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3-D Characterization: Methods and ApplicationsResearch Summary

Read this article on the JOM web site 
(www.tms.org/JOMPT) to see a video 
clip of detected γ′ precipitate 
coagulation and 
coalescence.

 Enhanced for the Web

Editor’s Note: Alloy compositions are given in atomic percent.

 Recent technological advances in the 
design and fabrication of atom-probe 
tomographs and their commercializa-
tion are revolutionizing our ability to 
determine, on a sub-nanometer scale 
(atomic scale), the chemical identities 
of atoms in a nanostructure and to 
reconstruct this information in three 
dimensions. Thus, it is now possible to 
obtain data sets containing several hun-
dred million atoms in a few hours, using 
either electrical or laser (femtosecond or 
picosecond) pulsing, and to reconstruct 
crystalline lattices using sophisticated 
software programs. Detailed quantitative 
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results of the application of atom-probe 
tomography to study the kinetic pathways 
for precipitation in model nickel-based 
superalloys, Ni-Al-Cr and Ni-Al-Cr-Re, 
are presented as illustrative examples.

INTRODUCTION

 Atom-probe tomography (APT) is 
revolutionizing the ability to character-
ize materials at the sub-nanometer scale 
(atomic scale) and to obtain three-dimen-
sional (3-D) microstructural information 
that is germane for understanding both 
physical and mechanical properties of 
materials, thereby fulfi lling the micro-
structure-property relationship that is a 
basic paradigm of materials science and 
engineering. Recent advances in APT 
permit the analysis of metals, semicon-
ductors, oxides, and organic materials, 
albeit with different degrees of success 
and ease. This is due to a number of 
important technological advances that 
have resulted in sophisticated com-

mercial instruments that are computer 
controlled, ergonomic, and employ 
sophisticated software for analyzing the 
large data fi les, >108 atoms, which are 
now possible to obtain.
 Atom-probe tomography is being 
utilized by researchers around the world 
to study different physical problems uti-
lizing commercial instruments (Cameca, 
of Gennevilliers, France, or Imago 
Scientific Instruments of Madison, 
Wisconsin). The results of a fraction of 
this research can be found in the biennial 
Proceedings of the International Field 
Symposium1 and in the general archival 
literature. See the sidebar, The Instru-
ment, for a description of an APT, and 
the sidebar, LEAP™ Tomography, for 
a discussion on the characterization of 
nanostructures in 3-D.

ATOM-PROBE 
TOMOGRAPHIC STUDIES OF 

NICKEL-BASED ALLOYS

 Nickel-based superalloys are used 
to fabricate single-crystal two-phase 
[γ ′(L1

2
) and γ (face-centered cubic)] tur-

bine blades for aeronautical commercial 
and military jet engines, and land-based 
gas-turbine engines for generating elec-
trical power; a single unit can generate 
as much as 500 MW. The single-crystal 
two-phase turbine blades are direction-
ally solidifi ed from different commercial 
or proprietary nickel-based superal-
loys and contain ten or more alloying 
elements. There is a continuing effort 
to increase the operating temperature 
of these turbine blades to increase the 
thermodynamic effi ciency of the engines, 
which implies improving the high-tem-
perature creep and oxidation resistance 
of these nickel-based superalloys. One 
route to improving the creep resistance 
is to decrease the coarsening rate of the 
coherent γ ′(L1

2
) precipitates, which 

Figure 1. The temporal evo-
lution of the γ′  precipitate 
volume fraction (Vf

γ′), number 
density (Nv), and average 
radius (<R>) in Ni-5.2Al-
14.2Cr aged at 873 K as 
determined by APT.54
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can constitute over 60% by volume of 
the turbine blades. The creep resistance 
and maximum operating temperature are 
improved by alloying with high-melting 
point refractory elements such as W, Mo, 
Re, and Ru.

