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INTRODUCTION

Many technologically important properties of alloys, such as mechanical
strength, or the coercivity of ferromagnetic materials, are essentially
controlled by the precipitate microstructure that results from the diffusion-
controlled decomposition reaction of the originally supersaturated matrix.
A fundamental understanding of the thermodynamics, the kinetics, and the
mechanism of the phase transformation that leads to weil-defined pre-
cipitate microstructures is, therefore, of great interest in metallurgy.

The course of a decomposition reaction, including the carly stages
(during which composition fluctuations and second-phase nuclei are
formed) as well as the coarsening stages can generally not be followed
continuously by any one microanalytical technique. The progress of a
decomposition reaction is usually reconstructed from the microstructure
that has developed at various stages of the phase transformation. Thus, it is
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44 HAASEN & WAGNER

necessary to analyze the spatial extension and the amplitude of com-
position fluctuations of incipient, second-phase particles, as well as the
morphology, number density, size, and chemical compesition of discrete
precipitates at various stages of the phase transformation. For this purpose
microanalytical tools are required that are capable of resolving very small
solute clusters, and simultaneously identifying their chemical composition.

Although the first requirement is frequently met by neutron (SANS) and
X-ray (SAXS) small angle scattering techniques, and also by TEM (for
particles larger than about 4 nm), the chemical analysis of particles smaller
than about 12 nm is usually not possible using any of the standard
microanalytical tools, such as the electron microprobe, or scanning
transmission electron microscopy combined with an energy-dispersive X-
ray analyzer.

This gap in the analysis of ultrafine precipitates can be bridged by
employing the atom-probe field-ion microscope (AP FIM) (1), which is a
combination of a field-ion microscope (FIM} and a time-of-flight mass
spectrometer (alom-probe, AP). This instrument has the unique capability
of imaging and identifying single atoms. For more than ten years the AP
FIM has been used successfully for chemical analyses of, for example,
individual carbiue (2-4), or nitride precipitates (5) in various steels, and Y
particles in cast commercial nickel-based superalloys (6), which escaped
detection by TEM [for a comprehensive review, see (7)]. These resuits are
not treated again in this review.

The recent development of unified precipitation theories (8, 9), which
treat nucleation, growth, and coarsening (*Ostwald ripening”) as concur-
rent processes until precipitation is completed, has stimufated several AP
FIM studies of the early stage precipitation kinetics in metastable
supersaturated binary or ternary alloys. Some experimental results from
those studies and their agreement with theoretical predictions are the
subject of the second part of this article; various aspects of the AP FIM
analysis of decomposing alloys are covered in the first part.

For many two-phase alloys the important theoretical question remains
open of whether the phase transformation is initiated by the formation of
small nuclei having a composition similar to that of the equilibrium phase
{or at least similar to that of the intermediate metastable phase, which is
formed in some alloys prior to the formation of the equilibrium phase), or
whether itis initiated by spinodal decomposition. Since the latter reaction is
caused by the thermodynamic instability of the quasi-uniform solid
solution within the spinodal range (10-12), the decomposition occurs by the
growth of three-dimensional composition waves without any nucleation
barrier larger than ~ kT to be overcome. The wavelengths of these long-
range composition {luctuations are initiatly typicalty about 5 nm, but will
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grow with aging time to tens of nm. According to various theories of
spinodal decomposition (10, 11), the amplitudes of the composition waves
increase gradually with aging time, starting from almost zero, until they
reach a value corresponding to the concentration of the completely
precipitated second phase.

The microstructures in the later transformation stages (where some of the
conventional microanalytical tools can now be applied) evolve from either
classical nucleation or spinodal decomposition, but do not necessarily differ
from each other. Therefore, it is usually not accurate to deduce the mode of
the initial decomposition reaction simply from observations of the
microstructure in later transformation stages. The only way to prove
experimentally that a solid solution decomposes spinodally is to show by a
suitable microanalytical technique that the composition waves are gradu-
ally amplified during aging until discrete precipitates of the second phase
have finally emerged.

As discussed in Section 1, in principle, long-range composition fluctu-
ations can be analyzed with the atom-probe FIM, though sometimes
statistical problems impede a straightforward interpretation of the
measured composition profiles. The technique has been applied to study
phase separation in a number of supersaturated alloys that are thought to
decompose spinodally. This belief is based on some typical microstructural
features (13), which, according to Cahn’s phenomenological theory of
spinodal decomposition (10), can—but do not necessarily—evolve from a
spinodal reaction. Results and conclusions from some of these studies are
discussed in Section 2.

1. EXPERIMENTAL ASPECTS

1.1 Basic Design and Operation of an Atom-Probe FIM

Since Miiller and co-workers (18) conceived of and published the first
design of an atom-probe FIM, several instruments specially developed for
application to various metallurgical problems have been described in the
literature (7, 14-17). Currently, about twelve instruments are being
operated in metallurgical laboratories worldwide.

Figure 1 shows the basic features and electronic circuitry of an atom-
probe FIM designed for the investigation of phase separation in alloys.
Essentially, the instrument consists of two parts: the FIM to image the
specimen, and the time-of-flight (ToF) spectrometer {the atom-probe) in
which single ions, field evaporated from the FIM specimen surface, are
identified. The imaging-screen contains in its center a probe-hole of about
2.5 mm in diameter. Field-evaporated ions, originating from the area
covered by the projection of the probe-hole onto the specimen surface (the
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48 HAASEN & WAGNER

“eflective probe-hole area”), enter the flight-tube of the atom-probe through
the probe-hole. At the end of the flight-tube the ions reach the single-ion
detector.

The typical FIM specimen is a sharply pointed needle with a radius of
curvature (7)) of about 20-80 nm. It is prepared from a thin wire of 0.1-0.3
mm diameter by anodic electropolishing (7). All heat treatments necessary
for the particular phase transformation have to be performed prior to
electropolishing,

After preparation, the specimen is introduced into the ultra-high(~10-?
mbar) vacuum chamber of the FIM via a specimen airlock, mounted onto a
manipulator, and cooled to ~ 80 K in order to increase the resolution of the
FIM image. The manipulator allows the specimen to be aligned along the
axis of the instrument, and any region visible in the FIM image that is to be
analyzed with the ToF spectrometer can be shifted until it covers the probe-
hole of the atom-probe. The distance (R} between tip vertex and the center
of the screen can be varied typically between ~4and ~20cm allowing fora
variation of the “average” magnification (M) in the FIM. ¥ is given by

M=§Xﬁ‘- I
T :

With typical values for the mean radius of curvature of the tip (7)? and for
R(~3x10"%cmand ~4cm, respectively), M is on the order of 10, § is
approximately 0.6, which accounts for the fact that the FIM tip is not
ideally hemispherical and, hence, the projection not purely gnomonic (18},
Correspondingly, for the given values the effective diameter of the AP
probe-hole (d,,) can be varied between ~ 3.2 {R~4 cm) and ~0.8 nm
(R ~ 20 cm).

To obtain FIM images of the alloys referred to in this article, neon, the
imaging gas, is leaked into the vacuum system (~5 x 107° mbar).
Subsequently, a positive high voltage (Vp(), typically between 3 and 20 k'V
depending on r,, is applied to the specimen. If the resulting electric field
(F = V¢/r)) exceeds a critical value (F. ~ 30 V/nm) the neon atoms are
positively ionized in the high field regions above the tip surface, and are
accelerated almost radially toward the grounded FIM screen, which lights
up at the points of impact.

Starting with a freshly prepared tip, the electric field is highest above the
sharp protrusions retained from the specimen preparation. As the voltage is
gradually increased, the electric field above these protusions reaches a value
Feg > F at which local “field evaporation” (18) of individual atoms in the

2 Both 7, and the local radius of curvature can be determined quite accurately directly from
FIM micrographs (7).

A . R — T ——— -
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form of n-fold charged ions occurs (n = 1 or 2 for most transition metals) (7).
Since the onset of field evaporation occurs at a certain field strength, regions
with smaller radii of curvature field evaporate earlier than those with larger
ones. Thus, field evaporation is used to smooth a freshly prepared FIM
specimen until the atomically smooth, curved tip-end required for ultimate
resolution in the FIM images is finally obtained.

1.2 Image Formation and Contrast of Decomposed Alloys

The mechanism of image formation is iflustrated in Figure 2. In the high-
field regions of the FIM tip, the neon atoms become polarized and are
therefore attracted to the positively charged tip surface. After several
inelastic collisions with the cool surface, the polarized, hopping gas atoms
are finally ionized by the tunneling of an electron from the gas atom
through a potential barrier, and into the specimen. The tunnel probability
is highest at a distance x,, approximately 0.5 nm above the tip surface,
where the energy of the electron lies at, or slightly above, the Fermi energy
of the metal. The smallest electric ficld sufficient to ionize the neon atoms is
reached only above atoms protruding from the surface. In pure metals these
protruding atoms are usually located in ledge, or kink-site positions (Figure
2) at the edges of different stacks of lattice planes. The edges of one stack of
hkl planes form almost concentric polygons, or rings, because of the
intersection of each stack with the more or less spherically shaped tip
surface (Figure 2). This arrangement of atoms with localized high-field
regions lead to the well-known crystallographic pattern of FIM micro-
graphs of pure metals and dilute alloys (Figure 3a).

