. UCRL-16314

" University of California

~ Radiation Laboratory

. ORIGIN AND NATURE OF MICROSTRUCTURES =« ‘wi - =0 0

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

oo Berkeley, Califorpia v o i




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UNIVERSITY OF CALIFORNIA

Lawrence Radilation Laboratory
Berkeley, California

ALC Contract W-7h05-eng-U48

ORIGIN AND NATURE OF MICROSTRUCTURES

V. F. Zackay and E. R. Parker )

September 1965

UCRL-16314
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V. F. Zackasy and E. R. Parker

Inorganlc Materials Research Division, Lawrence Radiation Laboratory, and
Department of Mineral Technology, College of Engineering, .
University of California, Berkeley, California

 INTRODUCTION
"The properties of many useful solids (normally polycryStalliné and

multiphase in nature) can be markedly altered by vafying the processes used

. for shaping the materials and by varying their thermal treastments, For.

~example, a givgn steel can be made tough and. ductile or hard and brittle by

simply varying the cooling rate from the '"red heat" range. Facts of this

kind have been known for many centuries,vbut 1t was not until the advent of ',

the optical micrbscope that the internal changes in structure produced by

variations in cooling rate could be distinguished.

- During the past half-century, rapid progress_has been made in both

single atoms in the crystal lattice of a metal. 'The field ion microscope

" used for such observations is currently undergoing intensive development and . -

willl be an important tool in future studies of the motion and behavior of

atoms on an atomic scale.. At present, however, our best efforts are confined

to the use of transmission electron microscopy for the direct observation of -

solid state reactions, and the'practical limit of resolution of this

instrument is of the order of ten atomic spacings. While this instrument a

has been extremely useful in revealing microstructures much too fine to ¥Ye

observed with a light microscope, there is still a high degree of:uncertainty

about atomic behavior during solid state precipitation or transformation

reactions. Hence many.of‘the concepts about how metastable phases decompose

or transform are highly speculative and are subject to change when better

-

research tools become available.

Pure metals are mechanically weak, and to strengthen them, other metals

(or elements) are added. Such additiong are usually made in the liquid state
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" where the solubility of foreign atons is high. In the solid state, however, : Ty
solubility limits are generally much lower than_they are in the liquid, and
on cooling the foreign atoms tend to_precipitate out of the liquid or solid L

solutions. When a particle precipitates, it becomes a/secdnd phase, : e

-
- E
-

!

'homogeneous within itself but separated from the parent materiél by a well-
defined sharp interface. The second phase may be a solid solution/go 51sting
mainly . of atoms of the added element with some atoms of the parent material
1nterm1xed or 1t may be in the form of an intermetallic compound, i.e.,_e
-compound having a stolchiometric»composition, such as Fe3é or CuAlp, but one
that does not follow normal chemical velencenrulesr

Studies of 'solid state reactions are further complicated by'the fact o
that some pure metals; such as iron and_tltanlum,_undergo reactions in the
solid state inrwhicn, during cooling,'the etoms rearrange themselves into a
new'geometrio pattern when a specific temperature ls reaehed. Pnre 1ron in l' ‘*
the faeeecentered cubic form at'temperatures above 910°C changes to the body
centered eubic torm when cooled below this‘temperatnre. Similarly, the crystal ' ;
structure of titaninm changes from occ to close-packed henagonal when cooled
to below 880°C. The solubility of forelgn atoms is strongly dependent Jupon | ) {
the.crystal‘struoture. At 7?000, for example, 0. 8 weight percent of carbon
can be dissolved in the fce form of iron, whereas only 0.025 percent can be -
contalned in the bcc lettlce at the same temperature. Thus pnase cnanges can
drastically alter the tendency for a dissolved element to precipltate, and
can greatly alter the rate at which a new phase will form and grow.' The shape, ) '
of a nevwly formed particle is elso markedly dependent upon serersl'factors._ .

So many different transformations can-occur in solids that it 1is necessery
to clas 31Py them in some orderly menner in order to be able to understand the
tehavior of solid materials. The word "transformation" is used frequently

- ‘e
. t

in discussing SOlld state reactions to mean "any extensive rearrangements of



the étomic sfructure," and i1t is used herein in this sense. Certgin reactions
require that a nucleus of the new phase must rgéch a certain critigal size
before the transfofmation can ?roceed. The c¢ritical éize of a nucleus is
depeﬁdent upoﬁ ééverél‘féctors, and the réte at which it caﬁ grow is also
dependent'upén ﬁhe conditions existing.aﬁvthe tiﬁé. -Once'a stablévnuclgus

has formed, the transformgtionvprocéss continues by ”growfh". The term
”nucleation and growth" is used to describe or define a reaction Qf,this_kind.

ther types of reactions do not require the formation of a nucleus and the

growth processes, which will be described in detail later, are much - different

in these cases.

The diiving force for any-transformatioh is the difference in free energy

~of the initial and final states and is thus determined by.the thermodynamic
- paremeters that apply to large volumes of the phase concerned. 'Transformations

- can OCCuf in pure metﬁls as well as in alloys.’ In a pure metal it is hot

necesséry,fof atoms td~diffuse long disténces in order_for a phase changevto_
occur (such as ihe bhange from fcciifon ﬁp bcc‘ifon) upon éooling throﬁgh tﬁe.
transformation temperature. 'Thefe.are tWﬁ_ways in vhich the atoms of a pﬁre-
metal can rearrange themselves with.respect to their héighbors to form a new
crystal strqcfure‘from the pre-existipg one. One of these is by a nucleatiqn
and gfpwth prqceés; which necessarily invblves diffusion, and thelqther is'a ‘
process'thét does ndt iﬁ?qlve diffusion--generally_called a "martensitic
reaction".  In the»firsﬁ case, the new.phase grows atlthe expense of the ola

by relatively slow migration of the phase boundary, end the growth results

from atom by atom transfer across this boundary, with the atoms transferring

eséentially independently of one another. Only short range diffusion along

the phase boundary is involved, with many atoms moving less than a single

- atomic spaciﬁg. The new crystals grow into the matrix 6f the old material, finally

-



e
consuming the entire volume of the primary phase. Figure 1 is a photo-
micrograph showing a nucleation and growth.transformation of the so-called
_”massive” type in'whiohvparticles.of the new phase aro large and blocky.

This massive—typé hucleation'and growth transformation frequently occurs

at a relatively high temperéture during'an‘allotrOPic trensformation in either

a pure metal or a solid solution alioy..'A solid_solutioﬁ, hovever, cah
also £fansforh in several other ways. A secon@ phase, different in composi-
tion, csn precipitste in the form of:eQuiaxed crystals,;as small uniformly;ir
dispersed partlcles, as a grain boundary film, or in the form of parallel
rlates. Photomlcrograohs of some of these structures are shown in Fig 2
The martensitic transformation:is truly diffusionless, even in alloys.
Ths atomic movement involved does not.require thermal energy; in this case
all atoms move in unison through distances shorter than one atomic spacing.
The tlme required for this kind of transformation to,occur is often many
~orders of megnitude shorter than that needed for a m3351vg/transformation'i'

the interface between the new and the old phase moves with near-sonic

velocity into ;he parent phase. Martensite chstals are usually f]ét plates
which tend to be thin at the extremities,ana'to have leﬁticular sh;pes.
"With this tfansformation there 1s~alwajs a definite relationship between the
orientations ofithe original crystals and thosé of the new phase. The
primary atomic movement is a shear translaﬁion, §£ich, on a polished surfaoe,
w;ll produce visiole upheavels. The mértensite ;eactions can also be
identified metallographically; a characteristic microstructure 1s shown in
Fig. 3. , |
A more rigorous classification of Phase t%ansformations and a detailéd :

comparison of the characteristies of nucleation and growth and martensitic -

reactions due to Christian (1) is given in Appendix A.

G -
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Such variations in the struéture of phases and distribution of

r

phases in multiphase systems constitute the.development of a'microstructure.'_'

ﬁf is obvious, that, for a given chemical composition, l;terally an infinite
number of miérostructureé are possible. It becomes imporfaht to study the
faétors-that‘éontrol the nature of microstructures because the microstrﬁcture
strongly gffeéfs the properties and‘behAQior of a given material. This

chapter will concern‘itself with an atomic approach to an analysls of the

type and nature of phase transformations that can occur in a material and
" their control by heat treatmeni. It will not concern itself with problems

of solidification leading to graln size and growth control which, of-course,

are also critical.factors in microstructure development but are best

understood on the basis of an energy approach.



PRECI PITATION FROM SUPERSATURATED SOLID SOLUTIONS

A Many metals of technological 1mportanceahave lafge solubilities for
fofeigndelements‘at elevated temperatures and only limited solubilities at
lov temperatures. It is.thus possible to completely dlssolve a second
c0mponent at an elevated temperature and then, by quenching from the high.
.temperature, to retain a single phase supersaturated s501id solution at the
low temperature. This supersaturated material cen then be made to decompose
by reheatlng it to an 1ntermediate temperature. This process forms the
-basis for the age-hardening treatment given to many useful commercial alloys.
In this section we shall consider the experimentael results and the

theoretical reasoning which lead to an understending of the mechanism of

precipitation; namely, continuous, or general, -and discontinuous, or cellular.