These refractory elements have small 
values of their diffusivities, which retards 
the rate of coarsening, d<R>/dt, of the 
γ ′(L1

2
) precipitates; <R> is the average 

precipitate radius. To understand the 
roles played by these refractory elements 
in quantitative detail, model nickel-based 
superalloys are being studied based on 
ternary Ni-Al-Cr alloys with different 
concentrations of aluminum and chro-
mium. To these are added, one element 
at a time, refractory elements to produce 
quaternary, quinary, or sexinary alloys. 
In this manner we are able to unravel the 
role played by each refractory element on 
the kinetic pathways of the temporally 
evolving nanostructure.
 The authors studied in detail the 
kinetic pathways of the different stages 
of precipitation of ordered γ ′ precipitates 
(L1

2
) in Ni-5.2Al-14.2Cr at 873 K.43,44

Precipitates with radii as small as 0.45 nm 
are fully characterized by APT. Contrary 
to what is often assumed in modeling, the 
average composition of γ ′ precipitates 
is shown to evolve temporally. Power-
law time dependencies of the number 
density, N

v
, average radius, <R>, and 

supersaturations, |Δc
i
|, of aluminum and 

chromium are determined and compared 
with coarsening models. The formation 
of γ ′ precipitates from a supersaturated 
γ matrix in a temperature range where 
nucleation and growth are observable has 
been studied in Ni-Al alloys by direct45–47

and indirect48 imaging techniques. To 
fully characterize a ternary alloy, APT 
is utilized.49,50 The experimental proce-
dures are described elsewhere.51,52

 After homogenization, Ni-5.2Al-
14.2Cr decomposes at 873 K into a 
high-number density, N

v
, of nanometer-

sized, spheroidal γ ′ precipitates via a 
fi rst-order phase transformation. Misfi t 
between the γ and γ ′ phases is nearly 
zero, and the precipitates are coherent 
and spheroidal to 1,024 h, the maximum 
time employed.53 The γ ′ precipitates
are fi rst observed after 0.17 h of aging 
(prior to this time short-range order was 
observed but no detectable γ ′ precipi-
tates) and the γ ′ precipitates’ <R>, and 
volume fraction, V

f
γ ′, are determined 

to be 0.74 nm and 0.11% (Figure 1). A 

sharp rise in N
v
 at a constant <R> value 

is observed between 0.17 h and 0.25 h 
aging times, indicating that nucleation 
is occurring. Atom-probe-tomography 
detectedγ ′precipitates are as small as R = 
0.45 nm (20 detected atoms). After 0.25 
h and until 256 h, precipitate coagulation 
and coalescence is observed, as seen for 
4 h in Figure 2. Given the small <R> and 
small misfi t values, this is not the result 
of elastically driven particle migration, 
and marks the fi nest scale, as well as 
smallest V

f
γ ′, where this phenomenon 

has been observed in the solid state. Peak 
N

v
, (3.2 ± 0.6) × 1024 m–3, is achieved 

after 4 h of aging, after which the trans-
formation enters a quasi-steady station-
ary regime with a constant power-law 
dependence of t–0.64±0.06. In this regime, 
V

f
γ ′ asymptotically increases toward its 

equilibrium value (upper panel in Figure 
1), indicating that this fi rst-order phase 
transformation is not complete. Yet <R> 
has a temporal dependence of 0.30 ± 0.04, 
which is approximately consistent with 
the t1/3 prediction for Ostwald ripening 
in a ternary alloy.55,56

 The average compositions of the γ
matrix (top half of Figure 3) and γ ′ 
precipitates continually evolve. The γ
matrix becomes more enriched in nickel 
and chromium and depleted in aluminum 
with increasing time. Between 4 h and 
16 h, the solute far-fi eld concentrations 
change slowly (dc/dt → 0), and the quasi-
stationary state approximation is applied 
after 16 h. Assuming this approximation, 

Figure 2. A 15 × 15 × 30 
nm3 subset of a conven-
tional APT reconstructed 
volume of Ni-5.2Al-14.2Cr 
aged at 873 K for 4 h (alu-
minum and chromium 
atoms in the γ′ precipi-
tates displayed). A frac-
tion, about 30%, of the 
γ′precipitates, delineated 
by 9 at.% aluminum iso-
concentration surfaces, 
are coalesced. [View 
on-line to see this fi gure 

WEBWEB
as a movie.]
Adapted from 
R e fe r e n c e 
54.

