).
3DAP reconstructions of the data set are shown in Figure 6.3.4.1. The overall
dimensions of the reconstruction are 22.5 × 22.2 × 19.5 nm3. A proxigram constructed
relative to an isoconcentration surface overlaid on the reconstructions in Figure 6.3.4.1 is
shown in Figure 6.3.4.2 (the isoconcentration surface is not displayed in the 3DAP
reconstructions). The segregation of Sb at the MnO/Ag ceramic/metal interfaces is seen
clearly in the Sb curve (note the dual axes for the ordinates). The Gibbsian interfacial
excess of Sb at the MnO/Ag(Sb) interfaces is extracted directly from the proxigram (see
§4.3).

The value obtained is (3.8 ± 2.1) × 10-2 nm-2 (0.0027 ± 0.0015 effective

monolayers) at 550°C (the temperature of the segregation anneal; see §5.1.4).
A slice of the reconstructions in Figure 6.3.4.1 is shown in Figure 6.3.4.3. In this
figure, we see qualitative evidence for the segregation of the large, gray Sb atoms to the
regions adjacent to the isoconcentration surface.
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Table 6.3.4.1 – Mass windows, with populations (before positioning) for an internally
oxidized Ag(Mn) specimen, with Sb introduced by vapor treatment and a segregation
anneal. Only the mass windows used to create the 3DAP reconstruction and calculate the
concentration of this specimen are shown.
Peak identity

Window
(a.m.u.)

O+
OH+
Mn++
MnH2++
MnH3++
MnH4++
O2+
MnOH++
MnO2++
MnO2H++
O3+
MnO3H++
Mn+
MnH+
Mn2O++
Mn2OH++
Mn2OH2++
Mn2OH4++
MnO+
MnOH+
MnO2+
MnO2H+
MnO2H2+
MnO3+
107
Ag+
107
AgH2+, 109Ag+
109
AgH2+
121
SbH4+
123
SbH4+
TOTAL

15.9 to 16.1
16.9 to 17.1
27.35 to 27.6
28.4 to 28.6
28.9 to 29.1
29.4 to 29.6
31.9 to 32.15
35.85 to 36.1
43.3 to 43.65
43.85 to 44.1
47.8 to 48.2
51.8 to 52.15
54.8 to 55.2
55.9 to 56.1
62.8 to 63.2
63.8 to 64.2
64.8 to 65.2
66.8 to 67.2
70.8 to 71.2
71.9 to 72.1
86.8 to 87.2
87.85 to 88.1
88.85 to 89.1
102.8 to 103.2
106.8 to 107.3
108.8 to 109.3
110.8 to 111.3
124.8 to 125.2
126.8 to 127.2

Number of
masses before
positioning
1614
209
3811
2470
207
690
380
346
79
126
62
223
671
101
96
51
80
62
1066
109
946
59
90
1091
101800
168570
74739
153
175
360076
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Figure 6.3.4.1 – 3DAP reconstruction of an internally oxidized Ag(Mn) alloy containing
Sb (side view—the analysis direction is left to right). The Sb was introduced with a
solid-state diffusion treatment, and a segregation anneal was performed. The dimensions
of the box are 22.5 × 22.2 × 19.5 nm3 and there are 333,665 atoms in the reconstruction.
In the bottom figure, the matrix Ag atoms have been omitted for the sake of clarity.
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Figure 6.3.4.2a – Proxigram showing the Mn, O, Ag, and Sb atomic fractions as
functions of distance from the surfaces of the MnO precipitates of an internally oxidized
Ag(Mn) alloy containing Sb. The Sb was introduced with a solid-state diffusion
treatment, and a segregation anneal was performed (see Figure 6.4.3.1). Negative
distances represent regions outside of the isoconcentration surface (that is, matrix), while
positive distances represent regions inside of the isoconcentration surfaces (that is,
precipitates). We note an approximate 1:1 stoichiometry within the MnO precipitates.
The centers of the precipitates contain, on average, less than 5 at.% Ag. The background
level of Sb within the Ag matrix is approximately 0.0006 at. fr. (0.06 at.%). The
segregation of Sb at the MnO/Ag ceramic/metal interfaces is clearly seen in the Sb curve
(note the dual axes for the ordinates).
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Figure 6.3.4.2b – Highlight of the Sb curve in Figure 6.3.4.2a showing the segregation of
MnO/ Ag
, as extracted
Sb at the MnO/Ag(Sb) interface. The Gibbsian interfacial excess, ΓSb
16
-2
from the areas indicated in the figure, is (3.8 ± 2.1) × 10 m ((3.8 ± 2.1) × 10-2 nm-2 or
0.0027 ± 0.0015 effective monolayers) at 550°C.
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Figure 6.3.4.3 – A slice of the 3DAP reconstruction shown in Figure 6.3.4.1. The slice is
taken from approximately the middle of the reconstruction (the thickness of the slice is
approximately 1 nm). A 16 at.% Mn isoconcentration surface is overlaid on the data set.
We see clearly the distinction between regions of matrix and precipitate. The segregation
of Sb atoms in the region near the isoconcentration surface is evident qualitatively. The
atomic density difference between precipitate and matrix regions in the slice—as
delineated by the isoconcentration surface superimposed on the figure—is also evident.
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6.3.5 Discussion of MnO/Ag(Sb) Results

6.3.5.1 Specimens Without Segregation (As-Molten [§6.3.1], Internally Oxidized
[§6.3.2] and Antimony Introduced [§6.3.3])

Figure 6.3.1.2 demonstrates that the distribution of Mn atoms is essentially homogeneous
in the as-molten alloy, with an average concentration of approximately 1.4 at.% (cf. the
starting, nominal composition of 1 at.% Mn; see §5.1.4). The matrix Ag atoms are not
included in the 3DAP reconstruction in Figure 6.3.1.2a for the sake of clarity. The small
of amount of oxygen depicted in Figure 6.3.1.2 has its origins in ionized, gaseous
(diatomic) oxygen present in the 3DAP analysis chamber, and not dissolved oxygen in
the as-molten Ag(Mn) alloy. Looking at the mass spectrum of the specimen (Figure
6.3.1.1), we note that in addition to residual gas peaks (background hydrogen and oxygen
from the 3DAP chamber; argon from the FIM), only Ag+, Mn+, and Mn2+ ions, along
with their hydrides and some Ag+ nitrides, are observed. Hydrides and nitrides are
formed as a result of chemical reactions, in the high electric field associated with a tip,
between the atoms composing a tip and the residual hydrogen and nitrogen gas atoms
present in the 3DAP microscope analysis chamber.
After internal oxidation, the homogeneous distribution of Mn atoms becomes
inhomogeneous as MnO precipitates are formed. In Figure 6.3.2.2, we see what appears
to be an array of flat, platelet-like precipitates oriented approximately perpendicular to
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the direction of analysis. In Figure 6.3.2.2b, only the matrix atoms are shown along with
the isoconcentration surfaces.

