I
1

INTERNATIONAL ATOMIC ENERGY AGINCHY
LINFEED NATIONS EDECATIONAL, SCIENTIFIC AND CULTURAL ORGANIZ ATION "”

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

1L.CTP, P.O. BOX 586, 34100 TRIESTE, ITALY, CanLt CENTRATOM TRIESTE

ST

= f )
|
N

e

Cx
2
*

-

LN L[) NA1 LONS INDUSTRIAL DRE VI_LOPMFNT ORGANI/‘\ I'TON

INTERNATIONAL CENTRE FOR SCIENCE AND HIGH TEC HNOI ()(-Y

P IERSASEAST CENTRE Bk THEORE TR PEASICS 4000 TRIESTE 01800 b0 Gl BSASL S VORI T PAACER /0 Bk S TREEPHOME b 2Z2R70 TRLID AN S 8 ks dneke SIH L

SMR.550 - §

SPRING COLLEGE IN MATERIALS SCIENCE ON
"NUCLEATION, GROWTH AND SEGREGATION IN MATERIALS
SCIENCE AND ENGINEERING"

{6 May - 7 June 1991 )

NUCLEATION AND GROWTH OF SECOND PHASES
AND RELATED INSTABILITIES

P. HAASEN
Institut fir Metallphysik der
Universitat Géttingen
Hospitalstrasse 3/5
D-3400 Goéttingen
Germany

These are preliminary Jectere notes, infended only for distribution to participunts,

A uat s DXREVE Y ach 1129 Mt spadien PN Man Jul 905 DR & 48]
Matetabverhiauwch 1hm p1io

Q0S¢

1429 dag, Sci.

kap. l‘_

4 Homogeneous Second Phase Precipitation

R. Wagner and R. Kampmann

Institut fiir Werkstofforschung, GKSS-Forschungszentrum GmbH, D-2034 Geesthacht,
Federa! Republic of Germany

List of Symbols and Abbreviations .......... . ... ... 000
4.1 Introduction . ... ... . .. 000
4.2 General Considerations .. ............... . ... .. .. ... .. 000
4.2t General Course of an [sothermal Precipitation Reaction .......... ... .. 000
422 Thermodynamical Considerations -~ Metastability and Instability ... ... .. 000
4.2.3  Decomposition Mechanisms: Nucleation and Growth versus Spinodal
Decomposition .. ... ... o FE 000
424 Thermodynamic Driving Forces for Phase Separation .. ... .. .. ... .. 000
4.3 F.xperimental Techniques for Studying Decomposition Kinetics ... ... .. . 000
431 Microanalyucal Tools .. ... .. o T - 00D
4.3.1.1 Directly Imaging Techniques .... ... . .. e [En))
4312 Scattering Techaiques ... .. ... L B V1))
432 Expenimental Problems ... ..o o0 S 000
4.3.2.1 Influence of the Quenching Rate on the Kinetics F 000
4.3.2.2 Distinction of the Mode of Decompositton ... ... .. ... . e DOO
443 Precipitate Morphologies . ... ... ... ... .. .. ... oo Doo
440 Expenimental Resuits .., ° oL 000
4.2 Factors Controlling the Shapes and Morphologies of Precipitates ..., ... 000
45 Early Stage Decomposition Kinetics .. ... . . ... ... ... ....... ... 000
451 Cluster Kineties Approach ... .. .. ... ... 000 £
4.51.1 Classical Nucleation - Sharp Interface Muode! . ... .. e Lo 0O ‘2;.
4.5.1.2 Twme-Dependent Nucleation Rate ... ... . ... ... ... ... ... ........ 000 g
4.3.1.3 Experimental Assessment of Classical Nucleation Theory ... ... ... . 000
4.5.1.4 Non-Classical Nucleation - Diffuse Interface Model .. ............. ... . 000
4.3.1.5 Distinction Between Classical and Nor-Classical Nucleation ......... . 000
432  Diffusion-Controlled Growth of Nuclei from the Supersaturated Matrix .. (00
+4.3.3  The Cluster-Oynanmucs Approach Towards u Generalized Nucleation
Theory 0)
4354 Spinedal Theories ... . .. oo . 000 %
455 The Philosophy of Defining a “Spinedal Alloy™ - Mnrphuluyu of £
Spinodal Alloys™ oo o0 .. . - 000 2
436  Monre Carlo Studies .. ... L. e R Y 2
4.6 Coarsening of Precipitates . ... ... .. ... ... ... ... LoD &
461 General Remarks ... ........... .. P S oD =
4.6.2  The LSW-Theory of Coarsening .. .. . - 00 {:1
463 Extensions of the Coursening-Theory o FI[]I[L T‘rulpll e \'UlumL E
Fractions ..... AU P V1§ A
464 Other Appros ILhL\ l'ow ll’db ‘Lu usening . U T %
463  InMuence of Coherency Stratas on the \luham‘.m md l\metu.\ 0t %

Fahnen

K. Tnitsch, Wurzburg

1. Korr

1al Science & Technology, Vol 5

Herr Schimstt

Hler



/(F"’

+7 Numerical Approuches Treating Nucleation, Growth and Coarsening as

Concomitant Provesses ... 0 L
471 General Remarks en the fawepretation of Experimental Kinetic Duta

of Carly Decomposifor Stages ... o i
47.2 Theory of Langer and Schwartz {LS-Model) and s Modification

by Kampmann and Wagner (MLS-Model)
4753 The Numerical Model of Kampmann and Wagner +N-Maodel)
474 Decomposition of 1 Homogeneous Sohd Sulunon

+.7.4.1 General Course of Decomposifon

+.7.4.2 Comparison Between MLS- and N-Model
4,743 The Appearance and Experimental Identification of the Growth and

Coursening STAgEs .. ...
4.7.44 Extraction of the Interfucizi Energy aud the Dilfusicn Constant from

Experimental Data ... ... ... ... ...,
475 Decomposition Kinetics in Alloys Pre-Decomposed During Quenching ... 000
4.7.6  Influence of the Loss of Particle Coherency on the 'recipilation Kinetics
+.3 Sel(-Similarity, Dynamical Scaling and Power-Law Approximations
43.1 Dypamical Scaling ... ... .. ... ... ...

482 Power-Law Approximatioas . ...

4.1 Introduction

Many technologically important peop-
erties of alloys, such as their mechanical
strength and toughness, creep and corro-
sion resistance, and magnetic and super-
conducting properties, are esseatially con-
trolled by the presence of precipitated
particles of a second phase. Thes com-
monly results from the decomposition ol a
solid solution during cooling. A fundamen-
tal understanding of the thermodynamucs,
the mechanism and the kinetics of precipi-
tation reactions in metallic solids, leading
to & well-defined microstructure, is there-
fure of grear interest in maiernals science.

As s reflected by the schematic binary
phase diagram of Fig. 4-1, for easons of
entropy the single phase state 2 of a solid
solution with compaosition ¢q is thermody-
namically stable only at elevated tempera-
tures. Al lower temperatures the free en-
ergy of the system is lowered through
unmixing 'decompuosition’ or “phase sepa-
ration”) of 2 into two phuses, «” and p.

In order to initiate 4 precipitation reac-
tion, the alloy is first homogenized in the
single-phase region at Ty and thea either

W) cevled down slowly into the two-phase
region 1+ B, or

b) yuenched into bone prior to sothermal
aging al a temperature T, within the
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In both cases. thermodynamic equihb-
rium s reached Jf the supersaturanon o,
defined as

delt) =¢ =g -1}

becomes zero. (Here ¢ir)is the mean malrix
composition at time ¢ with ¢lr=0)=cy)

For case a), which prevals frequently
during industrial processing. the aging
temperature and the associated equtlib-
rium solubility limit 5 (T) decrease contin-
uously. Equilibrium can only be reuched if
the cooling rute is sufficiently low within a
temperature range at which the diffusion of
the solute atoms is still adequately high.
The precipitated volume fraction (f;) and
the dispersion of the particles of the second
phase can thus be centrolled via the cool-
ing rate.

Procedure b) is frequently used for
studies of decomposition kinetics under
conditions which are easier to control and
descnibe  theoretically (T = T, = const;
D = const.) than or case a). This leads to
precipitate microstructure whose volume
fraction and pariicle dispersion depend on
Ac|T)and the aging time ¢

Decomposition reactions involve diffu-
sion of the atomic species via the vacancy
offand the interstitial mechamsm. Hence,
the precipitate microstructure procesding
towards  thermodynamic  equilibrium
evolves as a function of both time and tem-
perature. In practice, a metallurgist is often
requested to tailfr an alloy with a specific
precipitation midrostructure. For this pur-
pose it would be desirable to have a theo-
retical concept, e.g. available as a computer
algorithm, which allows the derivation of
suitable processing parameters for estab-
lishing the specific microstructure on
grounds of the given thermodynamics of
the alloy. This less empincal approach w
alloy design, however, would sequire a
comprehensive theory of precipitation ki-
netics, which ai present has not yet been
developed 1o a satisfactory level, despite
recent efforts and progress made in eluci-
dating the kinetics of frst-order phase
transitions in solids. Furthermore, in mate-
rials science it is {requently desirable to
predict the kinetic evolution of an ongi-
nully optimized precipilate microstructure
under service conditions, ey for high tem-
perature apphcations in two-phase mate-
rials. where the precipitate distribution
might undergo changes because of coars-
ening. Even though the kinetics of coarsen-
ing are of great pracucal importance,
completzly satisfuctory codrsening theary
has so far only been developed in the Iimit

nA

of zero precipitated volume [raction (see
Sec. 4.6). This himitg@, however, is aever
realized in technical a loys, where the vol-
ume fraction of the mitor phase lrequently
exceeds 30%.

In the present chapier revent theoretical
and experimental studies on the Kineucs of
phase separation in solids are reviewed
from the point of view of the experimental-
ist. $pecial emphasis it placed on the ques-
tions to what extent [1e theoretical results
can be verified experirnentally and to what
extent they might be of practical use to the
physical metallurgist. We confine ourselves
to dealing only wilt homogencous and
continuous phase separation mechanist.
Heterogeneous nucleation at crystal de-
fects. and discontinuous precipitation reac-
tions at moving interfaces, as well as un-
mixing in sohds under irradation are
wreated separately in Chapter 5 of this vol-
ume.
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4.2 General Considerations

4.2.1 General Course of an Isothermal
Precipitation Reaction

As iltustriated for a Ni-37 a8% Cu-8
at % Al alloy TFies. 32 and 4-3)1 an 1s0-
thermat precipitation reaction, the kingtics
of which will be dealt with in more detail in
Sections 4.3, 4.6, and 4.7, 15 qualitatively
chariucterized by an early stage during
which an increasing number density

N = fiRydR {4-2)

of more or less spherically shaped solute-
rich clusters "particles’) with 1 size distei-
bution fIR{) and a mean radius
JRf(RIdR

LR
are formed. As 15 common te all homoge-
neous precipitation reactions studied so
far. 1 the earliest stages of the reaction the
parent phase 2 and the precipitate phase §§
shure a common crystal lattice, fe., the two
phases are coherent. As inferred from the
Neld 1on micrograph of Fig. 4-2 and from
the quantitative data of Fig. 4-3, during the
early stages R increases somewhat and the
supersaturation. (v, decreases slowly. This
small reduction in e, however, is sulficient
to terminate the nucleation of new parti-
cles, 33 indicated by the maximum of N, (1),

Heyond this maximum the precipitate
number density decreases (Fig. 4-3) due w
the onset of the coarsening reaction, during
which the smaller particles redissolve thus
enabling the larger ones 1o grow (see Sec.
4.6}, During this coarsening process the su-
persaturation e decreases asymptoucalty
towards zero.

As mentioned previously, within the
miscibility gap, the solid solution 2 be-
comes unstable and decomposes into the
stable solid solutivn &« and the precipitated
phase P

R= 4-3)

ded ]

The terminal solute concentration of the
solvent (Alrich matnx 2 15 given by the
eguilibrim solebihty Tumr <3 T the ter-
minal compositon ¢, of the precipitated
pluse s given by the solubihity at 7 at the
ek side of the phase diagram (Fig. 4-1).
Frequently, the interfaci energy o, () m?)
between the madnx and the eguibibrium
precipitate s rather large, i paiticoler of
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Sec 42350 In this case. the decomposition
of ¥ proceeds via the sequence

Teex H [ x +

During the first step of the precipitation
sequence o metastable precipitate {transi-
tion phase P05 formed, frequently with
large associated coherency strains aand a
small interfacial ensrgy ap Often the
metastable phase § is an intermetallc
compound with 3 smaller solste concen-
tration (c° = ¢} than the equilibrium pre-
ciprtate (¢, ). Because of the large coherency
strains, the metastiable ‘cohereat’} sulvus
line (dushed line in Fig. 4-1) is shifted to-
wirds larger solute concentrations. This
leads to a reduction of the supersaturation
with respect o the (incoherent) equilib-
rium solvus line (Fig. 4-1), and, hence, to «
reduction of the driving force for precipita-
tien {see Sec 4.2.4) Often only after ex-
tended aging do the metasiable phases
and (" decompose further to the final equi-
ftbrium phases « and P. The crystal struc-
turf) of the equilibrium phase B finally pre-
cipitated is different to that of the parent
phase, leading to either a coherent, 4 semi-
coherentor a lully imcoherent '/ interface
boundary (Gienter. 1933). The atomie
structure of the latter resembles that of
high-energy, high-angle grain boundary
and, thus, is associated with a rather large
witerfacial energy and small elastic strain
energies

The decompositon of Cu Tialloys with
Ti contents between =1 at.% and 3 ar".
serves das dn example for such a complex
precipitation sequenve (Wagner et al, 19887

2-Cu~(1 ... 5 at.%;} Ti

|

Iststep T

|

2" -Cu-Ti (fee solid solution) +
F-Cu,Tr (metastuble. conherent, body-
centered-tetragonal structure,
large coherency strains, small
interfucial energy,
G = D067 ) mY)

"

o
i
=]
~

Ind step extended
| aning

a T o150 0

-0 Ty e soid solutiony +
$-Cuy Ty istable, hesagonal structure,
incolierent, small strain, laroe
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4.2.2 Thermodynamic Considerations -
Wletastabilicy and Instability

Lt us consider a binagy alloy censisting
of N, solvent atoms A ind Ny solute atoms
B with ¥, + Ny = N, or, in tegms of wtomic
fractions, ¢, = ¥ /N and ¢y = Ny, WV, with
¢, + oy = |. {The concentrations of aloms
A and B are then giver as ¢ n, and cgn,.
where n, is the number of atoms per unit
volume.) As only one independent variable
remains, we can refer to the compasition of
the alloy as c= ¢y D €S i)

Decomposition of a supersaturated sm-
wle-phase alloy into a two-phase state com-
monly oceurs at constant temperature T
and pressure p, and is thus prompted by a
pussible reduction of Gibbs free energy
(Gaskell, 1983}

G=H-TS§ (44
with the enthalpy
H=U+pV (4-3)

Thermodynamic eguilibrium s attained
when G has reached a mimmum, 1€,

3G, ,=dU +pdV —-Td5 =0 (+-6)
Usually for phase separation in solids the
term pd ¥V can be neglected with respect 1o
the others in Eq. (4-6). Thus a good ap-
proximation for G is given by the Helm-
holtz free energy

F=U-TS -7

which will be used in the following sections
as the relevant thermodynamic fuacton.
Equilibrivm is achieved 1f F or the corre-
sponding [ree energy density (F per unit
volume or per mole) are minimized. Un-
nuxing only takes plage il the trunsition
from the single-phase stute lowers the free
eneryy, e, by convention if JF <0
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For a grven temperature, volume, and
solute concentration of a heterogencous
binury alloy, equilibrium between the (wo
phases = and B can only be achieved «f
the concentrations of A and B in the wo
phases have been established such that

(5F') (af"
en, Jr Von, - —EET)T,J"NJ (4-8)

In other words, at equilibrium the chemj-

] aF* ’
cal potenuals u* = o and ;¢P=%i—‘.- of
the component i (either A or B} in the two
phases are identical and the two phases
have a commoen tangent to the associated
free energy curves. This fact is illustrated in
Fig 4-4 for a supersaturated solid solution
of composition ¢, which decompases into
i B-depleted phase 2" und a B-rich phase B
of compusttion ¢f and ¢f, respectively. et
and ¢f are fixed by the common tangent
1o the free energy curves of the x- and p-
phases; thus ¢f ~ ¢f represents the width of
the muscibitity gap at a given temperature
{cf. Fig 4-4)

Fig. +-3a shows schematically the phase
dugram of a binary alloy with a two-
phuse region at lower teIlpcratures for
T=T,; the associated free energy versus
composition curve, F(ch is shown in Fig.
4-5b. In the single phase fisld o, F de-
creases fflst with increasing solute concen-
Lration due to the growing entropy of mix-
ing ‘[Eq. (47 In the thermodynamically
equilibrated two-phase region, F varies Jin-
early with ¢ (bold struight line satisfying
the equilibrium condition g = y#).
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The e fiehd theoriey (see Secs. 402
and 4.3} dealing with the unmnxing kinet-
s of solid solutivns quenched into the
nusarbility wap are now based on the (a
prion questionable) assumption that the
quenched-in single-phase states within the
two-phase region can be described by a
constrant’ free energy Flo) > Fiol ey s
s shown in Fig 3-3b (bold dashed line).
Bascd on thes concept. the miscibility gap
can be subdivided into o metasiable region,
where F'(¢h > Fle) and @F' /8¢ > 0, and
an unstable region, for which F'(¢c} > Fic)
but &' F%Cc? <0. The unique spinodal
curve which is defined as the locus of the
inflection points (@*F7/8¢?); = 0 separates
the two regions {Fig 4-5a). The essence of
the distinction between metastability and
instability will be discussed in the follow-
ing section

4.2.3 Decomposition Mechanisms:
Nucleation and Growth versus Spinodal
Decomposition

Experimentalists are often inclined to
distinguish between two different kinds
of decomposinion reactions, depending on
whether i) the solid solution experiences
a shallow quench (eg. from points 0 to i,
Fig. 4-3a) into the metastable cegion or
1) whether it is quenched deeply into the
unstable region of the miscibility gap (e p.
from points 0 1o 2)

Forcase (), unmixing is initiated via the
formaton of energetically stable solute-
nch clusters Cnuclei’). As inferred from Fig
4-3b, only thermal composition fluctuy-
tons with sufficiently large compositional
amphiudes (¢ = ¢y) Jower (4F <0} the
free enerey of the system and. hence, can
lead to the formation of stable nuclei. Ac-
cording 1o the tangent construction for the
given composition ¢, of the initial solid
solution. the largest decrease in AF i5 ob-
tamed for 4 nucleus with composition ot
Iwhich depends on ¢ ) rather than with
¢, = ¢y The latter s the composition of the
terminad second phase 3 coexsting in eyut-
Iibrium with the  phase of composition o
The lormation of stable nuclei via localized
‘heterophase’ thermal composition fluctiig-
tons (e d-0a) requires u nucleation har-
rier thvpeally larger than 347110 be over-
wome we Sec 43 1) and s characterized
By an meubaton period This defines the
homopencous sobd seluton ar pont
Phie 4-501 0% heine meracrahbne ant sie.
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As will be vutlined 1n Section 4.5.1, the
decay of o mewstable solid solution via
aucleation and growth has frequently been
descrtbed in terms of cluster kinetics mod-
els. The cluster kinetics approaches are es-
sentially based on the Becker-Déring the-
ory tBecker and Doring, 1933) of the dy-
namics of solute cluster formation. There jt
is assumed that the non-equilibrinm sys-
tem consists of non-interacting solute-rich
clusters of various size embedded into the
matrix. The time evolution of the cluster
size distribution and, hence, the dynamics
of the decay of the metastable alloy, are
assumed to procesd via the condensation
or evaporation of single solute atoms by
each cluster.

[n caye it ). the non-equilibrium solid so-
lution with an initial composition ¢4 > ¢!
{Fig. 4-3b) is unstable with respect to the
formution of non-locakized. spatially ex-
tended thermal composition Nuctuations
with small amplitudes. Hence, the unmix-
ing reaction of an unstable sotid solution,
which is termed spinodal decomposition. is
nitiated via the spontanzous formation
and subsequent growth of coherent 'ho-
muphase’) composition fluctuations (Fig.
3-6b)

The dynamic behavior of an unstable
alluy proceeding towirds equilibrium has
often been theoretically approached in
terms of spinodal theories (see Sec. 4.3.2),
amonest which the most well-known lingar
theory is due to Cahn (1966) and (he most
efaborate non-linear one is due to Langer,
Bar-On, and Miller (1973). As discussed in
Section 4.2.1, the spinodal theories are
hased on the assumption that in each stage
of the decompaosition reaction the free en-
ergy of the non-equilibrium solid solution,
which contiins compositionad fluctuations,
can be defined As in the cluster kinetics
models, the dewving foree for phase separa-
tion s again provided by lowering the free
energy of the wlloy. [ the form of the con-
stint’ Iree enerey F{0) ol the non-uni-
form svstem o property chosen. the com
posttion probife with assoctated aumiminm
lree encrgy cun be determined (in pPrin-
ple'h at any nstant of the phase transtor-
Mmaition

AA -

Umbruch
Fahnen

shatt 6940 Wainheim

er'agsgese!'s

ch, Wurzhurg

w
2
Pl
=
2
=]
g
£
8
=
E.]
n
o
;
v
E

LoSonmen

~icr

=X



Liie existence of a wugue spinodal curve
within the frumework of the mean-ficld
theories (Cahn, 196b; Cook, 1970, Sknpoy
and Skripos, 1979) has led o the wdea ull
widespread 1n the community of metallur-
wists) that there is 4 discontinuizy of the
mechanism and, in partcalar, of the de-
compusition kinetics at the boundary be-
tween the metastable and unstable regions.
Therzlore, many experiments huave been
carried vut in order to determuine the
spinodal curve and to search for a kinelic
Jdistinction between metastable and un-
stable states {see Sec. 4.5.4)

In reality, there i3 no necessity to de-
velop dynamical concepts which are con-
fined to either the metastable nucizarion
amd growth regime fease i) or to the unstable
spinodal regime (case ). 1n fuct, the cluster
Linetc models and the spinodal theones
can be seen as two different approaches
used to describe phase separation, the dy-
namics of which are controlled by the same
mechanism, 1.2, dilfusion of solvent and
solute atoms Jewven by the gradienc of the
chemical potenual {Maroin, 1978).

This fuct ts reflected in the more recent
attempts to develop umyivd theories” which
comprise spinodal decomposition as well
as nucleation and growth. Luanger etal
(19731 tried to develop such a theors an the
basis of a non-linear spinodal theory (see
See. 4.3, whereas Binder and voworkers
(Binder etal., 1978, Mirold etal, 1977)
chose the cluster kinetics approuch by trewt-
ing sp:nodal decompuosition in the form of
a generalized nuckeation theory (see Sec.
4.3.1). These theories involve several as-
sumptions whose validity s difficult to as-
sess a priori. The quality ol all spinodal or
cluster kinetic concepts, however, can be
scrutinized by Monte Curdo simulations
of the unmixing Kinetics of binary 'model’
alloys. These are quenched iato either a
metastable or an unstable siate (see Sec.
4.5.3) and can be described i terms of an
bsing model {Kalos etal., 1975, Penrose
etal., 197%)

Although both the "unificd theornes’ aad
the Mone Carlo sisnulations oaly provide
qualititive snsight intu cirly stage uamix-
me behavior of a binary alloy. they have
reveaded that there 15 no discontinuity m
the decuntposiion Kinels o be expected
Juning crosaing of the mean-heid spinodai

.—ﬂz\
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curve by either increasing the concentra-
tion of the alloy and keeping the reaction
temperatare (1, constant or by lowering
the reaction temperature and keeping the
composition (i) vonstant. On the other
nund, the mean-field description is strictly
valid only for systems with infinitely long-
range interaction forces (Guaton, 1984)
and, hence, in general does not apply o
metallic allovs (polymer mixtures might be
close to the mean field linmt Binder, 1983,
t934: lzumitani and Hashimoto, 1983; see
See. 4345 Thecefore, numerous experi-
ments which have been designed by metal-
lurgists in order o determine a unique
spinodal curve simply by searching for
drastic changes in the dynamic behavier of
an allov quenched into the vianity of the
mean-ield spinodal must be considered
with sonwe reservations.

In principle, the above-mentioned theo-
ries and, in particular, the Moate Carlo
simulations deal mainly with the dynamic
evolution of a (wo-phase mixture in ils
carly stages. They frequently do not ac-
count for a further evolution of the precip-
itate ur cluster »ize distribution with aging
time {i.¢.. codrsening, see Sec. 4.6) once the
precipuated volume fraction is close to its
equilibrium value. On the other hand, the
time evoluton of the precipitate micro-
structure beyond  its anitial  clustering
stages has been the subject of many exper-
imental studies and is of major interest in
practical metailurgy. For this purpose,
numencal approaches have been devised
{Langer and Schwartz, 1980; Kampmann
and Wagner, 1984) which treat nucleation,
growth, and coarsening as concomitant
processes and. thus, aflow the dynamic
evolution of the two-phuase microstructure
to be computed during the entire course of
a prccipilation reaction {see Sec. A7)
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As was pointed out in Section 4.2.1, the
reaction path of a supersaturated solid so-
lution can be rather complex, sometimes
involving the formation of one or more
intermediate non-equilibrium phases prior
to reaching the equilibrium two-phase mi-
crostructure. Unlike in the "eacly stage the-
ories” mentioned above, these complica-
tions. which are of practical relevance, can
be tuken into consideration tn numerical

approaches. Even though they il contain I':t

a few shortcomings. numerical approaches
lead to a practical descripzion of the kinetic
course of a precipitation reaction which
lies closest to reality,

There exist quite a few recent compre-
hensive review articles and books dealing
in a more general manner with the kinetics
of first-order phase transitions (Gunton
and Droz. 1984; Gunron et al.. 1983; Bin-
der, 1987 Gunton et al. 1983; Penrose and
Lebowirz. 1979 Phase separation in solids
{erystalline and amorphous alloys, polv-
mer blends. oxides and oxide glasses) via
homogeneous nucleation and growth or
via  spinodal decomposition represents
only one aspect among many others (Gun-
ton and Droz. 1984). Apart from the
ahove-mentioned numerical approaches,
the comprehensive articles by Martin
119783 and by de Fontaime [1982) cover
most of the recent theoretical develop-
ments relevant to the kinetics of (homoge-
neous) phase separation in metallic sys-
terns. A general overview of the broad field
of diffusive phase transformations in mate-
rials science, including heterogeneous nu-
cleation and discontinuous precipitation
not covered in the present chapter, can be
found in the article by Doherty (1983} or,
as an introduction to this field, in the book
by Christian ¢1973),

4.2.4 Thermodynamic Driving Forces
for Phase Separatinn

Fyen in the single-phase equilibrium
state, the mohlity of the solvent and solute
atems at clevated temperatures permits
the formation of compuosition Nuctuations
which grow and decay again reversibly
with time. 1f the sohd solution is quenched
wnto the miscihilty gap the two-phase mix-
tuee 1s the more stable state and, thus, some
of these fluctuations  erow  irreversibly
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cnergy. The reduction in free enecgy duning
the transformation from the intal to the
limal state provides the deiving force 4F As
we shall see in Section 451, tUis possible to
cialeilate the furmation rate and the size of
stable composition Nuctuations Pnucler” of
the second phase) by means of the cluster
Kinetics approachk once AF i known. Tt
should, however, already be emphasized at
this point that for most alloys it is rather
difficult to caleulate JF with seffcient ac-
curacy. This 13 seen as one of the major
hudrances to performing a quantitative
comparisont belween theory and exper-
ment.