Figure 3. The average far-fi eld con-
centrations, ci, and supersatura-
tions, |Δc

i
|, in the γ matrix obtained 

by APT for Ni-5.2Al-14.2Cr aged 
at 873 K.54
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THE INSTRUMENT
 On October 11, 1955, E.W. Müller and K. Bahadur at Pennsylvania State University 
observed individual tungsten atoms on the surface of a sharply pointed tungsten tip, 
which had been cooled to 78 K, and employed helium as the imaging gas.2 Müller and 
Bahadur were the fi rst persons to observe directly individual atoms, using a fi eld-ion 
microscope (FIM), which Müller had invented in 1951.3,4 This seminal and historic event 
occurred long before the observations of individual atoms by Z-contrast scanning-trans-
mission-electron microscopy, high-resolution electron microscopy, scanning-tunneling 
microscopy, or atomic-force microscopy.
 An FIM is a lensless point-projection microscope that resolves individual atoms on 
the surface of a sharply pointed tip. The radius of a tip is <50 nm and is maintained at a 
positive potential (V

ex
). Atomic-resolution FIM images are achieved by cooling a tip into 

the range 20 K to 100 K in an ultrahigh vacuum system, and placing it at V
ex

 to generate 
electric fi elds (E) that are between 15 V nm–1 and 65 V nm– 1.5 Helium or neon gases, or 
a mixture of helium and neon gases, are used to image atoms utilizing the phenomenon 
of fi eld ionization.6–11 In these high E-fi elds, helium or neon atoms are fi eld ionized, 45 
V nm–1 for helium and 35 V nm–1 for neon, above individual surface atoms. This is be-
cause the outermost electron of every imaging gas atom tunnels into the sharply pointed 
tip to create concomitantly an atomic diameter cone of He+ or Ne+ ions emanating from 
individual surface atoms. The fi eld-ionized He+ or Ne+ ions are then accelerated along 
E-fi eld lines that are orthogonal to the equipotentials associated with a tip. The energetic 
He+ or Ne+ ions are converted into visible light employing a micro-channel plate (MCP), 
which is the solid-state analog of an array of photomultiplier tubes, with a gain of 107

for a single ion. Typically, approximately 104 to 105 surface atoms are imaged and the 
FIM images often exhibit the symmetry of the crystal lattice of the specimen. Thus, the 
physical basis of “seeing” atoms in direct space is the quantum mechanical process of 
fi eld ionization of gas atoms, which was fi rst analyzed by J. Oppenheimer.6 The He+ or 
Ne+ ions are the messengers that permit us to observe individual atoms on the surface of 
a specimen in direct space.
 Subsequently, Müller discovered the important physical phenomenon of fi eld evapora-
tion, which is sublimation of atoms as ions from a tip employing a high E-fi eld. Müller 
discovered this phenomenon by increasing the voltage on a tip, and thereby concomi-
tantly increasing the value of E, and observing that the atoms at the surface of a tip 
are continuously “evaporated” as ions, thereby exposing the interior of a specimen, and 
hence the term fi eld evaporation.12–15 Field evaporation is a material property; for ex-
ample, for tungsten the evaporation fi eld (E

e
) is 57 V nm–1 while for silver E

e
 = 25 V nm–1

at 0 K. Field evaporation is controlled by superimposing high-voltage pulses on top of 
V

ex
. Utilizing controlled fi eld evaporation, the internal atomic structure of a specimen is 

E. Marquis and D. Seidman57 determined 
the solid solubilities, c

i
eq, in a ternary 

Al-Sc-Mg alloy, utilizing c
i
(t) = κt–1/3

+ c
i
eq. Employing this approach, c

i
eq are 

16.69 ± 0.22Al and 6.77 ± 0.15Cr for 
the γ matrix. Then the γ matrix super-
saturations, Δc

i
= c

i
(t) – c

i
eq, are deter-

mined (bottom half of Figure 3). Their 
temporal behavior is in approximate 
agreement with the prediction of Δc ~ 
t–1/3 for coarsening. The classical theories 
of nucleation and growth assume that 
the precipitates’ composition is at their 
equilibrium value at a reaction’s onset. 
Contrary to this assumption, it is found 
that the γ ′ precipitates are supersaturated 
with aluminum (19.1 ± 2.8 at.%) and 
chromium (9.7 ± 2.1 at.%) at t = 0.17 h, 
which decrease continuously to 16.70 ± 
0.29 at.% aluminum and 6.91 ± 0.20 at.% 
chromium at 1,024 h. The equation for 
the evolving compositions, c

