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Nucleationg an introduction

The transformatiorof materials bydiffusionalmechanismg&anbe divided into twagrocesses,
nucleationand growth. In thesolidificationof metals,dependingon temperatureandthe
geometryof the mold, eitherone or the other will be dominant or a balance betweéme

processesan beachieved.
A If the nucleation rate is high the averagegrainsizewill be small
A If the growth rate is high relativeto the nucleationrate - the averagegrainsizewill be large
A Whenthere is a balancebetweenthe processeshe grainsizewill beintermediate.
A By controlling thenucleation and growthratesthe desiredgrain sizecan beobtained.
A By controlling grain sizenechanical propertiesanbe controlled.
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Homogeneouandheterogeneus
nuclkeation

A In either casea nucleusof a minimum sizecritical radiug mustbe
formed beforeit will be thermodynamicallystable.

A There is a change nergy requiredio form the interfacebetween
the nucleus andhe liquid phaseaswell as achange associated with
the replacementof the volumeof the liquid withthat of the nucleus
nhase

An the case oheterogeneoushucleationsomeof the interface
netweenthe liguid and mold iIgemovedwhichreducesthe amount
of energy requiredandthe criticalradius.
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A Toform a nucleus in an undercooled liquid, an interface
between the liquid and the solid must be created.
A Due to boundary mismatch this requires additional energy,

the surface ener
gy 4pr2 g

which is proportional to the surface area (for a sphere) of
the nucleus.

A The change in structure (liquid to solid) provides energy
due to the lower energy of the atom arrangement in the
solid. This change in energy, the volume energy 4 .
. . 3pr DG,
IS proportional to the volume (for a sphere) of the nucleus.

A The sum of these energies is the free energy associated
with the formation of a nucleus.
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DG, =- %pr3DGV+4przg (1)

where:

n D¢ the total change in free energy for radius
r ¢ radius ofnuclei

n D¢ is the change ivolumefree energy pewnit volumefor the liquid to

solidtransformation (n D<0)! ¢ is the surface free energy per unit area
associatedwvith the formation of the solidliquid interface6é * B n 0

There is a radius awhichp Dhas a maximum, so calleithe
critical radius A nucleuswith a radius smallethan the critical
radiuswill tend to shrinkto lower the energy,while the one with
a radius largethan the critical radiuswill tend to grow.
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Homogeneouandheterogeneousucleation

w Ineither case a nucleusf a minimum sizegtitical
radiug mustbe formed beforat will be
thermodynamicallystable.

w There is a change in energy requitedorm the
Interfacebetweenthe nucleus andhe liquid phaseas
well as a change associated wikie replacementof
the volumeof the liquid with thatof the nucleusphase.

w In the caseof heterogeneousucleationsomeof the
Interfacebetweenthe liquid andmoldisremoved
which reduceshe amountof energyrequiredandthe
criticalradius.
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Homogeneousucleation

In an undercooled liquid, atoms begin to form large clusters dlchas nuclei for the
growth of grainsThe spatiallrandomnucleationis termed Homogeneous
Nucleation

The greater the degree afndercoolingh ¢the smallerthe criticalradius of the

nucleus.

Below the equilibrium melting/freezing point, tremlidarrangementof atoms
becomes energetically more stalilean the liquid arrangement.

The more the system is undercooled, the greater this differe@omsequentlyas the
system is cooled, arrangingsmallernumberof atoms into thesolidlattice produces
a greaterimprovementin energy to overcome the energy penaltytbé interfaceat
the boundary between liquid ansolid.

When a nucleugirowsto the critical point, energy came reducedby growing
larger (the nucleus is stable) sbhat homogeneousucleationoccurs.
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Averysmall nucleus is callexch embryo. The radius of the
embryoat whichthe free energy change associated with
formation reache® maximumis thecritical radius r* Atthis
point it can reduce itsverallenergyby continuing togrow. The
critical radius for aphericahucleusis obtained by setting the
derivative of thetotal free energywith respect to the radius
equal tozero.

dG . 20
g N = - 3
dr 0 () DG,, (3)

w=.329,49g_16g (4)
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3DG2 3DG? 3DG2
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Hs- TeSs=H - TS (9) T.

DG = DH- TDS (7)

[{' (8)

DG=DH-T
DH (1 _
DG= (L -T) (9

DG = QH (DT) (10)

E
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_ DH . _ 29
DG—_I_E(TE-T) 9) r —DGV (3)

. 201 ¢ 20T ¢

= = (]_())
DH(T--T) DHDT

where:
Teis the melting temperature of the solid (absolute temperature

N ¢&Te¢ T is the undercooling of the liquid at temperatdre
n l¢is the latent heat of fusion for the liquid to solidnsformation

W ¢ work needed to create a criticaucleus

16p §T?
W o 0P g 2
3DH2 (T, - T)?
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Heterogeneous nucleation

Impurity particles suspended in a liquat,roughnes®n the walls
of the containercanassumea radiusof curvature greater than
that of the criticalradius.

Atoms carthen be "fooled"into formingaroundthis dummy
nucleus.