The driving force for precipitation is
composed of two different centributions:

1} the gain in chemical free energy,
AF.,, < 0. associated with the formation of
a unit volume ol the precipitating phase b
and

i the expenditure of distortion free en-
ergyv, /F, >0, accounting for the coher-
envy strains which result from a likely vari-
atipn of the latnce parameter with the
spatial composition luctuatioas.

i} Chemical contribution, 4F,. According
to the tangent rule and referring to Fig 1-4.
the chermical driving force for precipitation
of the equilibrium § phase out of a solid
solution with composition ¢, is given hy
the numerical value of Xy, Assuming the
precipitating phase § already has the final
bulk compasition ¢ = ¢, rather than ¢**
lwhich is only a reasonable assumption if
the supersatucation 1$ not teo large (Cahn
and Hilliard, 1939, £F,, has been derived
for a unit volume of B phase with molar
volume ¥y as (Aaronson et al, 1970y

R T
AFcn - . 4.9
Y
denin fl",((") Fll—cf)in Anlea)
: aplcs) aged)

where a (¢} is the activity ol the solvent
ti — A) or solute component (£ = B) in the
parent phase « for the given composiion
For most alloy systems the actrvaty dara
required for a composition of LAF by
means of Eq. (3-9 are not avulable. In
principle, they can be derived from a com-
putiation of the thermodynamic functions
by means ol the CALPHAD method Orne-
!n'.llly this method was developed for the
celculation of phase dugrams by Roaafiman
and coworkers fhaaulman and Bernsien

19700 an the hass ol o few accuratels mea
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sured thermodynamic data to which suit-
able expressions for the thermodynamic
functions had beea fitted. For the sake of a
sunplified mathematical description, the
stable sulid solutions of the particulac alloy
svstem are frequently described in terms of
the regular solution model, whersay the
phuase ficlds of the imermetailic compounds
dre upproximated by line compounds. The
thermodyiamic functions vhtained therdy
are then used Lo reconsteuct the phase dia-
grani (or part of itl. The degree of self-con-
sistency between the reconstructed and the
experimentaily determined phase diagram
(ot the agreement between the measutred
thermodynamic data and the derived data}
serves as a measure of the accuracy of the
thermodynamic functions. Hence, if, for
example, Fic. T) is known for the stable
solid solution, this value can readily be
extrapolated into the adjacent two-phase
region to yield F{c) (see Fig. 4-3) of the
supersaturated homogeneous solid solu-
tion or the related chemicai potentials and
activities. Of course, physically this is only
meaningful if one assumes (as. 1M fact is
done for the deviation of Ey. (4-9}) that the
[ree engrgy of the non-equilibriuvm solid so-
lution can be properly delined within the
miscibility gup

For many binary alloys and for some
ternary alloys of technulogical significance,
Lhe thermodynamic functions have already
heen evaluated by means ol the CAlL-
PHAD method and are compiled in vol-
umes of the CALPHAD series (Kaufiman,
1977,

Hitherto, due to the tack of available
activity data. the activities entering Eq.
{4-9) were frequently replaced by concen-
rations, i.e.

AF, = —E'L- 4-10)

< i

[
e 1. Co . 1 =<y
. {"B In e + (1 —¢j) ln(liz)}

il § is almost pure B, then cj = § and the

chemical driving foree 1 approximaled as

M= — R"T; In E'»: 310
by [

For many alloys the condition cpxlis
sor met. Nevertheless, iU has been used
far computation of JF As discussed by
Auronson €L al, [1970) the resulting error
can be rather lacge. 17 the nucleating phase
is o solvent-rich intermetallic compound
te.g Nipalor Co T, the computation of

rely

ffﬂgf
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JF, is particulacly dilficult, since up to
now the correspunding activities are nei-
ther known nor furmished hy the CAL-
PHAD method, and Egs (4-10F and (4-11)
are no longer valdd,

ii) Reduction of the driviny force by the elas-
tic strain energy, 4 F,,. The formation of a
composition Nuctuation is assockted with
the expenditure of elastic strain free energy.
AF,,. if the solvent and the solute atoms
have different atomic radii. According to
Cahn (1962), the [ree energy of a sys-
tem containing homophase fluctuations is
raised by

AF, =gt de’ ¥ 4-12)

n = {1/ay) (da/dct denotes the change in
lattice parameter {a, for the homoge-
neous solid solution of composition ¢g)
with vomposition, and de the composition
amplitude. ¥ is a combination of elastic
constants and depends on the crysiallo-
¢raphic direction of the composition mod-
ulation. It reduces o E(l—v), £ and v
being Young's modulus and Poisson’s ra-
tio. respectively, if the elastic anisotropy
A= 2e,, + ey — 0,y s 2ero; otherwise, in
order to minimize AF,. the composition
fluctualions are expected 1o grow along l{ﬁ
elastically soft directions, which for cubic
crystals and A4 >0 are the (100 directions.

In the context of heterophase fluctua-
tions. the barrier against nucleation of the
new phase is dominated by the matrix/
nucleus iaterfacial energy (see Sec. 4.5.1).
Since coherent interfaces have a lower en-
ergy than incoierent ones, & precipitate is
usually coherent {or al least semi-coherent)
duning the carly stages of nucleation and
growth. Often its lattice parameter, ag, is
slightly different to that of the parent
phase. a,. The resulting misfit between the
(unstrained) matrix and the (unstrained)
precipiiate:

a, — i
§=2 1t -13
dy + sy (@-13)
can be accommoedated by an elastic strain
if both & and the particies are sufficiently
small: this is commonly the case during the
carly stages of nucleation and growth.
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The problemt of calculating AF, for co-
herent melusions i rather complex Bt has
been generally treated within the frame-
work of setropic elastic theory lor ellip-
sondal precipitates with varying axial ratios
hy Fshelby (1957), and has recently beea
extended o the anisotropic case {Lee and
Jehnson, 19821 Basically, these treatments
yicld the strain energy to depend on the
particular shape of the new phase. Only if
the transformation strains are purely di-
latational and il v and P have about the
same elasnc constants does AF, hecome
independent of the shape. Ttis then given as
tEshelby, 1937y

AF, =1 (-' ffl).sf 4-14)
[

with + being the shear modulus

As is shown schematically in Fig. 4.7,
with respect to the free energy of the inco-
herent cquilibrium phase B, the free energy
of the coherent phase B is raised by the
efastic energy to match the two lattices.
The driving force '™ =Xy is reduced 1o
the valire of JF“" = uv, and the solubility
limitin the 2 phase increases from cf to c)f.

Hence. if we refer to the resulting coher-
ent phuase diagram (cf. Fig. 4-1), the total
driving force, AF, for coherent unmixing.
implicitly already containing the elastic
contnbution. is obtzined by replacing, e.g.
in Eq. (4-11), the composition ¢f of the in-
coherent phase by the composition ¢ of
the coherent one:
AF = — E;IT?: In ’(:!J

4-15
L (4:15)

‘

As an example. for metastable iron-
rich fec precipitates (cg = 99.9 at. %) with
5 — —8 <1077 formed at 500°C in a
supersaturated Cu 113at®s Fe alloy
fog = 1L13ul. ¢ = 003 at"s Kamp-
mann and Wagner, 1986), Eq. (4-12) yields
AFy = 013 kI 'mol This value is negligibly
sell with respect o the rather large chem-
ical driving force {220k mol) Since.
however, F,, decreases markedly with in-
creasine temperature {or devrensing SUper-
sinturation), whereas 1F, does not, coher-
ent nuclezuon commonly oceurs at farger
undercoolings or supersaturabons, where-
as nucleation of incoherent precipitates
tab ey place at smailer ones, This is in fact
cheerved in the Cuo Ti (see Sec 321 and
Al Cu systemis tHornhogen, 1967)

i
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As wiil be shown in Section 4.5 11, the
barrier (TF* against formation of the new
phase and, henee the nucleation rate, is not
only a function of the driving force but i
rather sensitive to the nucleus matric in-
terface eneray # . Therefore, the phase
nucleating first will not necessarily he the
cquilibrivm phiase with the lowest free
energy but that with the lowest AF* ev,
a coherent metastable phase with a low
value of g, This explains the likely forma-
tion of & series of metastable phases (see
Sec. 4.2.1) in vanous decomposing alloys,
amongst which Al -Cu (e, <235 a1.% Cu
1s prabably the hest known. There the sta-
ble phase 10-CuAl) is incoherent, with a
high ussociated v,y 12 1 J'm") i Hornbogen,
1967) This inhibits homogeneous nu-
cleation and B is found to form only at
small undercoolings, preferentially at grain
boundaries (see Fiz. 4-81. At larger under-
coolings. a series of metastable copper-rich
precipitates is formed in the order; GPI
zones — GPIH 7ones (A7) — B wirth different
crysial structures fsee Fig 4-3). Guinier-
Preston zones of type 1iGPI and type 11
IGPI or 6" are coherent and nucleate
homogeneously. whereas # is semi-coher-
et and nucleates preferentially at disloca-
tions,

4.3 Experimental Techniques for
Studying Decomposition Kinetics

.01 Microanalytical Tools

[n general. the course of a decomposi-
tion reaction, including the early stages
iduring which composition fluctuations
and second phase nuclei are formed, see
Sec. 4 2.1} as well as the coarsening stages,
cannot be followed continuously by any
one microanalytical technique, The pro-
gress of the reaction is usu:‘y TeCon-
structed from the microstruciure that de-
velops at various stages of the phase trans-
formation. Thus it is necessary to analvze
the spatial extension and the amplitude of
composition fluctuations of incipient sec-
ond-phase particles. as well 4 the mor-
phology, number density, stze and chemi-
cill composition of idividual precipitates
at varous stages of the phase transfor.
mation For this purpase microanalvical
tools wre required that are capable of re-
solving sery small {tvpicatly o few nm) col-
ute clusters, and which allow (frequently
simultaneowdyian analvss of their chemr-
cal compasttion G be minde
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The tools which, in priaciple, meet these
requizements can be subdivided into two
groups: direct seging technigues and scof-
tering technigues

it is beyond the scope of this chapter to
discuss any oae of the techmques belong-
ing to cither group in any detail. We shall
oaly briefly summarize the merits and the
shorteomings of the various technigues
with respect to both the detection limit and
the spattl resolution of microanalysis.

4.3.4.1 Direct Imaging Techniques

Field ion microscopy (FIM) (Wagner,
1982) as well as conventional (CTEM)
(Hobbs etal., 1986) and high resolution
{HREM) transmission electron microscapy
{Smith. 1983) allow direct imaging of the
second-phase particles. provided the con-
trast between precipitate and matrix is suf-
ficient.

In CTEM both the bright field und the
dark field conteast of particles less then
=3 nm in diameter are often zither too
weak or too blurred for an accurate quan-
titative determination of the relevant struc-
tura} precipitate parameters. Henee, CTEM
does not pravide access to an experimental
investigittion of the early stages of decom-
position but remains a technique for study-
ing the later stages. In contrast, HREM
allows sotute clusters of less than | nm
diameter to be imaged, as was recently
Jdemonstrated for NiyAl precipitates in
Ni-12 at.% and [ar silver-rich particles in
Al-iat% Ag {Ernst and Huasen, 1988,
Ernst et al., 1987). As is shown in Fig. 4-9
for the latter alloy, the particles are not
ideally spherical but show some irregulari-
ties which, however, are small in compari-
son with their overall dimensions. Hence.
describing their shapes by spheres of radius
R is still a rather good approximation.

Prior to measuring the particle sizes di-

rectly from the HREM micrographs, it
must be established via computer image
simulations that there exisis a4 one Lo one
worrespondence between the width of the
precipitate contrast (dark area in Fig. 4-9)
and s true size. This was verified for the
HREM imuging conditions used in Fig
4.9 The evolution of the size distribution
in Al-1ac Ag weth aging time at 313 K
as derived from HREM mucrographs is
showr in Fig. $-10.
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The HREM lattice imaging technique
has also been employed to determine the
spacings of adjacent lattice planes in vari-
ous alloys undergoing phase separation
(Sinclair 2and Thomas, 1974; Gronsky et al.,
19735). The smooth variations observed
were attributed to variations in lattice
parameter caused by composition modu-
latioas such as one would expect {rom
spinodal decomposition (see e.g. Fig. 4.6b
att, or (,). Subsequent model caleulations
of high-resolution images, however, yield-
ed that the spatial modulation of the lattice
fringes observed on the HREM image can
be significantly different from the spatial
modulation of the kattice plane spacings
in the specimen (Cockayne and Gronsky,
1981). In practice. it does not appear possi-
ble to derive reliable information on com-
position modulations from medulahens of
lattice fringe spacings in HREM images.

The compuonition of the imaged particles
can, in principle. be abtained from analyti-
cal electron microscopy (AEM} which is
routinely based on energy dispersive X-ray
analysis (EDX) or, less frequently, on elec-
tron energy loss spectroscopy (EELS)
(Williams, 1984). Due to beam spreading
by electcon beam / specimen interaction,
the spatial resolution for routine EDX
microanalysis is limited to 10 nm. This
value is rather large and confines EDX mi-
croanalysis of unmixing alloys to the later
stages of precipitation. The more interest-
ing early stages of decomposition, how-
ever, where composition changes of either
extended or localized solute fluctuations
are expected to occur. are not amenable to
EDX microanalysis.
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Theoreteally, the spatial resolution of
EFLS s expected o lie below b am (Wil
Daums, 19833 Tn practwce, however, this limst
s oot been approached, and up 16 now
FELS has not vel been employed for a
systemane aneroanalysis of composition
Nuctuanons duting early stage Jecomposi-
toen,

Anratvricad feld ion microscopr |AFIM)
[Wigner, 1982) can favorably be applhed
for an analysis of ultrafine solute clusters in
the carly stages of decomposition, as hoth
the imaging resolution of the FTvl (see Fig.
4-2) und the spatial resolution of micro-
analysis of the ntegrated ume-of-flight
spectrumeter (‘atom probe’) are sufficient,
Lo, <inmand =2 nm, respectively. (Al-
though the atom probe detects single
atoms from the probed velume, the re-
quirement for the analysis to be statisti-
cally significant confines the microanaly-
ical spatal resoluton to 22amd As s
shown in Figs. 3.1 and 4-19, both the mot-
phologies of small particles and their three-
dimensional arrangements can also be de-

termined in the FIM, ut least for precip-
wates with sufficient contrast.

The wolume sampled dunag an atom
probe FIME analysis is rather small {typi-
cally 1077 m”1. Henee. in order 1o ob-
tn statistcally significant data coneern-
g the average size 1Ry and the number
density (8, of the precipitates. the latter
ouvht o exceed =107 m Y Since after
the carly stages of precipiation N, de-
credses with time isee Sec 4210 AFIM
shows its full potential as a microanalytcal
ool in studies of the early stages of precip-
itation, during which R is commonly small
and ¥, sufficiently large (Haasen and Wag-

ner. [985)

4.3.1.2 Scartering Technigues

e tme evolution of the structure of
supersaturated alloys, as well as of oxides
and pulvmer blends undergomg phase sep-
aration can be anulyzed by means of small
anple seattering of Xorays iSAXS) neu-
trons (SANS), and bight. Laght scarteriag i
ol vourse conlined o transparent spegt-
mews, in which the domain sizes of the
cralving second phase must be i the order
Gl <1 T s been successtully applied
1o studies al decompasiion. ¢ ¢ palyoer
mitere of polysinyl methsLether (PYME)
and palystyrene (PSE (Snxder, 19834,
puddb, 19831 and various gless-ferming
L 1043 Dinderana
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19871 and SANS IKostorz, 1979 provide
access 1o o structucal analvas of unnixing
wlloys. in both the early stages where the
composition Nuctuations can be small in
spatul extension and in amplitude, as well
as i the later stuges of decomposition
where B and N, may hinve attuined values
which are yuite unliuvorable for a quantita-
tive analysis by TEM of FIM. In addition,
evatluation of the Laue scattening allows
the remanmg supersatuzation of solute
atems in the matrix to be determined.

The metallureist s left with the problem
of extractng in a quantitative manner ail
the structaral data contained in scattering
curves such as are shown im Fig. 4-11, This
is often not trivial {Glatter, 1982, in partic-
ular for concentruted alloys lie., lor most
technical two-phase alloys). Here the scat-
teriny curve revesls & maximem (at posi-
tion ., and with height (>, in Fig. 411}
which results from an mterparticle inter-
ference of the scarered waves [Kostorz,
19791 In general, the interparticle intecfer-
cnce function is not known, thus imped-
myz astraightforward quantitative analysis.
Moreover, Lthe compositicn and maorphol-
vey of the fluctuiutions are required in or-
der Lo performo such ar analysis. For mapy
atloys this information can only be ub-
tatned from ALTM or AEM. These compli-
caung factors ofien demand the above-
mentioned  microanaivtical tools o be
emploved jumily, rendering experimental
studies of decomposition rather difficuit
amd tedwous

The SAS ntensity is praportonul to the
structure function Sie ¢) = is the scauer-

: g
ing vector with = xfdn sm( 5]
the wavelength of the X-rays or neutrons
and # the scattenng angle. For binary al-
lays 83, 1) is the Fourier transform ol the
two-point cocrelatnon function at time ¢

{langer, 1973 (4-16)
Gilr = rpl 1) = {etr ) = cob ety 1 = o)

The right-hand side in Fyq (3-16) denotes
the nonegulibrivm average ol the product
of the composition amphitdes at two dit-
ferent spatial positions, r and r,, in the
alloy with average composiion <.

Sia, b contis all the seructural infor-
mation o the phise separating system
Many theones d computer sumulatons
dealing with phase separation yield the
cuolion of Xz and predict the shin
of et hich s o meansute ol the averaee
spavaime of salute clustersy und the urowth
ob N 1 with tme thaneer eval, 1975
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Henve, SAXS amd SANS curves med-
wired after differeat agung trmes can be dJi-
rectty compared with the predictions frem
vartons theorgtical himetic coneepts {see
Seos. 434 and 4310,

in ternary systems the situation s much
more comphicated. Lhere evist three ho-
carly independent pair coreclabon fune-
Lons with thres refnted partl structure
functivns (de Fonraine, 197(, 1973 which
lineacly combine to the measured SASn-
lensity.

Thus, an unambiguous characterizaton
of the kinettes of phase sepuration i fer-
nary alloys requires the theee partsal struc-
ture functions to be determined sepurately.
Only recently, this has been attempted by
employing the ‘anomalous small angle
N-ray scartering” techaique for an investi-
gation of phase separation in Al -Zn-Ag
(Hoyt et al.. 1937), Cu-Ni-Fe {Lyon and
Simon, 1987. 1988)and Fe -Cr-CoiSinon
and Lven, 1989).

Unlike for X-rays, {or thermal neutroas
the atomic nuclear scatiering length is not
monutonicilly dependent on the atomic
number (Kostorz. 1979). For this reason
wie of SANS is more universal and is [re-
quently superior 1o SANS for decomposi-
ton studies of binary alloys with mainly
Iransition metal constituents having simi-
lar atomic pumbers, Consequently. SAXS
has anly been used extensively for studies
ol the unmixing kinetics in Al-Zn where
the difference (this, in fact. controls the
contrast in SAS) in atemic scattering
lengths for X-rays s sufficiently large
{Rundman and Hilliard. 1967 Hennion
ctal, 1982 Forouhi and de Fontaine,
1987).

Furthermorg, if the two phases differ not
only in composition but 4lso in magnetiza-
tion, both nuclear and magnetic SANS
curves can be recorded (see Fig 4-12)
These two independently measurabic SANS
curves sometimes even ailow the composi-
tion of the scatlering centers to be deter-
mined, e.g. for Fe-Cu, where diamagnetic
copper-rich particles precipitate in the
ferromaynetic 2-Fe matrix (Kampmann
and Wagner, 1986), or for phase-separated
amarphous FeyNiy,Pay (Gerling etal,
1958}

Due to relatively simple calibration pro-
ceduces in SANS experiments, the scut-
tered intensity which is expressed in terms
of the coherent (rucleas or magnetic) scat-
tering  cross-section  per unit volume,
d% (e, 11°d0, can be measured in absoluie
units. This is direetly related to the struc-

AR

ture function Six. 1 vul (Hennion etal,
1982

Jdx 1
a5 iy = b, St} 4-17
where by, and £ are the locally averaged
(nuce
the matrix and of the solute-rich dusters,
respectively, and € is the meun wromic sol-
urme

sar or magnetic) scattering lengths of
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4.3.2 Fxperimental Problems

4.3.2.1 loluence of Quenching Rate
on Kinetics

For studics on decomposition kinetics
the alloy 15 commonly homogenized in
the single-phase region at Ty (Fig 4-1),
guenched inte brine and subsequently
isothermally aged at T,. Tn order to cap-
ture the initial siages of the decay of the
supersaturated solid solution, both the
quenching and the heating rate to T, are
required to be sufficiently high in order to
avoid phase separation [rom occurring
prior to isothermal aging. This can be com-
fortably achieved in alloys with small su-
persaturations. Ltis, however, often a prob-
lem lar cven impossible) for alloys with
larze supersaturations and/or small inter-
facuil energes, where the nucleation bar-
riers are small (see Secs. 423 and 4.5.1)
and. hencz, the nucleation rates large.

The drving force for unmixing in
Al-lat¥s Ag at 140°C s rather small
(= 0.5 ki/mol). Nevertheless, because of the
exiremely small interfacial energy of only
=001 m?* (Le Goues et al,, 19844}, the
barrivr 10 pucleation is so low that precip-
ftation commences instantaneously almost
as seon as the soivus line is crossed. Thus,
excepl lor extremely high quenching rates,
the non-equilibnum  single-phase  state
cannot be frozen in and the gas-quenched
microstructure already contains a large
number of small GP-zones (Fig. 3-13).

The accessible quenching rales have
been found to be insufficient for a suppres-
sion of phase separation during quenching
of homogenized Cu-Ti alloys with Ti con-
centrations exceeding = 2.5 at%. This is
discernible from the SANS curve of the
as-quenched specimen, see Fig. 4-11.

. Further problems result from the fact
that the decomposition kinetics at T, are
strongly influenced by the concentration
of quenchedin excess vavancies. This de-
pends strongly on the chosen homogeniza-
ton temperature and quenching rate.

Fig. 4-14 shows SANS curves from spec-
imens which were solution-treated at the
given homogenization temperature Ty,
Following guenching, each specimen was
aged for 10 min at 350°C. The maximum
in the SANS curves is found 1o be the
larger. and its position 15 found to be the
smaller, the higher the homogenization
temperature. This indicates that phase sep-
aration in the early staees progresses faster

\_ZY.
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the higher the homogenization tempera-
ture 15 chosen. Obwviously, in Cu Ti the
voncentration of quenched-in exvess va-
canciesis corelated to Toand significantly
inftuences the decomposition kineties. This
effect may he mimimized if the alloy is fiest
solution-treated at high 7, and subse-
quently equilibrated at a homopenization
temperature slightly above the solvus tem-
peratire prior to quenching.

The inconsistency cancerning the exact
mode and kinetics of decomposition in
Al 1Y AL Zo. investigated by different
atthors (Rundman et al., 1967; Gerold and
Merz, 1967), has been explained by the
presence of different quenching rates which
unavardably tead to diferent states of sol-
ute ctustering in the as-quenched speci-
mens {Agarwal and Herman, 1973; Bartel
and Rundman, 19735,

The problems stated above render par-
ticutarly diflicult those experiments which
ire devised for an examination of the vari-
ous spinodal theories,

4.3.2.2 Distinction of the Mode
of Decomposition

The criterion which must be satisfied in
order to distinguish spinodal decompos:-
tion (5.d) from a aucleation and growth
{ng} reaction is Lo prove by any micro-
analytical technique that the amplitude of
the composition modulations of an alloy
deeply quenched into the miscibility gap
inereases with time during the initial stages
ol phase separation (see Sec. 4.2.7 and Fig.
4-6} Even apart from the problem outlined
in the preceding section, this is a tather
difficult task. since the cluster diameters
or the modulation wavelengths in most of
the more concentrated illoys investigated
hitherto have been found to range below
the resolution limit of composition analy-
stsocg = 2nmfor AFEM. Fig. 4-15 reveals
that the compasttions of the solute clusters
m Np ¥ar™ Cu-9at% Al (Liu and
Wagner. 1980 and in a hard magnetic
Fe-20at®s Cr Z4at% Co (Zhu ctal.
t986) alloy have reached their equilibrium
values and. hence, remam constant once
the vlustery have artined sizes which are
aceessible 1o chemical analyses by AFIM
13nm oand 18 nm, respectively). (Tn fact
foth ternary alloys may be considered as
heiny pseudobinary. Thus the thermody-
nanne eonaderations of Sec. 4.2.7 sul| .1p

rlv) The observed features suggest the
teaction i hoth alloys to be of the ng
tvpwe However, it cannot be ruled out a
praer that these Chusters result from a5l
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ction which was already terminated al
cven shorter aging times than coeld be
vered in these studies

Fiu 3.16 ~hows the miercannected pre-
sitate micgostructure of another hard
whetic alloy Fe- 29ata Cr 1dat’a
1_ 2at®s .:'\l Q15 a7, aged 10

:hdfirs optimum matgnetic properties. I f g

der to characterize the decomposition
acess with respect to the distribution of
- hetween the two phases, atom prohe
icroanalysis was performed.

The measured Cr concentration of the
trkly imaging precipitating ,-phase as a
netion of awing time at T =3523"C and
— 600 € is shown in Fig 4-17a During
ring at 600 C for less than 5 min it in-
eases continuousty before it attains its
ynstant equilibeium value, This behavior
idicates nnequivecally a spinodal decom-
osition mechanism. At the lower aging
smperature of Ty = 323°Clthe Cr ampli-
wde grows more slowly deeper within the
1iic1;:iiity eap due to the stower diffusion,
ut wltimutely reaches higher equitibrium
oncentrations in the ¥,-precipiates, thus
howine the spinadal behavior even more
learly, The observed increase in Cr con-
entration in the %, -phise with decreasing
swing lemperature 15 due to the widening of
he muscihidity gap. As the Cr concentra-
win in thy 2,-phase increases. the propor-
wns of Co and Fe are reduced i this
shase and are cotrespondingly increased
n the 7, -phase. Atom prabe analysis vields
L Fe €0 rane of 301 for hoth the ;- and
x,-phases. This ratio corresponds te the
tie-hine in the teraary system along which
spinedal decomposition proveeds. Fig. 4-
17h :hows the composttions of the wwon-
rich and ehromium-rich phases for various
aging times at §35 C and the tie-line corre-
;[hmnding toran Fe Co ratio of 301

This study is one of the very ritre ones on
metailic :\Il:;ys o have idengified a decom-
position reaction uneguivocally o he of
the spinodal type.