In most two-phase alloys the precipitates appear in either bright or dark

Polarized
(£)” Gas Atom
Cores of
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' 1 ]
\\ \\ “ . | ’I /’
\ Y \ ionization H / ,l Field
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Figure 2 The principle of ficld-ion image formation : only the hatched atoms are imaged.
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50 HAASEN & WAGNER

Figure 3 Neon field-ion image of Cu-1 at.%, Fe aged for 100 min at SOO"C Arrows indjcate
nuclei of a metastable iron-rich precipitate phase (a). The same alloy after uging for 150 min (h).
Note the enhanced contrast of the Fe-rich clusters and the reduced resolution of the matrix as

compared to (a)(25).
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Blunted Protruding
Precipitate Precipitate

al b}

Figure 4 Surface topology around precipitates after the tip reaches a steady-state end-form.
{a) blunted precipitates appear in dark conlrast ; () protruding precipitates appear in bright
contrast. Also, the trajectories of field-evaporating ions, originating from the matrix (M)orthe
precipitate (P), are shown schematically.

contrast to the surrounding matrix. In both cases, after some field
evaporation a steady state end-form of the FIM tip evolves, with the
precipitates either protruding from the emitter surface (i) or being blunted
(if) as compared to the local radius of curvature of the adjacent matrix
(Figure 4). These local deviations in the radius of curvature above the
precipitates are caused by a respectively higher (i) or lower (ii) evaporation
field than is necessary to field evaporate the surrounding matrix, Although
not yet fully understood, it is assumed that the electric field variations
associated with variations in surface topology, caused by the precipitate,
are responsible for an enhanced (i) or reduced (ii) ionization probability
above the precipitates and, hence, a bright or dark contrast, respectively.
Copper-rich precipitates in Fe-Cu show a dark contrast; gold-rich
precipitates, which are more resistant to field evaporation than the
surrounding matrix, appear bright in Fe-Au imaged with neon (19).
However, the contrast of a particular phase can also depend on the image
gas and the temperature of the tip. For instance, the Cu-rich particles in an
Fe-Cu alloy become bright if imaged with hydrogen instead of neon.
Gamma-prime precipitates of the type (Ni-Co)4(Al-Ti-Cr) in a Ni-based
superalloy exhibit bright contrast at a tip temperature of 80 K (Figure 5),
whereas hardly any contrast is seen at 30 K {20). On the other hand, no
contrast is obtained from y'Ni,Al particles in a binary Ni-14 at.% Al alloy

qQ



52 HAASEN & WAGNER

Figure 5 Neon ficld-ion image of a nickel-based superailoy after a four stage heat treatment.
1t exhibits iwo large (4) and many small (B) ¥’ precipitates (6). (Courtesy P. A. Beaven.)

{21). Apparently, the processes of field ionization and evaporation are
highly sensitive to the composition of the precipitates.

FIM images of certain other alloys, e.g. Cu-5 at.%, Ti or Co-Ta, aged in
the two-phase region of the phase diagram, look similar to those of one-
phase materials, and do not reveal any precipitate contrast, despite the
evidence of AP analyses and TEM, which have clearly established the
presence of seco.id-phase particles. Figure 6a shows a rather regular field-
ion image of a Cu-5 at.%, Ti specimen aged for 6 h at 350°C; no discrete
particles are seen. However, after a rupture in part of the tip, suddenly the
precipitated phase (dark contrast in Figure 6b) can be clearly distinguished
(rom the bright matrix. Following some ficld evaporation the contrast
between the two phases disappeats again. These peculiar contrast features
are not observed in less concentrated, aged Cu-1.9 at.%, Ti where the Cu,Ti
particles always appear in dark contrast, Figure 6¢ (22). Similar changes in
the appearance of the phase contrasts have been reported for Co-Ta (23). In
aged Co-7.5 a1.%, Ti no obvious signs of precipitation are visiblie with fairly

10
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Figure 6 Neon field-ion images of Cu-5 at.% Ti aged for 6 h at 350°C before (a) and after (b)
part of the tip has ruptured. Only in b do the two phases appear in contrast. Figure 6c shows
Cu-19at.% Ti aged for 5 min at 350°C. Cu,Ti are discernible by their dark contrast (22). (For
better repreduction of ¢, the contrast of some Ti-enriched clusters was artificially enhanced.)

sharp tips (r, £ 40 nm)(24). However, after blunting the tips to about 80 nm
by continuous field evaporation, the Co,Ti precipitates become visible.

These examples demonstrate that the absence of any precipitation
contrast in the FIM pattern does nol necessarily mean that the alloy has not
yet decomposed into two distinct phases. In alloys where the precipitated
phase is not visible, one must rely on atom-probe analysis (following
section) to investigate the state of phase separation.

The contrast features of field-ion images of decomposing ailoys also
frequently depend on the degree of decomposition. This is shown in Figures
3a and 3b for a Cu-1 at.%, Fe alloy (25). After aging the alloy for 100 min at

1
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500°C, the matrix is still atomically resolved, and the contrast of the
precipitates is rather faint (a). After aging for 150 min, the atomic resolution
of the matrix atoms (Cu) is lost, but the contrast of the precipitates is
strongly enhanced (b). The contrast enhancement in later stages of the
precipitation reaction, at the expense of image resolution of the matrix, has
been observed quite frequently in various two-phase alloys.

Because of the localized change in the radius of curvature above
precipitates (Figure 4), a considerable unknown change in the magnifi-
cation (M) of the particular precipitate results (Equation 1). If the
precipitates are nonspherical, e.g. thin platelets or y’ zones, the magnifi-
cation can even be rather anisotropic. Therefore, it is generally not possible
to determine the size of (visible) particles directly from an FIM micrograph
Just by using the average magnification (M, Equation 1).

Nevertheless, the size and morphology of visible precipitates can often be
determined very accurately without knowing M by using the persistence-
size technique (Figure 7a). By controlled ficld evaporation several lattice
planes of a previously identified pole {hkl} are successively removed.
Whenever a precipitate becomes visible in the vicinity of this pole, the
number of planes (n,,,) that have to be evaporated between the appecararce
and disappcarance of the particle aré counted. The dimension of the
precipitate along the (k) direction is then immediately obtained as
d{hkl) x ny,,, with a depth resolution of ~0.2 nm. By recording the varia-
tions in interscctional area of the precipitate with the tip surface during

the dissection of the precipitate, its morphology can be determined in
detail.

1.3 Atom-Probe Analyses

The chemical identification of a single ion is achieved by first measuring its
time of Aight (1), and subsequently evaluating its mass-to-charge ratio (m/n)
(Figure 1). For this purpose the atoms are field evaporated at a well-defined
instant by superposing a high-voltage pulse of a few nanoseconds rise-time
onto the tip, which is held at the imaging voltage (Vo) (pulse field
evaporation). A puise width of about 15 nsec and a pulse amplitude (V) of
about 0.15 ¥, are found to be appropriate for the analysis of most alloys.
Due to the sharp drop in field strength within a few nm above the tip
surface, the field-evaporated ions reach their terminal velocity (v) shortly
after the desorption event. The ions then drift with an energy

dZ
"X e+ V) = dmo? = gm 2

over a distance (d) virtually equal to the tip-to-detector distance (Figure 1),
After a time-of-flight t, they strike the ion-delcctor. In essence, Equation 2

1.

ANALYTICAL FIM OF ALLOYS 55

Evaporated
Loyers
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Figure 7 (a} “Persistence-size™ technique for the accurate determination of the size and
morphology of visible precipitates. The principle of selected arca AP analysis of a visible
precipitate is also illustrated. In (b), the nearly cylindrical volumne analyzed during a “random-
area” AP analysis, and the resulling composition profile are shown. Only some particles are
completely cut by the cylinder.
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already contains all measurable quantities for the evaluation of myn:
however, in practice, electronic delay times, pulse shape factors, etc (7) have
to be taken into account in order to operate the AP at its optimum mass
resolution, For most instruments the latter is of the order Am/m ~ 1/150,
but can be improved significantly (to about 1/1000) by employing an energy
focusing ToF spectrometer (26) rather than a conventional one.