i
(t) = κt–1/3

+ c
i
eq, fi ts the experimental data for the γ ′ 

precipitates. This fi t yields equilibrium 
values of 3.11 ± 0.05 at.% for aluminum 
and 15.66 ± 0.05 at.% for chromium in 
the γ ′ precipitates. Finally, utilizing the 
lever rule, the equilibrium V

f
γ ′ for the γ ′

precipitates is 15.7 ± 0.7% (top panel in 
Figure 1).
 In an effort to understand the role 
played by rhenium in model nickel-based 
superalloys, 2 at.% rhenium additions 
to a model Ni-10Al-8.5Cr alloy were 
studied with respect to its effects on the 
temporal evolution of the nanostructure 
and partitioning behavior of Ni, Al, Cr, 
and Re between the γ  and γ ′ phases.
The chemical evolution of this quater-
nary alloy aged at 1,073 K from 0.25 h 
to 264 h was studied also using APT.58

The morphology of the γ ′ precipitates
remains spheroidal to 264 h. The results 
demonstrate that rhenium decelerates 

signifi cantly the coarsening of γ ′ pre-
cipitates, in comparison to a ternary 
Ni-10Al-8.5Cr alloy aged at 1,073 K. It 
is thought that rhenium segregates to the 
γ/γ ′interfaces and retards the coarsening 
ofγ ′ precipitates at elevated temperature, 
thereby increasing the creep resistance of 
nickel-based superalloys.59,60 The results 
of this study are contrasted with results 

on Ni-10Al-8.5Cr and Ni-10Al-8.5Cr-
2W alloys.61

 Spheroidal γ ′ precipitates, <R> = 3.89 
nm, are observed in this as-quenched 
alloy due to the high |Δc

i
|s of chromium 

and aluminum. The 3-D reconstruction 
of a volume of 16 × 16 × 130 nm3,
containing >1.5 × 106 atoms, confi rms 
the presence of the γ ′precipitates in the 
as-quenched state, 0 h (Figure 4). In 
Figure 4, aluminum atoms are in red, 
chromium atoms in blue, and rhenium 
atoms in orange, while the nickel atoms 
are not shown for clarity. In addition, 
the partitioning behavior of all the ele-
ments is visualized employing a 3-D 
reconstruction of the data. Aluminum 
partitions to γ ′precipitates, while nickel, 
chromium, and rhenium prefer the γ 
matrix. A fraction of the γ ′ precipitates
is interconnected by necks.
 Figure 5 displays 3-D reconstruc-
tions as a function of aging time, which 
demonstrate clearly the coarsening of 

Figure 4. An atom-probe 
tomography reconstruction 
of an Ni-10Al-8.5Cr-2Re 
alloy in the as-quenched 
state, which indicates the 
presence of γ ′  precipi-
tates. A 12 at.% aluminum 
isoconcentration surface 
is used to indicate the γ/γ′
interfaces. A portion of the 
γ′ precipitate is magnifi ed, 
with aluminum (red), chro-
mium (blue), and rhenium 
(orange) atoms shown to 
display the alternating alu-
minum planes in the [100] 
direction of the ordered L12
structure.62
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observed directly and reconstructed in three dimensions (3-D) to reveal atomic-scale de-
fects such as vacancies, self-interstitial atoms, chemical impurities, dislocations, stack-
ing faults, sub-boundaries, grain boundaries, and clusters of impurity atoms.
 An important short course and workshop on FIM was held at the University of Florida, 
Gainesville, March 14–22, 1966. Review articles were presented on both the theory of 
FIM and its applications to problems in physical metallurgy requiring atomic-scale reso-
lution. The results cataloged in the proceedings of this workshop demonstrated clearly 
the power of FIM and its tremendous power for obtaining quantitative information on 
an atomic scale.16 Field-ion microscopy has indeed played an important role in many 
areas of research; for example, in radiation damage in metals FIM proved itself capable 
of studying in-situ point defects, point-defect clusters, and displacement cascades, at 
temperatures as low as 12 K, in quantitative detail, and to obtain physically important 
information that was unattainable by any other experimental technique.17–19 Field-ion 
microscope experiments have also provided detailed quantitative atomic-scale informa-
tion about the mechanisms of adatom surface diffusion that are unattainable by other 
experimental techniques.20–23