It is clear that within the regions bounded by the

isoconcentration surfaces, the density of matrix Ag atoms is reduced.
In Figure 6.3.2.1, we note the presence of a number of complex ionic species not
present in the as-molten specimen mass spectrum (Figure 6.3.1.1) that are associated with
the field-evaporation of MnO precipitates (see Table 6.3.2.1). Two items in Table 6.3.2.1
are noteworthy. First is the presence of an O+ monatomic oxygen peak. This peak is not
observed in the as-cast specimen (see Figure 6.3.1.1), indicating that the presence of O+
ions is associated strictly with the field-evaporation of the MnO oxide precipitates
(analogous to the CdO results, §6.2). The exclusive association of monatomic, singlycharged oxygen with the field-evaporation of oxide precipitates is, as mentioned
previously, a phenomenon that has been observed, though not explicitly mentioned, in
prior atom-probe investigations of ceramic/metal interfaces [15, 18, 19, 23, 84]. Second
is the presence of a number of complex ionic species including, in order of increasing
m / n state ratio, MnO2+, MnO22+, MnO32+, Mn2O+, MnO+, MnO2+, and MnO3+ plus their
hydrides. The presence of such complex ions is evidence of the complicated conditions
encountered during the field-evaporation of ceramic precipitates from within a metal
matrix. Further discussion of such complications is found in §6.4.2. A final comment on
Table 6.3.2.1: We note that the total number of masses that fall into the indicated mass
windows is 438,274, while the total number of atoms in the reconstructions in Figure
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6.3.2.2 is 347,388. The difference between these two numbers is a direct reflection of the
positioning efficiency of the 3DAP (in this case, approximately 80%).
Figure 6.3.2.3 displays a proxigram analysis of Mn, O, and Ag atomic
concentrations as functions of distance to the isoconcentration surface shown in Figure
6.3.2.2b.

This figure exhibits an approximate 1:1 stoichiometry within the MnO

precipitates, as anticipated, though the oxygen concentration is somewhat reduced
relative to that of manganese. Aside from being related to complications during the fieldevaporation of oxides, the apparent reduction in oxygen may be related to the fact that the
singly-charged, monatomic, oxygen peak at a m / n state ratio of 16 (see Table 6.3.2.1) is,
in fact, doubly-charged, diatomic oxygen (O22+). As a result, windowing the peak as a
monatomic ion underestimates the oxygen content by a factor of two. This effect is also
thought to account for the reduced oxygen content observed in the results concerning
CdO ceramic precipitates presented in §6.2. There is, unfortunately, no way to account
for such a complication, and so the peak is windowed as a monatomic ion. Figure 6.3.2.3
shows that the centers of the MnO precipitates contain, on average, approximately 45 to
50 at.% Ag, an observation that is discussed further below.
For the specimen containing antimony, but without a segregation anneal (the Sbintroduced specimen; see §6.3.3), the mass spectrum exhibits essentially all of the same
characteristics (that is, peaks) of the internally oxidized specimen (see Figure 6.3.2.1 and
Table 6.3.2.1). The only major difference is the presence of singly-charged antimony
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peaks (see Table 6.3.3.1). Antimony has two stable isotopes, with approximately 50:50
abundance, for the masses 121 and 123; the actual ratio is 1.34 (0.573/0.427) [74].
During atom-probe analyses, the antimony ions occur as singly-charged quadruple
hydrides,

121

SbH4+ and

123

SbH4+, occurring at m / n state ratios of 125 and 127,

respectively. Though these m / n state ratios are the same as those for 107Ag(H2O)+ and
109

Ag(H2O)+, the absence of such peaks in the as-molten and internally oxidized spectra

(see §6.3.1 and §6.3.2) confirms that the peaks do, in fact, correspond to
123

121

SbH4+ and

SbH4+. The reason for the exclusive occurrence of antimony in the singly-charged,

quadruple-hydride form is not understood.
From Figure 6.3.3.2 we see that for the Sb-introduced specimen, as with the
internally oxidized specimen (Figure 6.3.2.3), an approximate 1:1 stoichiometry within
the MnO precipitates is observed. The antimony concentration shows some evidence of
segregation at the region corresponding approximately to the MnO/Ag(Sb) interface (that
is, the data point in Figure 6.3.3.2 at a distance of +0.5 nm), but taking into account the
error bars on the concentration values, the segregation cannot be considered statistically
significant. The relatively large measured Sb concentration at a distance of +2.5 nm also
does not correspond to Sb segregation at the MnO/Ag(Sb) interface—the error bars are
too large, and this distance corresponds to a region well inside of the MnO precipitates
(and well removed from the MnO/Ag(Sb) interface). The background level of Sb within
the Ag matrix is approximately 0.0013 at. fr. (0.13 at.%). The centers of the precipitates
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contain, on average, approximately 35 to 40 at.% Ag, a level that is somewhat reduced
relative to the internally oxidized specimen (Figure 6.3.2.3). The presence of Ag within
the precipitates is discussed further in §6.4.3.

6.3.5.2 Specimen with segregation anneal (§6.3.4)

For the segregation-annealed specimen (§6.3.4), the 3DAP reconstruction (Figure
6.3.4.1) appears very similar to that of the Sb-introduced specimen depicted in Figure
6.3.3.1. In Figure 6.3.4.2a, we note evidence for segregation of Sb at the MnO/Ag
interface, as represented by the small maximum in the Sb curve in the figure at a distance
of –0.5 nm. This distance corresponds exactly to the start of the rise in both the Mn and
O concentrations in the proxigram (that is, to the MnO/Ag(Sb) interface). Recall that the
proxigram method is able to quantify simultaneously the segregation of Sb at all of the
interfacial area (that is, isoconcentration surfaces) in a 3DAP reconstruction.
Gibbsian interfacial excess of Sb at the MnO/Ag(Sb) interfaces, ΓSb

MnO/ Ag

The

, can be extracted

from the area under this maximum (see §4.3):
ΓSbMnO / Ag = (3.8 ± 2.1) × 1016 m-2 = ((3.8 ± 2.1) × 10-2 nm-2) =
(0.0027 ± 0.0015 effective monolayers) at 550°C.
This value is for 550°C because the segregation anneal of the specimen was performed at
this temperature (see §5.1.4).
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We discuss briefly how the error in the measurement of ΓSbMnO/ Ag is determined;
see §6.1.3 for details. The proxigram method of extracting the Gibbsian interfacial
excess has several sources of error in several different effects. First, and most important,
is the uncertainty in the area of the peak in the proxigram itself (see Figure 6.3.4.2b).
Other secondary sources of error include uncertainty in the threshold level of the
isoconcentration surface used to construct the proxigram, field-evaporation effects in the
vicinity of a precipitate/matrix interface, and uncertainty in the atomic density of the
reconstruction in the vicinity of a precipitate/matrix interface.