In contlnuous precipltation the particles are dlspersed throughout the volunmes
of the materlal whereas with discontinuous preclpitation localized volumes
of the material transform completely into the new equilibrium phases while -
the bulk of the material remains untransformed. Figures 4 and 5 are photo-
migrographs showing these two kinds of precipitation. As‘might‘be expected,
‘the reaction rates'in'the two casesfare'markedly different. In continuous
preclpitation a.linear growth-time behavior is observed.. The theoretical k
analyses whicn explain the two types of behavior is presented in the followa

ing section, with nucleation processes being first described. -

Homogenéous Nucleation - | ' o . B

- The simplest case‘of nucleation is one in which a single phase changes
into enother phase'of a different crystal structure without undergoing
compositional changes. ihe condition necessary for a nucleation of a 6‘
" phase in a supersaturated « phase is that the free energy change associated

with the phase formation must be negative and that it must be sufficient to

-

supply the energy required to create the interface between the Phases o and B.
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In this eqﬁation AG is the free energy change of the.reaction, AGV~15 the

_ difference in volume free energy for the B end o phases (per unit of volume);
:In this simple theory, the particle is assumed to be spherical. A sketch of -

. and its effect predominates‘when the radius is small. When the radius .

';exceeds'rc, hovever, the volume free energy term predominates and growth of -

The chenge in free energy, upon formation of a particle of the B phase, is

given by the following equation:

pe = b3 Acv Sy (1)

Y is the surface energy per unit of area; and r is the radius Qf the particle.

the AG versus r curve is shown in Fig. 6. The surface energy term is positive,

\

o ——

‘ théfnucleus becomes possible. In order for a stable nucleus to form, the

e e

critical ectivation energy AGr must be supplied by thermal fluctuations in

. the lattice. 'AGr and rc are strongly dependent upon temperature. At the

equilibrium temperature, AG for the reaction is zero and consequently AGr .

. and r, are equal to infinity. Homigeneoqs nucleation thus becomés impossible

‘at the temperature of equilibrium. Once the nucleus has reachgd a certain

critical size,.it can grow by the transfer of atoms of the parent phase across

" the interface to the new phase. The expression which relates the rate of

growth to the temperature is given below: -

A
Sai kT ' . '
T Ve . | - (2

VZ

In this equation, di/dt‘is the number of atoms croésipg the interfacé(;;r

second; s is the numbef of atoms in the @ phase faéing the B phase particle}»



v, is the frequency factor, which is the number of times per second that

an atom might be able to jump across the barrier (about 1013/sec in solids).

f

"AG is a new activation energy--the energy that an atom must have in order
a : . _

| té cross the interface between the O and £ phases; k is Boltzman's constant

(34

and T is t?e absolute temperature. When the growth process is-sufficiently
slow, the Aumber ot steble nuclei of a critical size that will form per unit
of time is just equal to the nunmber &isappearing through growth. Thus the

number of nuclei per unit of volume is given by the following equation:

= Ne - (3)
. ) i 7
Neo is the equilibrium number of nuclei per unit of volume; Nyis the total
number of atoms'per unit of volumé, and AGr is'the'activation energy o
required for the formatioh of a stable nucleus.
The rate of nucléation, I, is given by the product of Eqs. (2)and(3). The
resultant is shown as Eq. (4). ‘ | K
DG+ AG
_ X8
I =svNe kT o ' I (W)
o'V : : :
The above treatment was due to Volmer and Webber. (2) It.was improved. .
by Becker and Doring(3) and appliéd to condensed sysfems by Turnbull and
Fisher.(h) In the original treatment, it ﬁas assumed that once an ¢ phase o @
_atom__had crossed the boundary and attached itself to the f phase it could
not return to the « phase positioh. While this assumption is reasonable for

values of r much larger than Ty it is not at all reasonable when r is



~

approximafély equal to r,. At fhis value, it is Just q# probable thaﬁ
a B phase atbm will éross.the phase Boundary and Join the « phgse.. Thus, *
the rate given by Eé; (h)'should bé aivided by two. Thé éssumption that
the number of nuclel forming per unit of time equals the number of those
dlsanpearlng through growth has also been questloned The calculatlons

made by Becker and Dorinv and Turnbull and Fisher indicate that the number'

-of nuclei was not the equilibrium number and that the coefficient :sVyN,,

shown in Eq.'(h), should be modified as indicated below:

L AG HAG
r a

- rY e TR - -
I =sv N JrT € kT B o (5)

: Unfbrmnateiy,_it has not been possible to estab_lish; the validity of

: the coefficient of the exponentlal ‘term in Eq. (5) “Turnbull attempted to

evaluate this coeff1c1ent for mercury and obtalned h2 for its logarithm whereas
the theoretlcgl value-should»have been 35; the discrepancy between exper;ment
and-theory wa.s thué a factor of.lO7. itgmust therefore.be-concludedvthatlthe :
variable controlling ‘the absolute rate of nucieatioh was not quantitatiyely
underétood; However,. the temperatufevvariation of;the nucleation rate is 
£easonably_well uhderstdod. It is weli known that the AQlterm (related fd
surface energy) iﬁ Eé. (5) is insensitive_to'temperéture change, whereas
decreases rapidlyiwiﬁh‘decreasing témperature. Thus .at very large values

of supercooling, AT»thgnﬁGrtérh dominates and I veries exponentially wiﬁh

temperature, A curve showihg the‘qualitative'variationAof I vs AT is

‘presented in Fig.(?). This type of behavior has been commonly observed.

In the case of a material that:has been'quenched from a high temperature,

the nucleation rate mey not be constant. Nuclei of ?arious radii exist at

each temperature and some of those established at the higher temperature

" may have had radii equal to or exceeding the eritical radius characteristic

M



of the lower temperature. Thus in the quenched matefial, some retained
nuclei would immediately begin tp grbw, whilé others were fofming.' Because
the free energy for nucleus formation is greater at the higher temperature, :. 1‘ 
there would be fewer than the equllibrium number of nuclei at the lowver
‘temberature immediately after quenching. As time at the lower temperature
increases, the number of critical nuclei per unit of volume will increase
toward the equilibrlum number at a rate that is governed largely by AG
It is p0551ble,vhowever, that the number of nuclei will never reach the
equilibrium valué bécéuse-nuclei disappear rapidly due to growth, once fhey_
reach the critical size;- Thus é steady state value of nuclei conéeﬁﬁration
less then the equilibrium number might be reached.

In analyzing'the_traﬁsient nucleation problem,‘Turnbull‘assumedvthég,
the number of nuclei per unit of volume increased from itsvinitial valﬁg,

No, to its steady state value, Néi according to the exponential lawfgiveh in

Eq._(6).

NN e N ()

In this e@uation,_N is the number of nuclei at eny time t and is the time

t
constant for the process. The time constant is related to AG . If it io

large 2 long time would be regquired to reach the equilibrium value, Ng. If

-

e

Ny ig very small, then the rate of nucleation per- unit of vg}ume is gijii//////» ¥
vy Eq. (7). ) | e |
_ . - . e ///////’ L

Lo=1 - n
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In some cases,fﬂ%, at the higher temperature is not very much larger

than AGrat the lower temperature.» ﬁhder,these circumstances Nb_will be very -

large. Invfact it may be so large that the number of nuclei formed-gfter TO

‘'may be negligible. This .case is called "athermal nucleation", and it is

?articularly important in the martensite transformation of steel and in some

" age-hardening reactions.

The effects of strain energy‘on nucleation and the more complex case of
heterogeneous nucleation'are discussed in Appendix B.

Lontinuous Frecipltation

Continuous pre01pitation may be classifled as either general or local

with general precipitation the distribution of.the particles of the second

" phase is uniform throughout the volume, whereas with discontinuous precipitation

cuclei form and grow‘onlycin localized volumes. Discontinuous precipitation
often spreads from grein coundaries lnto tﬁe éreins.' ' |

In both types of preciﬁitation, a Supersaturafea a-so0lid solution
decomposes into a saturated ¢ phase and a new second phase. It has been
found expefimentelly that with discénﬁinuous.pfecipitetion the orientation of"

the saturated « phase'differs from that of the supersaturated a'phase into

.which it is growin&. This weans, in effect, that the o phase is recryota11121ng,

thus the reaction is sometimes called a recrystallization reaction, although

- this name is misleading because it tends to obscure the picture of how the.

new phases form.
vCOntihooos precipitation usually occurs in solid solutions of low'
supersaturation or in those in which the étrain_energy associated with the

reaction‘is large. The driving force for‘precipitaﬁion is small in this case.