 The next seminal advance occurred in 1968 when Müller, J. Panitz, and S. McLane 
invented the atom-probe fi eld-ion microscope (APFIM),24 which consists of an FIM 
plus a special time-of-fl ight (TOF) mass spectrometer, with the ability to detect single 
pulsed-fi eld evaporated ions. An APFIM utilizes controlled pulsed-fi eld-evaporation to 
determine the TOF of individual ions, thereby determining their mass-to-charge-state 
(m/n) ratios and therefore their chemical identities. The APFIM is a revolutionary instru-
ment because it combines atomic-scale resolution FIM images with TOF mass spectrom-
etry.25

 Subsequently, in 1973, Panitz invented the progenitor of all APTs, which is called the 
imaging atom probe.26–28 The next important invention was the position-sensitive atom 
probe (PoSAP) in 1988, which was developed by A. Cerezo et al.29,30 as a serial instru-
ment. A parallel version of this APT was later commercialized by Kindbrisk, which 
subsequently became Oxford Nanosciences. The fi rst parallel APT was constructed by 
D. Blavette et al.31 in 1993. The optical position-sensitive AP32 is a parallel instrument 
that utilizes optical detection, as opposed to charge detection. All of these APTs have 
the ability to reconstruct a lattice of atoms in 3-D, along with their chemical identities.33

The spatial depth resolution is the {hkl} interplanar spacing (<0.1 nm), along the crystal-
lographic direction, <hkl>, being analyzed and the lateral resolution is 0.3 nm to 0.5 nm 
within an atomic {hkl} plane. Finally, TOF mass spectrometry employing an MCP has 
the advantage that the detection sensitivity is identical for all elements in the periodic 
table. Furthermore, the mass resolution (m/Δm) is excellent at the bottom end of the 
periodic table (e.g., it is easy to distinguish hydrogen from helium).

the γ ′ precipitates. Each reconstruction 
is a subset of results extracted from the 
entire volume to create a 10 × 10 nm2

cross section for comparison as a func-
tion of aging time. This fi gure demon-
strates qualitatively the increasing <R> 
values and decreasing N

v
 values of the 

γ ′ precipitates with increasing aging 
time. Additionally, the morphology of 
the γ ′ precipitates remains spheroidal 
and the <R> values are considerably 
smaller (31.5 nm) at the longest aging 
time of 264 h, when compared to the 
large cuboidal γ ′ precipitates of ternary 
Ni-10Al-8.5Cr and quaternary Ni-
10Al-8.5Cr-2W alloys (114 and 77 nm, 
respectively).63 Therefore, the addition of 
rhenium stabilizes the morphology and 
retards the coarsening kinetics of the γ ′ 
precipitates in this Ni-Al-Cr-Re alloy.
 An APT reconstruction of this Ni-Al-
Cr-Re alloy (Figure 4) exhibits clearly the 
alternating aluminum-rich planes along 
the [100] analysis direction inside the γ ′ 

precipitates in the as-quenched state. 
This is direct evidence that the γ ′ precipi-
tates have the ordered L1

2
 structure. In 

addition, APT reconstructions of atoms 
inside γ ′ precipitates interconnected by 
a neck, in the as-quenched state, dem-
onstrate the alternating aluminum-rich 
planes of the L1

2
-ordered structure in 

both γ ′ precipitates and the intercon-

necting necks. These results suggest 
that phase separation and ordering are 
occurring concurrently at 1,073 K, and 
shows that these processes are occurring 
during quenching. 
 The partitioning behavior is quan-
titatively determined by calculating 
the partitioning ratio, Κγ′/γ, for each 
element, which is given by the ratio of 
the atomic concentration of element i
in γ ′ precipitates divided by its atomic 
concentration in the γ matrix. The values 
of Κγ ′/γ of Ni-10Al-8.5Cr-2Re alloy are 
compared with the values of Κγ ′/γ in the 
ternary Ni-10Al-8.5Cr and quaternary 
Ni-10Al-8.5Cr-2W alloys in Figure 6. 
This fi gure demonstrates that the addi-
tion of rhenium to an Ni-Al-Cr alloy 
increases the partitioning of aluminum 
to γ ′ precipitates and chromium to the 
γ matrix. The effect, however, of adding 
rhenium on the value of Κγ ′/γ of alloying 
elements is smaller than adding tungsten 
to the same Ni-Al-Cr ternary alloy. In 
conclusion, all the results presented in 
this section demonstrate the powerful 
atomic-scale resolution of APT and 
its contributions to unraveling kinetic 
pathways of a phase transformation in 
concentrated multicomponent alloys. 