Frequently, the occurrence ol either
quasi-periodically alicned  precipitates
which give rise 1o side-bands in X-ray or
TEM diffraction patterns (Fig 408 orola
precipitated phase with a high denree of
iterconnectivits (e Fig d-161 has heen

emploved as o umigque criterion hy which to
define an allov as spenodal However, as
will he pointed ont i the next section,
morphalogy alone cannot be used to un-
ambrruously dstmgush spinodal decont:
pn»m-un from a nicleation and owth

reaction (Cabn and Charhes 3105

L2 -

4.4 Precipitate Morphologies

441 Fxperimental Results

Y laree variers of different shapes mom-
dividial precipitites and of morphologies
N precipen i metesteuctures oxists This
vothestrated oy Fre o419 for three different
Cuo Nehased alloes wath ernary ndditions
of AL Crooor Feothe precipitaned voliome
fractiond £ of shch s vather liree. en 1
(CUNUALY = 020 Ny s and
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Avmg of Nio37a0%y Cn 8 ate Al for
167 b at S80°C yvields randomly distribut-
ed sphericat particles with £ = 11 onm and
anumber densitv of = 36= 107 m 7 (Fig
419) In contrast, TEM of Cu- l6at%
Niodacts Craged for 230 h at 650°C re-
vedls o modulated precipitate structure
with cubaidal particles aligned along the
three (100 direcnons (Fig. 4-19b). Re-
placing Al or Cr by Fe leads to a mottied
I'sponue-like’) precipitite microstructure
in Cu-48 at.®% Ni- 8 al.% Fe aged for 8 h
at 30 C. The three-dimensional intercon-
nectivity of the moltled structure becomes
discernibie by a reconstruction of a se-
quence of FIM imagss which were tuken at
various distances underneath the original
surlace of the FIM specimen {Fig. 4-19¢).

Modulated siructures have been predict-
ed by Cahn (1963, Hilliard, 1970) to evolve
from spinodal decomposition in elastically
antsotropie cubic mairices, owing (0 the
tendency to mimmize the cohereney strain
energy lsee Sec. 424, Eq. {4-12)). Further-
more, in material which is either isotropic
ot for which the elastic energy (see Eq.
14-121 is negligibly small. spinodat decom-
pasition 15 predivied to geperate an inter-
connecled mottled precipitate mocphal-
ogy. Computer simulations of the larter
vise. which were based on a superposition
ol randomly orented sinuseidal composi-
von fluctuations of fixed wavelength, ran-
dom phase shifts ard a Gaussian distribu-
ton of amplitudes, yielded an intercon-
nectivily of the two conjugate phases for
volume fractions ranging from =0.15 to
=085 (Cahn, 1965). The simulated mor-
phological pattern (Fig. 4-20) resembles
the FIM images shown in Figs. 4-18 and
4-19¢ remarkably well.

This has made it quite tempting to define
these atloys and. more generatly, all alloys
displayving interconnected or quasi-period-
wcal morphologies, as spinodal alloys. In
general, however, in more concentrated aj-
loys where the number density of clusters
of the new phase 15 large and, hence, the
intercluster spacing small, interconnec-
uvity and quasi-periodicity in the late
stige microstructure may resuli lrom other
mechanisms, Examples of such mecha-
nisms are coalescence ol neighbonng parti-
cles te g.in the BaO) -Si1Q, system) or selec-
tve cearsening of elastically favorably
orented particles feg. in Ni-AT (Ardell
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and Nicholson, 1966 Do ctal, 1933l
Hence, in essence, the distinction between
a spinodal reaction and nucleation and
growth camet be based solely onoany
specific morpheloyical featuees but re-
quires a complete study of the evolution of
the new phase with aging time

4.4.2 Factors Controlling the Shapes
and Morphologies of Precipitates

In the case of homogeneous nucleation,
the precipitating particles are commanly
coherent with the matrix. Their shape is
controlled by the ruther complex interplay
of various factors. such as the magnitude
and anisotropy of the interfacial energy,
the difference in the elastic constants be-
tween matrix and precipitate, and the crys-
tal structure of the latter (Khachaturyan,
1983

The complesity of the situation is illus-
trated in Fig. .21 [Lee et al, 1977, There
the '.mismmpi elastic strain energy AE,,/4°
of an ellipsoidal Ag-rich particle with dif-
ferent oricatational relationships with re-
spect 1o a Cu or Al matrix is plotied as
a fundction of the aspect ratio K = T/R,
where T and R denote the two axes of an
elhpsold of revolution.

Assuming the interfacial energy 1o be
isotropic, Fig. 4-21 reveals that the mimi-
mum strain energy is obtained for platelet-
shaped particles (K € 1) the cubic direc-
tions of which fie parallel 10 those of the Al
or Cu matrices.

More penerally, theory predicts {Lee
et al. 1977) platelets to have the minimum
and spheres 10 have the maximum strain
energy i the precipitated phase is efasti-
cally softer than the matrix, regardless of
the orientation relationship and elastic an-
isotropy. For the reverse situation of a
hard particle embedded inte a softer ma-
trix. the sphere represents the minimum
strain energy shape.

However, often the elastic constants of
the precipitating phase are not available,
rendering the computation of the shape
with minimum strain energy difficult. In
particular, this holds true if the nucieating
phase is a melastable transition phase.

In essence, however, the sdopied shape
is determined by the balance between the

interfacial energy JF,, and the eiastic en-
ergy AF,. AF,, is minimized for particles
with spherical or faceted shape (28 Figs.
3-9 and 4-19) whereas .1 F,,, which 15 related
to the particle volume. commonly prefers
platelet-like morphology le.g Fig. '."2“‘
Thus, during the early stages of precipita-
tion. JF,, is the Jominating term, whereas
AF,, prevails in the limit of large particles.

3
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Thes accounts for the frequently ohserved
morphological sequence from spheres to
plates or totational ellipsoids with chang-
e aspect ranws during coarsening of the
precimtiades.

tnannternally nitrided Fe 3 at.%% Mo

alloy (Fe Mo, N, tvpe precipitates were
adrcindy Tound 1o nucleate as thin platelets
with A =01 and with an undistorted
1007, plane common to both the v-ma-
trix and the mitrides. The observed mor-
phology as well as the {100}, ,, hahit
planes have been accurately predicted by
applying macroscopic linear elastic theory
te tetragonal Fe (N, precipitates in fer-
rie ron, and assumine the interfacial en-
erey o be sotropic IKhachaturvan, 1973).
The latter assumption, howcv'cr. is de-
hatable. since during aging at 600°C
IFe.Mo) N, platelets  grow markedly
only in diameter whereas their thickness
remains almost constant {Fig, 4-27). This
has heen interpreted in terms of the large
dilference between the interlacial enerey E\f
the habit plane {20035 Jim®} and that of
the peripheral plane (= 0.3 J'm”) (Wagner
and Brenner, 1978).

I'Tnder certain conditions, the elastic or
magnete interaction of precipitates with
external stress fields or magnetie fields al-
tows the generation of anisotropic., highly
evented precipitale microstructures which
are semetimes of technological impor-

tance. If the transformation strain is non-
spherical. such as for Fe N, in ferritic

T IR R E R IU PYR e T

R ML TR

4.5 Farly Stage Decomposition
Kinetics

As outlingd in Sec. 4 2.3 the carly s
of unmixing of a solid soluuon quenched
inta the miscibility gap are trigeered by the
growth and the decay of concentration
Aluctuations Basically, the objective of any
theory dealing with the Kinencs of early
wtawe decomposition is the prediction of
lhcgp.arlicular shape, amphitade, and spa-
lial extension {or number of stoms} of a
solute fluctuation which becomes eritical
and. hence. slable against decay. Once
formed. the critical Muctwations render the
supersaturated atloy unstable with respect
to further uamigag.

Accarding 1o Sec 4.2.4 and referring to
Fig. 4-6, nucleation rheories conswder the
formation rate af stable nuclei, the latter
representing spatially focalized sotute rich
clusters Cparticles” or ‘droplets’) with large
concentration amplitudes. fn this context.
4 divtmetion is made between efassical
(Sev 'St it and nea-classical nucleation
theort 1%ee, 4.3 141 depending on how the
free s'n.:u'y af the nan-uniform sabd solu-
fien ennuiining the cluster distribution is
cvahiated Onee the Iree energy has been
specified. the equilibrium distribution of
heterophase fluctuanons and the nucle-
ation harrier (Sec 423 can be calcutated.

Fe N the particles mav interact with an 2 The nucleation rate i then obtmned as the g:
3 5 ;
uxternalls apphed stress ieid. The resulting a transfer rate at which smaller clusters at- B
chastic tnteraction cnergy depends on the _; tain the critical size. 3
particular orientation af the particle with .. = A ‘composition wave  pioture rather ) =
" - . F TR T L3 . " alism i . £ 5
respect to this field. During aging. this Sz @ than a “diserete droplet’” formalism is em S = 2
cuses 3 selective coarsening of favorably f-é £ E ployed in the spinodal theones 1Sec. 4 5.4) 8 2=
SN - : LT N ; - ‘C £
arented particles at the expense of the en- S8 v o which. as another approach. describe the 5F .
eraehically less Tavorably orented ones. early stage decompositinn Kingtics in ferms
Foranstance if the originally 1sotropical- of the time evolution of the ampliude and /\
v distributed Te N, plarelets undergo the wavdfleneth of the certun stable “ho- / /S
voitrsening in the presence of an external mophase” Muctuations (Fie 1-6h)
tensle stress applied along [001). a highly Ouite 2 few recent articles exst dealing
mjlcnlcal (ilﬂ’lSO[[()plL‘} pr:clpi[:tle structure E with the earlyv stage unmrang kinetics. £
will resultyFerzuson and Jack. 1984, 1985), 2 v Russel (1980) and Aaronson and Russel ° "~
with the hahit planes of all particles heing B 5 (1987 consider buth classical and non- £ S
parallel 1o cach ather and perpendicular 1o = 5 classical nueletion phenemena from a z "
. <o -
[004] Te additon, these platelets show a i g more metallnggical poiat of view, recent E )
strong naca] mavnete anmsotropy with - E prowress made in the frmolation of a mi- e 2
K . E 2 E = = . . = 2
the direction of easy magnetization paraliel = .‘_,i c cromcopiv cluster thenry ol nuclestion 1= 5 %
. 3 . . =
to the plate normal This magnetic prop- L - jé found i the article by Binder and Staufter 7.
ety cntalso be nsed for a complete orient- § e (19767 The comprehensine  articles by E P
e ol the pluelets dunng quging inoan ex. @ 5 ¥ Martin 11978 and by Genron and Dros ™ FE
teraal megnetic leld (Sauthetf and Phsch, g‘ 3 . (19Rd) disclose recent developments of hoth R
17y g 33 sncleatian and sproodal cnicepts notenls 3 [l
- i the theoretioan bt abas o the materials = :
g 5 moa . LE} H
x0T soentest B



451 Cluster Kinetics Approach

A5 L1 Classical Nucleation -
Shurp Interface Model

Suppose the homogenized solid solution

v quenched not oo deeply into (he meta-

stable regime of the miscibibity gap (e g to

pont Lm e 4-3) There it is isothermally
aged at a4 temperstare sulficiently high

lfor solute diffusion After a certam time a

distothution of micraclusters containing i

atoms (mers) will form an the matrix,

Generally, ciassical nucleation is now

bused on both a static and a dynantic part.
In the static part the changes of Iree energy
associated with the formation of an i-mer
and the cluster distribution /(i) must be
evaluated. In the dynamic pact the kinetics
of the decay of the solid solution which
now is described by the given distribution
of non-interacting microclusters, are calcu-
lated in terms al the time evolution of J (i)
uitimately this 4‘1] furnish the formation
rate of stable clusters, ie., the nucleation
rile.

Classical nucleation theory treats the
solute fluctuations as droplets which were
cut from the equihbrium precipitate phase
fi and embedded into the 2 matrix: in this
capidlarity or droplet modef the interface be-
tween 2 und 3 is assumed to be sharp, e.2.
Fig. 4-6a4. In essence, the approximation
reduces the number of independent vari-
ables which characterize a cluster, and
which may vary during the nucleation pro-
cess |eg. the solute concentration, the
atomic distribution within the cluster, its
shape, the composition profile across the
interface, ete) and, hence, determine the
free energy of the system. to virtwally a
single one. That is the number § of atoms
contained in the cluster or, in terms of a
nore macroscopic picture, the radius R of

Ay
the droplet: =y RY =i, if 2, denotes the
atorue volume in the droplet

Once the small nucleus containing only
alew atoms is treated as a droplet of the
new phase J having bulk properties {which,
i factis a rather debatable approximia-
toa). the interfacial free energy and the free
energy are ilso considered to be entirely
NEIWCTASCOIC 1 nalure.

The formation of a coherent droplet
with cadius R which gives rise 10 some elas-
e coherency steains. feads to a chanee of
free eneray, (4-15)

. 4n
JFIR) =0, Ij,,lrl R'+4nRs,

faure
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where, according to See 4 24000 [+ d )
is the driving focce per unit volume and a,,
the speaific interfacial energy.

The first term i Eg. 14-18) which scales
with R accounts for the gain of free energy
on forming the droplet {ie. it is negative).
The second term which scales with R? has
to be expanded on [orming the interphase
houndary and, hence. is a posiuve ceatri-
bution tr (1FIR).

Fig 4-23 shows the dependence of the
two contributions in Eq. 14-18) on the
droplet radius. The resulting droplet for.
mation energy JFIR) passes through a
maxmum at B = B* or i =" with

20
R*= ... 7w
=1 fopem + 00

hl
(% = ,4,75 . [ 7,,,3,?3,5,, e :I (4-[9}
"’Qll —{d fipem + 1)

Accordingly, clusters with R = R* are in
unstable equilibrium with the solid solu-
tion, 1e. the free energy of the system is
lowerif it contins clusters with sizes below
cor bevond R* or i*. Therefore. only clus-
ters with radu which exceed the radius R*
vl the critical nucleus are predicted to grow
continuously, This requires a fluctuation
to become a critical nucleus, first to over-
come the activation barrier for nucfeation,
ar the nucletion energy, (4-20)

161
JFIRMY = dF* = -~

o

Ve + A

As outlined in Sec. 424, Af, . de-
creases sirongly with decreasing supersatu-
ranon. or, for a given concentration, with
wereasing  aging  temperature {(Fig. J-1)
(':)rrcspondmg]b since o, and A/, are
only weakjy dependent on lemperature,
both R* and :1F* increase strongly with
decreasing supersaturation. Heace, the
droplet model ought (o upproximale the
enerrencs of an unmixing alloy better the
sundller the supersaturation.
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Once we have specified the free energy
ol formation of a droplet in terms of is size
R or i IFqQ. {4-18)) the free coergy of the
svstem coataining a number f 6, ¢) of non-
interacting clusters of size i per unit volume
at time t1s miven as (Frenkel, 1939: Russell,
1980

F = 1 AF U1 fh = T Spin (422
1

The entropy of mixing 5., arises frem
distributing the ciusters on the available
N, lattice sites per unit volume of the crys-
tal

The kinetics of early stage unmixing
are governed by the change of the cluster
qize distribution function i, 1) with aging
time. Microscopicaily, this may occut via
different processes

Valmer and Weber {1926). Becker and
[aring (1935 and Zeldovich {1943). the
works which most nucleation theories are
hased vn. assume the transitions between
size classes in an assembly of non-interact-
ine droplets to occur via the condensation
or evaporation of single solute atoms.
Hence, stnce only a transition between size
classes tand i+ 1 15 ailewed. its flux J, is
piven as {Russell, 1930)

S s TR T LR T A s [0 BE an L O] B e

Morervtte b Lbie pl e

1 the conventional nucleation theory 1t
15 now assumed that che evaporation rate
2{i + 1) derived for the equilibrinnm situa-
tion Cprinciple of detuiled balance’) e
stll vatud for the non-equilibrated system
where £t 1) # Ciovand J; # 0. Under such
an asswmption, which becomes reasonable
when f-mers are able o refax internally
hetween atomic condensation or evapo-
ration. the flux of clusters between size
classes i and 1 +1 is obuined from Fys.
(3.251 and {4-23) iR ussell, 1980):

] | _
L=puyci] ety fen
Cli+ 1) Cliy

- ﬁmc'u{t--’ '-'-‘-1”—"’-‘"—“-’-] (4-36)

[ the carliest theory on npucleation
(Folmer and Ileher; V-W, 1926) it is as-
sumed that 1. =0 for clusters with
i e R R0 and that clusters with
R = R* decay arnficially into monomers,
thus keeping the matnix supersaturation
about constant The resulting quasi-steady
state distribution of cluster sizes is ob-
tained from Fq. 14-24 and shown in Fig.
.24 Ta thes theory the steady stare nucle-
arion rate SY o 15 obtained as the product

. o . BT
J =B g - e+ 0 L0 420 o ! ! -
A UURAL : 3 between the number O* of critical nucls 5
fHi) is the vondensation rate and z(i+1) N and the rate £ atwhich a single solute atom iz
the evaporation rate of 1 single atom (0 a z impinges on the critical nucleus rendering H
cluster of size ¢ or {from a cluster of size S . § it superenticad, ic. 5 £
(i + 1), respectively. 282 1 ' i . 8 co@
el . - Jiw =0 = BNgexp! —AF*ET) (4-27 S e s
i eguidibrivnn. the Muxes J, must vanish £ % < 2 Vo fNpexp—v i (4-27) 5 E; 3
. . . . . ‘ , L)
and [ (i1 becomes identical with the equi- 2w o - One of the shortcamings of the V-W the- Do ow

libpium cluster size distribution €10} for
which Fin Fg. (4-22) attains a mipimutn

Ciit = N, et [4-24)

It ix worth nating that in this case the

ury s that supercrincal droplets with 1 > ("
are assomed nor to belong to the cluster
size distrtbution. This was cleared up by
the theory of Becker and Nocing (1935, [n
their theory (B-D) the non-equilibrium

number of cnitical nuclei O = Cli=1i%) E stendy sture distribution of small clusters E
X o - I . . . i
i proportional to exp—AF % AT Then, z 7 with £ < i* [s jdentical with that of V-W but £
according 1o tg (4.2, the condensation 2 2 unlike in the latter theory. clusters with 8 "
rate and evaporation rate are related o = o it I, s a0 somewhar arhiearily > s
hed . N 1 s
each other vin z 2 chusen cut-off size) are considered to he- = ,
3 < - .
. = ong 1o the size distphntion (Fig 4-24), = i =
- long 1o th fistribut {Fig 4-2.9) {
[ _ . L] o= i . - - Sy
st ) o . \ 14-25) — é&«-—-\)- g L Hence, accordine o g (3-23) a decay < S
- b p: . )
| % Ll ardiesolution of superenmcal droplers with i b
) 9 H ao
s t .~ 1% becames o hikely process in the B-
- 1 likely p the B-1J 5o
I+ z - A 1
» B theory sed 15 accounted for hy the Zef. ’;\ it
2 ooy dovicde pavror ZWith the assumption that b Ty
5= .
2. T a the rate I 5% at wlnch o solure atom - it '
I r | 1 lch s sl at { g¢ ,,
553 3 pm-{“ erircaldeaplet o prorortionat o - -
hod =T




1te snifice aret integration of the cluster
Mo cquation {Fyg. (4260 yields the stead v
date nucleagion rate Jiy, of the Becker-
Daring theory as (Russell, 1980

mn ""Z“.‘\l(:‘fxp:"-”-.k": (4230

with

- P T
. [7:} @ AF ‘ } (1.29)

According to Eq. (4-28) nucleaiion is
a4 thermally activated process with the
acuvanen cnergy being identeal to that
(.1F *} of forming a eritical nucleus of size
i* or R* Furthermore, like the thenino-
dynamic model which yields the number
of critical nuclei to be proportional to
exp! —AF%kT} (Eq (3-20, the kinetic
treatment predicts the steady state nucle-
ation rate also to be proportional o the
sume exponential factor.

The Zeldovich factor Z is in the order
of 1.0 to 1,40; graphically, its reciprocal
vilue corresponds approximately to the
width of the poteatial bargier, AF(Ry or
JAF§i). at a distance kT helow the maxi-
mum (Fig. 4-23).

1.5.1.2 Time-Dependent Nucleation Rate

It must be pointed out that the above
given steady state nucleation theories do
ot provide any information on the mo-
mentary cluster size distribution nor on the
nucleation tate prior to reaching steady
state conditions, e, the time-dependent
aucleation rate J*{n. Commonly the latter
is considered in terms of the steady-state
nucleation rate J* and an incubation period
T i
Jr = Sexpl—o 14-30}

Steady state will be achieved once the
Susters have attained sizes for which the
probability of redissolution is negligibly
-mall Referring to Fig. 4-23 and recalling
the physical meaning of the Zeldovich lag-
Lor Z. thus will be the case for clusters with
L it 127 (Feder eral, 19661 As the
gradient of JAF (i} within the rewion 1718
cather small, the clusters will move agross
thus region predominantly by random walk
with the jump frequency fi* The tme

1
YAV
1o cover the distance 1 £ by randem walk

is identified with the incubation period.

14-31)
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So far it has been assumed that duning
nucleation the supersaturation and, hence,
the driving force remains unchanged. Atits
pest this may be valid for extremely low
nuclestion ratessin this case AF* Zand t
may be considered @s time independent
quantities. Russell (1980) proposed the nu-
cleation provess to terminate itself under
steady state condisons i the tncubation
time < is shorter than some critical time ¢
If. however. - > £, phase separation will be
completed without steady state ever hav-
ing been achieved. This situation which, in
fact, is met in most Jecomposing alloys
studied hitherto (see Sec. 4.74.1), is re-
terred to as carasirophic nuclearion; under
such conditions AF*, Z and t become
time dependent. Assuming that nucleation
ceuses once the diffusion fields around pre-
cipitates with radius R and composition ¢
embedded into a matrix with initial com-
position ¢, begin to overlap (Fig. 4-4a),
and furthermore that nucleation becomes
unlikely within a region R {& = 1;10)
around the particle where the sojute con-
tent has decreased below (L — )¢y, the crit-
icat ume 7 15 estimated to be:

. ’(i‘ 3 1 1 3
o= - P 4-32
v el (.l'u) |1Dl} jﬁ (4-32)
where D is the solute diffusion coeflicient.
For a quanutative assessment of classi-
cal nucleation theory, the atomic impinge-
ment rate §* in £q. 14-28) must be known,
For sphencal nuclei it was evaluated to be
{Russell. 1970):

= TLI Zle (4-33)

where « is the Ltitice parameter. 3* is pro-
portional 1o the nucleus surface as has al-
ready been ussumed in the original Becker-
[oring theory.

According to Sec. 442 the nucleus
shape with minimum energy may deviate
[rom the sphericat one due to different en-
ergies of the interfaces (some may be coher-
ent. some semi- or neoherent, Sec. 4 24)
hounding the nucleus in different crystal-
lographic directions. [t has beea shown
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4513 Fxperimental Assessment

of Classical Nucleation Thenry . ?0
G

A quantitative assessment of elassical
nucleation theory in solids is inherently
difficuitand, thus. has prompred onty a few
studies. First of all, the range of supercool-
Ing for supersitieration} has to be chosen
such that nucleation is homogeneous and
the nucleation rates are neither unmeasur-
ably slow nor hevond the limits of catu-
strophiv nueleation. Secandly, the quench-
Ing rate must be solficiently high in order
to avend phase separution during  the
quench but also safficiently low in arder o
avord excess vacancies to be quenched i

Servi and Turnbull 11966) stodied in a
well-designed  experiment  hemogeneous
nucteation kineties of coherent Co-rich
precipitates in Cu -1, 2.7 wt."s Co afloys.
By using electrical resistivity measure-
ments, they could determine rather accu-
ratelv the precipitated volume fraction. As-
surming that the growth s diffusion-con-
trolled (Sec. 4,521 from the latter the parti-
cle density at the end of the precipitation
process could be derived as a functien of
aging lernperature and composition. The
thus indirectly obtained number density of
Cuo-rich particles which was later on cor-
roharated by CTEM studies, agreed within
one order of magnitude with the one pre-

IChan eral 1978) that in this case the

expressions for AF* 20 4% and ¢ given

above for spherical clusters. have merely 1o

be multiphied with numerical factors but — ]g -~
otherwise remain unchanged. The magni-

tude of these nemerical factors depends on

the perpendicular equilibrium shape of the

nucleus, tgnoring volume strain energy,

the nucleus equilibrium shape can be de-

termined by means of the Wulll construc-

tion on a three dimensional yg-plot (Her-

ning, 1933) The latter is obtained from ;
radial plot of different vectors in every dr-
recton leg ey, e, vy in Fig 4-25), the
length of which is proportional to the en-
erey of the interface perpendicular 1o 1he
particudar vector. The surface connecting
the tips of all vectors represents the polar
marPlot, wherein the cups indicate inter-
fiaces with good atomic matching, ie., low
interlacial energies Subsequently planes
are drawn (the so-called Hultf plares) per-
pendicular to the vectors e, vy, oy, elc
which intersect the a,5-plot (Fig. 4-25), The
nner envelope af the Wullf planes yields
the equilibrium shape of the nucleus with
lacets at the cusps of the 7,5-Plot (Mactin
and Doherty, 1976),

LeGoues et al. (1932) employed a nearest g \ -
neighbour mteraction, regular solution a dicted by clussread nucleation theory if (h}‘ ;:3
maodel for 1 computation of the as-plot as 2 interfacial encray was taken as =019 J'm; s
afunction of T, T.(T. is the criticat temper- B Z this value u:aﬂ: derived from mQrc recent 2
ature) within the miscibility gap of an (c.c. § g 30 discrete lattice calculations (Shiflet e al., £ ;‘
solid solution. At low temperatures they & E £ 3 I9RE). . ‘ . g g f
found the aucleus shape to be fully faceted % LV The validity of classical nuclenngn the- £ % -
by (1001 and {111) planes whereas at 0.5 7, ory as evwdent!}ﬂ proven by the Servi-Tuen- Nwow -
and near-zero supersaturation, the nuclens bull study an Cu-Co alloys. was recently
shipe can be rather well approximated by clmllcngccj by LeCGoues and Aaronson
a sphere. They furthermore showed that {1958:4d). They argued ”‘C‘U!’_‘? supersaturi-
hevand T2 04 T. the parameters JG*, 7. tnon employed o the Servi-Turnbull |n\g\-
roand fi* which enter the time-dependent £ tigations were pmhilhly too high for:lvn.ui-
felassicald nucleation rate (Fys. (4-78) and T me Phﬂ“‘:_ separation during flle"Ch'N E .
(4-303) st na longer be corrected in or- £ ] :}[!Ll .1!\(1 I|l|\(:|_v“mn high fur .‘1;(?|d|n%um- £ ;
der toy aveount for deviations from spheri- z N gomitant coarsening dorng he precipite- 2 i
il shape 2 g’ ton reaction. Fmploving o discrete futthee o

° 2 poimnt model, which incorporates coher- 7

] § E eney strnn encrev, LeCroues and Aaron =

i‘-:; ; < sonliest esadnated the wosdow of fempera - £

Tg' @ “: reres C 17 = 50 Coand compositons {03 ;

. 3 fo LI otacwhich homogeneous nit- i

é’ g . clention bineties would be neither too shig- ;;;‘

5 = :” wrshotor 1o fase and o which no interfer. a 'L -
; 3 I :',,’ enve with coarserine would he expecto| o
Q22 2 Prior ton CTENM amanlyees, the isotherma'ly ! =

nuclented partieles haed to e subpecred o



dilfusion-controffed growth in veder to -
veease thete cdius beyond a certnn size
18 > Sumy at which the Co-nich particle
becine casily discernible in the CTEM
ihe expernmental results were aterpreted
i terms of chsscal nuclestion theory (Ey.
13300, The agreement between the expen-
mentally obtained nucleaton rates and the
theoretically  predicted ones was agilin
found 1o be rather good, thus providing
further support for the vididfiy of classi-
cal nucleation theory. Furthermore, as is
shown m Fig 3-27. for smaller supersatu-
rations the nucleation energies AF* and
the critical radit R* as evaluated from clas-
sical nucteation theory are almost identical
with the correspoading quantities caleu-
lated from either the non-classical nucie-
ation theory {efl Sec. 4.5.0.4, Eq. (4-38)) or
a diserele lartice pomnt theory. Hence, at
least for smaller supersaturation, the classi-
cal theary predices the nucleation rates
about as well as the two more sophisti-
cated theories.

