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INTRODUCTION

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

The course of a decomposilion reaction, including the early stages
{during which composition fuctuations and second-phase nucler 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 s

1 On teave from Institul fiir Metallphysik, Universitit Géttingen, 1234 Gattingen, West
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44 ITAASEN & WAGNER

necessary to analyze the, spatial extension and the amplitude of com-
position {luctuations of incipicnt, second-phasc particles, as well as the
morphology, number density, size, and chemical composition of discrete
precipitates at various stagces of the phase transformation. Forlthis purpose
microanalytical tools are required that are capable of resolving very small
solute clusters; and simultaneously identifying their chemical amposition.

Although the first requiyement is frequently met by neutron{SANS) and
X-ray (SAXS) small angle scattering techniques, and also by TEM (for
particles larger than aboul 4 nm), the chemical analysis of part:¢les smaller
than about 12 nm is usually not- possible using any bf tke standard
microanalytical toofs, such as the electron microprobe, or scanning
Lransmission electron microscopy combined with an cnergy-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-tor; microscope (F IM) and a time-offlight mass
spectrometer (atom-probe, A P). This instrument has the uniqucapability
of imaging dng identifying single atoms. For more than ten yrars the AP
FIM has been used successfully for chemical analyses of, for example,
individual carbide (2-4), or, nitride precipitates (5) in various steels, and 7’
particles in cast commercial nickel-based superalloys (6), which escaped
detection by TEM [for a comprehensive review, sce (7)]. These results 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 untit precipijation is completed, has stimulated-severat AP
FIM studies of the early stage precipitation kinetics in imetastable
supersaturated \binary or tgrnary alloys. Some experimental results from
those studics and their agreement with theoretical predictions are the
subject of the szcond part.of this article ; various aspects of thz AP FIM
analysis of decdmposing alloys are covered in the first part.

For many two-phase allcys the important theoretical question remains
open of whether the phase transformation is initiated by the feamation of
small nuclei having a composition similar to that of the equilibrium phase
(or at least similar to that :crl' the intermediate metastabie phasz, which is
formed in some;ailoys prior to the formation of the equilibriumyphase), or
whether it is initiated by spinodal decomposition. Since the lattericeaction js
caused by the - thermodynamic instability of the quasi:uniform solid
solution within the spinodal range (10-12), the decomposition oceurs by the
growth of three-dimensional composition waves without any nucleation
barrier larger than ~&T to.be overcome. The wavelengths of t1ese long-
range composition fluctuations are initially typically about: S nr, 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
iincrease gradually with aging time, starting from abmost zero, until they
‘teach 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 decom poses 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 phasc
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 scparation in a number of supersaturated alloys that are thought to
decompose spinodally. This belief is based on some typical microstructurai
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.

. EXPERIMENTAL ASPECTS

L.l 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 FI] M, several instruments specially developed for
application to vartous 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
cavered by the projection of the probe-hole onto the specimen surface (the
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48 HAASEN & WAGNER

“effective probe-hole aren ™), enter the i ghi-tube of the atomprabe through
the probe-hole. At the end of the flight-tube the jons react the simgle-1on
detector. '

The typicyl FIM specimen is a sharply pointed needle with a rudius of
curvature (7,; of about 20-80 nm. It is preparcd from a thinwire i 1-0.3
mm diamete by anodic ¢lectropolishing (7). All heat treatmenits npeessary
for the paaticular phase, transformation have to be perfoumeid| prior (o
electropolishing,

After preparation, the specimen is introduced into the ultre+high [~ 10"
mbar} vacuum chamber of the FIM via a specimen airlock, maunied onto a
manipulator, and cooled jo ~80 K in order to increase the resolution of the
FIM imagel The manipuator allows the specimen to be aligmed along the
axis of the instrument, and any region visible in the FIM imagethat:is 1o be
analyzed with the ToF spectrometer can be shifted until it covars the probe-
hole of the atom-probe, The distance (R} between tip vertex amd the center
of the screen can be varied typically between ~4 and ~ 20 cmuallewing for a
variation of the “average” magnification (M) in the FIM. ¥7; s giwvem| by

M =§ ) | L

K

With typical values for the mean radius of curvature of the t;pi7)? and for
R(~3 x 1077 cm and ~4 cm, respectively), M is on the ordarol [¢, fis
approximately 0.6, which accounts for the fact that the FIWI iip its: not
idealty hemispgherical and, hence, the projection not purely gromonic (18).
Correspondingly, for the, given values the effective diametar of the AP
probe-hole dyp) can be v'faricd between ~32 (R ~ 4 cm) amd ~ {8 nm
(R ~ 20 cm).

To obtain FIM images of the alloys referred to in this artide, neom, the
imaging gas is leaked into the vacuum system (~5 x 0™ mibar),
Subsequently, u positive high voltage (Vo). typically between Hand 20 kV
depending on r, is applied to the specimen. If the resulting clectiic field
(F 2 Vpe/r) exceeds a critical value (Fe ~ 30 V/nm) the neon atoms are
positively ionized in the high field regions above the tip surkuee, and are
accelerated almost radially toward the grounded FIM screen,which llights
up at the points of impact.