CONCLUSIONS

 The recent development and success-
ful commercialization of highly sophis-
ticated atom-probe tomographs and data 
analysis software is revolutionizing 
the abilities of materials scientists and 
engineers to characterize materials, with 
respect to microstructure and chemistry, 
on the subnanometer (atomic) scale. 
This implies that it is now becoming 
possible to span length scales to charac-
terize materials from the subnanometer 
(atomic) to the micrometer length scales 

Figure 5. An APT 
of an Ni-10Al-
8.5Cr-2Re alloy 
at different aging 
times displaying 
the temporal evo-
lution of the γ ′ 
precipitates. The 
cross section of 
each volume is 
perpendicular to 
the plane of page. 
Color-coding of 
the atoms is the 
same as in Figure 
4.62
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LEAP™ TOMOGRAPHY
 More recently, a local-electrode atom-probe (LEAP™) tomograph was developed and 
commercialized by Imago Scientifi c Instruments.34–38 The original idea for a local-elec-
trode came from O. Nishikawa,39 who employed it in a scanning atom-probe (SAP). In 
an SAP the local electrode is scanned from one microtip specimen to another microtip 
specimen to maximize the amount of data that can be obtained. The LEAP 3000X Si X 
metrology systememploys a local electrode with a 30 μm diameter orifi ce; the local elec-
trode decreases the voltages necessary to achieve a given electric fi eld (E-fi eld). Figure A 
exhibits a schematic diagram of a three-dimensional (3-D) LEAPtomograph operating in 
the scanning mode. An array of microtip specimens sits on a conducting substrate, which 
is maintained at V

ex
. To fi eld-evaporate atoms as ions, the local electrode is pulsed with a 

negative potential, V
pulse

, which increases the local E-fi eld at the microtip to the requisite 
value. The composite detector consists of a micro-channel plate (MCP) behind which 
is a delay line detector. The MCP is used to measure an ion’s time-of-fl ight (TOF) and 
the delay-line detector its position. Thus, the detector permits both the TOF and x- and 
y-coordinates of individual atoms in an {hkl} crystallographic plane to be determined 
on an atom-by-atom basis with respect to an atom’s position in a microtip. The physical 
process of fi eld evaporation permits one to access the interior of a microtip, and in this 
manner the positions of all atoms and their m/n values can be determined and recon-
structed in 3-D for a given volume of material using sophisticated software programs. 
For example, a data set of 240 × 106 atoms corresponds to a volume of approximately 4 
× 10–21 m3 (4 × 106 nm3). Data sets from different specimens can be combined to examine 
larger volumes of material and to improve the counting statistics. Employing electrical 
pulsing, the pulse-repetition rate is variable in discrete steps from 1 kHz to 250 kHz for 
the LEAP 3000X Si X, and a detection rate of up to 2 × 106 ions min.–1 (120 × 106 ions 
h–1) can be achieved. This implies that a data set containing 109 atoms can be obtained in 
8 1/3 hours from a single cooperative specimen. The full-width half-maximum (FWHM) 
value of m/Δm is 500 for 27Al+ and the full-width tenth-maximum (FWTM) m/Δm value 
is 180, with the tip at its maximum distance from the detector.
 The LEAP 3000X Si X also operates using a pulsed picosecond laser (green light) to 
fi eld-evaporate ions. The exact mechanism by which laser-induced evaporation of atoms 
occurs is a subject of current scientifi c debate.40,41 Independent of the exact mechanism, the 
pulse repetition rate is variable in steps from 1 kHz to 500 kHz and a detection rate of up to 
5 × 106 ions min.–1 (300 × 106 ions h–1) can be obtained. Therefore, a data set containing 
109 atoms can be obtained from a single cooperative specimen in 3 1/3 hours, which is a 
factor of 2.5 faster than with electrical pulsing. The FWHM value of m/Δm is 1,200 and 
the FWTM value of m/Δm is 300 for 27Al+, with the microtip at its maximum distance 
from the detector. The momentum dispersion is smaller for laser pulsing because the 
ions have a thermal energy k