In principle, the quantitative microanalysis of decomposing alloys using
the atom-probe can be performed in two different ways. The first of these is
selected area analysis (Figure 7a). This type of analysis of the composition of
individual particles is confined to precipitates that are discernible in the
FIM image. By rotation of the FIM specimen, the particular precipitate is
imaged over the probe-hole in the FIM screen. If the effective probe-hole
(diameter d,.) is larger than the particle, d,,, is decreased by increasing the
magnification until the precipitate covers the probe-hole entirely, The
compositton of the precipitate is then determined by collecting the atoms
originating from a cylinder of diameter d,,, and of a length limited by the
total depth that can be probed before the precipitate has been completely
field evaporated (Figure 7a). By continuing to probe into the adjacent
matrix to determine the composition of each successively removed lattice
plane, the concentration profile across interphase boundaries can also be
obtained. As discussed in the previous section, with this method the size and
detailed morphology can be determined rather precisely. The accuracy of
this compositional analysis depends on the total number of atoms that can
be collected from the precipitate. For small particle sizes, such as occur in
early precipitation stages, several particles have to be analyzed in order to
keep the confidence limits narrow. This requires a sufficient number density
of particles, e.g. 210'7 cm ™2,

The second technique is random-area analysis (Figure 7b). In order to
analyze the composition and distribution of particles that are not visible in
the FIM, or to obtain information about solute fluctuations in alloys (e.g.
spinodally decomposing alloys), it is necessary to determine the concen-
tration profile in a cylinder of considerable length. The cylinder should be
more than 100 nm long in one direction (X'k'l’), with a sufficient depth
resolution (Figure 7b). For this purpose, the planar concentration of each
successively field-evaporated h'k'F-lattice plane is determined and plotted
against the number of evaporated planes. Hence, the depth resolution is
equal to the interplanar spacing d(h’k’I'). Whenever the analyzed cylinder
cuts completely through a particle (Figure 7b), its composition and the
solute variation across its interphase boundary can be determined directly
from the concentration profile. However, if the particle is partly cut by the
analyzed cylinder (Figure 7b), the concentration profile reveals only a local
increase in the solute content as compared to the surrounding matrix (c,,)

14
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but does not give any information about the true composition of the
particle {c,).

Figure 8a shows the composition profile along [111] of an aged Cu-2.7
at.; Tialloy that contains isolated ' Cu,Ti precipitates. Three particles (4)
are completely cut, and two are probably only partly cut (B) by the analyzed
cylinder (d,, = 2.5 nm). The considerable statistical noise superposed on
the actual composition profile results chiefly from the limited number (N) of
atoms that can be collected per field-evaporated plane. For d,, ~ 2.5 nm, N
typically fluctuates between 50 and 120. If ultimate depth resolution of one
interplanar spacing is not required, e.g. for slowly varying composition
profiles, smoothing of the measured composition profiles can be achieved
by summing up the atoms from several successively field-evaporated
planes. Smail solute clusters that were not unambiguously discernible in the
original, blurred AP composition profile can often be deconvoluted
through a moving-average analysis; this is another smoothing technique
(7). These smoothing procedures, in fact, remove the high frequency
components of the original AP composition profile, but also flatten the
concentration profiles across interphase boundaries. Therefore, prior to
applying any smoothing procedures, the original composition profile,
recorded with ultimate depth resclution but rather poor statistics, must be
carefully inspected.

By analogy with the analysis-of-time series, the data contained in an AP
composition profile are often analyzed in terms of an autocorrelation
analysis, provided the distance probed through the specimen is sufficiently
large. This statistical analysis furnishes most decomposition parameters
that are required for a comparison with theoretical predictions (see
following section). During the early stages of phase separation when cluster
sizes are small and their number densities large this method is especially
useful. Figure 8b shows the autocorrelation coefficient R(k) for the con-
centration profile displayed in Figure 8a. R(k) is given by

n—k
n z {ci—codcivi—co)
R(k} = ; =l 3

-~k '
(e “'-'0)2

1=

It

1

where ¢, is the concentration of the i-th field-evaporated plane (Kk'l), ¢ the
mean concentration, n the total number of field-evaporated planes, and kis
the correlation length in units of the interplanar distance d(n'k’l). From
computer-simulated atom-probe analyses for which various precipitate
microstructures were assumed, it has been established that the parameters
ko, ky, Rpuxs and R, (Figure 8b) are unequivocally related to the mean

\5
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particle diameter (2 x R), the interparticle distance (4), the particle
composition (c,), and the precipitate volume fraction (f), respectively (27).
In particular, computer-simulations yielded 1 = k, x d(W'k’f), and 2R
= ko x d{(k'l') for larger particles (e.g. R = 1.2 nm). For size distributions
with even smaller mean radii, autocorrefation analyses yield B values
somewhat larger than the true ones. In Figure 85, the occurrence of the
second peak at k, is at exactly twice the distance of the first peak, indicating
that Cu,Ti particles are quasiperiodically distributed (28). For randomly
distributed, solute-rich clusters of small number density R(k) remains zero
fork > k.

The true composition of a solute-rich cluster is only displayed in a
compeosition profile if the cluster is completely covered by the probe-hole
(sce Figure 7b); this requires d,, < 2R. Although in principle d,, can be
made as small as one atomic diameter, reliable statistics require that a
certain number of atoms be recorded, hence d,, is on the order of ~2 nm.
Therefore, in most real analyses of composition fluctuations, the lateral
spatial resolution is confined to ~2 nm (7).

It is worth noting that both R and A can be obtained from autocorre-
lation analyses regardless of whether the ratio d,./2R is larger or smaller
than unity. Also, the Fourier transform of the autocorrelation factor R{k)
yields the (one-dimensional) structure factor ${q) obtained from scattering
experiments (q is a wave vector). Thus, in principle, a random-area AP
analysis furnishes all the information about the state of decomposition that
can be inferred from S(q, ), as determined in a SAXS or SANS scattering
experiment.

2. RESULTS ON VARIOUS ALLOYS

2.1  Modes of Decomposition

As indicated in the previous section, the AP is particularly suited to the
study of the decomposition of alloys on a very fine scale. In order to slow
down the kinetics to an observable rate, these materials are usually
quenched deep into the two-phase ficld, and the correspondingly large
supersaturations then create second-phase nuclei typically 2 nm in
diameter. As applied so far, this is below the resolution of conventional
transmission electron microscopy. Neutron and X-ray small angle scatter-
ing (SAS)are, on the other hand, well suited to the observation of such small
particles. For a comparison of the three methods, as appiied to the
decomposition of alloys, see the proceedings of a recent topical conference
{29). The problem with SAS is that it does not reveal the composition of the
particles formed, but only their sizes and number density. This is a
distinctive fcature that differentiates the two modes of homogeneous
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decomposition (the only type of decomposition reviewed here). The two
modes of homogeneous decomposition are detailed below.

In the nucleation and growth mode (NG), small particles that differ greatly
from the composition of the matrix form by thermal fluctuations, and
then grow in size. They are surrounded by a depletion zone in whose
concentration gradient the solute diffuses “downhill” to the particle and
makes it grow. The other mode, spinodal decomposition (SD), involves long-
range composition modulations, often periodic ones, that enlarge in
amplitude with time, and also somewhat in wavelength, until the final
second-phase composition, as prescribed by the phase diagram, or a
metastable phase is reached. The solute diffuses “uphill” in the concentra-
tion gradient in this case.

The second-phase particle distribution will be the same in the later stages
according to both decomposition modes: A distribution of final-com-
position particles that is often periodic. In NG the solute depletion around
particles enforces, along with other factors, finite particle spacings. Thus, a
typical scattering experiment does not indicate whether the mechanism of
particle formation was NG or SD. It is the initial particle composition, and
only this feature (7), that differentiates the two.

It is well known that in the central part of a two-phase field the
thermodynamic factor and, accordingly, the chemical diffusion coefficient
become negative, which encourages SD. In the peripheral region, close to
the solvus, NG decomposition is necessary. The two regions are separated
by the spinodal curve, whose definition and practical existence has been
doubted in recent times (12). The theoretical spinodal position also depends
on the strain energy accompanying the decomposition ; it moves to low T at
large misfit strains. The kinetics of both decomposition modes have been
studied by AP. The theories explaining these kinetics are summarized next.

2.2 Theories of NG Kinetics

According to the classic Becker-Vollmer theory (30), the formation of a
coherent second-phase (8) nucleus in a homogencous matrix («), involving
no size misfit, necessitates the formation of an interface of specific energy
.5 > 0, as well as a gain in chemical free energy (Af,) per unit volume of .
For a sphere of radius R, those two terms depend on different powers of R,
therefore a barrier must be overcome, which defines a critical nucleus of size

2a, 3
R* = Af,ﬁ’ and of extra free energy AF* = I;ZE;‘B, 4,

This energy is supplied by thermal fluctuations with a stationary rate per
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unit volume of

N, [ AF*\'7? AF*

I,,D=DN-]—V—;(3nkT) exp( T ) 5.
Here D is the solute diffusion coefficient in the matrix, N the atom number
density, and N, and N, are the atomic numbers in the surface and volume
of the critical nucleus, respectively. This nucleation rate builds exponen-
tially to the value I ,, with a time constant t at least equal to the time needed
for the B atoms to diffuse together, i.e. T > R*? x 2/D. ‘

Once the nucleus is over the critical size it grows from its own matrix
environment with a rate givenby R = \/D_t (31). This rate holds for a short
period, until the depletion spheres of neighboring particles overlap. Then
competitive “Umlésung” (Ostwald ripening) starts, as described in its
asymptotic limit (t — o), by the classical Lifshiz-Slyozow-Wagner (LSW)
theory (32, 33). Accordingly, the mean radius of the size distribution grows
as

dR?

— = b = const, 6.
dt

while the supersaturation AC (assumed to already be small) decreases as
AC = (k1)" 113, 7.

In principle, from the constants b and x the two parameters of the
coarsening kinetics, D and g, can be evaluated. However, in the range of
validity of the LSW theory (AC — 0), AC is too small to be measured
reliably with the AP or any other technique. Hence, frequently only the
product Do can be determined from b.