Starting with a freshly prepared tip, the electric field is highest above the
sharp protrusicns retained from the specimen preparation. As tike valiage is
gradually increased, the electric field above these protusions rezzthes i value
Fre > F_ at which local “ﬁlﬁ‘:ld evaporation” (18) of individual moms in the

ZHath F, and the lecal radius of earvalure can be determined quite accurately divecily from
FIM micrographs (7). !
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form of n-fold charged ions occurs(n = | or 2 for most transition metais) (7).
Simce the onset of field evaporation occurs al a certain ficld strength, regions
wizh smaller radii of curvature field evaporate earlier than those with larger
onzs. 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

Th2 mechanism of image formation is illustrated in Figure 2. In the high-
field regions of the FIM tip, the neon atoms become polanzed and are
therefore attracted to the positively charged tip surface. After several
ineiastic 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 spectmen. The tunnel probability
is Wighest at a distance X, approximalely 0.5 nm above the tip surface,
where the energy of the electron lies at, or slightly above, the Fermi energy
of Lhe metal. The smallest electric ficld sufficient to ionize the neon atoms is
reached only ab. ve atoms protruding from the surface. In pure tnetals ihese
proiruding atoms are usually located in ledge, or kink-site positiens (Figure
2) at the edges of different stacks of lattice ptanes. 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

Folanzed

(£)" Gas Atom

Cones of
Image Gas lons

lomzaton Field

lonization
Zone

sty S

Figure 2 The principle of ficld-ion image formation - only the haiched atoms are imaged.
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50 HAASEN & WAGNER

Figure 3 Ncon field-ion image of Cu—1 at.%, Fc aged for 100 min at 500°Ci Airrerws indicate
nuclei of a metastable iton-rich precipitate phase (a). The same alloy after agirig or|S50uminth).
Note the enhanced contrast of the Fe-rich clusters and the reduced resolution of bheimiat v ss
compared 10 (a)(25).

-8~
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Blunted Protruding
Precipitate Precipitote

a) b)

Figure 4  Surface tapology around precipitales after the tip reaches a steady-state end-form.
{a] blunted precipita cs appear in dark contrast; (b) protruding precipitates appear in bright
contrast, Also, the trajectories of field-evaporating ions, originating from the matrix (M) or the
pretipitate (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
{ith as comparcd to the local radius of curvature of the adjacent matrix
{Figure 4). Thes local deviations in the radius of curvature above the
precipitates are caused by a respectively higher (i) or lower (if) evaporation
ficld 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 precirilates and, hence, a bright or dark contrast, respectively.
Capper-rich precipitales 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),(Al-Ti-Cr) in a Ni-based
superalloy exhibit bright contrast at a tip temperature of 80 K (Figurc 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 a1.%, Al alloy

-9



52 HAASEN & WAGNER

Figure 5 Neon field-ion image of 2 nickel-based superalloy after a fourttage heal treatment.
It exhibits two targe (4) and many smali {B) ¢ precipitates (6). (Courtesy P A. Beaven,)

{21). Apparently, the processes of field ionization and i2vaporation are
highly s¢nsitive to the composition of the precipilates.

FIM images of certain other alloys, e.g. Cu-5 at.% Ti a-lCo-Ta, aged in
the two-phase region of the phase diagram, look similar¢» those of one-
phase materials, and, do not reveal any precipitate conirast, despite the
evidence of AP analyses and TEM, which have clearlys established the
presence of second-phase particles. Figure 6a shows a rathar 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 lip, suddenly the
precipitated phase (dark contrast in F igure 6b) can be cleaily distinguishe
from the bright matrix. Following some field evaporation the contrast
between the two phases disappears again. These peculiar contrast features
are not observed in less concentrated, aged Cu-1.9 at.; Timihere the Cu, T
particles always appear in dark contrast, F igure 6¢ (22). Siwiilar changes in
the appegrance of the phase contrasts have been reported forCo-Ta (23). In
aged Co-7.5 at.%; Ti no obvious signs of precipitation are visible with fairly

-\0 -
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" Figure 6 Neon lield-ion images of Cu-5 a1.%; Ti aged for 6 h at 350°C before (@) and alter {f)

part of the lip has ruptured. Only in b do the two phases appear in contrast, Figure 6c shows
Cu-L.9a1% Ti aged for 5 min at 350"C. Cu, Ti are discernible by their dark contrast {22). {For
better reproduction of ¢, the contrast of some Ti-enriched clusiers was artificially enhanced.)

sharp tips (r, <5 40 nm}(24). However, after blunting the tips to about 80 nm

. by conlinuous field evaporation, the Co,Ti precipitates become visibie,

These examples demonstrate that the absence of any precipitation

t contrast in the FIM pattern does not necessarily mean that the alloy has not

yet decomposed into (wo 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 alloys also
frequently depend on the degree of decomposition. This is shown in Figures
3aand 3bfora Cu-t at%, Fe alloy (25). After aging the alloy for 100 min at