[r another attempt to assess classical
nucleation theory, Kirkwood and cowork-
ers (K ickwood. 1970 West and Kirkwood.
1976: Hiruta and Kirkwood, 1977} studied
carly stage preapuation ol -NiyAl in
Ni-Al alloys using also CTEM. They
tound the ¥ -NijAl precipitute number
density ta decrease instantaneously upon
aging which is indicative of an extremely
fast nuocleation process and the obser-
vition of 4 coursening process rather than
a nucleation event. By making certain as-
sumptions they attempted to infer the
steady state nucleation tate rom the par-
ticle density observed during coarsening.
The ohserved lack of agreement hetween
the experimentally dernived nucleation
rites and the theoretically predicted ones
may be seen to result from these experi-
mwental difficuities.

4.5 1.4 Non-Classical Nucleation -
Diffuse Interface Model

In the dropler model clussical nucleation
15 based onoitis assumed that the composi-
Lan al the nucleis is more or fess constant
throughout its soleme and that 115 inter-
fice 15 sharp This made it possible to take
the change of volume free energy and the
miterlavitl free energy separately into ag-
coutit tEg. (4-180 In aon-clessiced nucle-
dient theory deseloped by Cabn and
Hilliued 119391 the inhomogeneous sohid
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colution m s metastible state s consid-
ered (o contain homaphase fuctuations
with diffise imterfaces and a composition
which varics with position throughout the
cluster (Fug 4-6b). Hence, unlike in the
droplet madel a critical Nluctuation has
now to be characterized by at least two
parameters, its spatial exlensio_u‘or wave-
fength 4 nnd its spatal composition virna-
lio;m. The necessary free energy farmalism
which treats volume free energy and sur-
face free encrgy no longer separately has
heen claborated by Cahn and Hhlliard
11958]. They wrote the free energy change
associated with the transfer from the ho-
mogengous systetn with composition cg.

Fo= j frepdV 14-34a)
13

10 that of the inhomogeneous syslem with

F= j (Jiey r K (Verjdy {4-341)
!

> {4-34¢)

SF = 1F = F = o)+ KH@eR1aY

The busic idea behind these expressions is
(o subdivide the solid with volume F into
nany small volume elements dV, a proce-
durc‘which is often referred 1o as ‘coarse
graining (Langer. 1971) The free energy of
‘ench vdlumc element 15 taken as fleydV.
f1el is considered o be the free encrgy per
unit volume of the buik material with com-
position ¢ which is equal 1o the mean com-
position c(r) with 4V located at position r.
ja essence. coarse graimng requires the
aumber of atoms within each volume ele-
ment to be sulliciently large such that ¢(r),
as well s f1c), can be speeified as continy-
ous functions. On the other hand. the num-
ber of atoms within dV must be small
enough in order to avoid phase separation
within the individual volume elemeat. For
the non-paiform system with composition
fluctuations. Cahn and  Hilliard 11958,
1959y assumed that the local free energy
contans further terms depending an the
compusition 2radient Vel "I'hc_y finaily
<howed that the non-uniform eoviconment
ol atoms in acumposition gradient, may be
accounted for by adding 1o the focal free
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eneray a single gradiens vaergy term which
15 proportionul to (Ve)'. Heace, the result-
ine free enerpy of a volume clement db
is expressed as f(c) + K*{Ve} where the
constant A* denotes the gradient energy
coefficient. Summing up atl contributions
from the vanous velume elements yields
Fy. 14-34¢)

The continuum mede! is based on the
assumption that the free energy (e} varies
smoothly with composition, ie., the wave-
length of the Muctuations must be large
compared with the interatomic spacing,
Furthermore, as a continuum model it 15
required that the two evolving phases are
lullv coherent with each other and thus
have the same crystal structure with simi-
lar lattice parameters, H the lattice param-
eter changes with composition, which 15
commoniy the case in eryvsialline solids, the
requirement for coherency leads to coher-
eney strans which according to Eq.id-12)
are accounted for by an elastic free eneray
term

Lol = nd Ve =gl {4-35)
Combining Fgs. (4-33) and (4-34¢) yields
o= e Flegy + KEVeE +

Y Yie = ogRldY {4-36)

This expression may be interpreted in sim-
ilar terms as for classical nucleanon {Fy.
14193 neglecting the elastic free enerey
termis, the positive contribution of the gra-
dient free energy as u barrer to nucleation
acts like the sutface free energy in the
droplet modet and is linally overcome by
the gaom in chemical lree energy once the
compusition difference between the Nuctu-
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Assuming  metropy, the  composilion
profile ¢ir) of a spherical Tuctuation (r 15
the radial distance from the fMuctuation
centert is obtwined from a numernical inte.
eration of (Cahn and Hilliaed, 1939y

S RTde o

dr rodr ¢

AN

. de
with the boundary conditions @ =0 a1

the nucleus center {r = 0) and far away
from it {r = v} where ¢ =¢,. The crincal
nuelens 15 then determined as that flluctua-
tion which, like a critical droplet, is in un-
stable equilibrium (Fq. (4-36)) with the ma-
trix Its composition s established such
that the nucleation harrier leg. de Fon-
taine, 19821,

AF[e*in] = AF* = 14-18}

—dn | Asie LK’(dr\): °d
ST R e

attains a minimum Like in classical nucle.
ation, 1% is the vernead distance from the
tangent at ¢, to the free energy curve at o*
{ef. kg d-3h). Suppese (F* s known: the
nucleation rate is then ohtained from Fy
(429 or i4-201 Provided the constramnt
free energy flebis known, the composition
profile of 4 critiea! nucleus in a sehd solu-
tinn with vomposition o, and gradient
enerey coeflivient K* (K% is of the order
10100 Jfm Y fac fract) ) can be ob.
tuned from integrating Ty {4-37). Fig
4.26 shows the compasition profiles of nu-
clet in supersaturated solud salutions with
different solute concentrations ¢, quenched
te T-T = 025 where Tk the cnincal tem-
perature (LeCoues et al. 1984 by, these cal-
culations are hased on the regular solution
madet for Ficticl. Sec. 4 243 For smetl su-
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4-26) this situation is oo longer accounied
fior by the dropiet model. Furthetmore, as
the mitiat composition {e,) approzches the
spinodil one (21 unlike the droplet model,
non-classical theory predicts JF* o 2o 1o
sevo (R 42270y and the spatial extent of
the eritical fluctuanons for B2 inerease
agnn at o, =l KT Onadly becomes n-
finite (Fig, 4-27 by suggesting a disconting-
ity of the decomposition mechanisn exists
at the spinodal line ief, Sec. 4.2.3).

This wpparent discontinuiry at the spio-
dai results from the assumption that the
decomposition path is controlled by the
nunimum height of the nucleation barrier,
ie., by AF* which close to the spinodal is
in the order ol a few kT (Fig. 4-27u) and,
hence, rather fow. As pointed oul by de
Fantaine (1969), in a system close to the
spinoda! many fluctuations exist, the spa-
tial extent of which is much smaller than
that of the critical fluctuation; nevertheless,
their formation energies are only slightly
huzher than AF . [n this case, the probabl-
ity for the alloy 1o decay vaa the forma-
twon of those “short-wavelength” fluctua-
tions requiring a slightly higher activation
energy is much higher thun for a decay via
the formation of critcal “long-wavelength’
Muctuations

4.5.1.5 Distinciion Between Classical
and Non-Classical Nucleation

For a practical application of non-classi-
cal nucleation theory to experimenial stud-
ws of unmixing, the toral constraint free
encrgy S e} rather far away from equilib-
rium as well as K* have to be known n
order 1o calculate the composision profile
{Fg. (4-37) and the nucleatton energy (Eq.
14-38)). This is the case only for simple alloy
systems und, hitherte, has inhibited the
apphcation of the non-classical theory to
either scientilically or industrially impor-
tant alloy systems. Furthermore, so far it
s been assumed that @ nucleus is in equi-
Hibrium with the infinite matrix and that
the nuclei do ror nteract amongst gach
other during the nuclestion stage. This
may be a valid approximation as lone as
the supersaturation s small, e, where
according o Figs. 4-26 and 4-27 classicat
nucieation theory applies. 1t ought 10 be-
come. however, 4 poor approximation for
more concentrated alloys where non-clis-
sical nucleation upplies. 1n this case the
nucleation rate is high then the steady
state nucleation regime will not be gh-
served) and. hence, the nuclews density
large. These complications i non-clussicul
nucleation make it desirable to provide the
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evperimentalist with 1 eriterion for the
applicahitity of clussical nucleation theory
which 15 much easier to handle. Cahn and
Hillird (1939 suggest classical theory wall
apply if the width { of the (diffuse) intezrlace
is considerably smalier than the core of the
nucleus where the composition is about
constant (Fig 4-26}

If one assumes that a perceptible nucle-
ation rate is obtained for SF* < 25AT {in
the literature, AF* =60 KT 15 frequently
stated for the maximum barrier at which
nucleation becomes meusurable; this value,
however, is much too high for homoge-
neous nucleation to ovcur o solidsy and
employs Eqs. (4-19) and 14-20) classical nu-
cleation theory may be applied if (Cihn
and Hilliard, 1939
12 i.ft.f}"_ £ 1 {4-39)

T3AT
For Cu-Tilg,,= 0067 I m* T =623 K.
Fe -Cu lo, =028 Im* T=773K) and
Cu-Co (6,, =017 m* T =393 KX this
means that the interfacial width has to be
smalter than = 0.36, 0.33, and 0.42 nm, re-
spectively, and. hence. has to be rather
sharp. Se lar it has not been possible to
measure the composition profile across a
nuclens ‘matrix interface. However, analyt-
cul field ion microscopyof Cu - 1.9 at% Ti
aged at 330 € for 1305 revealed the Ti
concentration of particles with radii of onfy
= I nm 10 decrease from 20 at.% {corre-
sponding to Cu,-Ti. of Sec. 4 2.1) to that
of the matrix within ong to two atomic
{111 layers (v. Alvensleben and Wagner,
1984). Far the chosen aging condibons nu-
clearion was evaluated 10 lerminate within
about 6 s {Kampmann and Wagner, 1984},
thus after aging for §50 s the analyzed par-
ticles must have already experienced some
growth beyond the original size of the nu-
cleus. Nevertheless, these results provide
rather pood evidence that during nucle-
atton the Cu, Trclusters may be considered
as droplets with sharp interfices rather
than as spatiath extended (long-wave-
jengthy Nuetwanons with diffuse mterfaces
even though (F* s only about 10KT.
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Although some caution is advisable in
treanny these tiny particles (critieal nucle
i solid state transformation are tens to
hundreds of aloms in size) in terms of a
continuum theory ' and assigning them o
macroscopie surface and thermodyramic
bulk properties, classieal nucleation theary
seems to be appropriate for ar estimation
of the nucledtion rate. This conclusion will
he corroborated in Sec. 4.7,

Povlany FIM wudies of 1wo-phase allovs feg
O L™ Fetevealed the shapes aof even tiny clus.
ters with as litfle as about tweniy atoms e already
compact rather than ramrtied (Waener, 19%7)

4.5.2 Diffusion-Controlled Growth
of Nuclei from the Supersaturated Solid
Solution

Suppose that after nucleation the srablye
nectens is embedded into a still supersatu-
rited matrix. As s llustrated in Frg. 4228,
the particle will then be surrounded by a
concentratron gradient which provides the
driving force for solute diffusion, and thus
«Ives rise o its growth,

The growth rate can be controlled either
by the rate at which atoms are supplied to
the particle matrix interface by diffusion or
by the rate at which they cross the inger-
face. Tt may be rationadized that for small
partcies the interface reaction is likely to
be the rate controlling step since the diffu-
sion distiances are rather short: ence the
pirticles have grown to a certain size,
the matrix will be depleted from solute
atems and the assoctated reductioa af the
driving force makes diffusion Iikely w be
the slower and. thus, rate controlling step
IShewmaon, 1963). The iransition from one
~tep to the other depends upen the relative
magmindes of solute diffusion and inter-

e mabahits
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After terminanion of nocleation it s
cammonly wssumed that the mobility of
the mtecface is sufficrently gh ia order 1o
allow the solute concentration ¢, at the
cursed interfuce 1o achicve local equilib.
riam (Deherty, 19835 In this case dilfusion
is the rate controlling step for the growth of
stabfe coherent nuclei in a homogensous.
precipitation reaction. An analytical solu-
tion of the adequate field cquation,

. Cofr
DVicirny = o {4-30
&7

requires  certain approximations to  he
made (Zener, 19491 These were critically
examined and compared by Aaron et al
1270k for the Aiffusion-controlled grawth
of ~phenceal wnd platelet-shaped particles
Revardless of the particular approxima.
ton wsed. both the radius R of a spherical
precipitate and the half-thickness T of
plateler grow with time according 1o a
parabofic groweh bew s

R=iln' - (4-31)
and
T=sthn'? {4.42)

respectively. The rate constants 4, and 2
increase with increasing supersaturation,
or, more speafically with an increase of the
lacior

el = ey

ke =0 (347

Cp— g
in a manner whick, in particular for larger
valties of 4%, depends upon the approxima-
fon assumed {Anren et al, 1970). For pre-
cpttating intermetallic compounds L* s
one or two onders of maanitnde larger fe g,
=03 for v-NLALID Y Aland =00 for
F-Cu,Tioim Ca T than for precipitating
phaseswith o x Tsuch as Fe Cn, o Fo,
amd (o Co

Forsmall supers sturations, otr.n in Fq
LA may be appaocarmaged o< being e
inddependent. In thiy crse, an isolaned
sphenical partnle with radias B sur
raunded by the concentranon field iltus
trated o e 328wl wrow at o raee
dR ) ctrl n

rEi o [REEHY
dr i R

~
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where D fassumed 10 be independent on
camposition) i the volome diffusion coef-
ficient i the matric. According o the
Giibbs Thomson equanen, the conipusi-
ton o of the matnx phase at a curved
interfice s ditferent from that of a fatin-
terfuee the latter being in equibbrium with
the equitibrium solute conceatration o of
the =-matrix phase, and varies with the
precipiate radius as (Martin and Doherty,

1976) (-43)

Rl 1=} ?,"t@_,‘_'u.)_;n“ tea)
e T S e\R,T R S1e%)

x 3

with - icg) and 5, 1¢,) being the activity co-
eificients of the solute atoms 1a the x-phase
at the concentrations g and cj, respec-
tively. [f the solid solution shows regular
solution behavior |y, then becomes inde-
pendent on ol Eq. (4-43) yields the well-
known Gibbs-Thomson equation:

R Vl’ 1

,,} (4-164)

el Ry =} exp{ RT R

or for larger radin in its linearized version,

Tog by 1
L'“IRlﬁc:(l y T )

g [4-46b)
R,T R

Hy assuming 1 monodispersive particle
distribution und ¢y = Clr — %) = i lor o)f),
and et = oy, integration of Ey. (344

vichds

. 11
) nn': (4-47)

[t should, however. be pointed out that, su
fur, there is little experimentul evidence for
the existence of a precipitation regime dur-
ing which particle growth strictly follows
Eq. (4-47) iKampmann and Wagner. 1984).
[n Sec. 4.7.4.3 the reason for this lack of
experimental evidence will be provided as
well as a guideline to the design of experi-
ments which allow a verification of the
existence of diffusion-controlled  particle
urowth with the predicted kinetics to be
made. Most quantilstive experimental ob-
servations of growth rates which vielded
good agreement with the diffusion-con-
rolled models outlined abosve, were con-
fined to large purticles, frequently with
sizes in the micrometer range [Aaronson
etal, 1970 Doherty, 19821
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433 The Cluster-Dynamics Approach
Lowards Generalized Nucleation Theory

As has been pointed ont i Sec. 45,001
the clusters-dy namics approdch chosen by
Becker- During is based on the assumption
that the eyuilibrium cluster distribution
funciion can be specificd by Eq.i4-2:40 and
(4151 Fven though the reselung predic-
tions ol classical nucleativon theory ought
to become vahid asvmptotically for laree
droplers at small supersaturations there re-
main some inherent deficits (Binder, 1980,
Gunton et al.. 1933}

For instance, for small clusters the sut-
face free energy entering Eq. (4-18) should
contain size dependent cerrections o the
macroseopic equilibrium energy of a fat
interface. Furthermore, the separation of
the droplet formation free energy into a
bulk aad a surface term appears rather de-
batable. To avoid some of these deficits,
there have been several attempts to de-
velop more accurate descriptions of clus-
ters, taking into account their different
sizes and shapes (e.g. Binder and Stauffer,
1978 Staulfer. 1979), and to denve an
equhibrium distribution of clusters which
15 more realistic than the one given by Eq.
{+-24). Like in the classical nucleation the-
ory. the laiter 1s an important quantity for
deomputation of the cluster formationa rate
im terms of the more recently efaborated
theories of cluster dvnamics which, in es-
sence, are extensions of the Becker-Danng
theory (Binder and Stauffer, 1976; Penrose
and Lebowitz, 1979 of. Gunton <t al, 1983
for a general discussion of the various de-
velopmenis).

Unlike Becker-Doring, however, who
¢onlingd the microscopic mechanism of
cluster growth or shrinkage to the conden-
salon or evaporation of monomers {Sec.
4.5.1.1). in theirr generaliced nucleation the-
ory Binder and cowarkers consider the
bme evolution of the cluster size distribu-
tion functien f{i, ¢) more generally in terms
ol a cluster coagulution ar clusier splitting
mechanism, ie., in a single cluster reaction
step -mers also {i=2,3,...) uare also al-
lowed to be added or separated from an
exisung cluster fe.g. Binder, 1977, Mirold
and Binder. 19771 Thus, the related kinetic
eyuition for the time evolution of fie,1)
Himder. 1977,

fig = Y ox

X Fli+0— (4-4%
di e

1
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contains four different terms. The first one
aceonnts for an increase of i-mers due to
splitting reachions (i + i) = (1.i") which are
assurmed to be proportisnal to the momen-
tary numtber £+ 00 of clusters of size
U +17 where the proportionality coeffi-
Cient 1, - is the rate constant. The second
term describes the decrease of i-mers be-
ciuse of splitting reactions i — (f —

i reverse process, coagulation of clusters
wirth sizes i i} and ' contribules to a
further increase of i-mers{third term). some
of which are lost again by coagulation re-
actions between i-mers and i-mers to yicld
i+ + i)-mers (fousth termy. Evidently, for
£ = | the monomer evaporation and con-
densation process, assumed to be the rate
contrelling step in the Becker-Déring the-
ory, s contained 1n Eq. 4-48), )

reaun, like in classical nucleation {Sec.
4511, Eq. (4-25)), detailed balance condi-
tions are assumed 1o apply between split-
ting and coagulation. then the rates x and
A B 14-38) can be replaced by a single
reaction rate Hoeg

{4-49)

Whih =z, Cu+iv=§,, CiiiCir)

Here, i) denotes again the cluster con.
centration which is in thermal equilibrium
wrth the metastable matrix.

Numerical integration of Eq (4-48) with
Fq. 14-49) provides the time evolution of
the cluster concentration. This requires,
however, a knowledge of the initial cluster
distribution £1i,t =01, of the reaction rates
such as L), and of i), These quanti-
ties are not commonly available for alloys
undergoing phase separation. hitherto this
lack has impeded a quantitative compar-
son hetween the predictions of the general-
ized nocleation theory and experimental
results on nucleation kinetics,

However, the solution of the kinetic
euations with plausible assumptions fo¢
the lackine quantities (Mirold and Binder,
19773 has provided a profound, though ba-
siealls qualitative, insight into the dypam-
wsool Cluster formation and gmwih As
voshown in Fig 4229, the mitully {r =0
monatameally decreasing cluster size dis-
trihution atbuns for intermediate times o
rHmum At g size which corresponds o
dhout that of the critieal nucleus i Classi-
v nucleanon theory

-
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The brovad maximum of (i 0 (which, in
lact, does not appear in the corresponding
cneve of the Hecker-Doring nuclsanion the-
ory [ol Freo 3-241 and s shift o targer
s1zes with ingreasmy nme 15 due to those
particles which have nucleated at earlier
times and, hence, huve alreandy experienced
growth, At ¢ — v equibibriom s reached
I this case large clusters (1 — w of the
precipitated equihibrinm phase with com-
position of are embedded o a matrixiwith
composition ¢f) which then still contains
smett clusters with the equilibrium stze dis.
tribution shown in Fig 4.29.

The qualitative features of the f(in-
curves emcerging from the generalized nu-
cleation theory and displaved in Fig. 4.79
are corroborated hy computer simulations
(el Sec. 4.56). They are indicative of the
occurrznce of nucleation and growth as
mncmmm’m processes during the early
stiges of unmixing. For most solids under-
gaing phase separation, therefore, it is nor
possible wo investigate expenmentally nu-
cleation and growth as andividual pro-
cesses proceeding subsequently on the nme
setle Apart from well desiened experi-
ments, commuonly it s thos impossible 10
vertiv experimentally the Kinetics predicted
by clasical or non-classienl nuclention the-
ory (Secs 310t d 31 3 or predicted by
growth theories (Sec 4.3 ) Thiv will be
substantiated 1in more detail in Sec 474

The geaeralizmg cheracter of the nucle-
ation theory of Bmder and coworkers ix
founded on the facr that, in the sense of Sec.
4.2 3 0t comprises nucleation in the meta-
stable regime as well as the transiton to
spimodal deeamposition in the unstable
mme of the two-phase region. Conse-
quently, the artficial divergency of both
the critical radis R of the nuclens and the
wavelength 2% of a critical fluctuation. in-
herent to the Cahn-Hilliard thearies of
non classical nuclenton (See. 4314 and
spinodal decomposition 1Sec. 4544, s no
longer discermble on approaching  the
spinodal line either from the menstable

Cnucleatron’s or from the unstabie Nspino-
dal’) reaime of the two-phase reion (Fie
4-30 Orn crossg the sprioodal curves the
sire of oeriticnd cluster decreases steadily
unul it becomes comparable with the car-
relation fength of tvpiceal thermal fugtaa.
tons Binder eral L1978 Thus, no discon-
tintuity of the mechaninm and of the de-
composiiion hinznes s expedtad oo oceur
an crossing the barder hetween the meiy

stable and unstahle regions
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From the experimental pont of view itis
ratbier Jdithicult and tedioes to obitain searis.
ticafhy veentie ant information fromydirectly
Hnaging technigues (FIML HREM) on the
timre evolution of the cluster size distribu-
ton Jurmg the earliest stages of unmixing.
1One attempt wis made by S1-Qun {1989}
hy emploving HREM to binary Ni -Al al-
lovi) This information, however, is im-
plicitly contzined in the structure function
St from small angle scattering tech-
nmgues. e.g. SAXS or SANS (Sec 4.3.1.2).
Bender et al. 11978) computed the ime gvo-
lution of S(x.r)on grounds of their cluster
dynamics model. For this purpose, rather
crude approximations and simple assump-
tions had to be made concerning the origi-
nally complex shape of the size distribution
function of the clusters, their shapes and
their composition profiles. Hence, the re-
sulting Six,¢) is only qualicative in nature
and van not be used for a quantitative
compicison with expecimentally obtained
structure functions,

As b5 shown in Fig. 4-31a, S0 is
predicted o develop a peak the height
S = St of which increases with ume
due to the increasing cluster volume frac-
tion: the peak position is shifted towazrds
smuller values of » reflecting the coarsen-
ing of the cluster size distribution with
tine. Fig. 4-31b shows the variation of
both the peak height S 1% =) and the
peak position »,, with time. On a double.
logarithmic plot beth curves dispiay some
curvature though the shift of »,, may be
reasonably well cepresented as a power law,

E T (4-50)

during the “aging period’ covered in Fig.
4-31u and 4-31b.

Even though it is not [easible to con-
vett the scaled umes shown in Fig. 4-31a
wind 4-31b into real umes, experimental
SANS curves [Fig 4-324) and the related
St v dE™ekd@icf Eq (4-17and #,(0-
curves {Fig 3-320 from Cu-29at% Ty
homoegenized at T, quenched and iso-
thermally aped at 3530°C (Eckerlebe et al,
1986} display the characteristic features
quahtitnely predicted by the generalized
nuclaition theory
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£.5.4 Spinadal Theories

As has been ponted out in Sec .23 the
evolutton of non-localized, spatially ex-
tended solute-enriched  fluctuations into
stable second phase particules is treited tn
terms of spinodal theones. The general
concepts ol the spinadal theores inctuding
mote recent extenstons, are comprehen-
sively diseussed by Binder in Chaptec 7 of
this volume, We therefore will restrict our-
selves o a summary of the essential predic-
tions of those theosies which may be exam-
ined by experimental studies. Although
commonly not justified, in materials sci-
ence some of these predictions are fre-
quently employed as suflicient criteria to
distinguish a spinodat reaction from an un-
miring reaction via pucleation and growth

[n their continuum model for spinodal
decompasition, which is based on the free
energy formalism of 4 nen-uniform binary
alley outlined in Sec 4.3.1.4 (Eq. (4-36),
Cahn und Hilliard 119391 derived the fol-
lawing (hinearized) diffusion equation,

donn M [{RY . .
RV [(if P Y)— 14-51)
Ot n, [N

Y elrn) = LMK cinn)

for the time dependence of the composition
cir, ) at position #. As the number of atoms
per unit volume. n, . acvounts for the fact
that the derivative has to be taken with
respect o the concentration of component
B. M s the atomic mobihty and is related
to the interdiffusion coelficient & via

v=0 ", ."‘.

4-52)

The other symbols entering Eq. (4-31) have
been defined in Sec 4.5.1.4.

As M is always positive, [ takes the sign
of &1/ 0¢" and, thus, is negative inside the
spinodal regime (Sec. 4.2.2), giving nse to
an uphill diffusion” flux of solute atoms [cf.
Fig. 4-6b).