In practice, the nucleation period is not clearly separated from the
coarsening period, so that attempts have been made to describe both
processes in a unified theory (8, 9). The number density (N,) of particles
generally changes with time by nucleation, and simultaneously by dissolu-
tion duc to a changing critical radius. Thus,

R#
Ny -NR = R 51—(?, 8.

dr

where N(R, 1) is the size distribution of the particles. The mean particle
radius,

R=L J‘ N(R)R dR,
N, e
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changes as
dR _ L oain1ine . N(R*) dR*
d—r—v(R)+1—V—:l[R tJ(R*—R)+(R—R*%) N, dr
with
py . P cl)—Cq
wR) =% C,—Cn o

accounting for diffusive growth or dissolution.

The solute concentrations in the matrix and the particle are ¢ and C,,
respectively. Cp is the concentration directly over a particle of radius R,
according to Gibbs-Thomson

20}
Cp=0C, cxp(—-—i), 10.

RkT
where € is atomic volume, and C, represents the equilibrium solubility.

Together with the continuity equation, the equations of motion for N,
and R (Equations 8 and 9) have been solved numerically (8, 9) under certain
assumptions, in particular those concerning the long-term coarsening
behavior, the particle size distribution, and the constancy of D and o.

A priori, it is not possible 10 assess the influence of these assumptions on
the precipitation kinetics results. Therefore, an algorithm (or “numerical
modcl]”) has recently been devised (9) that describes the entire course of
precipitation within the framework of existing nucleation and growth
theories. No simplifying assumptions enter this algorithm ; in particular it
allows the time evolution of N(R, ) to also be computed. A comparison
with experimental results is given later,

2.3 Theories of SD Kinetics

Cahn’s theory of SD kinetics (10) is conceptually much simpler than that
of NG, as it basically involves only diffusion, though uphill, and contains no
further stochastic element. [Subsequently, Cook (34) has added a thermal
fluctuation term to the theory.] Cahn starts with Fick's law (in one
dimension)

‘e . cl—c) 2F] 93¢
[ kT dc? | ax? t.

Herein the thermodynamic factor [.. ] for F, the so-called gradient-energy
density k{de/d <)? has to be included to account for the high price of very
short wave concentration modulations. This leads, in the linearized form of
Cahn’s theory (considering the coeflicients in Equation 11 to be constant),
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to a term J*c/dx* in Equation 11. Beginning the solution with a Fourier
ansatz, certain components will grow exponentially and determine the
positions of the evolving precipitates in three dimensions. This growth law
is rarely obscrved ; instead, a much slower power law growth, and a slow
increase of the dominant wavelengths with time are seen. This fits the
pattern predicted by later nonlinear, though numerical, theories (11, 12).
Another matter of debate is the behavior of the system as it approaches the
spinodal (02F/dc? = 0) from either side (29).

2.4 AP Studies of Decomposition by NG

After the pioneering papers of Goodman et al (35) on FeCu, quite a number
of quantitative studies have been made available,

241 Ni-Al  Analloy of Ni-14 at.%; Al decomposes at 823 K, and forms y'
Ni;Al precipitates coherently with the fcc y matrix (21). The particles are
not directly visible in the FIM (Section 1), but are only discernible in the
recorded AP composition profiles (e.g. Figure 8). These particles have been
analyzed by the statistical method ol autocorrelation, together with
computer simulation (Section 1), to yield R and the precipitated volume
fraction f or N,. As there are relatively few particles in the analyzed volume,
it is difficult to get the particle size spectrum N(R) directly. The solute
concentration {Cj) of particies having diameters smaller than the probe-
hole size (i.e. 2R < 2.5 nm) could not be determined directly from the
composition profiles, but also had to be inferred from joint autocorrelation
and computer simulation analyses.

One of the most important results is that even the smallest observed
precipitates, of radius 10 A or smaller, have the equilibrium composition
Ni-23 at.%, AL This suggests an NG, not an SD character, as has previously
been claimed (36), Tt is interesting to note that at the shortest observed aging
times the activation barrier (AF* = 4kT) is relatively small. The thermo-
chemistry of the system is sufficiently known to evaluate Af, as a function
of supersaturation. Also, ¢ has been measured from overaging kinetics of
larger particles, thus R* can be calculated as a function of the directly
measured AC(t), and compared with the AP results on R(f). The data
obtained at 550°C are shown in Figure 9 ; they prove that nuclei have been
observed. This appears to be the first such observation for a solid-solid
diffusive phase transformation,

Figure 10 shows the aging time evolution of the particle density,
compared with the one expected from time integration of the nucleation
rate. It is evident that there is no pure nucleation stage, but that Ostwald
ripening intervenes after a short aging time. Therefore, the unified theories
discussed in Section 2.2 are needed to interpret the experimental data.

L
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Figure 11 shows R(1) and R*1) calculated according to the Langer-
Schwartz theory (8), modified to apply far from the critical point (9). The
modified theory (MLS theory) uses the nonlinear version of the Gibbs-
Thomson equation, and accounts for an incubation time in the nucleation
rate (9). Also shown are the results from the “numerical model” (9), which
aliows the kinetics to be computed more accurately from the precise
knowledge of N(R, 1), at each stage of the phase transformation. By fitting
the theoretical curves to the experimental data, both ¢ and D can be
determined rather accurately. Interestingly, the initial plateau in R(t) shows
up more strongly in the experiments than in the “numerical model.” This
probably indicates a limit on the minimum observable particle size in the
statistical analysis of AP concentration profiles.

Experimental and theoretical results for the time (zy) needed to complete
half of the decomposition reaction, i.e. reduce AC to half its initial value, are
shown in Figure 12. At the high (relative) supersaturation (y,) used here, 1,
is the time needed to overcome resolutioning effects caused by overaging
rather than by nucleation itsell, which dominates at small y,. In addition, an
evaluation of the incubation time of nucleation (9) indicates that clusters of
Al atoms diffuse together and disperse again several (c,) times before a
critical nucleus is formed.

64 Ni-14 at % Al

- Ta = 550°C
g =0016)tm?
. D =54x10"em¥ sec
LB SRIR*=005
Cw= 35

* exp dota [ ]
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L)
)

0 - 1 e | " P W e | " 1 i1 1143l i Lo Ll
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Figure 11 Fit of numerical model (9) and modified Langer-Schwartz model (8) to mean
particle radius R versus aging time in Ni-14 a1.%;, Ai{21). R* = calculated radius of nuclei. For
other parameters see texL.
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Figure 12 Hall-time of decomposition versus normalized supersatutation according to
theory (R) and experiment (21}

242 NiCu-Al The Ni 367, Cu 9% Al alloy'(37) is interesting because in
the ternary various nonconodal paths of decomposition are possible in
principle, and the third com ponent may enrich the particle interface. Again,
there is very little misfit between the ¥' precipitate and the fec & matrix. In
this alloy FIM does image the two phases in different contrast (Section |1,
Figure 13), so particle diameters can be measured more directly, and
comparcd with thosc analyzed from concentration profiles. Particles of the
cquilibrium composition (Ni gCu ,),Al, at 580°C, are found at the very
earliest aging times.

Of particular interest is the composition profile across a particle
interface, as measured by AP (Figure 14). The composition changes very
sharply at the interface (within three lattice planes); this is expected
thermodynamically for the relatively low aging temperature. Becker's
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Figure 13 FIM image of decomposed Ni 36 at% Cu 9 at.%; Al after aging for 420 min at
580°C (37).

nearest-neighbor interaction model leads one to expect 6 = 18 mJ m™?
for Ni-NijAl; the measured value is 16 mJ m~% For the ternary alloy
¢=252ml)] m? is found. The large change upon adding Cu remains
mysterious. There is some enrichment of Cu in the (NiCu)/(NiCu),Al inter-
face (Figure 15), but this seems to be a nonequilibrium kinetic feature,
as Al diffuses faster than Ni and Cu, but the sum of Ni and Cu concen-
trations remain constant.

Again, the kinetics of nucleation and growth have been studied in detail
and compared with the unified theories. In the case of Ni-Cu-Al, some
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Figure 14 Intetface composition profile of precipitate in Ni 36%Cu 9%,Al measured as
number of field-desorbed Al atoms per total number of atoms (37) in 420 min at 580°C.

particle size distributions have been measured ; they are found to be 2-3
times wider than that calculated by LSW (32, 33). In this alloy the work of
nucleation, AF*/kT = 27 at 540°C, or 16 at 500°C, is much larger than in
Ni-Al. Diffusion coefficients determined from the aging kinetics are on the
order 107 cm? 57!, and are not influenced by quenched-in vacancies,
which should be annealed out long before the aging times considered here.

One last point of interest is the observed distribution of particle
distances. It is a Poisson-type distribution, with a standard deviation of
about 60%, that of a random distribution ; thus showing a tendency toward
a regular spacing, as discussed above,

243 cCu-Fe The hardening of Cu by 1.15%, Fe was studied (25) as a
function of precipitated volume fraction and particle radius, using FIM
measutements. Again, the particles are visible with FiM because of their
contrast with the matrix. During aging at 500°C, the particle radius remains
constant (R = 0.6 nm) for the first 150 min while the particle density grows.

This behavior appears to be typical for many NG decomposing alloys
studied with FIM.