-\\-



54 HAASEN & WAGNER

500°C, the matrix is still atomically resolved, and the lcontrast iof Ithe
precipitates is rather faint (a). After aging for 150 min, the atemicirsselitiarn
of the matrix atoms (Cu) is lost, but the contrast of the iprecipitiates is
strongly enhanced (h). The contrast enhancement in later stapes iof 1ike
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 labove
precipitates {Figure 4), a considerable unknown changelin the magnit -
cation (M) of the particular precipitate results (Equation ). T .ihe
precipitates are nonspherical, e.g, thin platelets or y' zones, thn magnif -
cation can even be rather anisotropic. Therefore, it is gencrally natpossibie
to determine the size of (visible) particles directly from an FIM nEcrograh
Just by using the average magnification (M, Equation 1).

Nevertheless, the sizc and morphology of visible precipitates caneotion 162
determined very accurately without knowing M by using the prrsistence-
size technique (Figure 7a). By controlled field evaporation severil taitic:
planes of a previously identified pole (hki) are successively rremavec .
Whenever a precipitate becomes visible in the vicinity of thisspole, th:
number of plancs (n,,,) that have to be evaporated between:the appearanc:
and disappearance of the particle aré counted. The dimension: of th:
precipitate along the (hkl) direction is then immediately oblained  as
dhkl) x ny,,, with a depth resolution of ~0.2 nm. By recording rhe varia-
tions in intersectionat area of the precipitate with the tip surfagc | duiripg
the dissection of the precipitate, its morphology can be: determined i
detail.

1.3 Atom-Probe Analyses

The chemical identification of a single ion is achieved by firstmeasurip it
time of flight (1), and subscquently cvaluating its mass-to-chargeieio(indm
(Figure 1). For, this purpose the atoms are field evaporated at a wellidefinede
instant by supgrposing a high-voltage pulsc of a few nanosecond sirise-tinm
onto the tip, which is held at the imaging voltage (Vpe) ipulse’ fick

evaporation). A pulse width of about 15 nsec and a pulse amplikede (Jhd"

about 0.15 Vpq are found to be appropriate for the analysisiof mest illoys
Duc to the sharp drop in field strength within a few nm abow: thel tig
surface, the field-evaporated ions reach their terminal velocity {(#):sharth
after the desorption event. The ions then drift with an energy
dz
nx e(Vpe+ Vo) = dmp? =§m?i-, 12

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

~AL-
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Kigine 7 (4} “Persistence-size” technique for the accurate determination of the size and
morphatogy of visible precipitates. The principle of selected area AP anatysis of a visible
precipitate is also illustrated. In (b), the nearly cylindrical volume analyzed during a “random-
aned™ AP analysis, and the resulting composition profile are shown. Only some particles are
cnmi pletely cut by the cylinder.
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already contains all measurable quantities for the evaluation of wyim;
however, in practice, c;leclronic delay times, pulse sha pe factors,elc{ T) hawe
to be tyken into account in order to operate the AP at itsippih mum: meass
resolution. For mostlinslrumcnls the latter is of the order Amgm: 2 1)1 5D,
but canbe improved significantly (to about 1/1000) by employing an engrg
Jocusing ToF speclro:jlcler (26) rather than a conventionatione

In principle, the quantitative microanalysis of decomposing ailoys using
the atom-probe can be perfortned in two different ways, Theifivst of these is

selected area analysis (Figure 7a). This type of analysis of the composition ol

individuyal particles is confined to precipitates that are discernible in ikt
FIM image. By rotation of the FIM specimen, the particular preEcipibale: i
imaged over the probe-hole in the FIM screen. if the effective: probe-hudle
(diameter d, ) is larger than the particle, d,, is decreased by mcreasing [the
magnification until the precipitate covers the probe-hole: smtirely. T
composition of the precipitate is then determined by collecling the atoms
originating from a cy]jw'ndcr of diameter d,, and of a lengthllimited by the
total depth that can be probed before the precipitate has been womplotg fy
field evaporated (Figure 7a). By continuing to probe into: the attjacen
matrix to,determine the composition of each successively removed lugtice
plane, the concentration profile across interphase boundarigsicun also ibe
obtained. As discussed i,n the previous section, with this methadihe size and
detailed morphology c4n be determined rather precisely. Theaccuragy of
this compositional analysis depends on the total number of dtones that can
be collected from the p}rccipilalc. For smali particle sizes, sugh. as occwr in
carly precipitation stages, several particles have o be analyzed g order i
keep the confidence lim its narrow. This requires a sufficient nuraber densiny
of particles, e.g. 2 10'7 cm -2,