Homogeneous nucleation within perfect region5'of the crystals is unlikely

and continuous prec1p1tat10n 1s confined to dislocation networks and, grain

-

.boundaries. - There is ample experlmental verification for this conclu31on.

© o e
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In fhe précipitation of éqpper from germanium, it‘is well establishgé/gg;t
~the cépper nucleates on the dislocation-lineé.. This is also_true for thé
precipiﬁation oficopper in silicon. In.the precipitétionvof carbides ana
nitrides in O ifdn, the particles may be plate shapeq Qf spherical, but :
the centers of the nuclei have been observed to(iie along disldcation liﬁés
in the"ﬁatrix. » ‘

In agalysés leading'toigrowth rate laws, it is assumed that the'growth
velocity depends.upon the.coefficienﬁ of.lattice diffﬁsion.__This assumption
has been tested experimentally by ﬁeasuring the radiﬁs of particles as a

function of time. The actual growth rates thus measured-and those ..
. - ~

o

e

calculated from diffusion date egree within the limits of A,_expé/rimenta.l/.”

error, although these limits were father wide. , //// B V///(/

It is difficult tq’obtain verification of nucleation andﬂé;owth theories
because of the fact that the temperaturg.variation of the precipitatiqn rate
depends upon the number of nuclei initially présent after quenching and upon
the nucleation and growth rétes at test temperature.

It has been observed experimeﬁﬁaily ﬁhat the precipitation rate at
high'carbon contents and low temperatures is enormously high. Furthermore,
this high raté of pfeciﬁitation is not asééciated with any chanée in the
activation energy for the growth of.the,precipitating particles. Electron
micrdscope studies ‘'of high concentration carbon alloys have shown that_it'v
is indeed true that the precipitation.éccurs not oniy on dislocation,neﬁ-
works but also thﬁoughout the matrix. Thus it has been shown that the
change in kinetics is dvue to the onsét of precipitation at matrix sites., At
higher reaction temperatures, the carbides on the dislocation networks grow
at the expense of those in the métrix. At lower temperaturés, however, the

matrix carbides grow to larger sizes than those formed on the dislocation.

The nucleation of precipitates is Strongly.dependent upoh both temperature

P
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and matrix composition as shown by the studies of Keh and Leslie (5) on
Fe-C, Fe-N, Fe-8i-C, and Fe-Mn-C alloys. The time required to initiate .
preéipitation at constanﬁ aging temperatures for two Fe-3.3 S1 - x C alloys

is shown in Fig. (8). The apparently minor difference in carbon cohtent‘in

alloyo A and B, A hav1ng C. O30o C and B hav1ng 0. 018% C produces major changes
both in the kinetics and in the nucleation sites for precipitation. Keh and
- Leslie also observed that the presence of silicon in Fe-C ailoys‘suppressés

,precipitation of carbides in the matrix or on dislocations.

‘The above analyses apply equally‘as well to dislocation networks and the

same considerations are involved. The energy differences, however, of

disldéation nétworks are less than those of grain boundaries. Consequently,

~ dislocation networks will be less effecti?e_as nucleation sites than are

tha correopondlng surfaces, edge or corners, of the grain boundaries

Contlnuouu precipltatlon, i.e. the substantially unlform distribution

 of nuclei forming throughout the . volume of crystalline rhases, is commonly

observed although it is ffequently aided‘by the presence of dislocation’

- netvorks. Discontinuous precipitation, on the other hand, is the type which

: begins locally% not uniformly, and extends generally by groﬁth ofvclusters.

or cells into untransformed matrix material.

Discontinuous Precipitetion

In discontinuous precxpltatlon, a phase transformation nucleates at

some pooltion or place such as a grain boundary and the reaction proceeds by

+ the formation of the new phase and a saturated solution from the original

supersaturated phase. The pre01p1tation reaction, i.e. the growth of the
cell contalnwng the new phaoe ard the saturated alpha phase, spreads inward

towaxrd the center of the grains. It was thought for many years that dis-.
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continuous precipitation must be ‘preceded ny a stage of general precipita-

tion or.clustering. This view is no‘longer neld in favor because in some

elloys such eas 1ead;tin or gold-nickel the whole react;on appears to be v 2
discontinuous. The cells of the product phases must frequenﬁly form in
lamella,.the 5-precipitate and the saturated o#phase are not related in
orientation to the‘perent supersaturated aLpha. As the cells grow, branch-
ing of the plafes‘must occur in order for the nearly spheriCally'growing,
cells to maintain constant interlamellar spaciné.

'The nucleation of a cell requires tne formation of an incoherent
boundary between the saturated alpha phase and its eupersaturatedbparent;
This can oecuf easliest at grein boundaries and this is thought to be an
important reason why discont;nuous precipitation almo;t invariably starts
rat euch bounderies. A theory of cell‘nucleation was offered by
c. 5. omitnh(6) in 1953. It is known ‘that diffusion can oceur rapidly along
:an incoherenp grain bonndary. Consequently, for the beta region to grow
into the alpha, t -should grow best when it is in contact with an incoherent
1nterface in the alphsa phase, as shown in Fig. 9 If a beta partlcle is
nucleated in. grain 1l at the boundary between grains 1 and 2 of an alpha
~phase and grows into graln 2 it is likely that the orientations between the
beta phase and the. newly-formed saturated alpha phase w1ll be such as to
minimize the interfacial energy between these two phases. Also, if the
saturated-alpha partiolehas’the same orientation as the supersatufated
grain 1, there will not be'en interface betweenvthem; hence, there will not ‘¢
" pe a diffusion short circuit available, to eid the growth of The beta.grains
in the cell can grow into grain 2 because there is an incdherent interface |
-developed in this case between fhe alpha satureted solution and the alpha
supersaturated solution of grain 2. Thus the alpha is growing into the

adjaoent grain in much the same way as the growth of a grain occurs during

.recrystallization of a cold-worked metal; The orientetion of the alpha in
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vthe cell should not be related te #he grain into which it is growing bdt‘it
should be nearly identical with the‘erientatien'pf the’supersateratedvalpha on o
the othe:r: side of thev'bo‘u.ndvary. Smith publiehed a polarized light photémicfo-" |
_graph showing the transformation taking place in a zincjeopper alloy contain_.

ing 2% copper. ln the picture,.fhe majerlphases in thevcellS'eould be seen o
‘to have an orieﬁta£ioniwhich was ve?y different from that of the grain into.
which they were'groﬁing but which were indistinguis@gbie from thefadjaeent ‘;/
alpha grale into which the celle dlé not grow. ,’////ﬂ , //////

- Experimental work on the kinetics of decomposition reaetioqg/mhere
discontinuous precipitation was occurring support the concldSien'that o ;
Eoundary'diffusion plays a pfimary role‘in.such transformations. The.main
evidence for this comes from fransforﬁation studies eccurring'at low
temperatures, -such as lead-tin alloyﬁ tran form*ng at -78° C, gold-nickel and
,gold-cobalt alloys transformlng at room temperature. In all these cases,
the aCulvatlon energy for volume dlffusion would require that the reaction _ 3
| rates would be extremely small at the temperatures at which relatively rapid

growth of_cellular precipitates occurred.

Formation of Guinier-Preston Zones

In certéin alloy systems, changes occur in short periods of time at low
temperatures. Sucﬁ changes often result in marked increases in hardness and
strength. The effects are due to a pfe-preeipitatien, a'segregation, or
clustering of atoms prior to the actual forﬁation of nuelei‘er preeipitates,
These clusters are known as Guiﬁier-PreSton zones. They are found in ailoys
© where fhe differences in atomic size between the solute and solvent atoms
:is small or where the supersaturation is large. In such cases, cluster
nucleation is not difficult. Examples ef alloy»systems inawhieh'this fype
of segregation otcurs are coba*t in copper, silver or =zinec 1n.aluminum and

T

copper 1n,aluminum. In the first three, the size differences are small; in



the latter, the size disparity is large. The zones in the latter case
form at high degrees of supersaturation. Although the early évidence for
Guinier-Preston zones was obtained by x-ray diffractioﬁ'techniques, the
best eviéence, and the most direct, for the ekistence of such zones is
provided by transmission.electron microscopy.

'Guinier-PTeston zone$ are formed by fhe clustering of groups éf like
atoms within the.matrix ot a éoiid solution. When there is a différenée in
atom size, certain planes will be preferential sites for clustering in order
that the elastic_sﬁrain energy associated with such‘clustering be minimized.
Iﬁ the aluminum-copper system, for example, there are the {100} types_of
planes. There is, in the case bf zone fofmétioh, perfect’cohérence between the
zone»andvthe matrix. When the siﬁe_differences are substantial, however, it is

possible only for small zones to exist becaﬁse of the coherence and the large

strain energy associated with the_clusteringvof the solute atoms.

o
The linear dimensions oif the clustered zone are of the order of 100A or less.

Thé actual shape of the zones ditfers in different alloy systems because of the

strain energy factbr, with, in aluminum-silver, for example, spherical zones

forming, and in aluminum-copper, the zones being plate shaped..