244 Cu19a, Ti Aging of Cu-Ti alioys of Ti contents between 0.5
5 at.%, at T = 300-450°C leads to the formation of metastable, ordered,
Cu, Ti precipitates (22, 38). The FIM images of Cu-1.9 at.%; Ti aged for only
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Figure 15 Composition profiles across precipitate in Ni 36 at.%; Cu 9 at.%; Al

2.5 min at 350°C reveal many discrete precipitates (R = 1 nm), with sharp
interphase boundaries in black contrast (e.g. Figure 6). An extensive FIM
and AP analysis of the precipitation kinetics led to the conclusion that at
350°C, Cu-1.9 at.%, Ti decomposes via an NG reaction. As shown in Figure
16, the “numerical modei” describes the experimental data rather well for
c=6TmIim % and D =25 x 1073 cm? 57! (9, 22). The large vatue of @,
relative to the one in Ni-Ni;Al, and the correspondingly large AF* =~ 7kT
makes for a relatively short nucleation period. Neither the nuclea-
tion period (t < 1 min), nor the stage at which coarsening follows the
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Figure 16 Fit of numerical model to particle radius and particle density versus aging time in
Cu-1.9 at.% Ti{22).

LSW kinetics (¢ > 10° min), are covered by the experimental period
(2.5 <t < 102 min) (9).

Because of the relatively large AF* in Cu—1.9 at.% Ti, the nuclei rapidly
attain sizes outside the range in which particle growth is dominated by
stochastic processes, i.e. dR/dt » dR*/d. Theoretically, this situation—
telative to that of Ni-Al, where R cannot escape from R*—is advantageous
for the unificd theories (Section 2.2). Thesc theories face difficulties when
nucleation, which they describe as a stochastic process, and growth or
redissolution, described in a deterministic way, intervene significantly (9).
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It is worth noting that the value for D is larger, by a factor of about 350,
than the interdiffusion coefficient obtained by extrapolating the available
high temperature data to 350°C. This strongly positive deviation of D at low
temperatures from an Arrhenius plot is not presently understood. However,
it appears to be typical of alloys undergoing phase separation at low
homologous temperatures (22).

2.5 AP Studies of SD

25.1 cwTi  Aging of Cu-Ti alloys of Ti contents between 0.5 and 5at%,
at T = 300-450°C, leads to the formation of ordered Cu,Ti precipitates.
Based on the modulated precipitate microstructure observed in the TEM, it
was concluded that decomposition of the more concentrated alloys is
continuous, ic. of the SD type. As stated above, this criterion is not
sufficient to exclude a NG mechanism, so AP was used (22, 28, I8 to
establish the evolution of Ti concentration amplitude and wavelengthsin a
number of alloys. Recently, SANS was also applied to these alloys.
Decomposition of Cu-2.7 at.%, Ti at 350°C has been studied with the AP
FIM (28). Since the second-phase particles were not clearly discernible in
the FIM, extended AP composition profiles were recorded and analyzed by
statistical models. Aging for 10 min at 350°C led to the formation of small
Ti-rich clusters with mean diameters of 28 ~ 1.1 nm, and a mean center-
to-center spacing (or mean composition modulation wavelength) of 4 =
2.8nm. R and 4 grew from the beginning accordingto R ~ ¢'4, and 4 ~ ¢!/
(Figure 17a, b). For t < 50 min, the diameter of the clusters remained smaller
than that of the probe-hole used for the AP analyses (d,, = 2.5 nm).
Therefore, the true Ti amplitude of the composition modulations could not
be detcrmined directly from the AP composition profiles, but rather had to
be inferred from a comparison of the measured profiles with those obtained
from computer simulations (22, 28). Using this procedure, the maximum Ti
concentration of the clusters appeared to increase continuously (Figure
17c) until it reached 20 at.%, as expected for Cu,Ti after ¢ &~ 50 min. (At this
stage d,,,/2R = 1, thus, the Ti concentration could be determined directly
from the composition profiles.) The apparently continuous increase of the
Ticoncentration of the incipient precipitates can be taken as evidence for an
SD reaction. It must be emphasized, however, that the results displayed in
Figure 17¢c were derived under the assumption that for ¢ < 50 min the
composition waves have a sinusoidal form. According to the figure, after
10 min of aging the Ti-enriched clusters (2R ~ 1.1 nm) contain only about
four Ti atoms. This number appears to be too small to be reliably decon-
voluted from the composition profiles, which are blurred by statistical noise.

Hence, the results shown in Figure 17¢ for t < 25 min should be tegarded
with caution.
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Figure I7 Mcasured parameters characterizing spinodal microstructure versus aging time at
350°C in Cu-2.7 at.% Ti(28).

252 Fe-Be In this system a low temperaturc miscibility gap involves
the formation of an ordered Fe-Be phase (B2) from a bee iron-rich solid
solution. The Fe-25 at.%, Be alloy studied in the FIM (39) was aged at
350°C. 1t shows a beautiful macrolattice of brightly imaged, isolated,
cubical, iron-rich particles, aligned along (1003, in agreement with TEM
observations (Figure 18). The microstructure coarsens according to a time
law d"—d% = kt,n =2,...,3. The ¢ scomposition is likely to be of the SD
type, although the regular array of iron-rich particles could also be the
result of the considerable misfit strain involved (~4%).

253 fecrCo Alloys of Fe 28% Cr 15% Co, with minor additions
of 1% Al, and 0.25% Zr, are useful as ductile permanent magnets
(CHROMINDUR). They derive from the Fe-Cr phase diagram, which
decomposes into two bcc phases (called «, and a,) il the ¢ phase is
suppressed (especially by the Co addition). The Co also extends the
miscibility gap to a higher temperature, and makes it asymmetric toward
the Fe side. The aging cycle used in optimum permancnt magnet
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Figure 18 Neon FIM image of Fe 25% Be aged for 2 h at 350°C. (Courtesy §. S. Brenner,
Pittsburgh.) {19).

production [to give the maximum enetgy product (BH),,] is rather
complicated. It involves aging in a magnetic field just below the Curie
temperature, and critical temperature of the gap, i.e. at 625°C, and further
aging at 525°C, to increase the concentration amplitudes. The resulting
microstructure of the optimum magnet is shown in Figure 19(40, 41). The
Fe-rich phase images brightly, the Cr-rich phase darkly.

As one ficld evaporates the tip of the sample in the AP, one follows the
contiguity of the two phases in depth. Both phases are sponge-like,
interconnected, and do not resemble iron-rich ellipsoids in a chromium-
rich matrix, as assumed in the clongated single-domain (ESD) theory of
permanent magnets. In the ESD theory, the magnetization of a ferro-
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Figure |9 Neon FIM image of CHROMINDUR afier aging to optimum magnetic hardness
{(40).

magnetic phase is fixed to the long axis of the ellipsoid, which is isolated
from its neighbors by a paramagnetic matrix. This model also does not
apply because hoth phases are ferromagnetic, according to inferences from
AP analyses. Figure 20 gives in-depth concentration profiles for Fe, Cr, and
Co; the Al seems to foliow the Fe, as does the cobalt. It is clear that where
Cr enriches, Fe and Co move out. The composition of «, is Fe 6% Cr
22%, Co, and that of a, is Cr 26% Fe 6%, Co. The latter composition is, in
fact, weakly ferromagnetic at 300 K, with an estimated Curie temperature of
80°C. The volume of «, is 40%,.

The kinetics of decomposition is followed separately during aging at
600°C or 525°C. As seen in Figure 21, the Cr concentration amplitude in the
dark phase changes slowly with time, as expected for SD. The periodicity (1)
and mean thickness of a, regions also increase slowly with time, according
toa®** law. Again, this agrees with nonlinear SD theory. The coercivity of
such a microstructure must derive from Bloch wall pinning, the walls find
lower energy positions in the dark than in the bright phase. The decom-
position of Fe-Cr itself was also studied recently (42). “Alnico” magnets
were also investigated by AP FIM (43).
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Figure 21 Chromium concentration in dark («,) phase of Fe 28 aL% Cr15aL% Co 1 at.% Al
versus aging time at two temperatures (40).

2.6  Conclusions

The above examples of alloy systems whose decomposition has been
studied by AP FIM clearly show the extensive interaction between theory
and experiment made possible by the new technique. In the case of NG
considerable understanding and agreement have been reached ; however,
this is still lacking for the spinodal type of decomposition. Here both
theoretical and experimental efforts are badly needed,
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The Early Stages of the Decomposition of Alloys

PETER HAASEN
R.F. Mchl Medalis

I. INTRODUCTION

THis is a repart on high resolution microscopy of the
formauton of a second phase in an glloy. A diffusion con-
trolled reaction is known (o occur homogencously during
aging starting from nuclei of radius R* = 2¢/4f, where o
is the interface energy, of the order 20 ml/m’, and 4Af, the
Eain in free energy on formation of the second phase
{per unit volurne), typically (in the system NiAD 30 }/cm’.
Then R* ~ 15 A is the mmmum radius of 3 stable nucleus.
For smaller ones more energy is cxpended in forming the
interface than is gained chemically. All of this is weil
known from the theory of nucleation.' The question is how
to observe such small particies and to characterize them
chemically.