The linearized version of the more gen-
eral nonlinear dJiffusion equation holds if
the amplitude v(r) — ¢y of the composition
Nuctuation is rather small and both M and
103 Gt are independent of composi-
uen. These approxinuiions inherently con-
fine the Cahn-Hillard theery (CH-theory)
1o the earhiest stages of phase saparatien

By expanding the atomie distribution
cirthinty o Fourier seeies. Fg 14231 can
be wroitten as

ll"l_wl = Rix) A=) 14-53

33 -
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with the amphinde

1) - Vetrd =) expixr! dr 4-5h

of a Fourier component with wavenumber
~

PRI
k2 if 2 denotes the wavelength of the
; §

eompasdition focreation. Fq. (4-30) has a
solution for every e ) with

Alie 8y = Afe. M exp RV} {4-55)

where 1.0 is the initial amplitude of the
Foutier compoaent with wavenumber .
The so-called amplification factor Rix} is
delined as: {4.36)

. M
l#) = — ;{'. ;

With reference 10 Egs. (4-16), (4-34), and
14-33), the structure function S{x, 1+ or the
related small angle seattering intensity (Eq.
(h 17 at nme ¢ s obtned as

FPY 42K

Staet) = S, Dl exp 2R 1) (4-57)

where S(x. 0) denotes the equal-time struc-
ture fimction of the system equilibrated at
the homuogenization temperature

Inside the sprodal region (27 f,.2¢7)],_is
neeative Thus for o ziven negative value of
the latter. Riz) hecomes positive for all
wavenumbhbers « satisfying

/’<yff((;i

-2 }') TARE 458

aor, respectivety for all Ructuation wave-
lengths 2 larger than 2, with

sdr A"‘_;(‘a‘ oy ‘;') (4-38b)

Long wavelength Nuctuations with 2> i,
thus will be amplified exponentially where-
as shart wavelength Buctuations will decay
with aging time. For )mzx-'i-)_(, Rist
ANy a maximum giving rise to fastest
srowth of fluctuations with wavelength
“m- On approaching the coherent spino-
dal curve where the denominator in £q
14-3%h) hecomes zero (el Sec 4.5.3), the
critical wavelength - diverges in a simiiar
manner as does the eritical radies R* (Fig.
410 Thus borh the linear theory on
spinedal decompostiion and the non-clas-
sl nucteation theory (See 3.3.1.4) predict
abrupt chanues i the decomposition ki
spinadal e from
either side This hus prompled guite o few
cxperimental  studies 1o determine  the

NELCS O Crossinge

spimedal curve on gromnds of a kineticl bf

distinctron betwesn metastable and un.

stahde sty
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In terms of the time evolution of rhe
structire functon g (4-37) now assumed
fo he isotropic) o the SAS imtensity, S0
shonld inereise expanentally for » =< >,
with o peak at the rone-omdepemdent posi-
twon oz, o= w2 Furthermore, all S00)-
curves taken at vanous times should cross
AL COREIION Cross-over pw‘)l”' it ta

Mast SAXS or SANS studies of binary
allovs, ovdes., or glasses which were deeply
quenched 1nto the miscibility gap did rot
corraborate the predictions of the linear-
ized CH-theory. Thisis exemplified by Cu
2.9 at"s Trisothermally aged at 350 C As
illustrated in Fig. 4-32b., the peak pesition
of the struciure function. which is fre-
quently identified with the mean cluster

A
- .
spacing T(T S nert found 10 be

. -
time-independent bul is rather shifted to-
wards smaller values of 2 owing o sponta-
nenus coarsening of the clustering system.
burthermuore, no commaon Cross over point
atany x (Fig 432 abedasts nor does St 0
grow exponentially for any vatue of # (Fig.
434

According to Egs. (4-36) and (4-37), a
piot of . i3.5m

. ot
Riz) ws =11 207 5 In[St2 05 (2.0
1

versits > should vield a straight Line with
Rizi = 0atx_ whereas a pronounced cur-
vature at farger values of » has heen ob-
served experimentally in allof (e.g. Fig
4-3d) and glass systems {Neilson, 1969}
Cook (197 anrthuted this curvature 1o
random thermal composition fluctuations
which were not accounted for in the arigi-
nad CH-theory, Even with the incorpor-
tion of the therml flucteations into the
linearized theary, at its hest the resulting
Cahn-Hilkard-Cook (CHC) spinadal the-
ory is seea {Laager, 1973 Gunton, 19841 to
be valid only for the carliest stages of de-
composinoen i systems [or which the range
of the intersction force iy considerably
Iarger than the nearest-nerghbour distance,
e, an systems which are almost miean-
ficld - Hke in aarnre This s o the case for
metalhie allovs, oxdes: and slasses, but s
for polymer blembs In fact, results from
kinetic studies ol decomposition in sanons
polvmer mrxtures, some of which are cited
mn Lable -0 for g review, cf Crantan et ol
1935 Binder, Chap 7, this valnimer, wese
foind to be consistent with the poednctnops
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ol the ineanced spinedal theary of Cahn,
Hoalhard and Cook fer Okada and Han,
19861 [n contrast, gpart from a recent
SANS study on the kineties of phase sepa-
ratton i Mpo 33 ac™s On (Gaulin et al.,
19571 aone of the scattenng expenments
on metathe albys or oxides which are
histed in Table 4-1 and whieh likely had
been quenched into the unstable region of
the muscibality gap, did corroborate the
predictions of the CHC theory. SANS
curves tiken from Mno- 33 at% Cu during
short term aging (between 63 5 and 210 s ar
430°C) could be Nited to the CHC strue-
ture function with », being time wdepen-
dent duning this period. Th‘s. i1 was con-
cluded that phase separation in Mn-
33ac® Cu s of the spinedal type and
kinetics follow the CHC predictions (Gau-
in et al, §987). The Si#)-curve of the as-
quenched state already revealed a peak, in
fact, ar a smaller value of >, than for the
aged samples. This is indicative of the fact
that phase separation already occurred
during the quench owing 1o u finite quench
rate lo this vase. a5 has been extensively
drscussed by Hove etall (19890), - may
indeed become intially time independent,
thus pretending an apparent experimenta
confirmation of the CHC hHneuar approxi-
mation.

In the frame work of the mean-field
theories the spinodal curve 1s well-defined
as the locus where & /8% vanishes (Sec,
4 2.2). [t can then easily be evaluated. eg.
from an extrapelation of the thermody-
namic data which are known [or the single-
phase solid solution. inte the 'mean-field")
spinodal regime (Hilliagd, 1970). Since,
however, neither metallic alloys. nor glass
or oxide mixtures behave as mean-feld-
like systems. no uniguely defined spinodal
curve exists for these solid mixtures (cf.
Binder, Ch. 7.25, this volume). Thus in
general, it 1s currently not feasible w pre-
dict on theorencal grounds whether a
metaltiv, gluss, or oxide solid mixture has
been quenched into the metastable or un-
stable region of the mascibility gap. [n this
coatext, it remains debatable whether cach
ol the metathic, elass, oe oxide mixiures
which were studied by means of SAXS or
SANS, and whwh have been reporied to

lu
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undergo spinodal decomposition 1Tabie
410, were truly gquenched 1nto and aged
within the spinodal region of the phase
dingram  Nevertheless, extensive expen-
mel.mll SAXS or SANS studies, in particu-
far on Al- Zn alioys and Fe - Cr(Table 4-0),
did not reveal any evidence for o drastic
chunge in the time evolution of the {2
curves with a change in the inthal supersat-
uration. For the Al-Zn systems i particu-
lar. it was shown (Sunon et al. §984) that
the clustering e increases rapidly with
increasing supersaturation. ie. both g
and S, are larger the deeper the quench.
Estensions of the Cahn-Hilliard theory
ol spinodal decomposition 10 ternary or
multicomponent systems have been elabo-
rated by de Fontaine (1972, 1973 and Mor-
ral (1971). To our knowledge the kinetic
predictions frum  these extensions have,
however, nol yet been compared with ex-
perimental results, most likely because of
difficulties in delermining the partial strue-
ture functions of lernary abloys ief. Sec.
13120
As hus been pointed out in Sec. 4.2.3, the
formulation of a "unified theery” compris-
ing hoth nucleation and growth as well
as spinodal decomposition can also be at-
tacked an grounds of o spinodal theory.
This has been attempted in the statistical
model of Langer, Bar-On and Milker (1973)
which takes into account thermal fuctua-
tions and nonlinear terms which are ne-
glected in the CH theory. The LBM non-
linear theory of spinodal decompesition
also accounts for the later stages of phase
separation, though net for the coarsening
regime. [{coherency strains are negiected i1
approximates the kingtic evolution of the
structure funcrion as

dSI_:/:_II IEETIES
dr
[( Nl e St + 4-111‘1 +
P OMLT A (4-60)
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With certain approximations, ron-linear

effects and thermal Muctuations are m;»

taned i the term A (1) and in the Iast

term. respectively, Setting 4%(ry =0 rep;(%
duces the corresponding equation of mo-
tion of the CHC-theory, and. if the Muc-

!U-‘illﬂ!‘t term is also omited. Fq. (4-37) of

the original linear CH-theory is rcz:[ined

]l.nnacr et "I.' {1973} proposed a L‘O;Tlpu('l-‘

tonal technique for solving EBq. (4-60) Thll

required  several appmt;nmrions 10 h;

made. e g on f(ctand on M, '.l.hit-‘h inher

enttly leaves the LBM-approach with so:m:
fulndnmenml shortcomings, Ne\er[hﬂe;:
u.anh respect to the features displayed in lhe.
time evolution of Sis. ). the predictions of
the LBM-theory {Fig. 1-35) are in nt‘h
god agreement with hoth cxperim‘emell-
stidies {ee Fig 43123 apd 4-34) g a!
Muonte Carlo studies {Sec. 4,56, FiAq 4-4 :T
Iq their recent study of phase Sc|::rrlr(‘l(|(‘r'1
n e 120, 0,40, and 60) a4t Cr aliows,
Furukawa et al. 11986) compared the e'\'.
penimentl ${x. ¢ curves with o, (4-60 -al-'
the 7[.HM-|henr_» For shorter aging hrn;-'
ar 515 C, the experimental d;Il.'lkrminl:
taken from Fe . dbat ™ Cr couid well h;
I'mc-d by g 1d-60) (Fig 3-36) if &£T l’\':
MAE* and 1% K* were emploved as lhrcc.
mdependent fitting pur:imete-rs. On the
grounds of the agreement with lher\‘ i L
dal theory of LBM, and. additinnnilli'n:‘
thiy parucular alloy was evaluated I'OI l‘u:
wihin the imean-field) spinodal region. it
has been concluded that Fe-40 at ‘;’u CI: 15
& spinoddal aqifoy '

Recently the nonlinear theory of spino-
cf:_\iqdecrnmp()ulic_m developed iw Langer
(1971 for binary alloys was ex[)endedkto
ternary svstems (Hayt, 1989 by derivine
the time depeadent hehavior of the three
Iineacdy independent partzd structure fupe-
tons el See 43112 Ap experimental ex-
aminttion of the kuretic predictions, how-
vver, sostill Lekine
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455 The Philosophy of Defining
a “Spinodal Allny” -
Morphologies of “Spinodal Alleys'

T R NI
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Referring to the previous sechion LIS
rather difficult or gven impossible o asses
on a thermodynamic basiv whether an
alloy. plass, or oxide system was truly
quenched into and aged within the spino-
dal region of the miscrbility zap. Further-
more, the varions spinodal theories are thf-
feult to handle and many parameters cn-
tering the resulung kinenc equations are
commonly not avaiiable for most s id i
tures. Henee. like the non-classicil nucle-
aton theory. the various efegant theories
which describe the Kinetics of phase sepa-
ration of a ‘spinodal alloy” are of little use
for the practical metaliurgist.

Beeause of these problems, materials sci-
entists have up to now employed morpho-
fogicel criterie for the definition ol spino-
dal alley” These are simply retated to the
predictions of the linear spinodal CH-the-
ory concerning the morphological evoln-
tion of a solid mixwre undergoing spino-
dal decomposition.

Mowt crystalline solid solutions show o
variation of lattice parameter with compo-
sition leading to coherency strains. The as-
cociated steain energy £, =% Ve —c
1Py (4-351) which is accounted for w Iy
14-313, reduces the driving force for phase
separation. This effect shlts the locus of the
original chemicol (mean field) spimodal to

Jower temperatures vielding the coherent
spinadal curve {Eq. (438D If the parame-
ter ¥ lef Ser. 4.2.4) which 15 a combination
of various elastic constanis, depends on
the crystallngraphic direction, £, also be-
cames anisoteapic. Therefore, the fous of
the coherent spinndal may also vary with
the crystallogruphic direction. This bhe-
comes particularly discernible for the te-
tragonal TiO,-Sn0, odde system {Park
et al, 1976} where f, altaing a mimmut

for compusition waves tlong {0Nt) and 15

larger for waves along oo and 1010].

Flenve. the coherent spinadal sphits up mto

a ] a Z101 . and a A100% branch (Fiy

117 As a4 consequence the Sn-rich

medulatnons S preferentially along (H01]

gving s Tl Lunellar struetire ab later

apme stawes (b 3.38)

metillic systems i
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lughest adong the three <1003 directions
viving rise 1o the frequently observed mod-
utinted precipiate microstructuces (Table
4o Figs, 4418, 4-19 bl Inisotropic materi-
als such as polvmers. alasses. or, for an-
stance, Fe -Croand Fe-Cr  Co alloys, the
modulations do not grow along any prefer-
ental directions. The resulting two-phase
microstructure is of the ‘sponge-like’ type
and sometimes referrad  asa mosdfed” or
nterconnecied’ preaipilate microstructure
{e.g Figs. 4-160 4-{9c. 4-20). Based on
these considerations, two-phase alloys dis-
playing either famellar, modulaied, or in-
fercenmecied  precipilate . migrostructures
are commonly termed Spinadael allov’ by
metaliurgists, Furthermore, sometimes the
murphology of a two-phase maerial is
even emploved o derive the locus of the
spinodal. This s allustrated in Fig. 4-39 for
the Cr-rich fercite phase of a cast duplex
stainless steel which undergoes phase sepa-
raunn during tempenng between 330 °C
and 450 C with an associated embrictle-
ment (Auvger et al., 1989 [ncreasing the Cr
content of the ferrite Fe-Ni Cr solid so-
lution leads to the formation of Cr-rich
% -precipitates during tempering, As the «'-
phise is discernible as individual particies
by CTEM, it 15 concluded that phase sepa-
ratien occurred via nucleation and growth.
A further increase of the Cr conteat to
ahout 23 wi.% yielded a “sponge-like’ mi-
crostructure after tempering below 400 C.
This was attributed o a spimodal mecha-
msm. Thus the spinodal s drawn as the
line which separatzs the two morphologies
(Fig 4-39).

It must be pointed out, however, that
interconnected or modulated  structures
represent two-phase microstructures in the
farer stages of the reaction (eg Fig 4-18)
Even though they are widely believed to
result from spimodal decompuosition in the
seise of the CH-theory, therr formation
might be ol a rather different origin. For
instance, a strong elastic interaction of a
tigh number density of individual nuocler,
cach of which is wurrounded by a solute
depleted zone in which no fucther nucle-

be ™
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ation may occur. may alse lead to regularly
arrianged precipilites, ie.. modulated struc-
tures (Ardell et al. 1966, Doi ctal. 1934,
198%: Doi and Miyazaki, 19861 On the
other hand, itially interconnected micro-
structures in Cu—Ni-Fe allays were found
to break up into isolated plates (Piller
et al., 1984). The later stage microstructuce
is thus neither sufficient to draw any con-
clusions on the early stage decomposition
mode nor for a definition of ‘spinodal
alloy’. We therefore are still left wilh‘lhe
question what really s a spino_dal alloy? To
answer this question unequivocally, one
must verify by any microanalytical tech_-
nique that the amplitude of the composi-
Lion waves increases gradually with time
until the evolving second phase has finally
reached its eyuilibrium compasition. Such
an experimental verification is a diflicult
sk and. o our knowledge, was only
shown for decompuosing Fe-Co-Cr (Fig.
316 and 4-17), AINiCo permaneni mag-
netic materials (Hfitten and Huasen, 1986)
aad Fe—Cr (Brenner et al., 1984) by meuns
of AFIM, and for a phase separating
pol_vﬁlyrene-polyxinyimexhylelhcr p‘olymer
mixture employing nuclear magnrelic resa-
nance methods (Nishi et al., 1973).

As hus been outlined in Sec 423, re-
aurdiess of whether phase separation oc-
curs via nucleation and growth or .via
spinodal decomposilion. the u.ndcrlylng
microscopic mechanism is diffusion of the
solvent and solute atoms. 1n this sense
there is thus no necessity to distinguish
amongst the two different decomposition
modes and the term “spinodat alloy’ is sim-
ply semanite 0 nAtULE. This is also rcﬂegied
n the various attempts to develop ‘unifted
theories” comprisiag either mede.

/o
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From the practical point of view the mi-
crostructure of virtually al! technical two-
phuse alioys corresponds to that of the
later stages. Hence, the practical metaltur-
gist worries little about the initial stages of
unmixing but is instead interested in pre-
dicted the growth and coarsening behavior
of precipttate microstructures in the later
stages. This will be the subject of Sces. 44
and 4-7.

4.5.6 Monte Carlo Studies

The basic features of earlv stage compo-
stion as a stochastic process have been
cxtensively studied in model allovs by
means of Monte Carlo computer simuli-
tinns. mainly by Lebowitz. Kalos, and
cowoerkers {Lebowitz and Kalos, 1976
Binder, 1979, Marroet al . 1973, 1977: Pen-
rose vt al, {978; Lebowitzy et al, 1982; see
alsoy Binder in Chapter 4 of this volume),
The hinary model llovs are usually de-
scrihed in terms of a rthree-dimensional
Ising model with nearest-neighbour inter-
actions on a simple cubte lattice the sites of
which are occupied by either A or B atoms,
and a phase dingram which displays a sym-
metrical miscibrlity gap centered at 50 at,%
solute concentration (Fig. 4-¥). The mi-
croscopic dvnamics of this system are com-
manly described by the Kawasaki model
tKawasnkt, 1972). There a nearest neigh-
har pior ol {attice sites is chosen at random,
then the atoms on those sites may be miter-
changed with a probability which depends
on the energies of the configucation before
and ufter the exchange in such a way that
denailed balancing holds (Penrose, 1978),
Mente Cuarlo technigoes are then employved

teocarry out this stochastic process.

H¥é-§
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The model alloys employed for MC sim-

ulations are far from being representative
of a real binary alloy svstem. One reason is
the fact that the atomic exchange is as
sumed 1o oceur directly rather than mdi-
rectly via the vacancy mechanism. Never-
theless, MO simulations represent a con-
venient way to study in a guantitative mi-
croscopic manner the time evolution of
the cluster configuration and the struclure
function in an “alloy’ quenched into any
region below the solubility line (Fig, d-40)
without worrying ahout complicating fac-
tors, such as an insufficient quenching rate,
exemss vacancies, or lattice defects, which
one commonly faces when investigating
real alloys (Sec, 4.3.2) Furthermare, MC
simulations have allowed a critical exami-
nation of the various theoretical approaches
in terms of cluster dvnamic models or
spinodal models to be made, For practical
computational limitations, however. the
maximum size of the model alloy has com-
monly been restricted to 30 x 3% 30 lat-
tice <ites. Because of this size limitation, in
general, computer cxperiments cun only
cover the early stages of ﬂ a precipitalion
reaction in allovs where the supersatura-
tion is sufficiently high fot the formation of
alarge number density of clusters or auclei.
and where the cluster sizes are still consid-
erahly smaller than the lingar dimension of
the modet system. This is frequently not
the case in real alloys. For instance, onee
nucleation is terminated, the maximum
number density of Cu,Ti particles in Cu

1.9ar% Tiaged at 350 CAF= KT =8 s

found to be about 107° m™? with diameters

of =2 em jvon Alvensleben and Wagner,

{9%4). This would correspond to only fif-

teen precipitates within a simple cubic lat-

lice with 0 % 50 % 30 sites typically used in

MO simulations. The same crystal would

contain even less than ane Co-rich particle

a1 the end of the nucleation penod in Cu

lat % Co (AF*ET =23 aged at 620 C

(LeGoues and Aaronson, 19835 Thus for

such an allos with a large nucleation bar-

prer, computer simuliations may cover
hest, the transient period of aucleation but
certunly not the entire nucfeation period

In essence. the results from computer
simulations corroborate the predictions
hoth fram the generahized nucleation the.
ory of finder and coworkers (See. 433
and from the non-hnere spinedal TBAM-
approach T parncutae, the ime evolution
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modet displiys qualitatively the same fea-
tures ds the corresponding ones obtained
from the katter theories def. Figs. $-3ta and
4-3ab) ot from experiment (e Fig 4-32a)
For instance, Stk o of “alloy” #4 (Fie
4-4t bl which according to Fig 3-40 lies
cluse to the spinodal line withia the meta-
stuble regime, evolves similarly to that of
alloy” # 3 quenched into the center of the
spinodal region. Thus. in agreemeat with
the generalized nucleation theory and the
LBME-spinodal approach, but unlike the
predictions of linearized CH-theory of
spinodal decomposition. MC simulations
aginin reveal i) no evidence for any abrupt
change of the decompuosition kinetics on
crossing the spinodal curve, it) ne common
crass-over point of the Sik)-curves taken
after ditferent aging times, i) no exponen-
tietf growth of the scaltering intensity for a
certain lime-independent wave vector tn
any ume regime, and, furthermore, iv) the
peak posinon of 12,1 at 2, 15 net found to
be tone-independent but is shifted towards
sinaller values ol » indicating the immedi-
ate growth of clusters.

Frequently, the MC data for the time
evolution of the peak position {x,) and
the peak height ($,) of the structure func-
tion have been fitted 1o simple power-laws
{cf. Sec.4.8.2), such as (o<t and
§.(0 ~ " a and b were estimated 10 range
from 0.16 to 0.25 and 941 to 074, respec-
tively, depending on the initial super-
saturation of the “alloy’ (Marro et al., 1975,
1977: Sur et al., 1977). Lebowitz et al. (1982)
have pointed oul, however, that due to the
finite (small) size of the system it is difficult
to extract from computer simulations pre-
cise und reliable information about the an-
alytical form of # (1), eg. and that it s
possible to fit the same MC data with other
functional forms than the power-laws
given above. In Sec. 4.8.2 we shail show, in
fact. that apart from the kste stages of
coarsening. it 15 commonly nd feasible to
interpret experimental kinetic duta over un
exrended aging period interms of a power-
law behavior with & ume independent gx-
punent.

ol
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({“nnrscning of Precipitates

4.6.1 General Remarks

For most two-phase alleys, the sumnple
model of diffusional growth of isotated
non-interacting pactivles with uniform size
Fy. (4-17) s hased on. frequently does not
give a reahistic descripiion of the further
dvnamic evolution of the precipitate mi-
crostructurs peyond 1ts nucleation stage.
In reality, towards the end of the nucle-
ation period a more of Jess broad particle
size distribution f(R) is established (Fig.
4.10 and 4-29). According to the Gibbs-
Thomson equation (4-36). the solubility
colRY ol small particles with a large raowo of
surlace area 10 volume is larger than that
for larger ones. With reference 1o Eq. 14-44),
this leads 10 4 size-dependent growth rate.
which is positive for farger particles with
¢ > v and negative for smaller ones with
¢ < ¢y The growih rate becomes zero for
particles with ¢ = ¢y which are in unstal?le
equilibrium with the matrix. Their radius
R&* is derived from Eq. (4-46) as

: 1
R* = 2,,’1!'51'3 -_1_, = Kay, — (4-61)
¢ In - In —

€
ot cl

Hence, driven Dy the retease of excess inter-
[acial free energy. larger precipitates will
wrow al the expense of smaller ones which
:ﬁssolvc again giving rise to a change of the
precipitate size distribution. This process.
which is commonly referred 10 as coarsen-
ing or Ostwald ripening *. frequently re-
duces the precipitate number density from
=10% m~? to less than 10'% m ™% 1n typical
two-phase alloys during aging (cl. Fig. 4«‘3).
Usually, the coarsening process is consid-
ered to be confined to the latest stages ofa
precipitation reaction. However, as will be
shown in Sec. 4-7, codrsening may accom-
pany the growth process outlined n Sc;.
4.5.2, or may even start while the system 15
<till in its nucleation period depending on
the initial supersaturation of the solid solu-
for,

P opn s oneinal mwaning, Ostwald opemini 1y cad-
fined t a coarsening resclion where the sevcond phase
parncles et s e only sinks or sources ol sl

atoms
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4.6.2 The LSW-Theory of Coarsening

In essence. the coarsening of random-
Iy dispersed second phase particles is a
mutti-particle diffusion problem which is
dilficult to handle theoretically. In thetr
classic LSW-coarseming theory, Lifshitz
and Slvozov (196t), and Wagner (1961)
caleutated the time evelution of fIR. 1)
which satisfies the continuity equation:

7y o f[.er
il “Tl=0
o T Er [’ az]

On the basis of the continuity equation
and of Eq. {4-44), the time evolution of the
mean particle radius &{r} and the precipi-
tite number density N, 1¢) are derived. Cer-
tain approximations, however, had to be
made in order to solve the equations of
muotion analvtically:

Al The precipitated volume fraction
fo= RN s close to zero. e the
swstemn is ghly difuted. Under such a con-
dition, o particle the interface of which is
in tocal equilibrium, interacts only with
the infinite matrix; interacaons with the
specific environment of ndjfc::nl particles
as expected in less-diluted’ systems may
thus be ignored

b, = const. i.e., the decomposition is
ciose to completion and, thus the supersal-
uration ¢ =0 This mherently confines
the 1. SW-theory to the late stages of a pre-
cipitation rexction.

ot The lincarized version, Eq. {4-46b). of
the Giibhs-Thomsen equation may be used.
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With these approximations, the LSW
theory vields i the asymptotic limit
{r - ) for o diffusion-controfled process
the coarsening rate of R 1o he propp[inn;ll
to the cube root of the nime. or more specif-
ically.

f4-62a)
3 vt Uy
R - Rl = 9 K Doy s 12 At

(‘v—(,

and accordingly for the decreass of N, with
tme:

- - L
Nt - N = 3 L 2wt (4620

R, and V,, denote the mean particle radius
and number density at the oaset (¢ =0) of
coarsening. With R = R* and Rin» K,

Eq. (4-62a vields for the supersatucation:

|-n)*.4 m D m”r’” 463
N I U o

The asvmptotic solution of the size distri-
bution is of the form (Fig. 4-32%

_ RSRTS) .

fiw R R0 = i MR Ry forRER <13
v (4-6:4)

fla R R0 for RFIRz 1.3

and contains the rere fnvariant shape fune-
rieny WUR-Ry i this limit, Riny is identical
with R*{r}

Numerous experimental studies on a
farge variety of iwe-phase alloys attempled
to examine the coarsening kineties predict-
ed by the 1.5W-theory. Revardless of the
particular alloy systern and the empioved
microanalytical technique {e.g CTEM on
Ni -Aland Ni- T Acdell, 1967, 1968, 1970;
AFIM en MNi-AlL Wendt and Haasen,
1983; SANS on Fe Cu: Kampmann and
Wagner, 1986, these studies commonly re-
vealed the experimental size distribution
function to he considerably broader than
Sisw (R0 (Fig 3.1 whereas a plot of
RY— R ar NV =N versus ¢ vielded
more or less straight lines {due to limited
statistics, the error bars are usually rather
larger From the sloper of these LI S-plots
the product «,, - ) can be denved. Tre-
quently e was also measured and plotted
versus 7' Vg 14630 m onder to deter-
mine frl, fem Ardell, 1967 1968; Wendt
and Huasen, 1983 Thus apparently ahso-
lute vadues for both o, and O have heen
determined from values of Dy and 3.0,
However, Fy 62 and, i particudar, by

14631 and the e constant fyy g din By
{4620 were denved with the assumphion

b o= OFor - const Once this comis.