These latter three

secondary sources of error, however, are thought to be insignificant relative to the
primary source of error—the uncertainty in the area of the peak in the proxigram. Using
the -σ error bars to calculate the area of the peak in the proxigram in Figure 6.3.4.2b (the
minimum area in the figure) and extract the Gibbsian interfacial excess yields a value of
2.28 × 1016 m-2 at 550°C. Using the data points themselves (the measured area in the
figure), a value of 3.83 × 1016 m-2 at 550°C is obtained. Using the +σ error bars (the
maximum area in the figure) yields a value of 5.97 × 1016 m-2 at 550°C. Therefore, an
estimate of the Gibbsian interfacial excess, including error, is (3.8 ± 2.1) × 1016 m-2 ((3.8
± 2.1) × 10-2 nm-2) at 550°C (as above).
Further qualitative evidence of Sb segregation at the MnO/Ag(Sb) interfaces can
be found by comparing the background levels of antimony in the Sb-introduced (§6.3.3)
and segregation annealed (§6.3.4.) specimens. The background level of Sb within the Ag
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matrix in the Sb-introduced specimen is approximately 0.0013 at. fr. (0.13 at.%) (see
Figure 6.3.3.2). The background level of Sb within the Ag matrix in the segregation
annealed specimen is approximately 0.0006 at. fr. (0.06 at.%) (see Figure 6.3.4.2a).
Clearly, as the Sb segregates to the MnO/Ag(Sb) interfaces, the background level of Sb
within the Ag matrix decreases, indicating a depletion effect.
The measured segregation level—namely, (3.8 ± 2.1) × 1016 m-2 ((3.8 ± 2.1) × 102

nm-2 or 0.0027 ± 0.0015 effective monolayers) at 550°C—is small. The results in §6.1

and §6.2 and previous 1DAP examinations of segregation at ceramic/metal interfaces
have yielded values of the Gibbsian interfacial excess on the order of 1017 to 1018 m-2 [19,
84]. The small measured value of ΓSbMnO/ Ag reported in this section is a testament to the
sensitivity of the 3DAP technique (and the proxigram method) for the quantitative
investigation of segregation at internal, heterophase interfaces.
The value of the Sb concentration data point in Figure 6.3.4.2a at a distance of –
0.5 nm is (1.159 ± 0.159) × 10-3 at. fr. The error bars are calculated using standard
binomial statistics (Eqn. 4.3.1). Comparison of this value with Eqn. 4.3.1 yields a total
proxigram population, N, of 45,792 atoms. A concentration of (1.159 ± 0.159) × 10-3 at.
fr. corresponds, therefore, to 53 ± 7 Sb atoms in this proxigram bin. This value needs to
be compared to the number of Sb atoms expected, based on the measured background
concentration of Sb in this specimen. The background level of Sb within the Ag matrix
in this specimen is approximately 0.0006 at. fr. (see Figure 6.3.4.2a), corresponding to 27
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Sb atoms within a proxigram bin of this size. Therefore the segregation of Sb atoms as
measured experimentally is clearly statistically significant.

Moreover, the total

segregation, as represented by the value ΓSbMnO/ Ag presented above, is calculated from the
total area of the peak in the proxigram (Figure 6.3.4.2b), and not just from the value of
the Sb concentration at a distance of –0.5 nm.
A previous quantitative study of Sb segregation at Cu/MnO ceramic/metal
interfaces dealt with matrix and interface concentrations of Sb on the order of 5-15 at.%
[91]. It should be noted, however, that the maximum measured Sb concentration at the
interface was on average more that twice as large as the bulk concentration. This is
comparable to the value of ΓSb

MnO/ Ag

reported in this section. As above, the maximum

value of Sb concentration in Figure 6.3.4.2a is (1.159 ± 0.159) × 10-3 at. fr. (at a distance
value of –0.5 nm). The background level of Sb in this specimen is approximately 0.0006
at. fr. and therefore the enhancement factor for Sb at the Ag/MnO interface is 1.93 ≈ 2,
which is comparable to the values reported for the MnO/Cu(Sb) system [91]. Again, the
agreement is a testament to the sensitivity of the 3DAP technique for the quantitative
investigation of segregation at internal, heterophase interfaces.
In Figure 6.3.4.3, the presence of the large Sb atoms (light gray) in the immediate
vicinity of the isoconcentration surface is qualitative evidence of Sb segregation at the
MnO/Ag ceramic/metal interface. This segregation was quantified in the form of the
proxigrams in Figure 6.3.4.2, and in the value of ΓSbMnO/ Ag presented above. The physical
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driving force for the segregation of Sb at the MnO/Ag(Sb) interfaces, and the driving
forces for the segregation observed for all the results presented in §6, is discussed in
§6.4.1.

6.3.6 Summary of MnO/Ag(Sb) Results

3DAP analyses of nanometer-sized MnO ceramic precipitates embedded in an Ag metal
matrix have been presented. For specimens containing Sb, introduced with a solid-state
diffusion treatment, the segregation of Sb at the MnO/Ag(Sb) ceramic/metal interfaces is
quantified in the form of proxigrams.