The second lcchniqqe is random-area analysis (Figure 7b). lin order ito
analyze the com position and distribution of particles that arenot visibleim
the FIM, or to obtain irllformalion about solute Auctuationsiin ioys fep.
spinodullgg decomposiqg alloys), it is necessary to determine the congen-
tration profile in a cylimper of considerable length. The cylinder should ke
more thap 100 nm long in one direction {h'k’l), withla sufiigien ickez by
resolution {Figure 75). For this purpose, the planar concentratipn of eaclh
successively ﬁeld—evaporlatcd Hk'I'~lattice plane is determined and plotted
against the number of evaporated planes. Hence, the depth iresclution is
equal to the inlcrplanai‘lspacing d(Wk'l'). Whenever the, analyzed cylinder
cuts completely lhrough a particle (Figure 7b), its compositionn and the
solute variation across ijP interphase boundary can be determinzc diregtly
from the gancentration profile. However, if the particle is partiycut by ithe
analyzed cylinder (F igurjcf 1b), the concentration profile reveals anly a logall

increase in the solute condent as compared 1o the surrounding: manrix (¢, ).

A4
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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 containsisolated # Cu, Ti precipitates. Three particles (A4)
arc 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,, = 2.5nm,N
typically Auctuates 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. Smal: solute clusters that were not unambigucusly discernible in the
| original, blurred AP composition profile can often be deconvoluted
i through a moving-average analysis ; this is another smoothing technigue

(7). These smoothing procedures, in fact, remove the high frequency
: components of the original AP compesition profile, but also flatten the
rconcentration profiles across interphase boundaries. Therefore, prior to
rapplying any smoothing procedures, the original composition profile,
rrecorded with ultimate depth resolution but rather poor statistics, must be
.carefully inspected.

By analogy with the analysis-of-time series, the data contained in an AP
rcomposition profile are often analyzed in terms of an autocorrelation
1analysis, provided the distance probed through the specimen is sufficiently
tlarge. This statistical analysis furnishes most decomposition parameters
ithat are required for a comparison with theorctical predictions (see
lfollowing scction). During the carly stages of phasc separation when cluster
:sizes are small and their number densities large this method is especially
wseful. Figure 85 shows the autocorrelation coefficient R(k) for the con-
icentration profile displayed in F igure 8a. R{k) is given by

n-k
n Z (c;—colcivi—co)
i R(k) = — ‘=t

n—K

s i
Y (e~cy)?
i=1

where ¢; is the concentration of the i-th field-evaporated plane (h'k't), Co the
mean concentration, n the total number of ficld-evaporated planes, and & is
the correlation length in units of the interplanar distance dih'k’l’). From
computer-simulated atom-probe analyses for which various precipitate
microstructures were assumed, it has been established that the parameters
Koo K1y Rpuss and R, (Figure 8b) are unequivocaily related to the mean
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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 4 =k, x d(F'k’l), and 2R
= ko % d('k'l") for larger particies (e.g. R 2 1.2 nm). For size distributions
with even smaller mean radit, autocorrelation analyses yield R values
somewhat larger than the true ones. In Figure 86, 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
for k > k.

The true composition of a solute-rich cluster is only displayed in a
composition profile if the cluster is completely covered by the probe-hole
(see: Figure 7h); this requires 4,, < 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.
Thercfore, in most real analyses of composition fluctuations, the lateral
spatial resolution #s confined to ~2 nm (7).

It is worth noting that both R and A can be obtained from autocorre-
latibn analyses regardless of whether the ratio d,,/2R is larger or smaller
than unity. Also, t1c Fourier transform of the autocorrelation factor R{k)
yields the (onc-dimensional) structure factor S(q) obtained from scattering
experiments (q is 2 wave vector). Thus, in principle, a random-arca AP
analysis furnishes all the information about the state of decomposition that
can be inferred fram S(q, ¢), as determined in a SAXS or SANS scaltering
experiment.

2.1 RESULTS ON VARIOUS ALLOYS

2.0 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 field, 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 clectron microscopy. Neutron and X-ray small angle scatter-
ingI(SAS) are, on the other hand, well suited to the observation of such small
particles, For a comparison of the three methods, as applied to the
decomposition of alloys, sce the proceedings of a recent topical conference
{29). The problem with SAS is that it does not reveal the cotnposttion of the
particles formed, but only their sizes and number density. This is a
distinctive feature that diffcrentiates the two modes of homogeneous

-\%-
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decompo:‘sillion (the only type of decomposition reviewed hergh “Tihe ilwo
modes of homogeneous decomposition are detailed below,

Inthe nju.cleation and growth mode (NG}, small particles that differgreatly
from the composition of the matrix form by thermal fluctmations; and
then grow:in size. They are surrounded by a depletion zane iniwhoss
concentration gradient the solute diffuses “downhill” to the:iparticle snd
makes it gjrow. ‘The other mode, spinodal decomposition (SD), ruvinlvels lapg -
range composition mogdulations, often periodic ones, thiai wntargei in
amplitude with time, and also somewhat in wavelength, 1intil the| finkl
second-ph. se composition, as prescribed by the phase diagram, oria
metastabie phase is reached. The solute diffuses “uphill” in tar concentra-
tion gradient in this case. .