Thisprocess iknown asheterogeneousucleationand requires
muchlessundercoolingbecauseahere is noneed
to form sucha largenucleus.
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n DOs proportionaton ¢

Enercey vz, Temperature

Freezing Temp

Energy

¥

molid

Liquid |-

Temperature —

The free energy changes are dependent
temperature
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. 20 Transformation oF&y into Fm
- D_I(TE_ T)
r9lo* = Zga’ 49144_ 273) — Zgav 92997
[H(914- 910) M
. _ 20, {914+273) _ 2g, 4,
0 [H(914- 900) M
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A Theformation of precipitatesin a solid latticebegins
with afew atomsarrangingthemselvesin anew
atomic arrangemenbut maintainingcoherencewith
the surroundinglattice.

A As this new precipitate particle grows, it strains the
host lattice (the matrix).

A This distortionblocksdislocationmotion on nearby
planesand makesthe effect of the precipitate much
largerthan its actualsize.

A Finally,when the mismatchstrainis toogreat, a
discontinuous or incoherent interfaceforms
betweenthe precipitate and thehost lattice which
relievesthe strain.
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Growth

A Iseffected by the movemenbf the
Interface between thenucleus andhe
liquid as atoms are addetb the structure
of the solid andcan takeon manyforms
Includingplanarand dendritic.

A Thetype of growth will affect thefinal
microstructureof the material whichin turn
will affect the properties ofthe material.
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Phasdransformation
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Miffusional

Temperatureandtime
Examples

U pearlite intoaustenite

U pearlite intobainite

U tempering

U ageing

A Diffussionless
Diffusiondoesnot play anyrole
Example

U Martensitictransformation

A Intermediate transformation
Example:

U B al n Itl Ctran Sfo rm atl O n Project WND-POWR.03.02.00-00-1043/16
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Phase transformation obalt
Allotropicdiffusionaltransformation

Cobal t bigh F CC Temperature of allotropic Cobalt U :low
temperature phase transformation 417/C temperature phase HCP

&5

EBSD
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Phases ifregFe,CPhasdDiagram
h ferrite - solid solution ofCin BCGFe

wStable form of iron at roortemperature.
wlhemaximum solubilityof Cis 0.022wt%
wlransformgso FCQ -austenite at 912°C

E European @O INSTITUTE OF METALLURGY European Union

I -austenite- solid solution ofCin FC(-e

wlhemaximum solubilityof Cis 2.14wt %.

wlransformdl 2 . -ferfite at 1395AC

wisnot stablebelowthe eutectictemperature(727 A0 unless cooledapidly

1 -ferrite solid solution of Cin BCO-e
wlhe samestructure as -ferrite

wStable only at higlf,above 1394:C

wMelts at 1538/C

Fe,C(iron carbide orcementite)
ol his intermetallic compound is metastableratainsasa compound indefinitelat room T,but
decomposegveryslowly,within severalyears)into h -Feand C(graphite) a650- 7004C
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Cis aninterstitial impurityin Fe.lt forms asolid solution
g A U K ¥phasef iron

Maximum solubilityin BCQ® -ferrite islimited (max.0.022vt%at 727 AC)- BCC has relatively
smallinterstitial positions

Maximum solubility in FCC austenite is 2.14 wi#dl147AC- FCC has larger interstitial
positions

Mechanical propertiesCementiteis very hardandbrittle ¢ can strengthersteels.
Mechanical propertiesf steeldepend onthe microstructure, that ishow ferrite and
cementiteare mixed.

Magnetic propertiesh -ferrite ismagnetic belowr68
AC, austenite imon-magnetic
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Ferrite - solid solution of C ikrea with avery
low concentration of carbon um 0.0246.Its
properties are similar to puréea, b.c.c, ¢
number of atoms in unit cell 2; up Curie
temp.(77®C)ferromagneticproperties above e
Curie temp paramagnetigroperties, LWy
hardness: 86iB AN

ction
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Austenit
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Cementit

Ferrit

+

GO0 I
Ferlit
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Ferrite (bright area¥
Pearlite(dark areas)

Their fractiondependson carbon
concentration inalloy
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Austenite

Austenite g- solid solution of C ifreg, max.up to
do 2.11%. Characteristic twooundarieshecause

low stacking fault energy.c.c.,number of atoms in
cubic cel 4; hardness: 26{B.
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Phasadiagram Fd-¢,C

Composition (at% C)

16000 | T : IIO E 1]5 ; 20 25
1538°C ; : | o
1493°C «
1400 | L .
— 2500
N 1147°C i
) , /214 4.30 c
25 i , Austenit ‘ o
- ¥, Austenite —1 2000 =
3 3
& 1000 &
()] [«)]
Q o
- v+ FesC E
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200 % > —1 1500
F27°C
8 0.76
0.022
] Cementite (Fe3(?) S 1000
0 1, 2 3 4 5 6 6.70
(Fe) Composition (wt% C)
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Threetypesof ferrousalloys:
1. Iron: lessthan 0.008wnt % Anh & F S MNINFMIT S
2. Steels 0.008- 2.14wt % Qusually< 1wt %)h -ferrite +
Fe,C atroom T
Examples ofool steel (machine toolfor cutting
other metals):
Fe + 1wt % C + 2 wi@b
Fe + 1 wt% C + 5 wt% W + 6 WM& Stainlessteel
(food processingequipment knives petrochemical
equipment,etc.): 12- 20wt%CCr,
ACast iron 2.14- 6.7 wt % (usually < 4.5 @)
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Steels versusons

Steelscontainmuchlower levelsof carbonthan castirons do.