{or
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Gon i< fulfilled, 10 is ao fonger feasible to
follow munor changes of e with nme
quanutatively by any of the expenmenta
techaigues frequenty employed, such as
CTEM, AFIM, SAXS or SANS tSec. 4.3
in the asymptotic limit de — 0. it even ap-
pears difficult 10 measure dein in alloys
contiining a ferromagnetic phase with
magnetic technaigues tArdell, 1967, 1968
lhu_ugh these direct methods are certainly
imore sensitive than CTEM, AFIM or SAS.
On the other hand, in those earlier decom-
position stages, where AC (1) is experimen-
Lally accessible. @ LSW.analysis canant be
pcr'[ormed. and, in pacticular. the rate con-
stant zgqw |EQ. (4-622)) is no longer valid
(see Sec.4.7.33 Thus, in practice. an
LSW-analysis, at its best, can be performed
ouly in diluted systems on the basis of Eq.
{4-62a) and yields only a value [or the prod-
act D - ¢y This fact was ignored in most
LSW-analyses based on the independent
measurement af both Rt and et Y
hence, the values of Dand o, derived from
this type of analysis must be regarded with
some reservation. However. in Sec, 4.7.4.4
two dilferent methods will be discussed
which allow a separate denivation of a,
and D to be made from experimental data,
one method with even knowing Jdcio).
A priori. it is difficult to check to what
extent gy in Edq. {3-622) i affected by
the usage of Ey. (4-46b) rather than Eq.
{4-462) or Eq. (4-45). This approximation
is suggested to be valid for R>3K'a,
{Wagner, 1961) which corresponds to i
In(dedy = ey —1. Since, however, one
is dealing with a distribution function,
R > 3K 6, hastobe satisfied not only for
R but alse for particles within SR &}
which are considerably smalter than B This
s the case for all particles in the Ni-14 at.%
Al system even dunng lt\ early stages
of precipitation swce IR o, = 0.5 nm
(r,y = 0016 Jim?, see Sec. $.7.4.4). In con-
trast, for Cu- 1.9 at%s Ti aged at 350°C,
3K 5,y = 37 am; hence, linearization of
Eq. (+-460) becomes reasonable oniy in the
late stages of the precipitation reaction. 1n

See. 4.7.4.3 the influence of hinearizaton of

Ty (4-36m on J(R.N for Cu T will be
discussed in more detadl)

/R

/ Ry

/ e
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4.6.3 Extensions of the Coursening-Theory
to Finite Precipitate Yolume Fractions

There have been many efforts to extend
the LSW-theory to the more realistic case
of finite precipitated volume fractions and
1o investigate its influence on the shape of
FiR,¢). its time invariance, and oo the
coarsening kinetics of R (Ardell. 1972;
Brailsford and Wynblutt, 1979 Davies
et al. §980; Tsumuraya and Miyvata, 1983).
Basically most of these extensions attempi-
ed to consider the particle interaction for
finite volume fractions i terms of a modi-
fication of the diffusion geometry and,
thus, of the concentration gradient around
a particle with a given size. Regardless of
the statistical averaging procedure neces-
sarily empleved o these (still ‘mean-field-
like') LS W-extensions in order to evaluate
the mean effecuve diffusion feld, they
jointly recapture the R » ' kinetic be-
havior but predict the rate constants to
increase, and the particle distribution to
flatien and to broaden with increasing vol-
ume {raction.

In the mean-field type LSW-theory and
its above-mentioned extensions to finite
volume fractions, particles with R »> R*
grow and those with R < R* dissolve with
a rate which depends only on their specific
size (e.g. Eq. (4-440). In reality, however,
and in particular for non-zero volume [rac-
tions, the precise growth rate of a given
particle will depend on the details of its
{tocal environment rather than on a con-
stant effective diffusion feld. This fact was
taken into account more recently by em-
ploving systematic statissical physics anal-
vaes to diffusion-costrolled particle growth
(Marqusee and Ross, 1983 Tokuyama and
Kawasaki. 1934). Solutions to the related
multi-particle diffusion problem ol par-
ucles interacting through their diffusion
lields at various ¥olume fractions were ob-
ttined frem computer simulations (Voor-
hees and Glicksman, 1984; Enomoto et al.,
1957}

63

Umbruch:

YCH Verlagsgesellschalt, 6940 Weinheim

Autor:

Fahnen:

> .

o

K Triftsr:h Wiirzhurn

W

Mataeial Srienca R Tachnnlgay Vol 5



¥rom the computer simulations it be-
e possible (o caleulate the source.sitk
arrength’ B of indwvidual particles with
radinrs R, in different environments. B; is
related 1o the particle growth rate via
R, - B, R}. Thus, particles with B, > D will
grow, while those with B; <0 will shrink
during further azing. fn Fig. 4-43 the distri-
hution of B, is plotted versus the normal-
ized particle size R ‘R for a concentrated
precipitating system with f =035 under-
going coarsening under steady state con-
ditions. 1t is evident that particles with
identical sizes may have different growth
rates owing to different Jocal environments
{Voorhees and Glicksman, 19831 In con-
trust. the LSW-theory predicts the source;
sink strength as Blgw = (R'R1—1 and,
hence. assigns to each given particle size
just ane unique value of B.

Despite the observed dependence of the
growth rate of an indiwvidual precipitate on
its tocul enviconmeal, the computer simu-
fatians of the multi-particle diffusion prob-
lem have established that regardless of the
valume fraction. 8% coarsens linearly with
nme: the rate constant 21 £}, hawever. de-
pends on f, as is shown n Fig. 4-44 for
vartous theoretical approsches and aumer-

cal techniques
Evidently. the different theoreticat ap-
proaches predict somewhat different coars-
ening rates for a given f,. From the practi-
cul point of view, however, the consistency
is suMcient for a prediction of the coarsen-
ing rate of a two-phise system.
Furthermore. the computer simulations
revealed that at non-zera volume [ractions
the shape of the normalized size distribu-
tion also hecomes time invariant in the
asymptotic imit regardless of the mitial
distribution at the heginning of coarsening.
The particelar shape of the steady-state
distribution, however, depends on f, and
hecomes Matter and broader the large f|
1Fie. 4-43) Hence. the observed differences
hetween evpenimental wize distributions
and 1o (e g Fig 4423 can be attributed
tor partiele interactions not accounted for
in the onminal LSWetheory, Systemaltic ex-
periments on the Late stage coursening ki-
netics and the shape of fIR 1as afuncion
of 1 howeser, are Sl lacking.
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4.6.4 Other Approaches Towards

Coarsening

In addition to the [L.SW.tvpe coarsening
mechanism which is based on the evapora.
tianand condensation of single atoms from
dissolving und growing precipitates, Bin-
derand Heermann (1983} have also consid-
ered a cluster-diffusion-coagulation mecha-
wive ikely to become operative during the
ferinediate stages of coarsening. Depend-
ing on the specific tlocaly microscopic diffu-
sional which is assumed to contribute to
the shift of the center of gravity of the par-
ticle and their likely congulation, the time
exponents a for the related coarsening rate
were evalunted between e =léand a=14
and. hence are smaller than predicted by
the LSW-theory {a=1:3).

According 1o Fig. 4-32b the position of
the SANS-peak intensity at x varies in
proportion to ® 2% This might. in fact, be
mterpreted in terms of a cluster-diffusion-
congulation mechanism beng dominant
prier w LEW - type coarsemng. [n Sec. 4.8.2
it will be shown, however, that even il sin-
gle atom evaporation or condensation in
the 1.SW sense is assumed to be the only
micrascopic mechanism contribuling to
particle growth, the time exponent « al-
ready displavs a streng time dependence.
[epending on the initial supersaiuration
of the alloy. alt) may then vary between
almaost zero and (03 dunng the course of
a precipitation reaction. The question of
whether « even reaches 113 asymptotic
value 1-3 depends on whether the experi-
ment spans a sufficiently long range of
aging times

From the experimental peint of view 1t
thus does not appeir [ecasible to decide
merely on grounds of the measured time
cxponent whether the cluster-diffusion-
coagulations mechanism influences the
growth or coarsenmne kKinetics of a precipi-
tate micrastructure.

4.6.5 Influence of Coherency Strains on the
Mechanism and Kineties of Coarsening -
The Problem of Stability Bifurcations
The LSW-theory as well as the exien-
sions to finite volume fractions assume the
conrsening process to be driven entirely by

the wasocited release ol imterfacial ener-

gies, In the presence ol clastwe strains, how-
ever, such s mduaeed by coherency strnms,
the coarseniny procsss may be drven b gy

refease of the toaral caeres ol the ta-pitee
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i toskiueline i
comprising the surface enérey and uddi-
promatiy the elastic stran energy and the
mterichion energy between aeizhbouring
precipitates.

le the presence of mishit strains. clastic
inferaction may give nise o pronounced
changes of the shape and spatial correla-
ten of the particies. Ardell et al, {1966)
proposed elustic interaction between it
Ni, Al pregipitates o establish a Lorly uni-
furm particie distnibution along the elasti-
cally soft 100> directions during coarsen-
ing of Ni- Al alloys. In fact,ata first glance,
CTEM of many nickel-base alloys reveals
the /-tvpe precipitales to be rather uni-
furmly distributed le.g. Fig. 3-19¢) which is
sometimes reminiscent of modulated struc-
tudres,

Mure recently it was observed (Miya-
zaki et al., 1982; Dor et sl 1984) that dur-
ing coarsening individual cuboidal ¥'-type
precipitates sphit up into groups of two (e.g.
in Nt T Ni-Al and Ni-Cu-Sialloysh or
even etght (eg. in Ni-Si, Ni-AL Ni-Al-Ti
allovs) simaller cuboidal precipitates {Fig.
1.361. The observed splitting has not been
accounted for by the conventivnal coars-
ening theory and, thus. has prompted
theoretical reexaminatien of the influence
of elustic interactions on the stability of
precipitate microstructures during ¢ours-
ening (Johnson, 1984 Miyazaki etal.
1082, t9%6; Johnson et al, 1988) and on
the degree of regularily in the particle
distribution {Doi et al, 1988). Commonly
the multi-particle interaction problem has
been reduced to considering. on the basis
of isotropic Of 4nisOlropic microelasticity
theary. only a pair of diffusionally and elas-
tically interacting spherical particles with
radii R, and R, and a constant total
volume V2 =3n '3R! + RY). The relative
sive change of the two puarticies may be
expressed by introducing the parameter
Johnson, 1984)

- BBy (4-65)
R, +R,

tn the paradigm of Ostwald-ripening where
the Lurger [keegerd purticle will grow al the
expense of the smaller une, the extreme val-
ues of R are + 1:for R” =0, boch particles
have equal sizes. By assuming & larly pen-
odic distribution of particles with a center-
to-center distance L. between the two par-
ncles, their volume fraction f may be ap-
provamated by

" 13
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distance normalized with respect - the
et pactivle diameter 2H. (Foed =1 the
particles just touch each ather.) According
to Ey. {4-66), the precipitated volume frac-
Lon is pow fully determined by o regard-
less of the particle volume 19 Miyazaki
et al, 1986). Fig. 4-47 shows the variation
ol the clastic inraction engriy {Fi,, ) nor-
malized by the elastic strain energy {Fuc)
with the intercenter distance or the related
volume fraction for various relative parti-
cle sizes RY. Evidently the elastic interac-
tion decays rapidly with increasing inter-
particle distance or decreasing volume
fraction and is strongest {the most nega-
tive) if the two particles have the same size
(RY = Ot as is the situation after splining of
a ¢ -particle into a pair of two y-plates
{Fig. 4-46). Fig. 4-48 shows the dependence
of the total energy as a function of the
relative particle size for three different nor-
malized center-to-cenler distances o or, as
1R = 200 nm was kept constant, for three
different volume fractions f,. At smalier f,
or farger d. the total energy is dominated
by the surface energy which is fargest if the
1wo interacting particles have equal sizes.
i.e. for R? = 0. Hence, the 1wo-particle sys-
tem cia minimize its total energy if ity fol-
lows the paradigm of Ostwald-ripening
where the larger particle grows af the ex-
pense of the smaller one until R®=+1is
reached. According to Fig. 4-47, the influ-
ence of the elastic interaction energy in-
creases with decreasing d and is largest for
R%=0. Thus below a certain interpar-
ticle distance fe g. d = 1.6 in Fig. 4-38). Fyg,
additionally develops a local minimum
around R? =0 which even becomes abso-
fute if the volume fraction is still further
increased, ¢.g. to about 40%. The larger
surface energy of the two-particle system
with R, =R, is now compensated by the
strong (negative) elustic interaction energy.
The occurrence of three minima in the
F,, [R®) curve which are separated by the
maxima at RY,, (the bifurcation points)
gives rise to ‘stahifity hifurcarions’ during
coursening. A pair of precipituates with
[RY| = R%,, can lower its total energy by
approaching a finul state with R? = + 1 via
the growth of the lurger particle at the ex-
pense of the smaller one, e, Vid Ostwald-
ripening. In contrist, a pair of particles
with | R?| < Ry, adopts L5 mimimum en-
ergy state if the smaller particle grows at
the expense of the larger one until hoth
have equal sizes, ic, R" =0 [l the eneryy
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minimum at K" = 0 is absolute, the one-
pasticle state at R% = + 1 is metastable and
the pair of equeal-sized precipitates at R® =0
represents the stable configuraiion. In this
cise the sphitting ol a particle into two par-
tictes with equal sizes which. in fact, occurs
withour any energy barrier to be overcome,
15 energetically more favourable. As illus-
trated in the hifurcation diagram ol Fig.
449, for & given volume fraction the bifur-
cation point is reached once the particles
have coarsened to a certain mean size
which depends on the surface energy and
on the muslit strains. Precipitate coarsening
thus commences along the lines of QOst.
wald-ripening (region [) untit the two-
phase systemn has reached i1s bifureation
pomnt beyond which the tendency for the
growth of smaller particles at the expense
of larger ones {R” — 0 within region 11} in-
creases By transferring the results from the
two-particle consideration to the mutbti-
particle reality, a rather monodispersive
particle size distrtbution will finally be es-
tablished which s stabilized against fur-
ther agime. The formation of precipitate
micrastructures with a fairly uniform size
distribution and an increased stability to-
wards coarsening. therefore, 1s more likely
to be nbserved in concentrated alloys. The
stabality bifurcation may  thus account
for the experimentally observed slugpish
coarsening kinetics in alloys with a large
volume fraction ([, = 30%) of isolared
ccherently  misfitline  precipitates  such
as modulated Cu-Ni-Fe {Wagner et al,
1983), Cu-Ni-5 (Yoshida et al., 1987 or
modulated Co-Cu (Miyaraki et al, 1986
The time exponent a of the coarsening rate,
defined by R v ¢°, of these alioys was con-
sistently found to be smaller than 1/3, e,
the value expected frem conventional
coarsening theory on the basis of Ostwald-
ripening. Furthermore, it was shown that
coarsening of a {100> modulated struc-
ture in less-concentrated Co -Cu alloys
(5 200 ™s Cus f)= 20%) stit follows the
' *kinetics, wherens the coarsening rate
becomes extremely small in Co-50at."
Cratlos (f, = 50"3) as indicated by the
sonll fime exponent < 1 M) {Mivazaki
ctal, 198%6)
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As was poutted out in Sec, 4.5.5 "mottled
structures” or “intecconnecied microstrue-
fures” can result from spinodal decompo-
sitiony of allovs with vanisking coherency
strains, Unlike for modulated structures,
elastic interactions therefore should not
stabthize the interconnpected microstrue-
fure against coarsening. Nevertheless, the
coarsening rate of imerconnected phases is
frequently found nor to follow the "7 ki-
nenics. Expertmental studies on the coars-
ening kinetics ol interconnected phases in
hard magnet materials such as Fe-Cr-Co
{Zhu et al., 19865 Al-Ni-Co (Hiitten and
Haasen, 1986), and Fe-Cr (Brenner et al.,
1984; Katano and Nzumi 1982) instead
vielded time exponents o between 1,4 and
I 10 Evidentlv. an adeguate theorctical
description of the coarsening kinetics of
such a complecinterconnected microstrue-
ture has ro o bevond the mere modelling
of Jiffusional interaction between two or
even more solated splierical particles.

4.7 Numerical Approaches Treating
Nucleation, Growth, and Coarsening
as Concomitant Processes

4.7.1 General Remarks on the Interprers-
finn of Experimental Kinetic Data of Farly
Decomposition Stages

In this section we address our atten-
tion 1o decomposition studies of alloys
with sufficiently high nucleation barrers
(AF* kT £ N decomposing via nucleation.
growth, and coarsening. in contrast to the
considerations of the preceding sections we
now ask, how experimental Kinetic data
can be interpreted il they refer to very early
decomposition stages which include rucle-
atforr, grovcel, and eoarsening a5 concomi-
tant rather than consecutive processes on
the nme scale. In attempting such interpre-
tations ene has to recall that these early
decomposition stages especially are char-
acterized by dramatic changes of supersat-
uration and. thas, of the driving Torces for
nucleation and growth processes. Further-
mare. durtng these early stages the size dis-
tribution functian evolves and 15 subjected
to drastic alterations withan rather shor
aging periods where nucleation, groswth,
and couarsening musi be seen as competing
and overlapping processes. Evidently these
rather compheated phenomena are nen
properly accounted for by sphithime the
eourse of decomposttion into @ nucteanon
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.
regime, o prowth regime, and 1 COUFsEnINg
regime. Moreoser, the kinctie theories de-
veloped for either regime (Sec. 430 4372,
andd 4 6. respectively) are based on ideal-
ized assumptions which are frequently not
expected 1o be close to reality. This holds
true Tor the cassical aucleation theories of
Volmer and Weber and Becker anid Doring
(Sev. 4.5.1). [ these theories the supersatu-
ration is assumed to be constant, This may
be fulfilled - if at all - oniy during the ewr-
Lrest nucleation stage. Furthermore, thess
theuries are based on artificial assumptions
of the cluster size distribution in the vicin-
ity ol the critical radius (Fig. 4-24) which
are not consistent with the fact that. Juring
(he nucleation process. many growing
precipitates slightly larger thun the cntul
size are furmed. The theory of ditfusional
growth by Zener and Ham (Sec. 4.53.2) de-
scribes only the time evolution of precipi-
tates with uniform size. Howaver, towards
the end of nucleation as well as at the be-
ginning of the LSW-coarsening regime one
certainly has to J.icnl with a polydispersed
precipilate mucrostructure. Thus. even if
nucleation and LSW-coursening were to
be well sepurated on the time scale, in be-
tween these two fegimes the Zener-Ham
theoey can not be expected 10 correctly
predict the measured erowlh kinetics
quantitatisely. Finally, the coarseming the-
aries of Lifshitz. Slyozow and Wagner are
bused on the lingarized version of the
Gibbs-Thomson equation (Eq. (4-46b)
and on the assumption that the supersatu-
ration is close to zero. These restrictions
also hald for the more recent theories {Sec.
4.6.3) which take into account finite precip-
itated velume fractions and overlapping
concentration profile between precipiiates.
Thus, any theory for the Kinetics ol pre-
cipitation which can be employed either
for 2 more realistic interpretation of exper-
imental data or for a prediction of the
dynamic evolution of a second phase mi-
crostructure under elevated temperature
service conditions, has to treat nucleaben,
growth, and couarsening as concomitant
processes, This was accounted for in the
cluster dynamic theories of Binder and
coworkers (Sees. 433, 4.6.4). However. us
was pointed out by these authors (Binder
ctal. 1978 Mirold and Binder. 1977), the
theory developed yields a reasonable gueali-
tative prediction of the features of experi-
mentally observable quantities but does
not attempt their guanttdrive interpreta-

lon.
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A [urther decompuosition theory treating
nucleation, growth, and coarsening as con-
comitant processes was developed by Lan-
ger and Schwartz (LS-model; Langer and
Schwartz, 1980). This theory was formu-
lated for describing droplet formation and
growth in near-critical fluids. Later o it
was modifie by Wendt and Haasen {1983}
and further improved by Kampmann and
Wagner (M .S-model; 1984} in such a way
that it could he applied for the description
of the kineucs of precipitate formation
and growth in metastable alloys of rather
high degrees of supersaturation, The MLS-
model is sl based on the same assump-
tions as the original LS-theory. In particu-
Lar. the explicit form of the size distribution
is not accounted for and the long-ime
coarsening behavior is assumed to match
the L.5W-results, i.e., is described by Eq.
14-A2). A priori, it is not possible to foresee
the influence of these assumptions on the
precipitation kinetics.

Therefore, Kampmann and Wagner
(K. 1984} have devised an algorithm
which accurately descnibes the entire
course of precipitation within the frame-
work of classical nucleation and growth
theories. Accurate is meant in the sense
that, unlike the LS- and the MLS3-theory,
no simplifying assumption enters this al-
gorithm; in particular, in this algorithm,
termed Nupierical model ( N-model) . the
time evolution of the size distribution is
computed without any approximations.
From a comparison of the N-model with
experimental data it is possible o deter-
mine some crucial precipitation parame-
ters of the particular alloy system as well as
to seruunize the existing nucleation and
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growth thearies with respect to their appli-
cability te decomposition reactions n real
materials. Furthermore, the N-mode! al-
lows xn evaluation to be made of how real-
istic the various approximations are which
enter both the LSW-theury and the MLS-
model.

In this section we shall briefly introduce
the &11.5- und the N-maodel. An attempt is
made to demonsteate their capability of de-
scribing the entire course of the decompo-
sition reaction; it will also be shown how
some ¢ssential parameters of the decom-
posing aliov such as the diffusion constant
and the specific interfacial energy can be
evaluated by fitting the theoretically pre-
dicted curves Ry and N, 10 to the corre-
sponding experimental data. Furthermore,
on the grounds of the N-model. it becomes
possible to examine whether certain time
intervals exist during the course of a pre-
apitation reactien in which the kinetic
evolution is predicted by either the growth
or the coarsening theory with sulficient ac-
curacy.

4.7.2 Theory of Langer and Schwartz
(LS-Modeb) and its Modilication
by Kampmann and Wagner (MLS-Model)

o the 1.S-theory it is assumed that the
svstem contains ¥ g droplets per unit vol-
ume of uniform size R 5. kn order to ac-
count for coarsening, the continuous dis-
tetbution function f{R, ¢} and the number
of particles of critcal size, e, fIR* . NdRY,
must he known. However, in the LS-theory
this s not the case S, therefore. intro-
duced an apparent density [ IR* ) (B

-5 which s gven as
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FER* b= N (4-67)
S R- R*
LR s thos proportional o N and
iversely proportionat to the width of
FIR. i} The constant b = 0.317 i< chosen in
such a way that for 1~ 7 the coarsening
rate dRYg dris identical to 1, 5w (Eq. (4-620).
IIntike the LSW-theoary, where R = R* in
the LS-theory ouly purticles with R > R*
are counted as helonaing to f(R, 1), ie:
_ | .
Rig=-— [ fIR.ORJR (4-68)
Nis
Thus, R 5 > R* in all stages of decomposi-
tion keeping f,{R*.f) in Eq. {4-67) finite.
Due to nucleation at a rate J and disolu-
tioning, ¥ ¢ changes with time according
to:

Py piren 169
g T AR (4-69)
The growth of parucles having the mean

g
size B¢ is given as

dR _
- “‘-‘ = (Rt (4-70
‘ o . LIRS dR*
T
Y di
I _
+ o JIRMDNR® + 8R* — R, 5)
Mis

The term v (£ ;) is given hy Eq. (4-44) and
accounts for the growth rate of the parti-
cles in the supersaturated matrix. The sec-
ond term accounts for the change of the
true distribution function caused by the
dissolution of f[{R*.1ydR* particles with
radii between R* and R* + dR*. The third
term describes the change of F{R, 1) caused
by the nucleation of particles which must
be slightly larger than those of critical size,
e, R =R* +aR*and 3R* « R*. Together
with the continuity equation ',

4n

3 RigN =1l -0 (4-71)

leg - )

' Note that pariicles with # - % are not containgd
w Fo (4-71 we theretore call these parbieles appr-
vt

and Fgs 467 A and (4-70) are the
rafe wquanons which describe the enree
course of precipitation in the L8-meadel.
Alter proper seabing, these squations weee
numerncatly integrated in cenpunchion with
steady state aucleation theory (Fg. 14.28)
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The LS-model i based on the as-
sumption that the equilibrium selubiity of
spnal clusters can be determined from the
tinearized version of the Gibbs-Thoemson
equition, e, Eq (¢-16b) This lineariza-
tion, however, generally does not held for
small clusters in metallic alloys. This be-
comes immediately evident for the Cu-
19 ar% Ti systemn isothermally aged at
A3 C AL =0, R* is 0483 nm or only
0,13 nm depending on whether R* 15 com-
puted {a,, = 0067 Jim®, see Sec 4.7.4.4)
from the non-hngtnzed or from the lin-
earized version of Eq. (4-361. This example
clearly demunstrates that Eq. (4-46) has to
be used inits noa-linearized version, in par-
ticular for systems with large values of o,
andsor large supersaturations.