For the specimen that had not undergone a

segregation annealing treatment, no statistically significant segregation was detected. For
the specimen that had undergone a segregation anneal at 550°C, statistically significant
segregation of Sb at the MnO/Ag(Sb) interfaces is detected. The Gibbsian interfacial
excess of Sb at the interface, ΓSb

MnO/ Ag

, as extracted directly from the proxigram, is (3.8 ±

2.1) × 1016 m-2 ((3.8 ± 2.1) × 10-2 nm-2 or 0.0027 ± 0.0015 effective monolayers) at
550°C. The segregation of Sb also results in a decrease in the background level of Sb
within the specimens; after the specimens underwent a segregation anneal, the
background level of Sb dropped from approximately 0.0013 at. fr. (0.13 at.%) (see Figure
6.3.3.2) to approximately 0.0006 at. fr. (0.06 at.%) (see Figure 6.3.4.2a), indicating a
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depletion effect.

The driving force for the segregation of Sb at the MnO/Ag(Sb)

interfaces is discussed in §6.4.1.
Similar to the results presented for the CdO precipitates in §6.2, the fieldevaporation of MnO precipitates from within an Ag matrix is accompanied by the
presence of several distinct ionic species. The species include, in order of increasing
m / n state ratio, MnO2+, MnO22+, MnO32+, Mn2O+, MnO+, MnO2+, and MnO3+ plus their
hydrides. The presence of such complex ions is evidence of the complicated conditions
encountered during the field-evaporation of ceramic precipitates from within a metal
matrix. Further discussion of such complications is found in §6.4.2. In addition, the
strict association of monatomic, singly-charged oxygen with the field-evaporation of the
MnO oxide precipitates was observed, analogous to the results on CdO precipitates
presented in §6.2.
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6.4 Discussion of Results

6.4.1 The Driving Force for Segregation

A possible contribution to the driving force for the segregation of Sb at MnO/Ag(Sb)
interfaces (§6.3) is related to the elastic strain energy associated with the volume change
experienced by a solute atom. This driving force is due to the release of the elastic strain
energy associated with an Sb atom in the matrix as a result of interfacial segregation (the
so-called p ∆V effect introduced in §2.3). In terms of atomic volumes, the volume
percentage difference between matrix Ag atoms and Sb atoms in solution is
approximately 45% [85]. This large volume difference allows for the possibility of some
unknown fraction of a solute atom’s strain energy to be released at the MnO/Ag(Sb)
interfaces due to its segregation at the MnO/Ag interface.
The release of strain energy by a solute atom was previously discussed while
explaining the difference in the Gibbsian interfacial excess measured for the segregation
of Sb and Ag atoms at MgO/Cu interfaces (see §6.1.3). In the case of these systems, the
larger volume difference between Sb and Cu atoms (92%), as compared to the difference
between Ag and Cu atoms (44%), was thought to account for the larger value of the
Gibbsian interfacial excess measured for the segregation of Sb atoms as compared to that
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for Ag atoms (2.9 nm-2 at 500°C as compared to 0.32 nm-2 at the same temperature; see
Table 6.4.1, below).
In discussing the release of strain energy by segregating solute atoms, comparing
atomic volumes is a simplified approach. In order to elucidate the absolute role of the
release of strain energy on segregation behavior, we consider the total amount of elastic
strain energy that may be dissipated by a solute atom at an interface arising from the
difference in atomic volumes between the solute and the solvent atoms. This total elastic
strain energy, calculated for the case where the solute and solvent atoms have different
elastic moduli, is given by [92]:
Eel =

3
ε2 K G
24π rsolute
3K + 4G

(6.4.1)

where K is the bulk modulus of the solute, G is the shear modulus of the solvent, and
rsolute is the radius of the solute atom. The quantity ε , the volume size misfit between the
atoms, is defined as:
ε=

3
3
rsolute
− rsolvent
3
rsolvent

(6.4.2)

where rsolvent is the radius of the solvent atom. Values of Eel from Eqn. 6.4.1 are tabulated
in Table 6.4.1 for the four different ceramic/metal systems for which results are presented
in this thesis. For calculating ε , the Seitz radii are used, as they are determined from
atomic volumes [85].

For the elastic moduli, single crystal values at the relevant

temperature are used [93].
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We see from Table 6.4.1 that the MgO/Cu(Sb) at 500°C system has the highest
value of total elastic strain energy, 6.1 eV atom-1, and it exhibits the highest experimental
value of the Gibbsian interfacial excess, 2.9 nm-2.

Aside from this, however, the

correlation between total elastic strain energy and the Gibbsian interfacial excess of
solute is poor. Some important conclusions, however, can be culled from Table 6.4.1.
As the MgO/Cu(Sb) at 500°C system has the highest value of both total elastic strain
energy and Gibbsian interfacial excess, we can conclude that for this system the release
of some of the elastic strain energy contributes significantly to the driving force for
segregation. Recall Eqn. 2.3.6:
∆Gsegr = ∆Gbonding ( electronic) + ∆G strain + ∆Gother .

(6.4.3)

Stating that the release of some of the elastic strain energy contributes significantly to the
strain
contributes
driving force for segregation is equivalent to stating that the value of ∆G

significantly to the total value of ∆G segr .
The CdO/Ag(Au) system has a negligible value for total strain energy (1.1 x 10-4
eV atom-1; see Table 6.4.1) because the Seitz radii for gold and silver are nearly identical
(1.594 and 1.598 Å, respectively [85]), causing the value of ε in Eqn. 6.4.1 to be nearly
zero. Since the CdO/Ag(Au) system also exhibits a significant value for the Gibbsian
interfacial excess (1.65 nm-2; see Table 6.4.1), we conclude that the driving force for
segregation in this system has its origin in physical effects other than the release of strain
energy. That is, in terms of Eqn. 6.4.3 presented above, the value of ∆Gstrain does not
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contribute significantly to the total value of ∆G segr . This is an important observation, as
it is commonly thought that the release of strain energy is the primary factor contributing
to the driving force for segregation of solute atoms.
Analogous conclusions can be drawn for the other two systems presented in Table
6.4.1. For the MnO/Ag(Sb) system, the value of the total strain energy, 1.2 eV atom-1, is
significant. The value of the Gibbsian interfacial excess, 0.038 nm-2, is small. For this
system, like for the CdO/Ag(Au) system, the release of strain energy must not play a
significant role in the segregation of solute atoms. For the MgO/Cu(Ag) system, the
value of the total strain energy is 0.47 eV atom-1, while the value for the Gibbsian
interfacial excess is 0.32 nm-2. For this system, the release of strain energy may play an
important role, but it may not play the only role, and other contributions to the driving
force may also need to be considered. All of these trends imply that the strain energy
associated with an oversized (or undersized atom) is not completely released as a result of
its segregation at a ceramic/metal interface. Therefore, the driving force for segregation
of a solute atoms must have other physical origins in addition to the release of strain
energy.
Chemical considerations, related to the bonding of segregating solute atoms at the
bonding ( electronic)
term in Eqn. 6.4.3—may, in fact, play an important role in
interface—the ∆G

the driving force for segregation. In particular, they may play an important role for the
CdO/Ag(Au) system, where the strain energy is negligible (see Table 6.4.1). However,
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the quantity ∆Gbonding ( electronic) itself is only accessible by first-principles investigations
(that is, of the type described in references [22, 33, 34]) of the energy of segregation at
ceramic/metal interfaces or by the approach developed by Legrand and Tréglia et al. [9496] for calculating the driving force for surface and grain boundary segregation. For the
case of ceramic/metal heterophase interfaces, where the electronic bonding characteristics
are radically different on either side of the interface, a first-principles approach is most
likely the only recourse.
other
term.
Eqn. 6.4.3 includes one other term that has not been discussed—the ∆G