B
T when they surmount the Schottky hump, where k

B
is

using different techniques that should 
include atom-probe tomography. 
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Figure A. A schematic drawing 
of a 3-D local-electrode atom-
probe (LEAP™) tomograph. 
The substrate is maintained at 
a positive potential, Vex, which 
supports an array of microtip 
specimens; the substrate 
can be translated in the x-y 
plane. The local electrode 
is pulsed with a negative 
voltage, Vpulse, to increase the 
E-fi eld at a microtip specimen 
to the requisite value for fi eld 
evaporating atoms as ions. 
(Courtesy of Lincoln J. Lauhon, 
Northwestern University.)

Figure 6. The  partitioning ratio of all 
the elements in (a) Ni-10Al-8.5Cr, (b) 
Ni-10Al-8.5Cr-2W, and (c) Ni-10Al-8.5Cr-
2Re alloys plotted as a function of aging 
time. This graph displays the effect of 
the rhenium addition on the partitioning 
behavior of all alloying elements in a 
nickel-based model superalloy. Adapted 
from Reference 62.
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Boltzmann’s constant and T is the absolute temperature, and therefore the spread in the 
TOFs is smaller, resulting in larger values of m/Δm. For both electrical and laser pulsing 
the maximum cross-sectional area of a microtip specimen analyzed can be 200 nm × 200 
nm, at the minimum distance from the MCP. 
 For example, results were obtained employing a conventional APT and an earlier ver-
sion (2003) of a 3-D LEAP tomograph for an Ni-5.2Al-14.2Cr alloy, which was aged 
for 256 h at 873 K to produce γ′(L1

2
 structure) precipitates in a γ face-centered cubic 

(fcc) matrix. The γ′  nanostructure at 256 h is analyzed with both conventional APT and 
LEAP tomography (Figure B). The conventional APT analysis [16 × 16 × 195 (49,920) 
nm3] partially intersects 23 γ′ precipitates in 36 h of analysis and consists of 1.8 × 106

atoms. The LEAP tomographic analysis [86 × 86 × 63 (465,948) nm3] intersects fully 50 
γ′ precipitates and partially 20 γ′ precipitates detecting 9.8 × 106 atoms after 0.8 h of col-
lecting data. Only the aluminum (red) and chromium (blue) atoms in the γ′precipitates
are displayed for clarity. Three-dimensional imaging by LEAP tomography does not 
suffer from the same projection effects associated with transmission-electron micro-
scope imaging, which is a two-dimensional projection of a 3-D object. As seen in Figure 
B, conventional APT is limited to smaller analyzed volumes, typically 15 × 15 × 100 
(22,500) nm3. Alternatively, LEAP tomographic analyses are capable of analyzing vol-
umes of 200 × 200 × 100 (106) nm3 in a shorter time: the depth dimension can exceed 
one micrometer.
 Thus, we are entering a new era in APT, where the detection sensitivity of an element 
is approaching one atomic part per million for both electrical and laser pulsing, because 
larger volumes of material can be analyzed employing a LEAP tomograph. The results 
obtained using LEAP tomography represent a dramatic improvement over all earlier 
APTs, and therefore LEAP tomography is a revolutionary technological achievement 
with signifi cant scientifi c ramifi cations for the future.
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Figure B. Specimens of Ni-5.2Al-14.2Cr 
aged at 873 K for 256 h were analyzed 
with (a) conventional APT and (b) 
LEAP tomography. The 16 × 16 × 195 
nm3 (24,320 nm3) and 86 × 86 × 63 
nm3 (464,948 nm3) volumes contain 
approximately 1.8 × 106 and 9.8 × 106

atoms, respectively. Only aluminum 
(red) and chromium (blue) atoms within 
γ ′ precipitates are displayed for the 
sake of clarity. Each dot represents a 
single atom.42