The second-phase particle distribution will be the same in e ltenstages
according;t'o both decomposition modes: A distribution o iirfal-cam-
position particles that is often periodic. In NG the solute depletion arour
particles enforces, along with other factors, finite particle spagings. Thuy, 2
typical sca lfering expcrir}luent does not indicate whether the mchanism 6l
particle formation was NG or SD. It is the initial particle composition, aad
only this feature (7), that differentiates the two.

It is well known that in the central part of a two-phisel field | dhe
thermodynamic factor al‘l:d, accordingly, the chemical dilfusicor coéfiician
become ne, ’z'uive. which encourages SD. In the peripheral reginn;closetio
the solvus, flG decomposition is necessary. The two regions are soparatsd
by the spinddal curve, whose definition and practical existercelhis bezn
doubtedin Tt':cenl times ( I‘JF). The theoretical spinodal posilion alse depen:ts
on the strain energy accompanying the decomposition ; it movesiid lovi Tal

large misfit strains. The kinetics of both decomposition modas haverbean

studied by )‘\:P The lheori‘es explaining these kinetics are summniarizedme.t.

2.2 Theories of NG Kinetics

According to the classic Becker-Vollmer theory (30), the formaiicn of 2
coherent scc‘:clmd-phase (8) nucleus in a homogeneous matrix () inviotving
no size mis| it, necessitales;. the formation of an interface of spekific ernergy
G.p > 0,as w:;:!l as a gain in chemical free energy (Af,) per unit woluwreiof P
For a sphere of radius R, those two terms depend on different powers bf: P,
therefore a bja;rricr must bq overcome, which defines a critical nuclenslof size

Re _ 29, 16na},

= Kfj"—, and of extra free energy AF* = W 11},

This energy ‘is: supplied by thermal fluctuations with a stations ryitate per

-~ 18-
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‘nnit volume of

NZ AF*\ 112 AF*
I,=DN--{—— exp| — . 5.
© N, (mr) P\TwT
iHere 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
df the critical nucleus, respectively. This nucleation rate builds exponen-
tially to the value /., with a time constant t at least equal to the time necded

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

cnvironment with a rate given by R ~ \/[Tt (31). This rate holds for a short
period, until the depletion spheres of neighboring particles overlap. Then
competitive “Umldsung” (Ostwald tipening) starts, as described in its
asympiotic limit {t — o), by the classical Lifshiz-Slyozow-Wagner (LSW)
theory (32, 33). Accordingly, the mean radius of the size distribution grows
a5

TdR?

- ——= = b = consl, 6.
Py

wihile the supersaturation AC (assumed (o already be small) decreases as
DAC = (k) V3 7.

In principle, from the constants » and & the two parameters of the
coarsening kinetics, I and o, can be evaluated. However, in the range of
vahidity of the LSW theory (AC - 0), AC is 100 small to be measured
reliably with the AP or any other technique. Hence, frequently only the
product Do can be determined from b.

I 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 unilied theory (8, 9). The number density (N,) of particles
generally changes with time by nucleation, and simultaneously by dissolu-
tien duce to a changing critical radius. Thus,

AN . L dR*
= = — 8.
@ 1(()—N(R = R%,1) TR

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

5 1 (=
R=-—| N(RRdR,
i | v
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changes as

dR | _ _ N{R*) dR*
huaish L * *_ _Rgyy IR
dr t(R)+ W, I[R*N](R* - R)+(R—R*) N, dr
with
D (_'“)ﬁCR
ARy = . i~k 9.
VR) = 2 ¢, ¢y

accounting for diffusive growth or dissolution.

The solute concentrations in the matrix and the particlerare« and .
respectively. Cp is the cancentration directly over a particie Of radios R,
according to Gibbs-Thomson

20
Cgp=C, cxp (ﬁk;)' i)

where €2 is atomic volume, and C, represents the equilibrium sidubility.
Together with the continuity equation, the cquations: of mation for W,
and R (Equations 8 and 9) have been solved numerically (8, 91 under certain
assumptions, in particular those concerning the long-term:coarsenimg
behavior, the particle size distribution, and the constancy ol Chund o
A priori, iLis not possible o assess the influence of these assumplions on
the precipitation kinetics results, Therefore, an algorithm (or' “mumerical

model”) has recently been devised (9) that describes the entire course of

precipitation within the framework of existing nucleatiorn. ant griowh
theorics. No simplifying assumptions enter this algorithm ; iny par ticulas it
allows the time evolution of N(R.1} to also be computed. A canparisen
with experimental results is given later.

2.3 Theories of SD Kinetics

Cahn’s theory of SD kingtics (10) is conceptually much simgler ithan that
of NG, as it basically invoives only diffusion, though uphill, andicontainsmo
further stochastic element. [Subscquentiy, Cook (34) has added:a vhermal
fluctuation term to the ithcory.] Cahn starts with Fick™s|.luw {in one
dimension)

' 2., . - A 2.
e ~iizp[i'_“_'ﬂ ﬂi] L .
o ox? kT ac? | ax?