In the clustering. associated with Guinier-Preston zone rormation,_

_atoms ot like kind must,gatﬁer_togethér by what is termed an "up-hill"
ditfusion process. The fup-hill™ diffusion is possible because of the lower

© free energy of the clustered atoms.

The formation and growth oI zones is somewhat complicated, with
several stages being involved in certain cases such as the copper-aluminum
alloy systems. The plate-shaped zones shown in Fig.l0 are called

Guinier-Preston 1, or GP 1 zones. They are responsible for tne increase in

-hardness produced by aging at low temperatures as shown in Fig. 11.

The evidence strongiy indicates that in the aluminum copper alloys there

are ot least four distinct steges: GPL-» 0" -»0' 8. It is not known
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whether these structures form difectly from one another or whether they are
independently nucleated with one groﬁing at ﬁhe expenSe of the other.
When the aging 1s carried out at lOOOC, for example, the hardness

- curve shows -a rise to a second maximum followed by an-éventual decrease.
: , > b

-~

X-ray evidence shows that during this pericd there are qbaﬁéés in the matrix

resulting in the formation of a new structure wvhich has been described in-

p

) ~
the literature as ©" or GP2 structure. According to Guinier, the 0"

region consists of layers parallel to (100} planés of the matrii. The
struéturé consists of planes Qf copper atoms, the.adjacent planes l.éi_unité
vaway being mixtures of copper and-aluminum atoms; the next planes are 22
awayvfroﬁ the mixed-atom ﬁlanes and they céhtain only aluminum atoms.
Elecfronvdiffraction piétures taken from alloys in this state confirm that
the @” structure can best be regerded as a genuine preéipitate rather than
 sone. o |
Aluminum copper alloys hardened ét low‘temperafures by the formatioh
of @" zones Segin to soften when fhe @f precipitate becomes visible. The
gk struéture is not an equilibrium phase either 5ut is a.coherent precipitate
which has'a fixed orientéfion relationship with the matrix.. Figure 12
is an eleétfon micrograph of & @f‘struéfﬁrevhaving plates parallel to (100}
rlanes in the matrix. Thes¢ platesvappéar as needles of apprqximately 20:
ih thickness aﬁd 3002 long. k
The composition of © is very near fhat of the equilibrium fiﬁal
Precipitate.CuAlg.' Thel@' structgre'isnthe first Precipitdte which may. be .
observed under the optical microscopé. At high‘tempera£ureé it forms
‘directly from the‘matrix As does the precipitate CuAl,. The ©' precipitate
probably has a partially.coherent interface. o
The Al-Cu systemfhas'been studied very extensively and the cﬁanges

-

occurring therein are well known. The complexity of behavior exhibited by

this system illustrates clearly the complications that can arise in

precipitation reactions.



Spinodal Decomposition -

In certain alloy systems, i. e. that of gold end platinum (shown in

‘Fig. 13), the uniform series of solid solutions ‘exists at all compositions

at high-temperatureé.i However, at lower temperatures a segregation of alloysv.

occurs énd a miscibility gap exists in which saturated solid solutions of
platinum-rich and gold-rich phases appear} In suchvsjstems, the formation

of the tﬁo new saturated Phases from a quenched supersaturated solid soiution
may oécgr either b& a nucleation and growth process or by a process known as
spiﬁodal aecomposiﬁion. In systems with miscibility geps, there is only a

change in composition during the phaée change. The structures of the tﬁo

"resulting phases and of the initisl phasé are identical. ' In special cases

of this kipd, it is possible for the transformatioﬁ to occur simply by an
exchange of atoms in old latticéfsitesf This is similar to the formation

of Guinier-Presfog Zones discussed in thé previous section. When spinodal
decompogition océurs, the normal nucleation process is absent. Spinodal
sévaratlon can occur only in a restricted region of the mlscibility gap, e.g.
within the reglon shown by the dashed line in Fig. 13

The concept of a splnodal type of transformation originated with Gibbs.

In his classical treatment of the stability of phases, he considered two

types of decomposition. In one, the change was that of a large fluctuation

in composition within a very smell volume and the other was that of a very

 small change in compositlon in a very large volume. When a phase is unstable

to small fluctuatiqhs over large volumes, then there is no barrier to

continuous, transformation to the more stable state other than that involved in
a diffusion process. - Gibbs showed that e necessary condition for stability

to such a fluctustion should be that the chemical potential of each component

increases with.increasing density of that component. This is equivalent to

stating that the second derivative of the free energy with respect to composition

i

ro——
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must be less than zero. On a_biﬁary phase diagram, the boundary of the
spilnodal region is defined by the loéi of points at various temperatures -

where the éecond partial -of the tree energy with_respect to composition is

<

equal to zero. Gibﬁs' original conce?ts were confined to the consideration
of liéuid systems. The,cpndepté have extendea to solid solutions byua_number
of invéstigators. The validity of the concepts for solid solutions has not
been definitely established, but it seems virtually cértain’tnat many of
the considefations apﬁly equally . as well td solid systems. |

When a random solid solution ailoy is'quenéhed into the spinodal region
where the second derivétive of the f;ee energy witn respect to,compoéition
is.negative, any sﬁall fipctuatioﬁ invébmposition will tend to increase.
,'vThe'supersaturatéd'solid'éolﬁtion will begin to segfeégtéAspphtaneously into
regions which are richer in each of the twoAcoﬁponents. _ihe rate at which

this occurs is limited only to the rate of ditrusion within the solid

solution. Spontaneous segregation of this kind requires net atomic movement

in a direction opposite to the concentration gradient ahd, therefore,
involves "up-hill" diffusion. Thus the conditions for spontaneous spinodal
se?aratioh and up-hill diffusion are identical. Borelius(7)wgs among the . -
_f&f;t wquers to apply'the concepts 6f'spinodal segregation, or separaﬁion,

to the decomposition of supersaturated solutions. His work was generally

~ believed to be of doubtful significancé'until-Cahn(8) end Hillert (9) in 1961

showed that it was necessary to introduce a surface energy term in order to .

proﬁide.a vqiid analysis. Because spinodal decompositiqﬁ generally occurs
in systéms invwﬁich the atoms'have different sizes when the segregation takes
plécé, stresses are devélopéd Vhich tend to stabilize the original system and
rravent fhe smailrlocal fluctuations from propagating. - Three factors con-
tribute to the free‘energy change associated with a sbinqdal decomposition.

-

One is the normal chemical term associated with the formation of two hew“

phases from the parent materiel. There is slso a term which arises'from fhe

Ao
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combosition gradient which existé during spinodal segregation. The gradient
- energy is analogous to surface energy in the_case of the formétionvof a
nucleus. This térmﬁis a:pos;tive freo energy term. Tho third factor is a
otrain energy Whioh arises from the chgnge in lattice parameier aosociated
with thevcompositional chonges. Because the lattice is coherent, or
continuous, the individual small volumes of segregated material cannot relax
to their nofmai, or streés‘free, states.. Hence there will be elastic,strain
energyvstored in the'system, | |

A spinodal dpcomnositlon process should oceur uniformly everywherp t
wiﬁhln a graln It is not easy to distingulsh this form of decomp031tlon
. 'from a homogeneous nucleation process. The main distingulshing characterlstic
seems to be that with spinodal decomp031tion the opacing of the segregated
{reglons 1; substantlally more unlform‘than it would be with homogeneous_[
nucleation,:which.is a random pfoooss. ‘X-ray‘difffaotion bafterns taken
rdu ring alloys underg01ng sp nodal decomp031t10n exhibit side bands. These
side bands do not Correspond to the lattlce p&rameters of the equillbrium .
. phaqes, but are broad dlffuse reglono~between the positions of the x-ray
v diffractlon lines for the upersaturated solid solution and the two
' eguilibrium deoomposiﬁion phases. X-ray patterns in oysfems uﬁdergoing
nucleation and growth exhibit sharp lines of the new phases forming as a con-
sequence of the decomposition of the supersaturated phase. Spinodal
transformation differs from nucleation and growth in that there is no clear
. stage whore the now phase has'appeared. fhe_compoéition gradual;y changési
.'fromvthat of the sppersaturated phasé over toﬁard that.of the equilibrium
. phases without ﬁhe forﬁation of interface boundaries between regions of
differenf homogeneous compositions. In a spinodal system, the spinodal
reaction is in competition with nucleation and growth resction, and often the

two occur simultaneously.
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The decomposition pattern of a spinodal'is remarkably uniform as the
photomicrograph in Fig;-lu shows. The waveléngth, or dist&nce between,
- segregated regions is of the order of 100 atom spaces, althoughvit is

possible to have wavelengths much smeller or much larger.