In §2.3, this term was introduced as a term that accounts for other, more complex
contributions to ∆G segr .

In particular, ∆Gother accounts for the role of interfacial

dislocations (and their associated strain fields) on the driving force for segregation. The
density of the interfacial dislocation network at an interface is inversely proportional to
the lattice parameter mismatch at that interface. In Table 6.4.1, we see no apparent
correlation between the value of the lattice parameter mismatch at an interface and the
value of the Gibbsian interfacial excess of solute at that interface. In particular, for the
MgO/Cu(Ag) and MgO/Cu(Sb) systems, which exhibit the same lattice parameter
mismatch, the values of the Gibbsian interfacial excess, 0.47 nm-2 and 6.1 nm-2,
respectively, are significantly different.
In conclusion, although the release of strain energy seems to play an important
role in the driving force for segregation in some of the systems presented in this thesis, it
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is by no means the only factor that should be considered in understanding the segregation
of solute atoms at ceramic/metal interfaces. In particular, electronic/bonding effects,
accessible only with first-principles-type calculations, are likely to play an important role.
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Table 6.4.1 – Values of the total amount of elastic strain energy that may be dissipated at
an interface arising from the difference in atomic volumes between the solute and the
solvent atoms (in this case, the segregating species and the metal matrix, respectively)—
see Eqn. 6.4.3 in the text—and the corresponding value of the Gibbsian interfacial excess
(as measured by 3DAP microscopy).
Atomic

Elastic

Gibbsian

Gibbsian

Lattice

volume

strain

interfacial

interfacial

parameter

difference

energy

excess

excess

mismatch**

System

[85]

-1

(eV atom )

-2

(nm )

(effective
monolayers)

MgO/

Sb in Cu

Cu(Sb)

92%

6.1

2.9

0.17

15.0%

0.0027

20.2%

0.018

15.0%

0.12

14.8%

(§6.1)

at 500°C
MnO/

Sb in Ag

Ag(Sb)

45%

1.2

0.038
(§6.3)

at 550°C
MgO/

Ag in Cu

Cu(Ag)

44%

0.47

0.32
(§6.1)

at 500°C
CdO/

Au in Ag

Ag(Au)

–2%

1.1 × 10-4

1.65
(§6.2)

at 650°C
*

Effective monolayers are calculated relative to the atomic density of the {111} planes of
the metal matrix. Note that this is an approximation, as the experimental value for the
Gibbsian interfacial excess represents an average over many different planar orientations.
**

Lattice parameter mismatch =

aceramic − ametal
1/ 2 (aceramic + ametal )
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6.4.2 Field-Evaporation Complications and Effects

The atomic density difference between the MnO precipitate and Ag(Sb) matrix regions in
the slice in Fig. 6.3.4.3, as delineated by the isoconcentration surface superimposed on
the figure, is evident. Such an apparent density difference is a result of complications in
the field-evaporation of ions from oxide precipitates embedded in a metal matrix. These
same complications are responsible for making all of the ceramic/metal interfaces in the
3DAP reconstructions presented in this thesis appear somewhat “diffuse” (as discussed in
§6.1.3 for the MgO/Cu(X) [X = Ag or Sb] systems and in §6.2.6 for the CdO/Ag(Au)
system). The presence of a high-dielectric constant oxide precipitate at the surface of a
specimen tip alters the geometry of the local electric field, causing a divergence in ion
trajectories [55-60]. A further complication arises due to differences in the evaporation
fields of the precipitate and the metal matrix, causing either a protrusion or a depression
at the surface of the oxide precipitate. Both of these factors result in a decrease in the
local spatial resolution of the 3DAP, causing the precipitates to appear “diffuse” and the
precipitate/matrix interfaces to appear “spread out.”
However, to repeat the important point introduced in §6.1.3, the “spreading out”
of the interface does not, to first order, result in a change in the spatial location of the
interface within the 3DAP reconstructions. For this reason, the decrease in the local
resolution of the 3DAP in the vicinity of ceramic/metal interfaces should not greatly
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affect the value of the Gibbsian interfacial excess extracted from any of the proxigrams in
this thesis. The “spreading out” of the interface causes the segregation peak in the
proxigram to have a greater width and a reduced height as compared to a proxigram of an
interface that is less “spread out.” To first order, the area of the peak, and the value of
the Gibbsian interfacial excess extracted, does not change.
Further evidence of field-evaporation complications in the results presented in
§6.1 to §6.3 can be found in the presence of complex ionic species in the spectra of the
specimens that had been internally oxidized and contained oxide precipitates.

This

observation was discussed explicitly for the results from the CdO/Ag(Au) system
presented in §6.2 and for the results from the MnO/Ag(Sb) system presented in §6.3. For
the former system, a mass chart of a run containing a CdO precipitate, Figure 6.2.3.5,
shows directly that the field-evaporation of complex ionic species (for example, CdO+) is
strictly associated with the oxide precipitates. For the MnO/Ag(Sb) system, complex
ions including (but not limited to) MnO32+ and Mn2O+ were observed in the mass spectra
of specimens containing MnO oxide precipitates (see §6.3.5.1). For all the systems
investigated, the strict association of monatomic, singly-charged oxygen with the fieldevaporation of oxide precipitates was observed.
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6.4.3 Nanoscale Evolution of MnO Precipitates

Finally, we discuss the presence of Ag atoms within the MnO precipitates (see the results
presented in §6.3). In Fig. 6.3.2.3 (the internally oxidized MnO/Ag specimen), we see a
background Ag concentration of approximately 45 at.%. In Fig. 6.3.3.2 (the internally
oxidized MnO/Ag specimen with Sb introduced), we detect a background Ag level of
approximately 35-40 at.%. Finally, in Fig. 6.3.4.2a (the specimen with Sb introduced and
segregation anneal), we find a Ag concentration level of less than 5 at.% within the MnO
precipitates. Clearly, as the specimens underwent successive heat treatments (internal
oxidation, the introduction of Sb by solid-state diffusion, and an Sb segregation annealing
treatment), the concentration of Ag measured within the MnO precipitates decreased
systematically; that is, the MnO precipitates rejected the substitutional silver atoms they
inherited from the matrix.