The ML S-model s based or the non-lin-
carized Gibbs-Thomson eguation. Thus,
the growth rate in the MLS-model is ob-
tained as:

JdR 1

o = ”RLS] -

b 4-72)
dr -

.e '
T Ris

L. Qagb, L ’
- exp RT RGI

In order to write the rate Egs (4-69) 1o
{(4-711in a properly scaled version, we in-
troduce the following parumeters:

2,0, oz . ft
R\,:—k;—_‘—r—ﬁ k,=0,ﬁfﬂo.7%o:loh:-
I=geh =il o= RurRa
u"‘:R‘-‘R_\' do* = 8R* Ry (4-73)

in D - dn dr
":*\‘Ls'j’“Ri; te R.E“ S=d dN dt

Apart from Ry, all parameters are dimen-
sionless: untike in both the orginal LS-
model, and the study of Wendt and Huasen
{1983). in the MLS-mode!l Ry rather than
the correlation length is used as scaling
length By straight forward scaling of Eqs.
(4.2%), (4-61), and (4-72) one oblains the
scaled version of the equatens of motion
14-69) und (4-70). From these, the number
density o of particles is eliminated by virtue
of scaled contimuiny equation

g9
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n=

(4-74)

R
One finably obtains

do 0o

+
de 3

do bk, di
R S S
dr J{n5)* dr

Egs. (4-754) and (4-75b) are the basic
equations ol the MLS-model and are
numerically integrated with g, = 0.t I'm*;
values of de*/o*ii,} used by KW (1954
ranged from 0.05 to 0.2,

In the .S-theory only the steady state
nucleation rite has been used in Eq. {4-75);
in contrast, in the MLS-model, KW em-
ployed the time dependent aucleation rate
J* (Eg. 4-30)} which involves the incuba-
tion time r ar 1, in the scated version. The
latter wus evaluated from:

e ETunala (476)

When deriving this equation, it was as-
sumed that the minimum ume (t,, . Jfora
purticle to reach the critical size ¢* 1s given
by Eq. {4-47). However, for subcritical nu-
clet ¢q is considerably larger than cf, and
the probabtlity for their redissolution is
rather large: hence, Eq. (4-47) overesu-
mates the growth rate significantly. This
factis counterbalanced by the introduction
of the parameter ¢,. For each particular
alloy system, ¢, is determined in such a
way that after a period t,, . the first par-
ticles become “ohservable” with a reason-
able number density. For all alloy systems
investigated so lar, ¢, ranged from 1.4 to
3.5 Hence. because of the stochastic nature
ol cluster growth and dissolutioning, on
the average it takes about two to twelve
tmes longer lor a cluster to attain a size
R > 1* beyond which its further growth
may he evaluated in a deterministic man-
ner on the basis of Eq. (3-47)
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4.7.3 The Numerical Model (N-iviodeD
of Kampmann and Wagner (KW)

Unlike the MLS-model. in the N-model
the time evolution of fFIR.7} - or fio. o) il
we stick 1o the same nomencliture - is
computed. For this purpose  f{p.1} is
subduvided into intervals {o;. . 0] with
[~ 0;.lie; < L and n; particles in the j-th
mterval. [n contrast to the MLS-model,
dissolving particles with o < o* are assumed
to helong to the precipitating phase, ie..

fo [ d»
m= Y n, and 4= " Yo
'R

with ;= !—}l’g] L) (4-77)
The continuity equanon in the N-model
reads then as

fu

AL 478
th{_cgnlmuuus time-evolution of f{g.¢)
s spheonto a sequence of mdividual de-
Cl‘ﬂ]p(‘iillﬂn \'”.‘p\; these S(EP\‘ are o be
chesen in such o manner that within gach
corresponding time interval Jdr; the changes
of all radn o;11,) and of the supersaturation
Zit,) remiun sufliciently small. Then, both
the nucleation and the growth rate can be
considered as being constant during Ar,
and the change of f(p.7) and of £ can
be relinbly computed. The N-model of
KAV contains some algorithms by which a
rather high accuracy of the numerical cal-
culation i ensured; it amounts 1o =20.5%
in the case of the growth rate of o
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4.7.4 Decompasition of a Haemogencous
Salid Solation

4.7.4.1 General Course of Decamposition

KW have disgussed the decomposition
reaction of an ideally quenched alloy with
=0 ar =020, o = 19 at
and a,, = 0.067 Fm’. Tust on the bhasis of
those input data the decomposition reac-
ton ean be calculated within the frame-
work of the MLS- and N-model. Fig. 4-51
reveals the predictions from both the
MLSAfull lines) and the N-medel (discrete
symbols) for the time evolution of the radii
a{t) and p*i7), the number density n(c), the
supersaturation &{t). and the nucleation
rate J(t}. The chosen values of 3, = 8.7, ¢},
4 and N correspond to those for Cu-
1.9 at " Ti aged at 350°C (see Secs. 4.7.4.3
and 4744 Surprisingly, both models
vield qualitatively simifar resubis. During
the early micleation period {r = 1) hoth J
and noincrease, whereas I oand, hence, ¢*

rematin roughly constant. At this stage, the
Nemaodel vields the size distribution fune-
ton fie, 00 to be rather narrow (Fig 42320
Sinee cg is still close 10 @ x ¢y, the growth
vte of nucleated precipitates is also close
to zero, Le., d remains abhout constant. Af-
ter r = 1. those precipiates nucleated first
hecome considerably larger than p* and
{ [0, 7} becomes much broader. This is the
heginning of the zrowth period is charac-
terized by (Q) the largest growth rate ever
observed during the course of precipita-
tion: (i) a ratie 4.¢* which becomes sigmf-
wantly farger than I7 (i) the maximum
number density (n, .. N o} of particies
which remains ahout constant; [iv) a stron-
ser decrease of 2o and, consegquentty, (vl a
decrease of J from its maximum vatue; in
this particular case, J never reaches its
steady state value. At the end of the growth
regime (¢ = 15} the supersaturalion has
drapped significantly and the growth rate
hecomes small. This effect causes o* to
converge towards 4 as well as ro make
dirode < 0 By (4-690 Duriog the subse-
quent transition period {r 3 134 the growth
rate of 4 is primardy controlled by the dis-

solution of partickes with o« 0* and enly
t0 i legser extent by the uptake of solute
abogns from the matre, the SHpPEriuriion
o which is sl ahout 20%. Puring ihe
ritnsttion period, the tene detniboton Tune-
Hen floon contnansh appreaches the
s mrednctedd b DSW (e 3310 A this

2s

Urmbruch:
Fahnen:

. C waragsgeselschatt 5940 Wainhein

Satar

¥, Triltsch, Wurzburg

1

aena Jcience & Tachnology, VoI, §

o

Korr.:

e Schmiit

ar

k1]
A



stuge, however, figw (R4 (-6 15 sull 2
rather poor approximation for fio.0. This
simphy reflects the anfluence of the I.in-
earization of the Gibbs-Thomson equation
{Ey. (4-36b)) on which the LSW - theory
s based For t—vx, di'dr approaches
asymplosically a constant value, ie. the
reaction is within the asympiotic limit of
coarsening where the supersaturaion is al-
wmost zero. At this stage f{o, 1) is well ap-
provimated by fisw with only minor devi-
ations Tor small particle radi.

4.7.4.2 Comparison Between MLS-
and N-model

The precipitation resction sares with an
identifical aucleation rate itnd identical
particle sizes in both the MLS- and the
N.model. Therefore, both models are ex-
pected 1o yield ideatical resuits which,
fact, is observed in Fig. 4-51. During the
fater growth period dissolution of pasticles
with o < ¢* commeaces. Al this stage, the
M1S-model oniy counts particles with
o> 0" as belonging 1o the second phase
{Fq. (4-68). and. furthermore. assumes
fip=a")10be proportional to 116 — 2%)
(Eq. 4-671. AL this stage, this is a rather
pour approximation since the N-model
vields a steep slope for flg—+o* 1y with a
rather small density n{g = ¢®). These facts
muke the MLS-mode! predict considerably
larger cate constants for the decrease of the
p:s;lic'.e aumber density and, hence, for the
growth of g at the end of the growth period
e =13

According to the particular choice of b
(Ey. (4-67)), the coarsening rate of the

MLS-model  approaches asymptotically
the value 2 gy (EQ. (3-6281) from the LSW-

theary. In this asymptotic limit the mean

radii from both models and, hence, their
coursening rates become identical. At this
stage the Nemodel yields @ =0 as pre-
dicted hy LSW, whereas the MIL.S-model
yiclds @ — o* = const.. 18, R, > R* asre-
gured by Eg. (4-68).
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One can conciude that the MLS-model,
which requires much less computing hime
than does the N-modei. provides a good
survey of the general course of precipita-
tion. However, due o the simplilying as-
sumplions made, it does not predict the
precipitation kinetics with the same accu-
racy as does the N-model. This is particu-
lacly evident for those precipitation stages

ere the shape of fig. 1) 15 extreme, as, for
instance, during the later growth stages in
the example discussed above.

4.74.3 The Appearance and
Experimental [dentification
of the Growth and Coarsening Stages

In the following, the results from the
MLS- and the N-model are compared with
experimental data obtained from a FEM-
atomprobe study of early stage precipita-
tien in Cu 1.9 at.% Ti at 330°C (von Al-
vensleben and Wagner, 1934)

Fig 4-53 shows the time evolution of R*
and of K in physical units. Again these ex-
perimental data points are well described
by the N-madel. Fig. 4-33 also reveals thar
the experimental data cover neither the
early nucleation period nor the growth
regime. but rather start {r = 2.5 min} at the
end of the latter region. From Fig. 4-34a,
where R® is plotted as a function of 1,
it is recognized that during the period
¢ = 0.7 min to £.2min, R° varies linearily
with 1 as suggested by Eg. (4-41). Since this
time pericd extends only over 0.3 min, KW
have concluded that for Cu-1%at% Ti
the time window is too short for discover-
ing the R ~ 1'? kinetics experimentally; in
fact, the same holds true for many other
alloy systems analyzed by KW using the
N-model. Furthermore, from Fig. 4-54a
the stope of the straight line hus been eval-
uated to he 0.48 nm*. min whereas the vor-
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responding prowth rate from Eq. (4-47t
B

wsoeomputed (0] = 027 at %, o= 20 at %,
0= 2510 P emsee) to he 2.5 nm)
min. This result clearly demonstrates that
no growth regime exists which i< adequate-
ly accounted for by Eq. {4-47) In other
words. the idealizations made in the dedf-
toa of Eg. (4-47) do not approximate the
true situation in Cu~1.9 at.% Ti. However,
if 1) and ¢y in Eq. (4-43) are replaced by
their mean values, respectively, during the
peried for which R ~ ¢¥? holds, then Fq.
(F-3ywith 2, = \«_k:v'" yields a value for the
growth rate (0.104 nm*’min) which is only
16" larger than the true value

I Fig. 4-345 the rate constant d&%/de
for coarsening is plotted versus ¢ I is evi-
dent that for Cu-19 at”% Ti the rate con-
SEAL g — 125107 emisec from the
LSW-theory tFq. (4-62a)) s only reached
for aging 1imes bevond = 190% min' At this
stage R has already grown to =64 no.
From this result, which reflects the influ-
ence of the linexrization of g d-36), KW
mlerred that the LSW-theory predicts the
COTreCt COArSening rate ange
N ST (4-79)

Rypa-m2 z 13- _
R, T R,7

1T this relation holds, fIR, this almest iden-
neal 1o fiow (Fig B30 and ¢c, = 1.

Aceording to the results from the N-
model, during the early coarsening stages
the precipitation kinetics deviate signifi-
cantiy fram those predicted by the LSW-
theary (eg. Fig 4-3d by Thus the widely
ised LSW-analyses resulting in a determi-
natton of 0 and a,, on the hasis of Eq.
4-621and Fq. 14-62) should not he applied
to early conrsening stages during which the
relition does not hold
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4.7.3.4 Extraction of the Toterfacial Facray
and the Diffusion Constant
from Experimental Data

KW determined =, and B separately by
fitting i and N (t) as obtained from the
N-model to the corresponding experimen-
tal data. kn Fig 435 the variation of N,
and J* with aging time as computed with
the N-and the MLS-model are shown to-
eether with the corresponding experimen-
tal data The peak number density N, .,
of parucles in a precipitation reaction s
assentially governed by the value of AF*
via the nucleation rate Fg.o {3281 Since
AP~ alytEg (4200 N, . depends sen-
sitively on the value of the interfacial en-

.- Phe very strong dependence of
N e A a5 clearly revealed by Fig. 4-55
showing a good fit of N.(1) for o, =
0067 J.m* and only poor agreement for
ap = G071 F-m® On the other hand, a
variation of & manifests itself in a parallel
shift of the entire curve on the ime scale,
Thus. n fit of i and of AN 1y as obtained
from the N-model, to the experimental
curves allows bath g,, and & 10 be deter-
mined quite accurately.

From g variety of different two-phase
allovs, the avalable kinetic data have been
interpreted in terms of the N-maodel. Table
4-3 presents the interlacial energies &, to-
sether with the width of the icoherent mis-
citnbity gap for each given alloy. Tris evi-
dent that there is a pronounced correlation
hetween 44 and the compesitional width,
e the broader the gap, the larger is a ;.
This is ¢onsistent with various theoretical
predictions on the interfacial energy (cf.
l.ee and Aaronson, 1980, [or a comprehen-
sive discussion of this aspect).

ergy

4.7.5 Decomposition Kineties in Alloys
Pre-Necomposed During Quenching

The versatility of the N-muodel is further
tllusreated by its application o predict the
precipitation kinetics in alloys which ex-
perigneed some phase separation already
during quenching. This is exemplifted for
Cu-249 a0 Ti the decomposition reic-
ton which was recently studied by Kamp-
man et ab (1937 by means of SANS-tech-
nigues. They found that the cooling rate of
their specimen was not sufficient to sup-
press the formation of Cugti-precipitates
Juring the quench. in fact as s shown
Fig 4-36 the o concentration de-
creased from e - 2% at®s 1o 22 a0 T
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clasters and the growth of existing oues.
After aging for = 100 min. 350 C the meta-
stable 3 -solvus hine is nearly reached
022000 Toel Sew 4210

Fhe expenimentally determined Kinetic
behavior of the precipitate nuinber density,
ol their mean radius, and of the supersatu-
raton are displaved in Fig. 4-370-¢ and
compared with the predictions of the N-
madel. For the computations. they ook
into account the result from the SANS
evaluation which yielded the homogenized
sample to already contain =2 - 10%* clus.
wrs m* with K = 0.7 nom. These could im-
meditely grow by [urther depleting the
mutnix from sclute atoms. Maoreover, at
£ =0 the supersaturation was still jarge
enough for nucleaung new clusters with
suller radin a1 2 nucleation rate J* [Fie.
4.37a), Thus, during the first menutes of
aging the cluster number density increased.
At this stage. the allov contained a sort of
bimodal cluster distnbution: the larger
ones formed at n smaller supersaturation
during quenching, and the smaller ones re-
sulting from nucleation at 350 C. Due 1o
both nucleation of new clusters and growth
of pre-existing ones. the supersaturation
and, hence, the nucleation rate decreased
rapidly; after aging lor =3 min nucleation
s virtually terminated. After = 10 min the
crincal radius R*, which is correlated with
the momentary supersaturation, reached
the meun valee R of the global size distri-
bution. At this instant, R* has grown be-
yond the mean radius of the smailer freshly
necleated clusters: these now redissolve
leading 10 a further decrease of N, Now
the size distribution is again governed by
the larger precipitates which formed dur-
ing quenching. After about 500 min, N, de-
creases with t as expected from the LSW
theory.

With regard to the accuracy of both the
SANS experiment and, in particular, the
SANS daw evaluation, the agreement be-
tween the experimental kinetic data and
those from the N-model is rather good for
an interfacial energy o,, = 0.067 J/m*. This
vithue 15 identical to that which was de-
termined for the less concentrated Cu -
1.9 at.% Ti alloy (Sec. 4.7.4.4). Tn the early
stages |t = L0 min) the experimental R is
considerably larger than the theoretical
one. This simply refiects the Tact Ahe scai-
leoing power of a partigle is biased with R
hence, for ¢ £ 10 min, essentially the radius
ol only the largee particltes within the -
modal distnbution was determined. The
diffusion coefMicieni (P =310 " cemise

wis found to be u factor of x 10 smaller
than wn rha Fa 1092 T ablac 1€
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feets the concentration depencenve U s,
or whether it wars caused by differences in
the hamogemzation temperatures of the
two allovs (Cu 29t T Ty = 780 .
Cu 19at"s Ti: Tj, =91 C)

£.7.6 Influence of the Loss of Particle
Colwereney on the Precipitatinn Rinetics

o many two-phase systems the particles
lowse coherency once they have grown be-
vond w certain size R, {Sec 4210 The as-
sociated inerease of the interlucial energy
and decrease of the solubility limit (cf. Fig.
110 leads w0 an eahanced driving foree
amd, henee, to accelerated kinetics for Tur-
ther coarsening of the inceherent muicro-
structure with respect to the ceherent one.
This clfect can also be accounted for by the
Numerical Model. This is shown in Fig.
4.38 for Fe-1.38 at.% Cu aged at 500°C.
As wferred from CTEM the Cu-rich par-
ticles transform at Ry = 28 nm [rom the
metastable bce. structure into the fec
equilibrium structure, The associated loss
of coherency occurs at particle number
densities well bevord the maximum num-
ber density ¥, .. (Fig. 4-38). Thus, follow-
ing the procedure outlined in Sec. 4.7.4.4,
the coherent interfacial energy could be de-
termined by fitting the N-model to the ex-
perimenta! (SANS} kinetic data of the still
coherent system. The value g,y = 0.27 Jym*
obtained 15 considerably smaller than
the corresponding value a3 = 0.50 J/m®
which was derived from a thermodynami-
cal analysis of the Fe-Cu system (Kamp-
mann and Wagner, 1986). As is shown in
Fig 4-58, the loss of coherency, in fact,
leads to a momentary acceleration of the
growth kinetics. It is, however, not sufli-
cient to bridge the discrepancy between the
experimental kinetic data and the theoreti-
cally predicted one displayed in Fig. 4-58.
As the predicted kinetics are much more
sluggish than the experimentaly deter-
mined ones, one might specutate that ne-
glecting particle interaction accounts for
the observed discrepancy. Tnspection of
Fig. 4-44, however, reveals that a consider-
ation of Rnite volume effects in the Fe-
1.38 at % Cu system with J, = 1% would
increase the coarsening rate only by less
than a factor 1.3 whereas a lactor of =10
is required to match the resulls from the
N-model and the SANS experiments at the
later stages of precipitidion. At present. i
citn not be decided whether the various
thearies dealing with finite volume effeets
iSee.46.3) are still insufficient or whether
some helerogenous precipitution at kattice
delects accounts for the observed discrep-

Atafirst glance, the experimental Kinetic
data for R(r} and N (1) in Fig. 4-58 might
b scen as being amenable to a LSW anal-
ysis in terms of Fip. (4-62). Analyses of
the SANS datu for 1 » [0* min, however,
yielded the width of the particle size diste-
bution to be much broader (stundard devi-
ationy @ = 0.31) than expected from the
LSW theory or its modifications (7 = 0.23).
Furthermore, the 1easured supersaturi-
ton was stll Tar frem being close to zero.
Hence, the conditions for a 1.5W anaiysis
of the experimental data are not ar all ful-
filled.
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4.8 Sclf-Similarity,
Dynamical Sealing and Power-Law
Approximations

441 Dynamical Scaling

Avcording (o the LSW-theary and its
extensions to fimite volume fractions {Sec.
+.61 the distribution of relative particle
sizes RiR evolves during extended aging
It — ) towards an asymptotic, time-in-
vanant form (Eq. (4-64)). the particular
shipe of which depends on the precipitated
volume fraction (Fig. 4-35). The final time-
invariance of f(R/R) reficcts the fact that
once the precipitiated volume fraction has
reached its equiiibrium value, consecutive
configurations of the precipitate micro-
structure are geometrically simifar in a
statistical sense, ie., ail consecutive cenflig.
urations are statistically uniform on scaje
which is considerably farger than some
characteristic length such as the mean par-
tele size R oor {he mean center-to-center
distance L= ¥7' " The self-similarity of
the microstructural evolution has found its
expression in the dynamical scaling of the
structure function St 1) (Binder and
Stauffer. 1974 Binder et al., 1972), Fury-
kawa (1981) proposed $(. 1) to satisfy after
some fransient time ¢, a scaling law of the
form;

St =D -t 2ty {4-80

Fie-tinh= £(x) is the time-independent
sciling function. As the scaling parameter,
11t) denotes some characteristic length and
contains exclusively the time dependence
of S

Strang theoretical support for the valid-
ity of the scaling hvpothesis, Eq. {4-80,
during the Iater stages of decmposition was
flirst provided by Monte Carlo simulations
of the time evolutien of binary model al-
loys (Sec. 3561 From these studies it was
concluded that rhere is 1 smal though sys-
temate dependence of Fiv on the inital
shipersaturation, af least for small ¢ [ Leho-
witz etal, 19820 for large valaes of x. the
scaling function appeirs to he universal m
that it becomes ndependeat of tempera-
fure andd precipitated volume fraction, and
even of the investigated material (Fratz!
el 1% Ry analogy to the Porod-inw
of smatlangle scattering, i this regime
Fisydecays in proportion 1o ¢ %,
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o experiments which are desigred to
test the validity of the scaling hehavior, iy
is commonly related to cither the Gruinier-
I uhu\ the mmn particle radius or to either

Mo s ey of s, and $is th respec-
mcly The scaling function Fivy) is then
simply obtarned. for instance, by plotting
s SOLr) versus v, If scaling holds,
Flee/z,0 is time- mdcpendent Alter some
initial transient time this, in fact. was ob-
served in the glass systems B, 0,-PbO
AL O, (Craievich et al., 1987, I‘Nb] and in
several binary ailovs such as Mn- Cu iFig
=591 Al-Zn (e g Simon ct al, 19%4: Hovt
and de Font‘nne 1989} or Ni Si (Pl
etal, 1989 Dynameal scirling hehavior
was also found in some ternary alloys such
as AlZoMy (Blaschko and Fratel, 1983 3
For CuNiFe which was studied by meuans
ol anomalons SANS (I soir and Siman,
19870, the scaling hehavior is found to he
nheved only by the partial structure lane.
wens indrcating that rhes system does not
behuave like o pseudo-binary systern. For
Fe -Cr the results are controversial n con-
trast to Katanoe and Lizumi (1984) and Fuy.
rusaka et al (1986, La Salle and Schwirtz
reported that dynamical sealing do nor
hold. The decomposition kinetics 1n Fe- Cr
at ahout 300-C are fairly sluggish and it
may well be that even after the Iongest
chosen aging time (100 h) the system had
not vet reached the scaling region where
the microstructure displays sell-similarity.

4 Inorder to 1est whether experimental data salisfy
the sealing L, Fratsl ot al {1943 have propesed o
direct methond by which the evaluation of e R
or 2 can be vaided 2nd by means of which ." . x) can
bz 11{.:: rmincd gephicelis
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In principle, the structure [unction §(x, 1}
cantains all information on the various
structural parameters of a decomposing
sohid such as f{R, o). N (). Rit). morphol-
oay, cte. which, for instance. may control
ity mechanical properties. In practice, how-
ever, commonly only R and &, and neither
FIR 1 nor the morphology can be ex-
tracted from experimental data. Thes stems
mainly from a lack of knowledge of the
interparticle interference function which
contains the spatial correlations of the pre-
cipitate microskructure and which mani-
fests itself in the appearance of a maximum
in the Stz -curves of less-diluted systemns.
Furthermore, both the fimited range of «
over which 5(, 1) can be measured and the
larre background in conventional small-
angle scattering experiments often render
the quantitative extraction of information
on the precipttate microstructure rather
difficulr.

From the practical point of view, scaling
analyses wre sometimes seen to tllow alf
information contzined in S{x. 1) to be deci-
phered. Provided the explicit form of F(x)
could be predicted on grounds of a first-
principle theory. it could be compared with
experimental data and employed for a
comparison of S(x f)-curves taken from
different materials. Up 10 now, however,
this is not yet feasible. For this reason,
various phenomenalogical thearies for f(x)
huve been conceived (e.g. Furukawa, 1981,
Hennion et al., 1982) amongst which the
maodel of Rikvold and Gunton {1982) may
be regarded as the one which is most con-
venient {or a comparison with experimen-
tal dula as it contains the precipitated vol-
ume [raction as the only parameter. This
model assumes the two-phase microstruc-
ture Lo consist of a gas’ of sphenical second
phase particles (with an identical scattering
form factor) each of which is surrounded
by a zone depleted from solule atoms.
With simple approximations on the proba-
bility distribution for pairs of particles with
certain interparticle spacings, the explicit
anatytical form for £y was derived. How-
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ever. due (o the various assumplions in-
wvohed the Rikvold-Guaton tmodel is re-
sincted (o smatler precipitated  volume
fractions. In spite ol ity simphaity, fair
agreement was reported hetween the theo-
retical £ lxd and the scabing functions ob-
tained [rom computer ssmulativns and from
scaiing analyses of Sz fd-curves taken
from decomposed Al-Zn and Al-Ag-Zn
allovs {Simon et al., 1984} [n contrast, inu
more recent study of Al -Zn (Forouhi and
de Fontaine. 1987) and of Ni-Si (Chen
et al, 1988) the predicted Fix) was found
to be much broader than the experimental
ones, scaling analyses for borate glasses
also could not verily the theoretically pre-
dicted form of F{x) (Craievich et al, 1986).
This may stem [rom the inadequate as-
sumptions en the ¢hosen probability dis-
tribution in which long-range correlations
are neglected and/or from precipitate mor-
phologies deviating from spheres, e.g.
platelets in Al -Zn.

As a concluding remark to this section it
is probably fair to state that scaling analy-
ses currently can neither [urnish the practi-
cal metallurgist with more information on
the precipitate microsiruclure nor on ils
dynamic evolution thun has been possible
by conventional analyses of S(x, 1)-curves
prior to the emergence of the scaling hypo-
theses. 11 is felt that precise information on
the size distribution, the morphology, and
the spatial arcangement of precipitates in a
two-phase microstructure becomes more
readily availuble from studies employing
direct imaging technigues, e.g. CTEM or
AFIM., in particular, as dynamical scaling
onty holds in the later stages of aging
where the precipitate microsiructure, in
general, can be easily imaged and resolved
by these techniques. Furthermore, once
dynamical scaling is satisfied, the system is
close to the asvmptotic limit where the
LSW-theory or ils extensions may be ap-
plicd for a prediction of its dynamic evolu-
tion during lurther aging.
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4.8.2 Pawer-Law Approximations

S far no explicit assumplion has been
made about the time dependence of the
vhosen characieristic tength. eg. > ',
entering the scaling law Fq. i4-80). As the
self-similarity of a precipitate microstruc-
ture and. hence, the sealing law is implic-
itely canrained in the LSW-theory of coars-
enimng (el Ey. ¢4-64)), the region of validity
of dvnamucal scaling coinctdes with the
I.SW.repime of coarsening. », ' is thus ex-
pected to show the simple power-law be-
havier,

A Y~ 1" 4-80)

with a = 173, Accordingly. if sealing holds,
the maximum of the structure function
must esvelve In ume as

S~ (4-82)

with b — 3« (Fq. (4-30). Such a power-law
behavior was frequently corroborated by
<atlermg experiments on materiafs which
were azed in the sealing region, and also by
computer simulations {e.g. Lebowitz et al..
1982y which indicated that scaling would
hold,

I'he more recent theoretical develop-
ments on the kinetics of phase separation
have predicted various other values for the
exponent a. On the basis of their cluster-
diffusion-coagulation model [Sec. 4.6.4, for
imeermediate times Binder and coworkers
predict @ = 18 and a = 1/5 ar 1/4 Tor low
and intermediate temperatures, respec-
tively (Rinder and Stauffer, 1974; Binder,
1977 Binder et al, 1978). As is shown in
Fig 431 b, approximation of §_(t), which
displays some curvarure, by a power-law
g i4-82 vields b = 0.7 rather than 0.48
as implied by scaling. The L.BM-theory of
spinadal decomposition which accounts
for some coarsening it earfier stages (Sec.
L5340 vields a =021 As outlined in Sec.
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aand A oare fonnd close to the values 101
amt boas predicted by the LSW theory.
Sometines this has been taken as evidence
fe.g. Katano and lizumi, 1984) Tor the first
regume (o be dominated by the cluster-dif-
fusion-cougutation mechanism (See. 4 6 4,
whereas in the second ane the evolution
proceeds according 0 the LSW mecha-
nism via the evaporation and condensa-
tion of single solute atoms.