Superlattice or Ordered Structures.

| In an Qrdinéry solidlsqlutiqn,'the compohent atoms are randomly mixed.
There are many solid solﬁtions, however, in which a random distriputibn of
atomé aoes'nﬁt eiist, or if it does, it does so only at high temperstures.
in thgse, atoms of one kind seem to segregate more or less completely o s
- one se£ of'atomic ppsitidns, leaving atoms Qf the other kind in the xemaining
sites; Such a structure is éalied'an.ordered structure and tﬁe'lattice is .
called a superia£tice. ‘In an ordered structure, alternate plenes méy be
| rich in one component and thé inﬁermediaﬁe planes rich‘in the dther. ‘The
. distance between identical plenes may thus'be tﬁice as great aé the distance g
between planes in a disordered structure Qhefe the atoms are fandomly
dispersed.‘ Diffraction patterns of an:ordered alloy will therefore contéin
extre refléctigns Qr superlattice lines So that they mey be distinguished from
random solid solutions, ‘Ordered sﬁructurés form at relatively low temperatureg
and are generaliy of compositions having afomic rat}gs-of eitherv;:l‘or 1:3 ‘. ;/

- -~

of the component elements. Above a certain critical temperafﬁre the atomﬁx///

-

-

are randomly intermixed; whereas at lower tempergturégxorder beg;ns/fg/

ﬁe estaﬁlished_ahd the degree of ordef igcreases as the tempé};ture arops.

The main théoretical features of the order-diéorder reacﬁions héve been worked
out completely and verified experimentally. Cu;Auvprovides'a classic

example of an ordered system with order of oné kind ex;sting at 50:50 com-
position and order of another kind being exhibited at 25% Cu. In the

ordéred strucﬁuges therevisvno nucleation or growth nor is thefe any spinodal
reaction that occurs. fhe atomszmust merély rearrange themselves on a very
iocal_bésis éo that they assumevalterﬁate and favored positions.in the

lattice.

"
- .




The Massive and Martensitic Transformations

D

The essential features of "nucleation ahd growthf end "martensitic-
type" reactions are described in the Introduction and sre contrasted in
detail in Appendix A. The ”massive” transformation has some cheracteris-
tics of both these types of reactions and may be viewed as intermediate

between the two. As In martensitic reactions, the composition of the-

parent and product phases are identical, i.e., there is no long-range
diffusion. However, since there is neither a crystallographic relation-

ship between the and product phases nor is there evidence of

surface upheaval on a polished section, it must be assumed that the growth
of the product phase 1s thermally activated and that the growth rate is
interface controlled. The latter two features are, of course, character-

istic of nucleation and growth transformetions. The product phase is

nucleated at grain boundaries and grows by the thermally assisted movement -

of individual atoms over a smell number of interatomic distances, and,

in particular, across the interface from the old phase to the new. The .

microstructure resulting from a massive transformation differs from that

of either the nucleation and growth or the martensitic in that 1t consists

of irregular, blocky and rather jagged boundaries of no particular shape.

. The principal features of é,massive transformation are identical to those

of a polymorphic transformation - the term "massive” being reserved for

the transformation in alloys(l>.

The kinetics of both the massive and martensitic reactions are

similar, as Owen et'al(lo} have shown, in that the transformation tempera-

ture is independent of cooling rate below a critical cooling rate, as

shown in Fig. 15. Thus, as Christian(l) hypothesizes, the type of

transformation that an unstable alloy undergoes upon guenching from &

-

high temperature can be dependent on the cooling rate. At low cooling



‘rates é nucleation and growth tyﬁe transformation may. predominate; - at

higher cooling rates where long-fangé diffusibn iS'suppressed; the massive'

transformation mey occur3.ahd; finally'at very high cooling rateé tﬁere
. is the possibility of:a ﬁarﬁensitic reactién. Howevér, the latter is
pOssible only if the driﬁing force_is'great enough to supply the large
strain energy needed for the mertensitic reaction. |

In &iew of the similer kinetics of the massive and martensitic
' reacfions, it is n;t surprising, perhaps,vtﬁat‘there are alldy systéms '
in which both reactions are found. A claééic_example is thaﬁ of the |
Fe-Ni system in which three t&pes of transformations have ﬁeén idehtified,
i.e.,vnQCleation and growth, massive, and martensitic. Owen et 21(10)
A have-detefmined the faﬁge of comﬁositioné over which each‘transformation
occurs as shown in Fig. i6. For alioys'cohtaining;less than 5 at. %
. nickel an eguiaxed structure (resulting from a nucleation and growth
transformétion) was stable even at the highest cooling rates employed
(8OOO°C/seC)- At higher nickel contents, the nucleation and growth
transformation cquld be retained by high cooling rates, and in alloys
containing greater than 10% nickel only the massive transformation was
:obSérved. Between 10 and 29% nickel-éhd for cooling rétes greater than
ISOC/min (thg slowest,ratevemployed):a typical massive mierostructure was

seen. The authors refer to this microstructure as "messive-martensite",

since a shape chenge (characteristic of martensiticjreactions) was observed.

_ Finally, a.typical_aéiculaizmartensitic microstructure was seen in alloys
_ contéining 3Q-33% nickeli“.Micrograpns of massive- and acicular-martensite’
are shown in.Fiés. 1l and 2 respéctively.
A curiousvfeature of' the massive transformation in:iron.alloys'
is that iﬁ is suppressed'either by large amounts.of sqbstitutional elements

or small amounts of' interstitial elements, but not by extremely high

petmepe o
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rates of cooliﬁé. Furthermore, Owen observed that at the highest cooling
rate attainable the:tpansformation'of pure‘ifon was mertensitic while tnat
ot the irdﬁ alloys remained massive. .At present there is no explanation
for thils behavior.‘ |

A comparison_of the principal reatures of tﬂe npéleation and growth;

- massive, and martensitic transformations is given in Table I.- /

/



Table 1 - A Comparison of the Nucleation and Growtu, Massivé, and Martensitic

Transiormations

Characteristic

Compdsifion change between

parent and product phases
Type of growth

Nature. of diffusional
process

Velocity of transformation

-Shape changé
Crystallographic relation-
ship between parent and
product phases

‘Free energy change

Amount of undercooling

Nucleation sites

Nucleaﬁion & Growth

' Genefally

'Thermally activated.a

long range

Slow -

None

Generélly none

' None at equilibrium

None

Generslly at structural

defects

-Massive -
None

Thérmally activated

Short range (equiva-

lent to grain boundary

diffusion)
Féétf
Occasionally

None

Small -

Smallil

At grain boundaries

Martensitic

None .

‘Not thermally
lactivatedf

None

Fastest (with rere -
exception)

Always

Alvays

Lérge
Large

ImMmmlb

-ha_




APPENDIX A

A Classification of Phase Transformations in Metals ' _ B
Natural phenomena rarely lend themselves to rigorous systems of -

classification and solid state transformations are no exception. However,

‘vChristian (1) io hisiforthcoming book Theory of TrensformationS‘in Metals end
| loz proposes a useful cla351ficat10n which is presented hereln in /////_
somewhat 51mp11f1ed form. The authors are 1ndebted to Dr. Christlan
for his permission to use this material.

Solid state transformations can be conveniently divided into‘two
large groups based on the type of nucleation, and then.further subdivided
'in‘terms of their‘growth processes. Transformations are considered to
- proeeed eiiher from identifiable nuclei, i.e s heterogeneOusly, or
. spontaneocus ly w1thout nucleatlon, i.e., homogeneougly, as shown in the

first line of_Table 2 under "Type of Nucleation.

w—

The nature of the growth process of heterogeneous‘y nucleated sollds o

forms the basis for the next subdivision in the classificatlon,/as shown /2//////
ﬁnder "Thermal Characterlstlcs of the table. Thus, the/flrot type/9£>///

growth process is ”afhermal", i.e., the growth is not thermally activated

' and does not involve dlffu31on In thils case the boundary of the,growing

Phase is glissile and moves by stress alone. Examples of thils type of
transformation are martensitic reactions, twinning, and the stress-

induced movement of low angle graihbbouﬂdaries. The seeond type of o -
growth process invoives thermal activation, i.e., either short- or long-

range diffusion. The phase boundary interface is non-glissile and the

ra%e of growth is diffusion-limited. ‘EXamples of transformations of

this type wherein the growth rate is controlled by interface reactions,

-



Classifications of Transformations#*

Table 2

’ Type of Mucleation

Heterogeneously Nucleated. Reactions Homogeneous -
. : ’ g Reactions
Thermal Characteristics Athermal ‘Thermally Activated Grovth Controlled Thermally
' C ‘ - IR By Heat Transport Activated
Nature of Interface Glissile - Non-Glissile
' (moves under
stress alone)
Degree of Diffusion fone Short Range Long Range Either Iong or Short ~ Short. Range
: (Interface - (Diffusion and/ or Range - ' g
Controlled) - Interface Controlled -
Tixamples of Twinning,. Polymorphic ~ Continuous Melting, Spinodal
Transformations Martensite, Transitions, " Precipitation, Solidification Some Order-Disorder
: Stress- " S Changes A
Induced Growth from Discontinuous
Movement Vapor, Precipitation, .
-of Low ' o
Angle ‘Recrystalli-: . .- Dissolution,
zation and . | '

Poundaries

Grain Growth,

'Order—Disorder"‘>

Changes,

,Eufectoid Reaétions ,i

Massive-Martensite

 *This table is a simplified version of a more comprehensive classification devised by J. W.