This trend is illustrated in Figure 6.4.1, which shows a

compilation of some of the data presented in Figures 6.3.2.3, 6.3.3.2., and 6.3.4.2a.
Further evidence for the nanoscale evolution of the MnO precipitates as they underwent
successive heat treatments can be found in Figure 6.4.2, which shows the 3DAP
reconstructions from the MnO/Ag(Sb) results presented in §6.3 scaled consistently. In
Figure 6.4.2., we see that as the specimens undergo successive heat treatments, the MnO
precipitates appear to coarsen and the regions in-between MnO precipitates become
increasingly devoid of both manganese and oxygen atoms,.
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It was originally suggested that the detection of metal matrix ions within ceramic
precipitates during atom-probe microscopy analysis may be an artifact of the fieldevaporation process [84].

In the work presented in this thesis, however, in the

MnO/Ag(Sb) specimen that had undergone a segregation anneal (see Figure 6.4.1), less
than 5 at.% Ag was detected within the MnO precipitates. In addition, for the analyses of
CdO precipitates in a Ag(Au) matrix presented in §6.2, less than 5 at.% Ag was
consistently detected within the CdO precipitates (see Figures 6.2.3.10 and 6.2.3.13).
These observations contradict the suggestion that the detection of metal matrix ions
within metal oxide precipitates during atom-probe microscopy analyses is a phenomenon
associated with the field-evaporation process associated with oxide precipitates.
An explanation for the observed systematic decrease in Ag concentration within
the MnO precipitates (see Figure 6.4.1) is that the specimens analyzed in this system
were all in different stages of oxide precipitate formation. During these stages, the
temporal evolution of MnO precipitates involves the continuous, but slow, rejection of
substitutional Ag from their volume. That is, growth of the nanometer-size precipitates
was still occurring, and although the measured stoichiometry of the precipitates is
approximately what is anticipated (that is, 1:1 Mn to O), a considerable remnant Ag
concentration remained within the precipitates until the Sb segregation anneal (when it
decreased to <5 at.% Ag).

This is because the diffusion of interstitial oxygen is

extremely rapid as compared to the diffusion of substitutional Ag during the internal
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oxidation processing step and this step involves paraequilibrium conditions [97-99]
where the fastest moving species controls the kinetics. In particular, at the temperature of
Ag
internal oxidation, 900°C (see §5.1.4), the ratio of oxygen diffusivity in silver, DOx
, to

the silver self-diffusivity, DAg , is approximately 14,000 [100]. That is, oxygen diffuses
many orders of magnitude faster in silver than silver self-diffuses, owing to the fact that
oxygen diffuses interstitially in silver [100] while silver self-diffuses substitutionally.
Under these conditions, where the diffusivity of the substitutionally-diffusing element
(silver) is negligible relative to that of the interstitially-diffusing species (oxygen),
paraequilibrium conditions prevail [101]. Under such paraequilibrium conditions, the
growing phase (MnO) inherits the substitutionally-diffusing element (silver).
With increasing annealing time orthoequilibrium conditions [97-99] prevail and
the MnO precipitates reject the trapped Ag atoms.

Under these conditions, a low

interface velocity is maintained for the growing phase (MnO), and equilibrium between
the various elemental species is established across the interface [101]. The observed
transition from paraequilibrium to orthoequilibrium conditions during the nanoscale
evolution of the MnO precipitates is a physically important result because it provides an
atomistic picture for the evolution of an oxide precipitate produced by internal oxidation
that is quite different from the widely used classical picture envisaged by Wagner [102].
Specifically, the results demonstrate that one can obtain a nearly stoichiometric MnO
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precipitate, at the internal oxidation temperature, without the rejection of all the silver
matrix atoms from the region where it forms.
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Figure 6.4.1 – Compilation of proxigram data from Figures 6.3.2.3, 6.3.3.2, and 6.3.4.2.
Only the Ag and Mn concentration curves are shown. The figure shows that as the
MnO/Ag(Sb) specimens underwent successive heat treatments, the Ag level decreased
and the Mn level increased within the MnO precipitates.
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Figure 6.4.2 – The 3DAP reconstructions from the MnO/Ag(Sb) results presented in
§6.3, scaled consistently. The MnO precipitates appear to coarsen, and the regions inbetween MnO precipitates become increasingly devoid of both manganese and oxygen
atoms.
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APPENDIX – Three-Dimensional Atom-Probe User’s Manual

Procedures outlined in this appendix refer to the figures of the three-dimensional
atom-probe presented in §3.2.

ABBREVIATIONS

•

3DAP – Three-dimensional atom-probe

•

CCG – Cold-cathode gauge

•

FIM – Field-ion microscopy

•

GT – Gas train manifold

•

IG – Ionization gauge

•

LLC – Load lock chamber

•

MC – Main (analysis) chamber

•

PC – Preparation chamber
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Introducing a specimen into the load lock chamber (LLC)

•

Your specimen(s) should be mounted into the appropriate specimen holder, should be
straight, and should be adjusted to the correct length using the adjustment rig. The
specimen holder should also be adequately coated with DFSM MoS2 dry lubricant.
Specimen alignment and length are critical. They affect the flight length of
evaporated ions (and thus both the calculated masses of evaporated ions and the
positions of peaks in the mass spectrum). Also, proper specimen length and
alignment ensure that the tip of the specimen is located exactly at the focus of the
counterelectrode, where the high-voltage pulses are applied.

•

Make sure that the valve between the LLC and the PC is shut (the valve should be
closed snugly, but it does not have to be excessively tight). As a general rule of the
entire system, no valves need to be tightened excessively. They should simply be
closed snugly.