There are, of course, the well established methods of
small angle scaitering, cither of X-rays or of neutrons®
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Instriuate of Meials Divvsion was the onty profesiional Division within the
American tnsiute of Mning and Mewilurpical Engineery. ft et been
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(SAXS. SANS} which with wave lengths of about | A con-
veniently resolve particle size and particle spacing {through
interference effects), It is very difficuit, however, 1o draw
conclusions as 1o the composition of the particles as a func-
tion of aging time, and this is absolutely necessary to
differentiate nucleation-and-growth from spinodal decom-
position. The final product may be the same in both cases:
8 peniodic array of equilibrium concentation particles, but
the reaction path will differ.

Second. there is rransmission electron microscopy now
#ble to resolve atoms 3 A apart tand lattice planes 1o even
smaller spacings). Although, again. there is no analytical
capability below the 120 range so far, there have been
studics of small particles by conventional’*? and high reso-
lution TEM.*” Figure | shows a lattice fringe image of a
Ni;Al particle precipitted in Nil4 pet Al at 550 °C. The
(100) superlatice reflection was used. Smaller particles
have 100 few atoms to produce enough contrast.

The best suited method for resolving small precipitate
particles at the moment seems 1o be field ion microscopy
(FIM) combined with time-of-flight (TOF) mass spec-
trometry, called the aiom probe (APY. This instrument will
be described in the next section; results on alloy decom-
position using the AP will make up the rest of the report.

Il. THE ATOM PROBE

Since E. W. Miiller® and co-workers published the first
design of an AP, several instruments were developed, espe-
cially for metailurgical appheation.*" Curremly, only a few
instruments ure uperated in metallurgical laboratories over

VOLUME 164, ILLY |98 — 1)
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Fig. | — High resoluton TEM of NisAl precipitase in Nild pct Al aged ot
550 °C. Image uses (1000 superiattice reflection in pasticle (5. Mitler,
Gomingen).

the world but a commercial AP version is on the market
now. Figure 2 shows the basic featares of an AP designed
for our studies (R. Wagner and J. Filler, Goningen).
Essentially, the instrument consists of two parts: the FIM
1o image the specimen and the tme-of-flight spectrometer,
in which single ions, field evaporated from the FIM speci-
men surface are identified. The imaging screen contains in

Fig. 2 — FIM-mom probe schemaccally,
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its center a probe-hole. through which ficld evaporated ions,
originating from the arca covered by the prejection of the
probe-hole onto the specimen surface enter the (ight tube of
the atom probe. At the end of the flight wbe the ions reach
the single-ion detecior.

The typical FIM specimen is a sharply pointed needie
with a radius of curvature {r,) of about 20 to 80 nm. li is
prepared from a thin wire of 0.1 mm to 0.3 mm diameter by
anodic electropolishing. ™ All heat treatments necessary for
the particular phase transformation have 1o be performed
priot 10 clectropolishing.

After preparation the specimen is introduced into the
ultra-high vacuum chamber, (~10"* mbar) of the FIM,
mounted onto a manipulator and cooled 1o ~80 K in order
Io increase the resolution in the FIM image. The manipu-
lator allows the specimen 1o be aligned along the axis of the
instrument, and any region visible in the FIM image which
is to be anaiyzed with the TOF spectrometer to be shified
until it covers the probe-hole of the atom probe.

The distance {R) between tip ventex and the center of the
screen can be varied typically berween ~4 and ~20 cm
allowing for a variation on the "average” magnification M in
the FIM. M is given by

M = £ [}
rl

With typical values for the mean radius of curvature of
the tip (.} and for R (~3 % 10" cm and ~4 ¢m, respec-
tively). M is of the order of 10*. Correspondingly, for the
given values the effectve diameter (d,,} of the AP probe-
hole can be vaned between ~3.2 nm (R ~ 4 cm) and
~0.8 nm (R ~ 20 cm).

To obtain FIM images from the alloys to which we refer
in this article. neon as imaging gas is leaked into the vacuum
system (—35 x 107" mbar). Subsequently, a positive high
valtage (Voc) is applied 1o the specimen, which rypically
ranges between 3 and 20 kV depending on #,. If the re-
sulting electric field (F ~ Vyc/r,) exceeds a critical value
(F. ~ 30 V/nm) the ncon atoms are positively ionized in
the high fieid regions above the tip surface and accelerated
almost radiaily toward the grounded FIM screen which
lights up at the points of impact.

Starting with a freshly prepared tip the electric field is
highest above the sharp progusions retained from the speci-
men preparation. As the voitage is gradually increased, the
electric field above these protrusions reaches a value
Fee > F. at which local field evaporation of individual
atoms in the form of n-fold ions ¢r = 1 and/or 2 for most
transition metals) occuts. Since the onset of field £vapora-
tion occurs at a certain field strength, regions having smaller
radii of curvature field evaporate earlier than those having
larger ones.

A. Image Formation and Contrast of Decomposed Alloys

The smailest electric field sufficient 10 ionize the neon
atoms is reached only above atoms protruding from the
surface. In pure metals these protruding atoms correspond
mainly to atoms located in ledge positions at the edges of
different stacks of lartice planes. The edges belonging to one
stack of {hki} planes form almost concentric polygons or
rings because of the intersection of cach stack with the more
or less spherically-shaped tip surface. This arrangement of
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atoms with localized high-ficid regions leads to the well-
known crystallographic parern of FIM micrographs of pure
metals and dilute alioys.

In maost two-phase alloys the precipitates appear either
(i) in 8 bright contrast or (ii) in a dark contrast with respect
0 the surrounding matnx. In both cases after some field
cvaporation, a steady state end-form of the FIM tip cvolves
with the precipitates either protruding from the emitter sur-
face (i) or being blunted (ii} as compared to the local radius
of curvature of the adjacent marix (Figure 3). These local
deviations in the radius of curvature above the precipitates
are caused by a respectively higher (i) or lower (ii) evapora-
tion field than is pecessary in order to field evaporate the
surrounding mamix. The contrast of a particular phase may
depend aiso on the image gas and the temperature of the tip.
Apparcrely, the processes of field ionization and Feld
evaporation arc highly sensitive 10 the composition of the
precipitates (Figure 4).

Because of the localized change in the radius of curvature
above precipitates (Figure 3), a considerable unknown
change in the magnification (M ) of the particular precipiate
results. Nevertheless, the size and morphology of visibie
precipitates can often be determined very accurately without
knowing M by the so-called persistence-size technique
(Figure 5). By controlled field evaporation scverat lattice
plancs of a previously identified pole {hkl} are successively

Fig. 1 — A precipiaie may appeas blunted (dark) or protruding (bright) in
the tp surfuce.

Cu-31Au-27Co lat %), 30min 550°C

Fig. 4—Bright precipitates in a decomposed alluy showing individua
atoms ({H. Wendi, Giwangen).
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Fig. 3 — Fiekd-evaporaing Layer by layer from the tip; one obscrves par-
ticle morphology.

removed. Whenever a precipitate becomes visible in the
vicinity of this pole, the number ny, of planes (hkl) is cotm-
ted which have to be evaporated between the appearance and
disappearance of the particle. The dimension of the precipi-
tate along the (hki) direction is then immediaiely obtained as
d(hkl} + my, with a depth resolution of ~0.2 nm. By record-
ing the variations of the intersectional area of the precipitate
with the tip surface during the dissection of the precipitate,
its morphology can be determined in much detaii.

B. Atom Probe Anolyses

The chemical identification of & single ion is achieved by
first measuring its time of Night, r, and subsequently evalu-
ating its mass-to-charge ratio m/n (Figure 2). For this pur-
pose, the atoms are field evaporated at a well-defined instant
by superposing a high-voitage pulse of & few nanoseconds
rise-time 9 the tip which is held at the imaging voltage Ve
(pulse field evaporation); a pulse width of about 15 nsec and
a pulse ampiitude V, of about 0.15 Ve is found to be appro-
priatc for the analysis of most alloys. Duc to the sharp drop
of the field swrength within a few nm above the tip surface,
the field evaporated ions reach their terminal velocity v
shortly after the desorption event and dnift with an energy

H
moelVoc + Vo) = —;mv‘ = %m% [2)
over a distance d (vinuatly the tip-to-detector distance;
Figure 2) until they strike the jon detector after & time-of-
flight r.

In principle, the quantitative microanalysis of decom-
posiag alioys with the atom probe can be performed in two
different ways:

(i) Selected area analysis (Figure 5): Thistype of analy-
sis for the determination of the composition of individual
particles is confined to precipitates which are discemnible in
the FIM image. By rotation of the FIM specimen the par-
ticular precipitate is imaged over the probe-hole in the FIM
screen. [f the effective probe-hole (diameter dg) is larger
than the particle, d., is decreased by increasing the mag-
nification until the precipitate covers the probe-hole en-
tirely. The composition of the precipitate is now determined
by collecting the atoms originating from a cylinder with di-
ameler d,,, and a length which is limited by the total depth
which can be probed before the precipitate has been com-
pletety ficld evaporated. By conunuing to probe into the

VOLUME 164, JULY 19K5 — 117Y



adjacent matnx and by determiming the composition of each
sccessively removed lattice plane. the concentration profile
across nterphase boundanes can also be obtained. As was
discussed in the previous section. in this mode both the size
and the detailed morphology can be determined.