Christian.(l)

* b g, kg s i
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i.e. short—range_diffusion are: polymbrphic transitions, recrystallization

and grain growth, order-disorder reactions, and massive-martensite

reactions; examples involving long-range diffusion are continuous and

discontinuous precipitation, and eutectoid reactions. The third type of

growth in heterogeneously nucleated solids is the special case in which

the growth of the product phase is determined by the rate of heat transfer,

i.e;, melting or solidification proceSses;

ﬁomogenebusly nucleatea éolids caﬁ.be classified in a similar manner.
A1l known homdgeneous reactions are thermglly activeted and the growth
of the product phase is iimited by shortéfange:diffusioﬁal proceséesﬁ.

The spinodal is the most familiar type of homogeneously nucleated

transformation.

s

A compérison of mértensitic, and nucleation and growth transformétio?;//z _

is ogfclinea in Table 3. Athermal and ‘thern.xally activated g:xfow‘th pro-
cesses are ﬁore familiarly (but less rigoroﬁsly)'known as maftensitié,
and nﬁcleaﬁipn and growth (N&G) phase transformations, respectively.
This terminology is unfortunate since nﬁcieation and. growth processes are
common ﬁo both types of transférmations. : | |

Tﬁe most'disﬁingﬁishing éhéfacteris£ic of @he martensitic transfor-
mation is the cémplete absénce of diffusion ét the interface of the.
growing_plate. ‘The atomic movements of ﬁhis transformatioﬁ are coopera-
tive and,tﬂousands of. atoms move simultaneously over very sma;l distances,
not unlike twinning. The am@unﬁ of transformation is chﬁfﬁéteris@ie-bf
temperature and, with rare exception, does not increase wiph/fiﬁe. The ~
beginningland end temperatures of the reaction are designated "Msﬁ,anaf
qu", respectiyely. ‘The MS énd Mf temperatures ére primerily determined

by composition but are influenced by elastic and plastic deformation and

-

Ser
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by graih sizef.
'Thé hartenéitic transformation is'alwayé;accoﬁpanied by.a_changé.

i C in latfice.and_ih external shape.'iThe shape.change, caused by the
lattice,shear,,cah be élearlyidbserved on-a:polished surface in the form
'véf éurface tilts and is &sed-as experimeﬁtal verification of marﬁensiticv:

tfansfofmation. A growing_mértensitic platé‘is always orientéa with
respéct.to the pafent phaée énd'the plane'COmmoﬁ to both isv¢alled the
.”habit" pléne. These.and;otherlfeatures‘characteristic of tﬁe martensitic
. . transformatioh are summarized in-the_left pranel of Table 3. ) v v. //////‘
In_géntrast to dfffusioﬁléss‘martenéitic transformations, fﬁe -/
'.pringibalvfeatureg éf N&S_transformations reflect the temperature aﬁd
; time depéndence of diffusion.feactions.A In pfinciple, the’transformatioh
5.  .;'  f,‘ will continﬁe at anyvtémpeféture until_épmplete. In pragtice, at ldﬁ )
| témperaﬁﬁieé_relaﬁi&evt§ the trapsformafion ﬁemﬁeféﬁure thé feaétibn-rate
;'} . . wili beznegligible due to the low rate of diffusion. ‘The.rate 6f N&G
_reaCtidns is often acceleraﬁéd by_plasﬁiC‘defarmafion since both hdcleation
and diffusion are'enhanéed. Siﬁce the‘grbwth raté_of the nuclei of new
L phaéesiis teﬁperature anﬁ time‘dependent,‘it.is poésiblé to "quench-in"

high temperaturé N3G structures by fast cooling. The sigmoidal or'_ T

S : e }
. "S-shaped" curve of temperature vs time for many N& reactions is a S ~

d /
v

consequence of thé two bpﬁosing factors of (a)_inéréasing ﬁendency tg///
form nuclei with decreasing temperature below the‘transformétion téQpera-I

© ture and (b) the dééreasing grOwthvrafe (diffusion rate) of the'nucléds
with decreasing_tempefature. Unlike mértensific transformations, the .

| a composition of the product is often unlike thatldf the parent phase.

There are examples of N&G transformastions, however, wherein the composition

of the parent and prdduct_phaées are identical, viz polymorphic and

A
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Ordéi-disorder readtions. These andvqfher characteristics of N&G trans-
- formations are summarized in the right panél of Table 3.

The foregoing discussion has suggested, perhaps,'tﬁat marténsitié
‘and N&G transformations occur separately and under widely differing
circumstanceé. 'Tﬁis is not always the caée. For example,'the massive
4 (&3 ) and martensitic transformationé are very”closely relafed in the
Fe—Ni, Fe-Cr, Fe-C, and Fe-N systgms.(lo) _ Another example is that of’
lower bainite; avdecqmposition¢pr6duct of austenite, which appears to

have'features.of both martensitic and N&G type transformations{(ll)



Table 3 A Comparison of the Prineipal Features.of Martens1tlc, and Nucleatlon

and Growth Phase Transformations

Martensitic

' Possible only in solid state (metallic and
nén-metallic)., No diffusion involved -
© composition of parent and product the same.

Amount of transformation is characteristic

of temperature, and, with rare exception,

does not increase with time.  Velocity of
transformation usuvally very high - dpproach-
‘ing that of sound waves in solid. Velocity -
probably is not temperature dependent., Trans-
formation involves a small displacive or
shear-like movements of many atoms ~ each over
a very small distance. Start of transformation
called "M_"; end called "M.". M_ and M

alloys defermined primarily by c8mposition. -

Both elastic and plastic deformation influence
transformation, Highest temperature at which
marténsite is formed under stress called "M.".
M can be depressed both by cold-working abOve

- M and by isothermally holding below M . Grain
size of parent phase influences Ms somgwhat.

N and G

The composition and atomic volume of the products

-may or may not be related to the original phase.

Polymorphic changes in pure metals and order-
disorder reactions in alloys are examples of no
changes in comp031tlon.f

o Amount of transformatlon increases w1th tlme at

any temperature until minimum free energy is

reached. In principle transformation will con-
tinue at any temperature until complete. At a RN
sufficiently low temperature, the rate will be <
negligible for any N and G transformation. At the
transformation temperature, the activation energy

for formation of a critieal nucleus and the size

of the critical nucleus are infinite; therefore,

the rate will agaln be negllglble.

The rate of N and G reactions is accelerated by -
plastic deformation since both nucleation and diffu-
sion are enhanced. The sigmoidal or "S-shaped".
curve of temperature vs time for many N and G
reactions is a consequence-of the two opposing fac-
tors of (a) increasing tendency to form nuclei with
decreasing temperature below the transformation
temperature and (b) the decreasing growth rate
(diffusion rate) of the nucleus with decreasing
temperature. Since the growth rate of nuclel are
time and temperature dependent, it is possible to

"quench-in" high temperature N and G structures by
fast cooling. :




Table 3. (Continued)

1

Martensitic

Transformation accompanied by both a lattice and a
shape change. Surface tilts on a polished.surface,
caused by lattice shear, are used as experimental
veritication of a martensitic reaction. Marten-
sitic microstructure usually consists of flat
rlates that are thin at extremities, i.e., are
lenticular in shape. May also be parallelsided
bands. Martensite plates are always oriented with
respect to the parent phase. Plane on which they
are Tormed is called habit plane.

In solid state &G reactions strain energy may

' determine shape of new phase at early reaction

times. Crystals of new phasée may be oriented to
original lattice, i.e., Widmanstetten structure.
Often there is no crystallographic relation

- betwveen parent and product phase. Orientation

relationships frequently found when two phases
are tormed together as in solidification of
eutectic alloys or in eutectoidal reactions in
solid state. '

-1~
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APPENDIX B

Effect ot Strain Ehergy on Nucleation

Most phase changes are -associated with a change in volume. When a

small region in a crystal_transfbrms, the rigidity of the surrounding

material may be sufficient to allow stresses of considerable magnitude

to develop. The volume change associated with»the_transformation is
égcémmpdated in the assembly Bj elastic straiﬁé_in the two phasés. This
eléstic_étrain energy is often an important factor in‘transformations. 

_ At_high'temperaturés, the fIOW'stresseé'of the crystals are lOw and 

the transformation stresses are relieved by plastic flow, or creep. At

flow temperatures, the streSs will be equal to the flow stress,of the

' material, and the resulting strain energy may be high. Flastic flow

" can reduce the strain energy, but when the nuclei are small, no disloca- .

tions will be present and the stresses may reach values several .orders

e

)

magnitude greater than the normal yield stress. Furthermore, even

if a nucleus formed at or near a Frank-Read dislocatiofh source, the

' stress'field generated by the transformation would not extend far enough

_to make_the’dislocations.mdve anvappreCiable distance, and a single

dislocation attached to the surface of a small perticle could not relax
a spherical stress'field. A formulation of the nucleation theory

including the strain energy term is presented as Eq. 8).