Huowever the interpretation of S, (1) and
#lfb in terms of two distingt kinetic
regimes, each of which is well described by
a power-law, seems rather debatable, A
closer examination ol the Salth and =
ctirves{e.g Fig. 4-32b) always reveals some
curvature prior to reaching the scaling re-
gion, This clearly shows that the exponents
a and k are time-dependent: thus, apart
from the 1 SW-regime, a power-law ap-
praximation must be seen s a rather poor
description for the dynamic evelution of a
decomposing sohd and commonly does
not disclose the specific growth mechanism
dominating at a certain aging regime. This
heeomes particularly evident by employing
Numerical Model (Sec 4.7.3) for a deriva-
tian of the exponent atr) = & log B.3 log s
As the Nemodel comprises nucleation,
growth, and coarsenig as concomirant
processes on the basis of just one growth
mechantsm - single-atom evaporation or
condensation in the LSW sense - a plot of
afrlversus allows a closer examination on
the validity of power-law approximations
atany wstant to he made. This is shown in
Fig. 4-60 for Cu -1.9at."% Ti, the experi-
mental kinetic data of which are well de-
scrihed by the Nomodel tef. Fig. 4-33). To-
wirds the end of the nucleation regime, atr)
increases sharply from =0.15 to its max-
mum value a = 0.5 which is indicative of a
diffusion-controlled growth of the parti-
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. . . 2w cles: The duration of the growth regime 5 =
430, these values agree quite well with the [ 5 . bl = .
i N 016 25 1 H ]} where R evolvesccordinge to the parabolic z z
orpes o anes (i — . : > . :
;nrt:)\i"gmt I:;‘L-”O":s (ol . .1 mh() 25 ang g - power-liw R ~ 11 2 iy rather short for this 3 g
roodE o L tepending on the super- o - o 1
Larati i ! . ) P b 3 8 alloy (el Sec 743, At the end of the - £
saturation and aping temperature - b 5] - . = 5
AueR ad kg fomp 0 = < _ growth regime where the particle number 2 kS
twmed from fitting power-laws to the corre- 5 5 = ! - 9
i | : E . Lt o & E density has reached s maximum valee a s
spondme data from L«)lnpl{ter srmu llmrﬂns‘ a - (Fie 325 adn drops within abont 250 < 1o - b
Inspured by the thearetical predictions, D P 5 g
W = v
nuay scattering expermments on o alloys il g 5 & 3
o M d’?{' a7 ) [Tl
woreinterpreted in terms of power-law ap- & o S
. - . Bl w -
proximabions. Frequently the existence of T = & s
b well-defined kinetic regimes with dis- O s
= . r gz -
tnet vitues of ahas been reported feg e R [ERERGT

eft o
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a value of lesy than 0.1, [n the subseguent
transiuon regime at intermediate times,
alrhincreases continucusty and approaches
only slowly the LSW-coarsening regime
where dynamical scaling holds. Evidently,
there is no tume regime between the ap-
peitrance of the growth regime und the
[.SW-region where power-law behavior is
observed. On the other hand, it may be
mferred from Fig. 4-60 that the kinetic
evolution of R during intermediate aging
stages might be artificially interpreted in
terms of power-laws if the time window
covered by the experiment was oo short;
in this case any exponent between 0.13 and
.33 may be derived. Thus, if the time win-
dow for the kinetic experiment is not
properly chosen, ¢ = 0.2 may be obtained
though without the cluster-diffusion-ceag-
ulation mechanism being operative. As has
been pointed out in Sec. 7.4.3, with increas-
ing supersaturation the growth regime
with R o' ? disappears cempletely and
aff) takes values only between zero and
1'3. Furthermore, the transition period
where a < 1;3 becomes shorter. In this
case, LSW-coarsening and dynamical scal-
ing are observed after rather short aging
timmes. This{illustrated in Fig. 4-61 for Cu-
29 at.% Tiwhich already satisflies dynami-
cal scaling after aging for =230 min at
330°C whereas for the less concentrated
Cu-19at.% Ti afloy scating only holds
alter =5+ {0 min.
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Cu 20, Co
Mn 8 §2 Cu

Mno 3,y
N1, Al
NE 12 S0

Ni 1132, Ti

Celiesses, ovides?
RO, 118 wt.® PhO) =
=W ALD
Tquasi-hnarcy sysrem)
B} 427 wi™ PhOI—
S Swtfe ALOY)

Vicor-gliss

SO T hmolets Na,0)

DEY. 420 30 male®a) Saty,

Polomer miviures
Crincal mrxture of per-
denterated and protonarcd
I 4-poly hutadiene
polvbutadene and
stvrens-huradiene
copolymer mixtuses
polvatyeenepolyvinad.
methylether (PS-PV M F)

SANS Nl
SANS 1analysis of Nl
integrated intensity)

SANS N
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bund” analysis)
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Light scattering
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Labte 4-3. Corcelanon between the width of the miscibihiy yap aad the coherent interfacal energies 7, for

Vit two-phase Abayvs as determined from a fiv of the Ne-model W eaperimental kineue da

wrewr war e DRIVES solt 13398601 abboley PRapd1-22 Mun ful 904 0307 [k

pl S

Aareroherhoauc e V1

Alloy Auing Compusilion type Widih of coheremt  Coherent mterlacisl . 03
Lentpecature of precipitates miscibilily gap eneryy /pq/?UH' /{
e C aeta a, Im 1529 Mae Sei. Kap. 4
Ni 14 Al ‘ $3) =N Al = 15 =006 Figure 4-1. Schematic phase diagram of a binary alloy
Ni-26 Cu 9 Al 53 F1Cu. NipyAl = 20 =002 dupraing o mascibibity gup Dashed lines show the
340 Not determined = 20 = L) metastible coherent solvus ine and a possible meta-
380 Nl determined = N B stble ntermetabhc phase §7. The loag acrow indicates
Cu I9Ti ’ 350 p-Cu,Ti = 20 = 0067 the quenching pracess.
Cu-27Ti + 350 p-Cu,Ti = 20 = 0067
Cu-1.5Co ! 0 >95at%e Co = 93 =017 Figure $-2, Neon FReld ion image of v -precipitates
Fe 1.4 Cu 4 400, 500 >98a0% Cu = 100 = 0.250 (bright images in dark matrix) s Ni-368 1%
Fe-064Cu °® 400 >98 at% Cu = {00 =024 Cu ¥ at.% Al aged for the given times at 580°C (Liv

| Wendl, Haasen, 1983 (AFIM)
2 L Wagner, 1984 {AFIND

1 v, Alvenslehen, Wagner, 1984 (AFIM, CTEM)
4 Evkerlebe, Kampmannp, Wagner, 1986 (SANS)
5 Gust 1986 unpublished (magneny
6 Kampmann, Wagner, 1986 {5ANS)
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and Wagner, 1983,

a} 2min.B=240am

p) 180 min; O =8nm

c) 420 min; O =11nm
Figure 4-X. Time evoiution of the mean radius R. the
wumber deraity N, and the supersaturation v of
4 oprectpiatey o N b al®e Cu 9 an®e Al duning
aing at S CiLiu and Wagner, 19343
Figure 4-4. Free energy as a function of coneentration

for o bunasy ailoy with a miscibiliny gap. The changes
and the resuiting dnving forees for un-

in free energ)

g‘ mivag e slbustrated.

L

= Figure -5, a3 Phase dingram of 2 binary medel aloy

z with vonsiituents A and B. The two-phase region is
= .. 5 N subdivided by the mean-field spinodal curve inte
g 5 g = metastable (hatched) and unastable regions jcross-
E £ =] haicheds. b) Schemadtic free energy versus composition
S8« = curves at temperature T,. The bold dashed curve 1a

the two-phase region shows the ‘constant’ free energy
F 1) of the unstabile solid solution.

Figure 4-6, Spatial variation in solute distribution
e =ix. 1. 2)bduiing a) a nocleation and grawth reac-
nen, and b) a continuous spinedal reéaction at the
beginmng time ) and towards the end {t,) of the
unmixing reaction. The notation of the compositions
refess 16 Fig. 4-5 ¢3* and ¢} are 1he nominal compo-
sitions of the quenched-in metastable and unstable
sulid solutions, respectively; R* is the critical radius ol
the nucler and 7 the wavelength of the composition
Nuctuations The direction of the selute flux is indi-
cated by the irrows. Afer an extended reaction lime
(¢ ¢ after t,). the transformation products are similas
and do net allow any conclusions (o be drawn with
respedt o the eady decomposition mude,

Figure 4-7. Free encrey curves and ussociated driving
frces for precipiiates of the coherent metastable (Fy )
and meoberent eyuilibrium (£, pluases.
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Figuee £-8. Solubiits timits of Cuin Alin the presence
of the metastable 07 and  phases idashed) and the
stable 0 phuse, as a funcuon of tempecature {after
Horbogen, 1967).

Figure 49 HREM latice fringe image of Al | ar*s
Agaged for 97 hoat 303K wath sibver-rich precipitates
fdark areast Forimageng the Al matrix a rather farge
defovus i~ 230 nm) had 10 be chisen which gives rise
o the bright Fresnel surrounding the particles [Re-
produced by courtesy of F Ernst (Erost and Haasen,
19N RY|

Figure 410, Time evolution of the particie ~ize distri-
bution in Al 1at% Ag duning aging at 413 K fafter
Frnst and Haasen, 1933)

Figure 4-11. SANS curves of Cu 29 a1% Ti single
crvstals aged for the given tmes at 230 C Note that
eten the homogenired and quenched hom') speci-
men vields SANS antensiy, indiciting (hat phase
sepuarition has occurred during quenching | Eckerlehe
eral. 198

Figure 4-12. Nuclear and magnetic SANS curves of
Fe Tdat ™ Cuaged for 2000h ar 300 C. From the
rato of magnetic and nuclear scattering intensines,
the compostiion of the copper-rich clusters can be
derned Theoretical curves are shown as full lines
thampitann and Wigaer. 1986),

Figure £-13. HREM mticrograph of GP-zones formed
during quenciine of AL 12t ™ Ag The smallest G P-
7ones have dinmeters ol anly ~ 1 nm [Reproduced by
vomctesy of PoWilbeandu s brnse etal, 1987)].

Figure 4-14. SANS curves of Cu 29 at.% Tiquenched
from the piven homogemzanon wemperatures Tu.and
reart frism the bottom curve) subsequently aged for
I min at 33 (' {Eckerlebe, [9%6)

Figure 3-15 0y Composition and drameter {7 of {-pre-
LIPAREs e N -6 At ™ Cu -9 000 AL as a lunction of
agrne ime at SR0C. The correspanding precip
mivrasteuctare is shown in g 4-2 1L and Wagner,
19841 hy Compasition and diumeter 1 of the
fmatorg and v, (preaipitate) phases i Fe- 29 ar s
Cr 2at™e Coas o function of aeing lime at 640 C
170 et al, 1986).

s

€ -T6. Field ion rmage of Fe o 29 Cr-14 (g -
AL Zeoran ") aged 1o its optimum mitgnetic
state 17 b et al, 1986)

Figuee 4217 .0 Eualittion of the € concentration i
IO and B the Cronich e, phase as o fung-
ten ol apie nme b Compesinon of the Fe-rich (2,
il Crersch oy o phase afier amne ar $28 © fur the
visen tnnes fe mimuted The dashed Tine correspond s
o the fie-hine with o Fe Cotatn ol Y1 (Zby et af,
19%6)
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Figore 4- 18 TEM muwrographe of Cu 2R 0" Ni X
7 Feavad for 1 S h b 2V heamd cr 68 hoat 500
Fach insert shows two satelhimes aroond the bricht
{0 matery refleetions The distanee between the
ves and the Tupdamental refflection is ainversels

e
propurtional o the wavelenath of compastion mod-
wlaticas of o the precipitie spacing  modulated
structures [Reprodtuced by cereesy of BP Wala
(Waht amd Stger. 1984

Figuee 4-19. 1) TEN dack fieid image of -precipi-
rares in Nio37a0 % Cu Sat"e Alaged for 167 h o
SE0 O (Wasner et al. 19881 by TEM bright field im-
awe of Cu-Yat®s Ni- 4at "y Croaged for 2W b at
6§‘l C dusplasing particle alignment alome the - 100
mratrix dicections [Sagner ctal. 1988 ¢ BIM micro-
graphs of Cu -4 e N1 Rar™s Feaged for 8 hoar
0 C. Between each FOM mictograph 2 nm of the
specimen sutfice were removed {Tield evaporated’
I Wagner. P8 in order 1o reveal the three-dimen-
\Iﬂﬂlll arrangsment of the brightly imaged i Fo-
fieh precipiated phase Iooua the precipitates C DL
F. Goare apparently asalated: aftee having remove:d
2 nm. they have merged inte one Targe extended par-
tele i At snll greater depth il 6 nmd parocle” C
appears avain 10 he solated frona the other pnes by

e dark!s imaeed manro [Reproduced by coarteay of

W Woagner (Puler et al o 1984

Figure 4-1. Computer-simulated cross-section of a
spinodal steucture inan sotropice solid displaving the
mrarconnecus ity of the two apient phases 1 and 2
wirh gqual solume fraction. After Cahn (19854

Figure 4-21. Strain cnergy 4. aspect rato of o Ag
precipitate 10 Cruand Al matrices. The numbers 14,
3 oand 7 designate fferent orientation relationships
hetween matric and precipitate: The Towest stoun en-
erey is ohtuned if the cubic directions of both partwle
and matrie are pacallel 1 cach other fcurves 11 055
the lincar musfit. Afer Lee o al {1977,

Figuee 4-22. FIN micrographs of iTe Moy, N,
plarelets (hrighty i an 3aron mateic fdarky During
coutisenmning it AN C for the given imes the aspead
ralte decreases fram <00 1 = 0) fo ~ 104 tA23 he
whereas the platelet theckness increases omls from
STt~ VU am, The platelets intersect the sur-
fave of the semi-spherieal Gebd n tipamd theoppear
to be cugved IWaener and Brenner, 1978
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Figure 4-23. Schemaue representation of free encruy
vhauges associated with clustes ormation a5 a fune
ton of cluster rads (R or aumber 1 ol wtoms in the
vlustee, JF7 s the free encrgy of the homogensous
sold selutien, Z the Zeldovich fuctar

Figure 4-24. Quasi-stationary cluster size distnbu-
tians of the Yolmer- Weber (V- W) and Becker-Déning
(R-D1 theory.

Figure 4-25. Polar 7 ,-plot for parucles with aniso-
tropic interfacial energies a,,. The normals drawn at
the tip ol cach vector e are the Wulll planes, the ianer
crvelope of which gives the equilibrium shape of ihe
preaiptaie, I the a,,-plot displays deep cusps (¢.g. for
2, ry, and £,) the Wullf consizuction vields a facered
polyhedron.

Figure 4-26. Compoesition profile of 4 spherical nu-
cleus feenter at r= 0y 1n Tour different metassablc
solid solusions with composition ¢, quenched 10
T =025T. into the miseibiliy gap. The conlinuous
line was yalcalated from the Cahn-Hilliard con-
tpuum model (Eq.14-171), the crosses represent cal-
culaniens bused on the diserete latiee point madel
(Alter LeGoues et al.. 1984y The computations are
based on u regular solution medel with the solubilny
it o3 = 0.37 - 107" and the spinodal compoesition
el = 6411075 u is the luitice parameler of an as.
sumed Lo lattice znd | the interfacial widih,

Figure 4-27. Nucleation barner AF* {a) and critical
radis R* (k) as a function of supersaluration at
T =0.25 1, according 10 clussical theory (cl. 1h.), non-
classical Cahn-Hilliard continuum madel (C-H) and
discrere lattice model {DLM), R* is determined such
that it corresponds to (e, + ¢ )2 where ¢ is the com-
position of the nucleus &t s center. [After LeGoues
etal, 1984a),

Figure 4-28. Schematic concentzation field in the ma-
101t sucrounding a nucleus with cadius R and compo-
sition ¢,

Figure 439, Clusier size distribution at different
aging times (arbilrary units) as obtained from a nu-
mencal solution of Eygs. (4.48) and (3-49}, After Binder
and StauiTer, 1976

Figure 4-30. a) Schemalic phase diagram of a binary
alloy (compuonents A and Bl with a symmetrical misci-
bility gap

bl Vartation of the critical radius £* of 3 nucleus and
of the wavelength 2* of 4 critical fluctuation with
compuosition of the alloy at T, uccording to the non-
classical Cahn-Hilliard nucleation theory (C-H noa-
<l) and the Cahn-Hilliard spinodal theory (C-H
spin.l. Appruaching the spinodii composition ¢ (rom
either the metastable or the instable region causes R*
and A%, respectively, 1o diverge. In contrast, the genes-
alized nucleation theory of Binder and coworkers
yiells the size of the crnineal cluster 10 decrease
steadily uatil 1t becames comparzble with the correla-
tan lengih of iypical thermal fluctuations. There is no
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Figuee 4-31. 4) Time evolunon of the structure fune-
non $4-. 0, and bl af s peak height S aad peak
position #_ as predicted by the generabized nucleation
theary of Binder and coworkers for a 3-dimensional
Ising model ic, = 0.1, T°7, = 0.6). After Binder et al.
1978,

Figure 4-31. a) Time evolution of the steucture func-
tion (SANS-experimentsy of a Cu -29 ar% Ti single
crystad aged at 350 C for the given times. b) Time
evolunton of the peak height 5. ¢ dE™/di} and the
peak position . After Echerlebe et al, 1986,

Fipure 4-33. Time evolution of dE'df2 ivr Cu-
29at% Ti aged at 350 C for various constant
wavenumbers »# (Eckerlebe ¢t al., 1986).

Figure 4- 34 Variation of Ri», o= with «? as deter-
mined for two dilferent Gime (ntervals (Eckerlebe
et al, 1986)

Fipure 4-38, a) Phase diagram of a binary alloy with
a symmetnic miscibility gap cenlered at ¢, .

b1 Time evolution of the structure function of an alloy
with ¢, =c,,,, quenched and aged at T,. The insert
shows the distribution function of composition con-
figurations at 1wo different times. At 1= 8)s the
evolving 1wo-phase structure with compositions ¢
and ¢, or ¥, and y,. respecuively, with

apm
already becomnes discernible. All units are dimension-
less.

) LBM -predictions on the variation of Rz, )/x? with
% as determined from b) according to Eq. (4-39).
Quuntitatively there s good agreement with the
LBM-predictions and expenimental resuits, ¢g. dis-
played in Fig. (4-33). Aler Langer et al,, 1975,

Figure 4-36, Time evolution of the structure function
(SANS-intensity)of Fe-40 at.% Craged at 515°Cfor
the given times. Full hines are caleulated feom the
L BM theary with three frec fitting parameters. After
Furusaka et al, i986.

Figure 4-37. The phase diagram and the spinodal
curves for composition waves along (0015, {1013,
and {k00> dircctions for elasucally anisotropic te-
wragonal TiQ, - $aQ,. The spinodals were calculated
on the basis of the regular solution model. From Park
eval, 1976,

Figure 4-3.  CTEM-micrograph of equunolar
Ti0, SnO, displaying a lamellar structure consist-
ing of alternating TiC,- and SnQ-rich layees formed
after aging at 90 C for 60 min. From Park et al.
1974
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Figure 3-39. Varation of the phase boundaries in the
Fe -MNi. Cr [eerite phase with chromium content as
derived  from  microstructural observations. After
Auger zral, 1989

Figure 4-40. Phase dizgram of the J.dimensional
Ising madel approximating a binary model alloy. In
terms of the mean field theory (Sec. 4.2.2} ‘alloys’ # |
1o #4 arc quenched into the metastable regime. “ai-
liwws” # Sto # 7 beyond the classical spinodal line are
quenched into the unsiable region of the phase dia-
gram. Alter Lebowitz et al, 1982

Figure 4L Time evelution of the structure function
at T/7, = 1) 59 as obrained from MC-computer simu-
Jations. With reference o g 431+

abis for altoy” 1 with ¢y =005 (alier Lebowitz
et al, 1942),

bifor alloy” @4 with ¢, == 0.} iaflter Sur etal, 1977
and

<l for “alloy’ # 5 with ¢ = 0.5 {after Matro ¢l
£975). The given times ace in units of 4 Maonte Carle
step, i the average time interval between (wo at-
rempts zl exchangmne the occupancy of a specific site.
The numerical results for Stz 1) a1 the discrere values
of » were connected by straight lines.

Figure 4-42. CTEM-analyses of the normalized -
particle size distribution in Ni-874 wete Ti after
seing at A9 C for the given mes. For comparisen.
the shape-invariant distribution function fi 4., (Eq.
14-6d1) ©f the LSW-theory is included. Aflter Ardell,
1070

Figure 4-43. Steady state distribution of the ‘sousce/
sink strength’ 8, = const {R, - R}) ploited versus the
normalized particle radius R,/R. The plot represents
ahout 2000 B s, After Yoorhees and Glicksman, 1984,
For compatisen Byow = (R}t is also shawn
Note that 1f, ynlike in the LSW theary, parucle inter-
achion is propetly taken mto account particks with,
lor insrgnes, the size R, ‘A may grow or dissolve
depending on therr spectfic environment.

Figure 444, Refative coarsening rate 2V 2 g ver-
st volume fraction as peedicied by the models of
Enomaota etal (1987) (1), Voorhees and CGlicksman
TR IV Marqusee and Ross (19843 (MR): Toku-
varm aml Kawasaki (19893 (TKy x, (15 defined by
by t4 620
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Figure 4-45, Sicadv-state ttime-mvariant) precipitate
size distrihutions an vanous volume fracninns, For
compan<en the corresponding LNW-distribution Tor
zera valume frachion s also shown. After Voarhees
and Glicksman, 1981

Figure 4-46. a) Shape changes and splitting of a v~
NiyAl cuboidal precipitate in Nio 12 a1 5 Al during
aging a1 360 C. In (1) the particle dissolves an its
cenler where the hlack marrix hecomes discernible as
a rodd; i fb) the rod has widened along the {1900)
dircctions during further aging; in ¢} the particle is
just abwsut to sphit info two patred ¢ -plates.

by Dk field CTEM image of ¥ -particles in Ni -
120 % Al alrer aging for 40 h at 860°C showing
several paired v -plutes apparcntly resulting from the
raki

splitting mechanisn shown in a). From My
etal, 1982

Figure 447, Variation of the elastic interaction energy
between 1wo spherweal parncles with various relative
sires R® (el Ty 14 6% as a function of the interparri-
cle distance o i enits of the mean particle diameter
2R for R" = O or with the volume fraction After
Mayazeks et al 196 The resalis are representative
for coherent cobalt nich particles ina copper matny.

Figure 4-48. The change of the total energy of two
mieracting coherent particles Tor theee different nor-
malized pariscle disrances, Jf, or related volume frac-
Hons, ,fp. as a function of their relative size. R”. Afer
Mivizaki et al, 1982

Figure 4-49. Bifurcation diazram calculated for a vol-
ume fracoon !‘, = 10" {oc = 1.74) as a lunchion ol
the mean partecle radius. The acrows indicate the di-
rection of decreasing toral cnergy. In region 1 one
farge particle represents the stable configuration
(R” — 4 1% in region Il two particles with =qual size
[R® — 0} are siable ﬁ‘he dashed line shows when the
absolute energy mimmum lies in region [1. The em-
ploved minimum lies in regron 1. The employed elas-
tic constants, misfit strains and surface energy werce
adopred Trom the 1wo-phase Cu-Co system. After
Mivacaki et al. I‘JR(;J

Figure 4-50. Hlustration of the relationship between
the “true’ conhinuous size distribution function f (R, 1}
yizlding the mean radius R, with the related param-
eters of the LS-model LS assumed o1 monodisper-
sive distabution, fy . af partictes with radios R
f1R* @R s the apparent number density of part-
cles warh rade between B* ind R* + dR® In the I8
thears, only partiches an the hatched region belong 1o

the precipatated phise

Figure 4-51. Fuelenon of sarious scaled precipitation
parameters with scaled aing nme - according 1o horh
the Nomoitel and the MIUS-madel The chosen o ailises
of oo correspond foodhose Toe O 180Ty Ty e
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Figure 3-52. Evolution of the scaled size dutribution
functions in Cu 19 46", T with aging time as com-
puted wieh the N-mudel. For comparnson, the distri-
bution funciions f o 10,11 as caleulated from Eq
1-fdpwith the known values of ¥ aaad Rigare wso
shown, D =25 10 em’ sec

Figure 4-53. Vanatan of & 2. & and of the relarive
supetsaturaiion with aging e for Cu-19 0% Ty
&5 computed with the N.madel and the MLS-model
for the yiven set of thermodynamics data; also shown
are the experimental data for Ri2) from von Alvens-
leben and Wagner, 1984

Figure 4-54. a) Vapation of RY and R*? with time
during the growth regime for Cu - 1.% at. % Ti. During
the period marked by the two arrows the kinelics
ollow the power-law & ~ ' 2

bl Variation of the caarseming rutc dR* di with aging
time; 2,cy, is the value predicied by the LSW-theory,

Figure 4-55. Variation of ¥ and of J* with aging time
for Cu-1%at% Ti as computed with the N-mode|
and the MLS-model for a,, = 00671 7 for this
value of 7y the computed N (1}-curve agrees well with
the experimentai data; poor agreemeni 15 obiained for
7,0 = 0071 )m?

Figure 4-56. Decrease of the solute concentration in
the matrie wich aging tume, as deterimiaed from Laue-
scattenng (Q), from che integrated intensity ( % ), and
the Guinier appraximation (@),

Figure 4-57. Time evolution of (1) the clusier number
density A, and the nucleation rate £, () of their mean
radius R and of the ceitical radius 8*, and fci of the
supersaturation. Experimental results discrets sym-
bols: computational resulis: full lines

Figure 4-58. Kinetc evolulon of the precipitated
number densidy (top) and of the mean radius {bottom}
as predicted by the N-modet for Fe 1.38 20.% Cu.
The solid points refer to experimenial data derived
from nuciear and magnetic SANS experiments. The
dashed lines show the accelerating effect of the
b.ee ~lec transformation of the capper rich parti-
cles on the kingtic evolution

Figure 4-59. Time dependence of the scaling function
Flijie,) = =3 St} for Mn-13ar®% Cu at 450 'C.
For later mes i¢ 2 5115 5) F (#/x,.) becomes tume in-
dependent and, hence, dynamic scaling hoids (1op).
The structure functions taken at earlier rimes (965,
1602, 2239, 2886, and 3532 5) do not yet display scai-
g behavior (bottom). Afer Gaulin and Spooner,
1987,

Figure 4-60, Variaton of the time-cxponent ¢ with
agug ne 4y evaluated for Cu 19012 Ti by means
of the Numerical Model

Figure d-&1. Dynamical scaling of the structure fune-
uon of Cu 29 ar?% Ti bevond ¢ = 250 min; SANS.
results frem Fckerlebe et al, 1986
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