(1) Random area anaivsis {Figure 6): In order to ana-
Iyze the composition and distribution of particles which are
not visibic in the FIM or in order to obtain information about
sohute fluctuations in alloys (e.g.. spinodally decomposing
alloys), it is necessary to determine the concentration profile
in a cylinder of considerable length (e.g., more than 100 nm
along a particular direciion {h'k"1]) with a sufficient depth
resolution. For this purpose, the planar concentration of
each successively field evaporated (h'k’l')-lattice phane is
determined and plotted against the number of evaporated
planes; hence. the depth resolution is equal to the interplanar
spacing d{h’k‘l'). Whenever the analyzed cylinder cuts
compietely through a particle, its composition and the solute
variation 2cross its interphase boundary can be determined
directly from the concentration profile. However, if the
particle is cut partly by the analyzed cylinder, the concen-
tration profile reveals only a local increase i the solute
content a5 compared to the surrounding matrix (¢,.) but does
not give any information about the true composition of the
particle (c,).

By analogy with the analysis of time series, the data
contained in an AP composition profile are often znalyzed
in terms of an autocorrelation analysis, provided the probed
distance through the specimen is sufficiently large. This
staustical analysis furnishes most decomposition parameters
(particularly duning the carly stages of phase scparation
where the cluster sizes are small and their number densities
large) which are required for a comparison with theoretical
predictions (see following section). Figure 7(b) shows the
autocarrelation coefficient R (k) for the concentration profile
displayed in Figure 7(a). R{k} is given by

a=t
n E (f; - cn) (chl - Ca)
RE) = e . m
T St -y

c, is -the conceniration of the i-th field evaporated plane
(h’k’l}, ¢, the mean concentration, » the total number of
ficld evaporated planes, and & is the correlation length in
units of the interplanar distance d(h’k’l’). From computer-

Eftective Probe Hols

Fig. &~ Random cencentration snalysis in depth covering a cylinder de.
fined by the projecied prote hoie,
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simulated atom-probe analyses for which various precipi-
fate microstructures were assumed. it has been established
that the parameters kq, k. Rp,, and R, (sce Figure 7(bp)
are unequivocally related 1o the mean particle diameter
(2-R), the inerparticle distance (A), the particle com-
position (c,) and the precipitate volume fraction (f), re-
spectively.” In particular._computer simulations yielded
A=k -dkl), end 2+ K -knd(hkl)forhrgerpar-
ticles (e.g., B = 1.2 nm); for size distributions with even
smaller mean radii, autocomelation analyses yield R to be
somewhat larger than the true vaiues. In Figure 7(b), the
occurrence of the second peak &t &; occurs at exactly twice
the distance of the first peak indicating the Cu,Ti particles
10 be guasi-periodically distributed. For randomly distrib-
uted solute-rich clusters of small number density, R(k) re-
mains zero for k > k.

The true composition of a solute rich cluster is dlsplaycd
only in a composition profile if it is covered completety hy
the probe-hole {see Figure 5); this requires 4, < 2 K.

METALLURGICAL TRANSACTIONS A

Although, in principie, 4., can be chosen as smali as one
atomic diameter, reliable statistics require 2 cenain number
of atoms to be recorded and, hence, d,, in the onder of
~2 nm, Therefore. in most practical cases of analyses of
composition fluctuations. the lateral spatial resolution is
confined to ~2 nm. )

It is worth noting that both B and A can be obtained from

" autocorrelation analyses regardless of whether the ratio

de/2R is larger or smaller than unity. Moreover, the Fourier
transform of the autocorrelation factor R (k) yields the {one-

* dimensional) structure factor S(q) obtained from scattering

experiments {(q: wave vector), Thus. in principle, a2 random
area AP analysis furnishes all the information sbout the stae
of decomposition which can be inferred from S{gq,t) as
determined in a SAXS or SANS scattering experiment.

1. NUCLEATION AND GROWTH (NG)

(a) In the Cu-Co system wires were homogenized,
quenched, aged, thinned. and AP analyzed* as described in
the previous section. As a particular advantage in this sys-
tem the precipitated Co-nch particles image brightly in a
dark Cu-rich mawrix (Figure 4). The diameters of the spheri-
cal panticles were determined by the persistence size tech-
nique, and a size spectrum is shown in Figure 8. Figure 9
shows the dependence of the mean particle radius on the
aging time at 550 °C for a Cu 2.7 pct Co and a Cu 2.7 pat
Co + 3.1 pct Au alloy, The initial platcau in R (1) is typical
for the nucleation also in other systems. The small goid
addition evidently accelerated the precipitation kinetics.
Figure 10 shows the measured particle density N,. The vol-
ume fraction g_r_ecxpltatcd reaches its equilibrium value
(foar = (41r/3R? * N, = 275 pct) within 10 minutes. The
particle radius after | hour aging at 550 °C did not depend
much on the homogenizaton temperature between 920 and
1020 *C. This shows that the excess vacancy concentration
anneals eut too quickly (within seconds) to have an appreci-
able effect on the precipitation kinetics in this system. The
composition of several particles was analyzed selectively as
shown in Figure 11. Within the scatter the composition after
170 minutes aging at 550 "C {and with a larger scarter also
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after 15 minutes) was the equilibrium one. approximately
%) pet Co. The precipitauon, therefore, follows the clussi-
cal nucleauon and growth (and not the spinodal) path.

It is interesung to compare this AP study™ with previous
oncs: (1} by Servi and Tumbull” using electrical resistivity.
(2) by LeGoues and Aaronson™ by using conventional TEM
with a resolution of R = S0 A In (1) alloys with | to
27 pct Co were investigated aged between 600 °C and
840 °C, in (2) such with 0.5 10 1 pct Co between 460 °C and
620 °C. In 1) only the precipitated volume fraction could be
directly inferred; in (2) the number density of R Z 50 A
particles measured (in the N, range 10" to 10" cm™* while
the AP needs at least N, 2 10" cm ™ 10 see enough parucles
in a tip). Some diffusion-conirolied growth was allowed for
in calculating nucleation rates from N, in Reference 18 but
no Ostwald nipening. Concurrent nucleation and ripening
(leading to the dissolution of the smabler particles) is an
essennial feature of the theory® ™ and the experiments 10 be
reported next.

(b} I the Ni Al system particles show no FIM contrast;
thus a random area and correlation analysis had to be per-
formed. " An alloy of Ni + 14 pct Al decomposes al
550 °C and forms ' {Ni,Al} precipitates coherently with
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Fig 12— Phase disgram NiAl and frec <nihalpy of mising for y and
v" phases deliming the gain in volume free encrgy on decomposition
X.— X, + X,
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the y (N!0 pct Al) matrix. Figure 12 shows an evaluation
of the existing thermmodynamic data to evaluate the pain in
volume free encrgy Af, = AG,/ V.. as the marix com-
postiion moves from ¢, — ¢, (Ac —0), Fivures 13, 14, and
15 give the measured R, N, and remaining supetsaturation
Ac as a function of aging time 1, at 550 °C. An imporant
result is that even the smallest observed precipitates of 10 A
radius or smaller have the equilibrium composition Ni
23 pet Al. This sugpests NG and not spinodal character of
the process contrary to Reference 23, although it should be
noted that at the shortest 1, the activation barrier AF*® =
4 - kT is relatively small.

From the long lime over-aging kinetics the interfacial
energy of the precipitate can be obuined following LSW
theory™#

R'=Ri=br  Ac = (u)™ 141

From & and x one obtains ¢ = t6 mJ/m® and D =~
10°" cm?® per second. Assuming these quantitics to be

» | /l,
. 1
7 yd
{/
E 10 }_._.__{ — :i:: :;:f.c al

Aging Time 1 |mun}.
Fig. 13— Mean particle radius v3 aging tme for Nil4 pet Al
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constant during the whole precipitation process, one can
now calculate the critical radius of the nuclei R* = 2o /Af,
[Acit,)] from the measured Ac(r,) (Figure 16(a)). This is
compared with the measured mean particle radius in
Figure 16(b) and shown 1o agree rather well. We, therefore,
do observe nuclei in the average particles!

For an absolute check of nucleation theory it is necessary
to include Ostwald ripening from the very beginning as is
seen from the companison of calculated N, = [f dt with the
measured particle density in Figure 17, Here the classical
nucleation raie

contains only known guantities: 8F* = nucleation barrier.
Qo = activation energy of diffusion, v, = atomic vibration
frequency, ¥, = atom density, and 8 = ratio of surface (o
interior atom numbers in R*. Langer and Schwarz'® have
proposed a combined nucleation and ripeaing th which
has been modified to solid-solid transiommations™ £ (MLS
model) and numerically imgngmed without any restrictions
by Kampmann and Wagner™® (N modet). The latter authors
have fully discussed these theories and their applica-
tion to our system and to Cu 1.9 pct Ti investigated by
v. Alvensicben and Wagner.® From Reference 20 Figure 18
is reproduced to show the accuracy of the fit. The following
delails merit discussion: (a) a nucleation transicnt is in-
cluded in Figure [8(b) as a multiple ¢, of the minimum time
necessary to diffuse together the extra solute 1o form the R *
particle. Experimentally ¢, = 3.5. (b) During the initial flat
part of the measured R (1) nucleation occurs at nearly con-
stant rate from the same nondepieted matrix. (c) Rapid
coarsening and dissolution of particles occur already during
the bumps in the curves of Figure 18. On the whole the
combined NG modeis describe the experimental situation
surpnsingly well. Figure 19 shows again the importance of
Ostwald ripening determining the half time of the precipi-
tation reaction at high supersaturations. rather than the time
for nucleation tthe sieep part of the curve). In Figure 18(a)
there arises the yuestion as 10 the resolution limit at 10 A of
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the FIM-AP. This might also explain the factor 4 dis-
crepancy between the initial R* and X in Cu-Co." In
Reference 27 the resuits of SANS, TEM, and FIM are com-
pared concerning R 'tf) for Ni (12 to 14) pet Al afier aging
between 550 °C and 625 °C.