- Ga= h/3fr3AGv + nh‘rgy + h/3 r3AGS - . ' (8)

where”'AG; is the elastic straln energy per unit volume of a spherical nucleus.

In the simple ﬁreatmeht‘the shape of the nucleus was-cdnsidred to be
spherical because this- shape requires the minimum surface energy. When

strain energy is involved, however, the:shape of the nucleus is not necessarily

J LT



spherical. There are certain combinations of size and shape which give a
e ; g

minimum value for AG. This is so because the strain energy is a function

of the shape, as is the surface energy. It is the minimum of the surfaceuz////' .

energy plus the strain energy that determines what the shape of the nucle
will be. Forrhuclei of any generél shape, the free energy equation,may be

written as shown.in Eg. (9).

: _ - 2/3
86 =n (g, - g, + 86) + C)yn - - 9)

[
i,

whefe ga_and 8p afe the»freg'energies Per atom in the © phgsé and. tﬁevB pha;e{
respectively,AG:isthe free energy per atom in the f phase, AGé is;the-
elastic strain energy péf atoi transfqrmed; Clis'a coﬁstant.defining the
"shape factor', Y is>the surfaéé energy,‘and n is the number of atoms in the

nucleus. = - ‘ ' : _ o . o - 5

From Eq. (8) it is evident that nucleation cannotﬂo¢cur at_all
unless the volume free energy change is greater than the sufi of the surface
) o . - . . -

-

energy and the strain energy terms. The strain energy has been calculated for

the case wheréjthé particles are spherical. This evaluation is presented as

EG_f (10). ‘
2
Ag = 2u C (VB-Va)
s 0 2 ——o—
3V
and : B ’ L o
= 2K . 10)
Cp = 3K/ (3K + b)) . (10)

8
whefe;&xis‘thevshear moduius_df the < phgsé, Kalis the bulk modulus of the
& phasé, and Vg and Vé are the specif;c véldmes ofrthe atoms in the & and B
phases.

When the nucleus is not spherical, a different analysis is involved.

-
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Nobarro(le) proposod a more general'solution for precipitated particles with
éllipsoidal shepes. He devélopéd an equation for & family of ellipsoids of
revolution hdving semi-axes R, R, and Y. The oorrespooding strain energy.
term is giveo iniEq.o(ll). |

(VB—V) ' _ o . .(ll)

= [2u_ -1 £(Y/R)

gs‘ . o 3V8

where £(Y/R) is a shape factor function. For the case Y/R = ® the ellipsoid
»becomes a cylinder and the mathematical model represents needle shaped .

, precipitafed parﬁicles. For such particles, the strain energy term is given
“by'Eq. (12).

u (V,-V ) .

Vo o

'In this case,. f(Y/R) 3/k.  When Y/R is very much less than 1, the
elllp301dal particles become thln plates or discs . In this case, Nabarro

obtained the approximate solutlon shown in Eq. (13).
£(Y/R) = 3 YJUR o (13)

The parﬁicle shape that causes the minimum strain energy is a thin flaf plate
when thé‘conditiOns of conétraint are'extremé and when the volome change.is.
apprecieble. Although the elaSolc strain energy term becomes less as the
: value of £( Y/R) decreases, the urface energy term increases. The most v.
favorable nucleamion uhape 13 that which minimizes the 1ota1 free energy‘

The above presentation is by'no means complete (see Theory of Transforma-
,tion, in Metalo'and alloys by Christian(l) for'a'comprehensive treatment of .

this subject. It is evident, however, that the treatment_of nucleation theory



in its formal and complete state is a'complicated and difficult problem. It

is not difficult to see, therefore, that the correletion'between theory and

experiment in the case of homogeneous nucleation leaves much to be desired.

The problem is further complicated by the fact that homogeneous nucleation

is a rarity, except in certain_ special cases such as the spinodal decomposition

of a solid solution. - Heterogeneous nucleation is energetically favored when
there are defects present in the solid. Such nucleation will be discussed
in the next section.

Heterogeneous Nucleation

The precedihg discussion was_confined to the conditions where the

- precipitation process was homogeneous throughout the volume of the material

In reality, however, this condition is highly unlikely and rarely occurs.v‘

Structural defects such as dislocation networks and‘grain bounderies are .

preferential sites for nucleation and it is at these defects that nucleation.

generallyﬂoccurs; The reason why heterogeneous nucleatiou-occurs in
preference to ﬁomogeneous nucleation is that there is a smaller free energy
associated with the formation of nucleivat structural defects.. Considerihg
first the case vhere strain energy is not 1mportant the ncheation process
then depend° upon the reduction in the net surface enexgy provided by the
struccural defects to form the nucleuc.i In the case of dislocation. networks
and grain bounderiee; a reducfion in fhe‘surfacevenergy'requires and
involves a destruction of part of an existing surface. Thus the existing
urface helps to provlde the surface energy needed to form the nucleus.

_ In considering nucleation at grain boundaries, the surface energy terms
1nvolved are where the iirst refers to the grain boundary energy

oB

and the second to the interfacial energy between the two phases. The free

. energy in the case of a nucleus forming at a grain boundary is given by

Eq. (14), and the criterion for the critical size of thenucleus, or Tos

'

;



_sdch that C o :Ag-(Q—Bcose + coso

'"3() ™

is given by Fg. (15).

o _ 3 N o2 : L
AGaBS B (CBr /VB)(gB-ga) T {CGB YaB * Caa ao
Tor = critical size nucleus, fc: let
6AGa6sv= - . . © (15)
ér " e e
/'/- . -
P
Then ' ' . g . P
. ) . . , ' ///
AG = : : :
Hoags T 2T T 2 2 | - (16)

where AGaBSis the surface free gnergy for‘an -8 interface{'CB, Coﬁ, and Caa

" are shape factor fundtiOns, and the other terms are the same as before.

If the surface energy of the ¢-p interface is isotropvic, the nucleus ¥will

be bounded by a section of a spherical surface of radius r. However, the

nucleus. wvill not be spherical because other conditions must be met. There
must be a balance of surface tension forces where the surface of the nucleus

meets the grain boundary. The nucleus will assume a symmetrical lens shape

3 st . . 2
), CaB_‘ 2 (1 cose),Caa sin"6, and GA

- is the correct angle between the O-f interface and the grain boundary. The

condition for static equilibrium is given by Eq.(1T7).

Yyu = 2¥yq €050 o an

The free energy for.the_formation of a critical nucleus is thus bound to be
that given in Eq. (18).

- . . . . . e s - R R oo



PETRISIICUR A S e e 4 U

-37-

8 (Ya8)3 (VB)2 (2-30036 +‘cos30) |
. ga gB

The ratio of the free energy for boundary nucleation to that for homogeneous

nucleation is given in Eq. (19), where Gy indicates the grain boundery

i

R SO S

free energy and A}H the free energy for homogeneous nucleation of a precipitaﬁed partici;. 

.-AGB
AGH

'..J

;j—'(2-3 ¢036 + cbs3e) . | ' (19)

[\o}

Nucléation may alsc occur at ﬁhe junctiqn with three grains in which case
the three planar boundaries meet at a liﬁe w;th the pianesL making an angle
of 120° to each otherf The_nuclegs spherical surfaces joined at the planar
interfaces. BHere again, the angle 9 will be uséd to indicaete the dihedral

angle between two alpha-beta surfaces and an alpha-alpha surface. Although

(D

th geometry is a little more complex in this case, the netvresult is that

the frée'energy for the formatidn of a nucleds‘at an edge GdBE , formed by
. . : v . ) ] S :

the intersection of three grains is given by Egq. (20) and the ratio of the

‘pucleation energy\to‘that for homogeneous nucleation then becomes that shown

in Eq. (21).
- g2 2 oy
AGyen = 4Cq vug Ve/(ggme,) (20) |
Mpo 3% . (&)
AG, ~ Lm .
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2
where Cg = 2 [T-2arc sin (%'cosece) + ﬂcosge) (4 sin : )

(22)
- aré cos (cos8/v3) cosb (3fcosge) ]

The above analysié was_based upon the assumption that the energy gain ceame
“entirely from the frée energies of the planér boundaries gnd that the single
line at ﬁhe intefsection of_the thfee boundaries did not contribute to the
energy of thé syéteﬁ;

There.is another poésiblevéase that shpuld 5e considered,'namely,'where
.four:grains intersect at a point. In this'cas¢, there are four grain_edges_
which aré the junétioﬁs df_threé grains. . If if is assﬁmed that these are
‘ symmetrically oriented with fespect to'the'corner, thén the nucleus will be
bounded by spherigal surfaces which will haye the shape of a spherical
tetrahedron, 'The rati¢ of_the‘freejenergy required to form this nucleus (AGC)
to that‘of the homogeneous nucleati&n_is identical in form with Egs. (21)

and (22), except in this case the term Cy'is given by the expression shown as

Eq. (23). . - L
| V2 -cost (3-C 2)
c. =8 {%-— arc- cos S sinesl }
B ‘ g1 S
. 3
1/2 ¢
. 2 2 “81
+ (CBl cos8) (L sin § - CBl ) - " cosf (23)
| ‘ 2 Co1
- 4 cos8 (3 - cos“8) (arc éos 5 oinE )



1/2 - -

where CBl = %-[Vé (k4 sinze =1) -cosbl.