Herc in the thermodynamic factor [ ] for F, the so-called grakbent-energy
density k(de/dx)* has to be included to account for the highpirice of NETY
short wave concentration;modulations, This leads, in the lincarived form-of
Cahn’s theory (considering the cocfficients in Equation |1 torbs gonstand),

—20-
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to a term *¢/0x* in Equation 11, Beginning the solution with a Fourier
s ansalz, certain components will grow exponentially and determine the
+ positions of the evolving precipitales in three dimensions. This growth law
118 rarcly obscrved ; instead. a much slower power law growth, and a stow
: increase of the dominant wavelengths with time are seen. This fits the
t pattern predicted by later nonlincar, though numerical, theories (11, 12).
| Another matter of debate is the behavior of the system as it approaches the
t spinodal (8*F/0c? = 0) from either side (29).

2.4 AP Studies of Decomposition by NG

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

241 Ni-Al Analloy of Ni- 14at.%, Al decomposes at 823 K, and forms ¢’
. Ny Al precipitates coherently with the fee y matrix (21). The particles arc
( not directly visible in the FIM (Section 1), but are only discernible in the
rrecorded AP composition profiles (e.g. Figure 8), These particles have been
apalyzed by the statistical method of autocorrelation, together with
computer simulation (Section 1), to yield R and the precipitated volume
(fraction [ or N,. As there arc relativety few particles in the analyzed volume,
At is dfficult to pet the particle size spectrum N(R) directly. The solute
“concentration (Cy) of particles having diameters smaller than the probe-
lhole size (ie. 2R < 2.5 nm) could not be determined directly from the
1composition profiics, but also had to be inferred from joint autocorrelation
-and computer simulation analyscs.

“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 characler, as has previously
tbeen claimed (36). It is interesting to note that at the shortest observed aging
itimes the activation barrier (AF* =~ 4kT) is relatively small. The thermo-
ichemistry of the system is sufficiently known to ¢valuate Af, as a function
iof supersaturation. Also, & has been measured from overaging kinetics of
ilarger particles, thus R* can be calculated as a function of the directly
imeasurcd AC(r), and compared with the AP results on R{1). The data
obtained at 550°C are shown in Figure 9; they prove that nuclei have been
iobserved. This appears 1o be the first such observation for a solid-solid
idiffusive phase transformation.

'Figure 10 shows the aging time cvolution of the particle density,
icompared with the one expected from time integration of the nucleation
ralte, 1t is evident that there ts no pure nucleation stage, but that Ostwald
ripening intervencs after a short aging time. Therefore, the unificd theorics
'discussed in Section 2.2 are necded to interpret the experimental data.

-9)-
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Figure 11 shows R(t) and R*(1) calculated according to the Langer-
'+ Schwariz theory (8), modified to apply far from the critical point (9). The
11 modified theory (MLS theory) uses the nonlinear version of the Gibbs-
| Thomson equation, and accounts for an incubation time in the nucleation
I rate (9). Also shown are the results from the "numerical model” (9), which
allows 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
- determincd rather accurately. Interestingly, the initial plateau in Rit)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
-istatistical analysis of AP concentration profiles.
Experimental and theoretical results for the time (1,) needed 10 complcte
I halfof the decomposition reaction, ie. reduce AC to halfitsinitial value, are
| 1shown in Figure 12. At the high (relative) supersaturation (y) used here, 1,
i 1is the time nceded to overcome resolutioning effects caused by overaging
Irather than by nucleation itself, which dominates at smali Yo Inaddition, an
“evaluation of the incubation time of nucleation (9) indicates that clusters of
i Al atoms diffuse together and disperse again several (c,) limes before a
1 critical nucleus is formed.

YA Ni- 1L at % Al
{ T, = 550°(
g = 00161/ m? ]
0 =54x10"em% sec
L8  BRIR*-=005
[ Cuw= 15
: E exp data [ )
S +x N - model
S —— 'MLS - model
@ 32
wn
C 2
I O
£ 16
0 1 L |1|‘ aal 1 i 44 " Y | i . .
100 10! 102 10° 104

Time t/min

Figure 11 Fit of numerical model (9) and modified Langer-Schwartz model (8) to mean
particle radius R versus aging time in Ni-14 a5, Al(21). R* = calculated radius of nuclei, For
other purameters see text.
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Figure 12 |Hall-time of dycomposition versus normalized supersaturtation according 1o
theory (8) and experiment (; 1).

242 NeCu-Al The ki 36%, Cu 9%, Al alloy'(37) is interesting because in
the ternary various n-onconodal paths of decomposition: are possible in
principle;and the thir¢;component may enrich the particle interface. Again,
there is very little miskt between the ' precipitate and theifoe ¢ matrix, In
this alloy FIM does irgage the two phases in different contrast (Section 1,
Figure 13}, so partick diameiers can be measured morce directly, and
compared with those znalyzed from concentration profilesl Particles of the
cquilibrivm compositeon (Ni4Cu ,),Al, at 580°C, are found at the very
carliest aging times.