(C} A ternary Ni 36 pet Cu 9 pet Al alloy was investi-
gated™ 1o clarify the decomposition mode said to be
spinodal™ as well as the distribution of the third component
with respect 10 the ¥y imerface. Again the misfit between
the two phases 15 very smail: thus the particles are sphencal
and coherent. There is, however, weicome FIM contrast
between them: see Figure 20.

The particles are found 10 be of the equilibrivm com-
posiion {NiyCup) Al atready at the smablest aging time at
580 °C. Thus. the decompasition is by NG. The concen-
tration profile (of Al} across the imerface is smooth and very
steep (Figure 21) with a width of no more than three lattice
planes. This is expected for the relatively low aging tem-
perature. Cu replaces Ni at the interface (Figure 22, but this
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may be a nonequilibrium feature at the moving interface as
Al diffuses in faster than Cu out. [t was not possible to
analyze the Al depleted zone expected around a panticle
because of the small Al content of the matrix. It is interest-
ing in this connection that the LSW anatysis at long times
yields & = 52 mJ/m?’, much higher than in the binary alloy
discussed above.,

The measured particle sizes show a distribution that is, ar
short aging times. 2 t0 3 times_wider than expected from
LSW theory. The mean radius R(z,) shows a similar time
behavior as for the binary alloy (Figure 23). The particles
are not randomly distributed but rather regulerly with a
mean distribution width of ~60 pct of that of a Poisson
distribution. The number density N,(1,} is shown in Fig-
ure 24 for three aging temperatures. These kinetic data are
again evaluated according 0 the MLS and N-models in
Reference 28b. The nucleation barrier is much higher than
in the binary, 8F* = 27 kT at 540 °C; the nucleation rate /
peaks sharply after several minutes aging 10 a value of
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{c} t, = 3000 min {d} ¢u = 12180 min
Fig. 10— Growth of precipitates in NiCuAl (Z. Lia, Goertingent.

10" cm ™ s7* afier which Ostwald ripening is dominant.
Accordingly, the plateaus in Figure 23 are actually longer
and at larger R than expecied.
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IV, SPINODAL DECOMPOSITION

A number of binary alloys (Fe 25 pet Be.” FeCr.” Cu
2.7 pet Ti') and temary alloys (CuNi (4 10 8) pat Fe ¥
FeCrCo'"') were studied by FIM and claimed to decompose
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spinodally. FeBe and CuNiFe showed beautiful macro-
latices of the precipitated phases which coarsened by a
A" ~  law io agreement with TEM and SANS measure-
ments. The concentrauon amplitudes studied 1n CuNiFe
had, however, already reached the final values by the time
the precipitates were =20 A large and could be safely ana-
Ivzed by the AP. A similar problem occurred in Cu 2.7 pet
Ti. Thus. the final proof for the spinodal character of the
decomposition, i.e., the uime development of the concentra-
non amplitude, is still missing in these cases.

Alloys of Fc 28 wt pet Cr 15 pet Co with minor additions
of | pct Al, 0.25 pct Zr are useful as ductile magnets
(CHROMINDUR). They derive from the FeCr phase dia-
gram which decomposes into 1wo bee phases called o, a3
if the & phase is suppressed {especially by the Co addition).
The Co also extends the miscibility gap to higher tem-
perature and makes 1t asymmetnic toward the Fe side. The
aging cycle used in optimum permanent magnet production
by Bell Labs (10 give the maximum energy product {BtH)p.)
is rather complicated and invoives aging in a magnetic fieid
just below the Curie temperature (and critical temperature of
the gap), i.e.. at 625 °C. and funther aging at 525 °C 1o
increase the concentration amplitudes. The resulting micro-
structure of the oplimum magnet is shown in Figure 25.%
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Fig. 25 — Two-phase microstrucrure of opiimum FeCrCo magnet (F. hw,
Gattingen).

The Fe rich phase images brightly, the Cr mich darkly. As
one field-cvaporates the tip, one follows the contiguity of
the two phases in depth: both are sponge-like interconnected
and do not resemble iron-rich ellipsoids in a chromium nch
matnix as assumed in the clongated-singic-domain (ESD)
theory of permanent magnets: in this theory the magnetiza-
tion of a ferromagnetic phase is fixed Lo the long axis cf the
ellipsoid isolated from its neighbors by a paramagnetic ma-
irix. This model does not apply also because frorh phases are
ferromagnetic here as could be inferred from AP analvses.
Figure 26 gives concentration profiles in depth for Fe. Cr,
and Co: the Al seems to follow the iron as does, in fact. the
coball. It is cleatly seen that where Cr enriches, Fe and Co
move out. The compositions of a, are Fe 6 at. pct Cr 12 pat
Co and that of a;, Cr 26 pet Fe 6 pet Co. The laiter com-
position is, in fact, weakly ferromagnetic at 300 K with an
estimated Curie temperature of 80 °C. The volume fraction
of ayis 40 per.

The kinetics of decomposition is followed during aging at
600 °C or 525 °C separately. It is seen in Figure 27 that the
Crconcentration amplitude in the dark phase changes siowly
with time as expected for SD. The periodicity A and mean
thickness of a, regions also increase slowly with the time
according to a t* ™ faw (Figure 28). This is again in agree-
ment with ponlinear SD theory. It is imeresting to note that
the decomposition follows the tie line (Figure 29) The
dashed line corresponds to an Fe:Co ratio of 3.1.

The morphology of the decomposed alloy with 15 pet Co
aged to give 40 pet of the a, phase corresponds 10 the one
computer simulated by Cahn® for an isotropic spinodat reac-
tion. Lf the Co content is increased to 24 pct and the aging
temperature 10 540 °C, the a, phase makes up 80 pet of the
microstructure and the o, phase appears as isolated spneres,
Inten:slinql’y enough. now the diameter coarsens propor-
tionat to t*¥ as expected from LSW theory. The AP analysis
for this alloy shows constant composition from f = 4 sec
on. no longer the slow build-up as for spinodal composition
of the 15 pet alloy. It looks as if one has crossed the spinodal
as one moved to the side of the miscibility gap with a;
decreasing from 60 to 20 pet. The morphology changed
from interconnected sponge to isolated spheres between
f.. = 40 — 25 pct. Another kind of morphology occurred
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d FeCiCo magnet

with an alloy of 33 pet Cr, 1.5 pet Co after a complex
aging sequence between 670 °C and 500 °C. It showed
small bright secondary precipitates in the dark Cr rich phase.

Recently other permanent magnet alloys, the classical
Almicos, were studied.” ™ Alnico 5 consists of Fe. 8.2 pet
Al 13.6 pct Ni, 26.5 pct Co. 3 pet Cu. {Alnico 8 has
35 pet Co and in addition 5 pct Ti} and was provided for us
as cast plates by Thyssen Co. Again. a decomposition of the
alloy into 1wo bee phases La. a '} was observed on annealing
between 900 °C and 640 °C. The two phases are visible in
the FIM as darkly and brightly imaging regions. Three-
dimensional ficld cvaporation analysis shows that both
phases are contiguous throughout the volume as a sponge-
hke imerconnected network. They are also coherent, The
atom probe analysis gives the composition of a in Alnico §
as Fe,Co. that of a” as (Ni,\Fe,, AlLCu,), (in Alnico 8:
aw (Fe Cob). a’ = (Niy, Coys Fey, Aly Tigy Cuph. The 2
phase is of the 5 (B2) type in the binary NiAl systern and
should clearly be nonterromagnetic. This still can be recon-
ciied with HVEM observations of “mobile domun walls
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passing through both phases™. ™ though differently from the
Chromundurs described above, Indcations are found th~
both phases are ut least panly ordered — already at the iniual
stage of decomposition at 900 °C. The amplitude of the
decomposition increases with time, so the process must
igain be spinodal. a is the dominant phase in Alnico 5 with
a volume fraction of 71 pet (62 pet in Alnico 8). The
techanism of magnetic hardening in the Ainicos {especially
after aging in a magnetic field) is likely 10 be the proposed
ESD pinning of the magnetization to the clongated direction
of the shape anisotropic o panticles. isolated from each other
by the paramagnetic a’ phase. In the Chromindurs. on the
uther hand, both phases are ferromagneric., though to difier-
ent strengths. and continuous Bloch walls are pinned by the
softer (ar;) phase.
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