•

Stop the LLC turbo pump by pressing “Start/Stop” on the LLC turbo pump controller,
located in the small electronics rack at the right of the vacuum system (not in the
large, main electronics rack). The pump will stop and after a few seconds and will
vent itself (you will hear this distinctly). The pressure in the LLC will rise and the
LLC CCG will eventually turn itself off. After about a minute, the lid on the LLC
can be opened.

230
•

Place your specimen(s) into the LLC transfer arm. The specimens can be inserted
either vertically or horizontally, but the specimens must be transferred into the PC in
the horizontal position. Attempting to transfer specimens in the vertical position will
ruin your tips (they will knock into the wall of the tube between the LLC and the PC).

•

Close the lid of the LLC snugly, ensuring that the lid is properly aligned before
tightening the clamp. Turn on the LLC turbo pump by pressing “Start/Stop” on the
LLC turbo pump controller.

•

After the LLC turbo pump comes up to speed, the LLC CCG will turn itself on.
Allow the pressure in the LLC to come down to the low-10-7 torr range before
proceeding to transfer your specimens into the PC. In general it is a good idea to
leave your specimens in the LLC overnight to ensure that any residual solvents or
electropolishing solution are completely pumped away.

231
Transferring a specimen into the preparation chamber (PC)

•

Make sure that the pressure in the LLC has come down to a suitable level (low-10-7
torr range).

•

Make sure that the valve between the PC and the MC is closed (this is very
important!).

•

Open the valve between the LLC and the PC slowly and carefully. Observe the LLC
and PC pressures to make sure nothing unexpected is happening.

•

Move the LLC transfer arm into the PC, making sure that your specimens are in the
horizontal position.

•

Transfer your specimens from the LLC transfer arm into the PC carousel using the
wobble stick. If any specimens are to be removed from the PC carousel at this time,
transfer them to the LLC transfer arm.

•

Move the LLC transfer arm back into the LLC and close the valve between the LLC
and the PC.

SPECIAL NOTE:
Transferring specimens with the wobble stick is an extremely delicate procedure. Make
sure that an experienced user has shown you some of the very important “tricks of the
trade” before you attempt to transfer specimens on your own. Dropping a specimen
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holder is very bad. The recovery of a dropped specimen holder entails a total bakeout of
the instrument, and a dropped specimen holder is very likely to hit other specimens in the
carousel, rendering them useless.
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Transferring a specimen from the PC into the main chamber (MC)

1. Transfer the specimen to be analyzed from the PC carousel to the MC transfer arm
using the wobble stick. This is a delicate procedure and inexperienced users should
seek the supervision of a more experienced user. Remember that dropping a
specimen is disastrous.
2. Make sure that the valve between the PC and the LLC is closed (this is very
important!).
3. Open the valve between the MC and the PC slowly and carefully. Observe the MC
and PC pressures to make sure nothing unexpected is happening.
4. Make sure that both the tilt and the rotation feedthroughs on the MC cryostat are set
at zero (the transfer position). Inexperienced users should seek the supervision of a
more experienced user if this procedure is unclear.
5. Move the MC transfer arm from the PC to the MC. Insert the MC transfer arm
alignment pins into the cryostat. Slowly move the specimen forward and start to
screw it in clockwise. Screw the specimen in extremely slowly. As soon as the
specimen ceases to turn, STOP. Over-tightening the specimen will cause it to jam in
the cryostat. Freeing a jammed specimen entails a total bakeout of the instrument.
Inexperienced users should seek the supervision of a more experienced user if this
procedure is unclear.
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6. While closely watching your specimen through the MC window, slowly retract the
transfer arm. Make sure the specimen is actually screwed into the cryostat before
completely retracting the MC transfer arm – this is very important. Retracting the
MC transfer arm with the specimen not fully inserted may result in the specimen
falling to the bottom of the MC. Remember that dropping a specimen is disastrous.
7. Close the valve between the MC and the PC.
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FIM analysis of a specimen (tip development)

1. If you have just inserted your specimen into the cryostat, allow it to cool to the
desired setpoint temperature (change the setpoint temperature on the cryostat
temperature controller in the electronics rack if required). Inexperienced users should
seek the supervision of a more experienced user if this procedure is unclear.
2. Make sure that the valve between the MC and the MC ion pump is closed. Also,
make sure that the valve between the GT and the GT turbo pump is closed. Throttle
the valve between the MC and the MC turbo pump (almost) closed, then promptly
open it one half of one turn. The MC turbo pump valve is throttled down to conserve
FIM imaging gas.
3. Turn off the MC light and replace the MC window covers.
4. Make sure that the valve between the GT and the MC is open. Admit the desired
imaging gas to the desired pressure (typically ~1 x 10-5 torr) by adjusting the
appropriate precision leak valve on the GT, observing the imaging gas pressure with
the MC CCG.
5. Check (again) that the MC IG is off and that the valve between the MC and the MC
ion pump is closed. Power up the FIM detector by pressing the “FIM” button on the
detector power supply controller in the electronics rack. The FIM microchannel plate
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power supply in the electronics rack should power up to approximately 3.4 kV. This
should not be adjusted.
6. Make sure that the FIM CCD camera is powered up and is connected to a monitor
(that is turned on). Set the video switch to “FIM.”
7. Make sure that the voltage on the tip HV power supply (in the electronics rack) is
turned completely down (counterclockwise). Switch the tip HV power supply to
“Local.”
8. Raise the voltage on the tip until an FIM image is observed on the monitor. Note that
the first time the knob on the tip HV power supply (in the electronics rack) is turned,
there is a short lag before the corresponding HV is established. Wait for the voltage
to be established before proceeding to increase the voltage further. You may have to
adjust the imaging gas pressure periodically during an FIM analysis.
9. FIM images can be captured during FIM analysis using the imaging software (Scion
Image) on the computer station.