OF particular interst is the composition profile aaross a particle
interface,'as measured:by AP (Figure 14). The composition changes very
sharply at the interfice (within three lattice planes); this is expected
thermodynamically fgr the refatively low aging temperature. Becker's

- 24.
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Figure 13 FIM image of decomposed Ni 36 at.%, Cu 9 at%, Al after aging for 420 min 4l
580°C (37).

nearest-neighbor interaction model leads one to expect ¢ = 18 mJ m "2
for Ni-Ni,Al; the measurced value is 16 mJ m~2 For the ternary alloy
6 =352 mJ m ?is found. The targe change upon adding Cu remains
mysterious. There is some enrichment of Cu in the (NiCu)/ANiCu),Al inter-
face (Figure 15), but this scems to be a noncquilibrium kinetic feature,
as Al diffuses faster than Ni and Cu, but the sum of Ni and Cu concen-
tralions 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

- 25
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Figure 14 ‘Inlerface compasition profile of precipitate in Ni 36%Cu YL Alimzasuced; as
number of ficld-desorbed Al atoms per total number of atoms (37) in 420 nyin £ 5B0°C.

particle size distributions have been measured : they are found: iy be 243
times widc‘ar than that calculated by LSW (32, 33). In this alloy the wart of
nucleation, AF*/kT = 27 at 540°C, or 16 at 500°C, is muchilarger than in
Ni-Al Diffusion cocfficignts determined from the aging kinetics zreionithe
order lO'i“' cm? s7!, and are not influenced by quenched:in vacandies,
which should be anncaled out long before the aging times consicleretl hare,

One la:}t point of interest is the observed distribution il partiche:

distances. It is a Poissqn-type distribution, with a standard dexiavion:

about 605, that of a randpm distribution ; thus showing a tendendy towarc
a rcgular spacing, as discussed above.

243 Cu-Fe The hardening of Cu by 1.15% Fe wasistudied ¥25) asia
function of precipitated volume fraction and particle radiug, ising F1M
measurements. Again, the particles are visible with FIM because.of their
contrast wjth the matrix. During aging at 500°C, the particle radinsiramains
constant (R = 0.6 nm)for the first 150 min while the particle densiyy groms.
This behavior appears tp be typical for many NG decompbsiny fatloys
studied with FIM.

244 Cu-19a% Ti Aging of Cu-Ti alloys of Ti contents betwean 014
5 aL%, at T = 300-450°C leads to the formation of metastable,:erdered,
Cu,Ti precipitates (22, 38). The FIM images of Cu-1.9 ar%, T agad Forion)y
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Figure IF  Composition profiles across precipitate in Nj 36 at% Cu 9 at%; Al

:’?iﬁwmin atl380°C reveal many discrete precipitates (R = | nm), with sharp
¢ pterphase boundaries in black contrast (e.g. Figure 6). An extensive FIM
- andl AP analysis of the precipitation kinetics led to the conclusion that at
] 3B04C, Cu-19 at.% Ti decom poses via an NG reaction. As shown in Figure

6, the “numerical model” describes the experimental data rather well for
0:=687mIm 2 and D =25 x 10-1% gm2 5-! (9, 22). The large value of o,
1 reladive to the one in Ni-Ni;Al, and the correspondingly large AF* =~ 7kT
Imakes for @ relatively short nucleation period. Neither the nuclea-
1tipn pertod (v < 1 min), nor the stage at which coarsening follows the
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Figure 16 Fit of numerical moklel 1o particle radius and particle density versus aging time in
Cu-1.9at.%, Ti22).

LSW kinetics (¢ > 10* min), are covered by the experimental period
(2.5 < 1 < 10 min) (9).

Because of the relatively large AF* in Cu-1.9 at.%, Ti, the nudlei rapidly
attain sizes outside the range in which particle growth is dominated by
stochastic processes, te. dR/dt > dR*/dt. Theoretically, this situation—
relative to that of Ni-Al, where R cannot escape from R* —is advantageous
for the unified theories {Section 2.2). These theories face difficulties when
nucleation, which they describe as a stochastic process, and| growth or
redissolution, described in a deterministic way, inlervene signiticantly (9).
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It is worth noting that the value for D is larger, by a factor of about 350,

i than the interdiffusion cocfficient obtained by extrapoluting the available

i hugh temperature data to 350°C. This strongly positive deviation of I at low

temperatures from an Arrhenivs plotis not presently understood. However,

it appears 1o be typical of alloys undergoing phase separation at low
. homologous temperatures (22).