From Eq.- (17) it can be seen that the ratio of the'grgin boundary energy
to the interphase boundsry energy is 2 cos@. When this fatio is used to
evaluate ﬁhe aétivation,energiés for homogeoeous-nucleation,'grain bounoary
nucleation, edgé nucleation, and corner nucleation, it becomes evident
that ACH is always greuter than AGC, which is always greater than AG 2 and -
that in turn is always greater then AGC The ratio of the boundary energies
Eecomeo Zero at ‘some finite'value of Yaa When'tho'boundary‘energios aré

‘ Yog

higher, then no equilibrium. 13 possible and ‘the new phase will continue to-

grow without reaching an equilibrium size. The critical values of the

retios of:boundary'energies above whioh the'free energy at the'critical size -

is zero;'are 2, /3, %%g for boundarlos, edges, and corners, respectively
Examples of both boundary and edge prec1pitation are shown in Fig (lO) in
the text.

The nocléation rates défond upon the densitonf sites, as well as upon
the activation enefgy for nucleation. If it ié assumed'tﬁat'thevthickness

of a grain boundary is TB and that the averape grain diameter is LB then

the number of atoms per unlt of volume on the various sites can be given by .
. Eq. (2h), where NB is the number of boundaries per unit of volume, Np

is the number of edges per unit volume, and'NC is the number of corners per |

unit of volume; ‘N, being the number of atoms per unit of volume

N, = N, (Tp/Ly)
N = N, (TB/LB)Q" | ,'. (2k)

No = N, (TB/lB)3

The nucleation rate per unit of volume due to grain bouﬁdaries is related

to the corresponding.homogeheous rate, I by Eq. (25).

H’
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- S
B _ B kT (25)
To% C : ,

H B

Similar equations exist for the nucleation rate along the edges and corners.
q _ : _ . .

Prom these equations it . is possible tQ find the cqnditions under which the
various types of ﬁucleation; i;e.-homogeneous, grain ﬁoundary, edge; corner,
meke the gréatest contribution to the overall nﬁcleation rate. In principle,
if a solid solution is slowly cooled through a_phase iranéformation tenpera-~
ture, nucleation wili initially be greatest on.corners, then.on edges, then

on boundaries, and finally, homogeneously. Howeﬁer, sinée the rates of the

reactions vary, if Yoy is legs than 0.9 vy,_,, the corner nucleation rate will
- be too smali to be observed, and edge nucleation will be more rapid than

" corners. If Y., is less than 0.6 YdB’ the emount of edge nucleation will be

small and boundary nucleation will become prevalent. Further, if yda_is less

than 0.25 Yoa s only homogeneous nucleation will be observed.

ACKNOWLEDMENT

It is'impréctical to attempt to credit the humerous contributors to
the vast subject of micr0structure.and phase trgnsformations, Wherever
possiblé, review papers have been suggésted for the reader interested in
more complete bibliographies.

| The authors are indebted to ETofessor,Ggreth Thomas of the Uniyersity
of Claifornia for the use of several tréhsmission micrographs of GP zones.

This work was done:under the auspices of the United States Atomic |

Energy Commission.



ON

[

NO

10.

12.
13.
1h.

15.

16.

18,

Sl

References

J. Y. Christian, "Theory. of Transformation in Metals and Alloys”,

in press.
M. Volmer and A. Weber, Phys. Chem. 119 (1925) 277.
R. Becker and W. Doring, Ann. FPhys. [5] 24 (1935) T19.

D. Turnbull and J. Fisher, J. Chem. Pays. 17 (19k9) T1.

.
=g

. Keh and W. Leslie, "Structure and Properties of Engineering Materials",

Interscience Publishers, New York, 1963, 108.

C. S. Smith, Trans. ASM, 45, (1953) 533.

G. Borelius, Trans. AIME (1951) 477.°

J. W. Cahn, Acta Met., 9 (1961) 795.

M. Hillert, Acta Met; 9 (1961) 525;'

W.. S. Owen, ngh Strcng th Materials", John Wiley:and Sons,VNew York, o

1965, 167.

A. J. Baker,'P M. Kelly, and J. Nutting,-"Electron Miéroscopy and

Strpngth of Crystals s Interscience Publlshers, 1962, 899.

- F. R. N. Nabarro, Proc.’ Roy. Soc. (London) 5__(19#0) 90 and 125,

(19ho) 519.

J. B. Newkirk, "Precipitation from Solid Sblﬁtion", ASM Monograph,

1959, 11.

W. Rostoker and J. R. Dvorak, "Interpretation of Metallographic

Structures”, Academic Press, 1965, 127,

J. B. Newkirk, "Precipitation from Solld Solution" , ASM Mbnog“aph

1959, 67.

W. S. Owen, "High Strength Materials"”, John Wiley and Sons, New York,

1965, LOk.

J. B. Newkirk, "Precipitation from Solid Solution,” ASM Monograph, 1959, 79..

H. K. Hardy and T. J. Heel, Prog. Met. Phy. 5 (1954} 13,

e o e i 4 i




Fig. 1.

N Fig. 2.
Fig. 3.
Fig..u.
Fig. 5.
Fig., b
Fig. 7.

e Fig, B.

Lo

A quenched iron - 23.8 at.% nickel alloy with a typical ”massiye"
microstructure (10), %350.

These,micrographs illustrate the wvariety of éhapes that a
precipitafe from solid solution can assume: (&) General (or

matrix) and Local (or grain boundary) precipitation of Q-iron

in copper {(13); (b) General and local precipitation in a Ti-6%

Cr alloy (14). (The grain boundary precipitate appears as an

almost continuous network around the matrix grains; the matrix

. precipitate.is plate-like in nature); (c¢) Widmanstatten or basket-

‘weave structure in Almoco-2 a2lloy (15).

The microstructure of.martensitg in an Fe~32% Ni alloy, X500
(16).. Wnite area showing no struétural teatures is retained
austenite. ‘

Continuous precipitétidn iﬁ a'quénched Fe-0.02% Ni alloy aged at
sevefal times and temperatures: - form left to rignt (1) aged

1 hr at 100°C; (2) 9hrs at 60°C; (3) 68 nrs at 25°C (5').
Discontinﬁéus and'continuous prééipitation in anlaged Co—Ni—Ti
alloy, X2500 (17). o

Variaticn of free energy, 26, with radius of nucleus, r. AGg

is the surface free energy chenge, AG, 1s the volume free energy

change, and AGN is the net Lree energy change. AGC is the

" free energy change associated with the formation of criticel

nucleus of fadius fé.

Nucleation frequency, I, vs degreevof undercooling, AT.

The effect of carbon content on precipitation of carbon from
solid seclution in 3.3% silicon ferrite, qﬁenched from 77500.

Schematic diagram illustrating pgrain orientation relationships

in discontinuous precipitation. The orientation of the
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growing a-lamellae is identiqél to that of grain I but
Different from that of grain II. ‘An incphéfent_interfacévis thus
achieved between the lamellae and grain II.
Fig. lO.' An'Al;h% Cu alloy, aged 5 hours at‘lQOOC, showing GP zones and
| e", XSQOO, The contrasting halo around each éOne is indicative
of the strain produced by the zones. The large ﬁeedle—like-
precipitates are 0. (Courtesy'of G. Thomas, Univgrsity of ‘
California.) |
Fig. 11. Hardness-time curve for Ai~h% Cu aged at 1300C (after ﬁardy et ai.)
S (18). | | - -
Fig. 12. An AlL-4% Cu alloy, aged 20 minﬁte.s' at 27000,_ showing @'
5 | B precipitate, X60,000. (Courtesy of G. Thomes, Uniﬁersity of
Californigt)
Fig. 13. The Au—?t phase diagraﬁ. The spihodal reaétion takesvélace '
¢ | within the regionABounded‘by the dashed lines.

Fig. 1k. Electron micrograph of a thin foil of Cu-20 percent Ni-20
'perc@nt Fe alloy showing the "periodic" structure of the
precipitate in two graihs (18). This périodicity.ig ”

characteristic of the s?inodal reéction.‘ |
' vFigﬂ 15. Variation of‘transfofmation start.temperature with cooiing rdtev
for pure irén and iron-chromium qllo‘ys (10).
' Fig. 16._ Transformatiqn ;tért tanperatures on continuously cooiing

iron-nickel alloys (10).
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