237
Starting a new analysis data file

1. Start the analysis software (OPoSAP) on the computer station. This will launch the
program IDL, under which the analysis software runs.
2. In the analysis software window, go to “File” and “New” to start a new data file. The
software will ask for the desired location and name of the data file, along with
prompting you for any comments that you wish to add to the data file (these
comments are optional). Make sure to close this comments window before
proceeding. Two files will be created in the selected location by the software – a .dat
file and a .dat.errors file.
3. With the new data file started, switch the reflectron HV power supply (in the
electronics rack) to “Remote.” The reflectron voltage will rise to a level slightly
higher than that of the tip voltage.
4. In the analysis software window, go to “File” and “Open” and “Ranges” to open an
ion range file (optional).
5. In the analysis software window, go to “Control” and “Experimental settings” to
adjust the experimental settings, if required. Note that the default experimental
settings are not ideal settings for most specimens.
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Aligning a tip for 3DAP analysis

1. This procedure usually takes place just after an FIM analysis. Consequently, there
should be imaging gas in the MC and an FIM image on the FIM video monitor.
2. Aligning the tip requires the reflectron to be powered up. Follow the procedures for
“Starting a new analysis data file” to power up the reflectron. The reflectron voltage
should be slightly higher than the tip voltage.
3. Check (again) that the MC IG is off and that the valve between the MC and the MC
ion pump is closed. Power up the primary detector by pressing the “DET” button on
the detector power supply controller in the electronics rack. The primary detector
voltage should power up to approximately 3.9 kV. This should not be adjusted.
4. Set the video switch to “Primary Detector.” The FIM image should disappear and a
live (black) image of the primary detector should be displayed on the video monitor.
5. Unlock the specimen rotation feedthrough and rotate the specimen towards the
reflectron (clockwise, as viewed from the top of the main chamber). Never force the
specimen rotation feedthrough. Features should appear in the image in the live image
of the primary detector on the video monitor.
6. By rotating the specimen and switching back and forth between the FIM image and
the magnified version of the FIM image on the primary detector (and switching the
video switch back and forth from “FIM” to “Primary Detector,” respectively), the
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primary detector can be aligned on the region of interest in the FIM image. This is
the region that will be analyzed during the 3DAP analysis.

Tips for specimen alignment:
•

The region of the FIM image that appears in the primary detector image after rotation
corresponds to the region along a horizontal line intersecting roughly the center of the
FIM detector (as expected). Tilt your specimen prior to rotation so that the region of
interest is aligned with the center of the FIM detector.

•

It is often helpful to capture an FIM image using the imaging software (Scion Image)
on the computer station. This captured image can be opened and compared to the
(live) image of the primary detector during alignment of the specimen.

•

It is not ideal to align your specimen directly on a pole in the FIM image. To increase
the chances of seeing planes in the 3DAP reconstruction, align near, but not directly
on, a pole in the FIM image (if possible).

•

Images of the primary detector can be captured during specimen alignment using the
imaging software (Scion Image) on the computer station.

7. When the specimen is aligned, lock the specimen rotation feedthrough. Turn off the
FIM detector by pressing the “FIM” button on the detector power supply controller in
the electronics rack. Make sure that the video switch is set to “Primary Detector.”
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8. Close off the imaging gas on the GT and open completely the MC turbo pump valve
(which was throttled down to conserve FIM imaging gas). Open completely the valve
between the GT and the GT turbo pump. As the pressure in the MC drops, a pressure
interlock will trip and raise the primary detector voltage to approximately 4.7 kV.
This should not be adjusted. At this high gain setting, random noise on the primary
detector will be observed on the video screen. The noise will decrease as the pressure
in the MC decreases.
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Starting a 3DAP analysis

1. At this point, the tip should be aligned and the analysis software (OPoSAP) should be
started. Quit all extraneous programs on the computer station. If at any time prior to
this step, both the analysis software (OPoSAP) and the imaging software (Scion
Image) were running simultaneously on the computer station, then the analysis
software should be quit and a new data file should be started. Follow the procedures
for “Starting a new analysis data file” (the previous data file can simply be
overwritten).
2. Power up the HV pulsing unit in the electronics rack. Make sure that the HV pulsing
unit voltage control is on “Remote,” and that the enable is on “Remote.” The
oscillator should remain on “Local.” Since the enable is on “Remote,” you can press
“Run” on the unit (most users leave the “Run” button depressed). The “Run” button
should depress, but the light behind the button should not come on – the pulsing unit
is waiting for a remote enable command before it starts pulsing.
3. Press “HV ON” on the pulsing unit. The displayed pulse voltage should come up to
the appropriate fraction of the tip voltage (e.g., 15% – go to “Control” and
“Experimental settings” in the analysis software window).
4. Press the “GATED” and “ARRAY” buttons on the detector power supply controller
in the electronics rack. This enables the gate on the primary detector CCD camera
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image intensifier and powers up the secondary detector anode array. Never power up
the array if the primary detector is powered up and is in low gain (i.e., ~3.9 kV)
mode. The random noise on the computer station video monitor should disappear
when the “GATED” button is depressed.
5. You are now ready to start your analysis. Using the mouse, click the “Automatic
control” button in the software window. The software will prompt you to switch the
voltage supply to computer control. Flip the switch on the tip HV power supply (in
the electronics rack) to “Remote.” The voltage should drop slightly, then should restabilize. Wait for the voltage to re-stabilize, and click “OK” in the software window
using the mouse (pressing “Enter” on the keyboard is insufficient – you must use the
mouse).
6. When you are ready to start your analysis, click “Pulsing On” in the software
window. The analysis should begin and the light behind the “Run” button on the
pulsing unit should come on. Watch your analysis for a few seconds to make sure
that the computer is adjusting the tip, reflectron and pulse voltages automatically.
7. Refer to the OPoSAP software manual to learn the details of the various functions of
the OPoSAP software.
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Ending a 3DAP analysis

1. Your analysis ends when the computer reaches the maximum voltage, or when you
manually end the analysis by pressing “Pulsing Off” in the software window. These
are the very important procedures to follow when your analysis finishes.
2. Turn the voltages on the tip and reflectron power supplies in the electronics rack all
the way down (counterclockwise). Switch both of the power supplies to “Local”
control. The voltages should both settle down to zero volts. Do not turn off the
power supplies.
3. Press the “HV ON” button on the pulsing unit to turn the pulsing unit high voltage
off. Leave the power to the pulsing unit on.
4. Press the “DET,” “GATED” and “ARRAY” buttons on the detector power supply
controller in the electronics rack, turning these units off.
5. Quit the analysis software on the computer station. Convert your .dat to the .ops
format using the converter program (OPC).
6. Copy your data files – screenshots, .dat and .ops files, a copy of the array map used to
convert your data file, and any other files – to the location of your choice. Do not
leave files on the desktop.
7. Remove your specimen from the cryostat by following the “Transferring a specimen
from the PC into the main chamber (MC)” procedure in reverse, making sure that
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both the tilt and the rotation feedthroughs on the MC cryostat are set at zero (the
transfer position). Inexperienced users should seek the supervision of a more
experienced user if this procedure is unclear.
8. If the system is to be left overnight, set the cryostat temperature greater than or equal
to 70K.
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