2.5 AP Studics of SD

-25.1 Cu-Ti Aging of Cu-Ti alloys of Ti contents between 0.5 and 5 at.%,
at T = 300--450"C, lcads to the formation of ordered Cu,Ti precipitalcs.
: Based on the modulated precipitate microstructure observed in the TEM, it
i was concluded that decomposition of the more concentrated alloys is
rcontinuous, ic. of the S type. As stated above, this criterion is not
suflicicnt to exclude a NG mechanism, so AP was used (22, 28, 38) to
restablish the evolution of Ti concentration amplitude and wavelengths in a
snumber of alloys. Recently, SANS was also applied to these alloys,
Decomposition of Cu-2.7 a1, Ti at 350°C has been studied with the AP
| FIM (28). Since the second-phase particles were not clearly discernible in
ithe FIM, extended A P composition profiles were recorded and analyzed by
sstatistical models. Aging for 10 min at 350°C led to the formation of small
Ti-nich clusters with mean diameters of 2R = 1.1 nm, and a mean center-
-to-center spacing (or mean composition modulation wavelength) of 1 =
'28 nm. R and 4 grew from the beginning according to R = (', and 1 ~ (173
i(Figure 174, b). For t < 50 min, the diameter of the clusters remained smaller
ithan that of the probe-hole used for the AP analyses (doy = 2.5 nm).
'Therefore, the true Ti amplitude of the composition modulations could riot
be determined directly from the AP composition profiles, but rather had to
be inferred from a comparison of the measured profiles with those obtained
from compuler simulations {22, 28). Using this procedure, the maximum Ti
oncentration of the clusters appeared to increase continuously (Figure
17¢) untitit reached 20 a1t as expected for Cu, Ti after ¢ = 50 min. (Al 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 incipicnt precipitates can be taken as evidence for an
8D reactton. 1t must be emphasized, however, that the results displayed in
Figure 17¢ were derived under the assumption that for ¢ < 50 min the
composition waves have a sinusoidal form. According to the figure, afier
10 min of aging the Ti-enriched clusters (2R = 1.1 nm) contain only about
four Ti atoms. This number appears (o be (oo small to be reliably decon-
voluted from the composition profiles, which are blurred by statistical noise.

Hence, the results shown in Figure 17¢ for 1 < 25 min should be regarded
with caution.
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Figure 17 Measured parameters characterizing spinodal microstruciure versus aging time al
350°C in Cu-2.7 at.% Ti(28).

252 Fe-Be In this system a tow temperatare miscibility gap involves
the formation of an ordercd Fe-Be phase (B2) from a bece iron-rich solid
solution. The Fe-25 at. Be alloy studied in the FIM (39) was aged at
350°C. It shows a beautiful macrolattice of brightly imaged, isolated,
cubical, iron-rich particles, aligned along (100, in agreement with TEM
observations (Figure 18). The microstructure coarsens according 1o a time
law d"—dy = kt,n=2,...,3. The decomposition is likely to be of the SD
type, although the regular array of iron-rich particles couid also be the
result of the considerable misfit strain involved (~4%).

253 Feorco  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 bece phases (called «, and ;) if the o phase is
suppressed (especially by the Co addition). The Co also extends the
miscibility gap to a higher lemperature, and makes it asymmetric toward
the Fe side. The aging cycle used in oplimum permanent magnet
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~ X0 rnm
| e e

Figure 183 Neon! KIM image of Fe 25% Be aged lor 2 h at 350°C. (Courtesy:5.:81 Brenner,
Pittsburgh.){39).

production [tol give the maximum energy product (BH),,)| %8 rather
complicated. [t involves aging in a magnetic field just betov the Curie
temperature, and critical temperature of the gap, i.e. at 625°C, arid further
aging at 525°C; to increase the concentration amplitudes, The rresalting
microstructure of the optimum magnet is shown in Figure 19 (40, #l). The
Fe-rich phase images brightly, the Cr-rich phase darkly.

As one field ¢vaporates the tip of the sample in the AP, onelfuliows the
contiguity of ithe two phases in depth. Both phases are spofpe-like,
interconnected, and do not resemble iron-rich ellipsoids in a chromium-

rich matrix, as lassumed iri the elongated single-domain (ESD)itheory of

permanent magnels. In the ESD theory, the magnelizationol 2 llerro-

-Ahd -
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Figure 19  Neon FIM image of CHROMINDUR after aging to oplimum 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 both phases are ferromagnetic, according to inferences from
A P analyses. Figure 20 gives in-depth concentration profiles for Fe, Cr, and
Cb; the Al seems to follow the Fe, as does the coball, It is clear that where
Cr enriches, Fe and Co move oul. The composition of a, is Fe 6% Cr
22%, Co, and that of «, 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 decompoesition is followed separately during aging at
600"C or 525“C. As scen in Figure 21, the Cr concentration amplitude in the
dark phasc changes slowly with time, as expected for SD. The periodicity ()
and mean thickness of o, regions also increase slowly with time, according
to'a r" 24 law. Again, this agrees with nonlincar SD theory. The coercivity of
such a microstructure must derive from Bloch wall pinning, the walls find
lower encrgy positions in the dark than in the bright phase. The decom-
position of Fe-Cr itsell was also studied recently {42). “Alnico” magnets
were also investigated by AP FIM (43).
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2.6  Conclusions

The above examples of alloy systems whose decomposition has been
sludied 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 stitl lacking for the spinodal type of decomposition. Here both
theoretical and experimental efforts are badly needed.
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