Steelshavecarbonconcentrationdessthan about 2% (dependingon what other alloyingelementsare alsopresent),so that
it is possibleto dissolveall of the carbonin the FCQattice 6 or austenite)

Subsequenheat treatment controlsthe form of the carbidesthat are produced,whichin turn, producethe high strengthof
steels Thehigh temperaturesneededto melt theselow-carbonalloys,and the difficulty of removingthe carbonand other

Knowledge Education Development
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impuritiesfrom the ores,preventedtrue steelsfrom beingmadebeforethe mid-19" century.

1

alustenite alstenite
FCC Eutectic FCC Eutectic

[ L
= =
B B
= o
= Eu = Eutectoid
uh] [uh]
— —

Eementiteﬁ ?\

. . Ce
Ferrit Ferrite
BCEC Fesl mor FesC
2 .

Z Carbon (nnt to scale)

ntiteﬂ

% Carbon (hot to scale)l
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Hypoeutectoidsand Hypereutectoids
Steels thatontainmorethan 0.77%Care called
hypereutectoid
Seelsthat containlessthan 0.77%Care
hypoeutectoid
(hyper = above, hypo below).
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Coolingof ferriticsteel

Final productsferrite a
and FeG;,

./

06,77 211 4,3 6.67
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Coolingof hypoeutectoidsteel

<—L+a[d)

In hypoeutectoid steels, as the alloy cools,
ferrite, the primary microconstituent, begins to
form at the grain boundaries of the austenite.

Ferrite continues to grow until the eutectoid
-lyta temperature is reached. At the eutectoid

Y

a12

: temperature the remaining austenite undergoes
: the eutectoid reaction (note the thermal hold
while this takes place) and transforms into
pearlite.

1
B

727 b

1 .
ot 1 ’
B s T
g 1 3 1
0077 21 43 6.67

Final structure contains the
continuous proeutectoid
microconstituent, ferrite,

surrounding islands of peatrlite.
These steels are ductile because
Project WND-POWR.03.02.00-00-1043/16 the prlmary ferrlte Can be
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Hypoeutectoid steedtructure

The continuousvhite phasethat isformed
alongprior austenite grainboundariesis ferrite
alphaandthe lamellar pearlite consistingof
alternating platesof alpha andFe,Cis dark with
the Individual platelets sometimesvisible. A
coarseraustenitegrain size affectshe scaleof
the transformedmicrostructure. Thedetails of
the pearlite lamellar can be seerat higher
magnificationwith anelectron microscope
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Coolingof hypereutectoicsteel
1285 ) | Hypereutectoidsteelstransform

1394

In the sameway except that
cementiteisthe primary
microconstituent
This is a hardyrittle phase sothe
mechanicaproperties of
hypereutectoidsteelsare very
different (they are used for
example,in ballbearings).

Finalproducts: pearlite,
Fe,G,and small amountof FgG;,.

1148

912

727

0077 21 4,3 6,67
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Eutectic
The melting poinbf the eutectic trandormaion

alloyis lower thanthat of the
componentgqeutectic =easyto
melt in Greek)
The worda S dzii $s@l&oisedéo
describethe microstructurethat is
mostcharacteristiof the process
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WEAK STRONG

| |

amaller lamellar spacing will

The temperatureand difoSion increase the strength of the alloy.
rates control the plate thickness The lamellar eutectic is quitgrong
- but not very ductile, e.gead-in
Lowertemperatures produceﬁner alloysnear the eutecticomposition
plates and generally atrongerand areused as plumber'solderbecause

toughers’[ructu re. the joints requirestrengthbut not
ductility.
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Upon cooling, two phases afermed.
The first phase (e.g. Sn) is rinlone
component and pusheswayatomsof the
secondcomponent(e.g. Pb) that do not fit
into its crystalstructure. /

near the growindirst phase(Sn), while the
surfaceprovidesa site forneterogeneous
nucleationof the seconhase(Pb). \
This phase then grows ampdishesout the first
component (Sh producinganother
enrichmentof the liquid that favours
nucleationof more of the first phase (thnd The result is the growth of lamellae or plates.
soon.

This enriches the compositiaf the liquid (

Eutectic
growth
direction
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Binary alloywith no solubility

L —
le]
z L+A i L+8B
= Binary alloywith limited solubility
S e e
=
[} I
) ATE :/ !
. . c
A 20 40 60 80 B L
Composition D
o L+ E L+8
-
I o F G
h issolid Awith small amount of solid B dissolvedtin qé!)- o+ B
I issolid B with small amount of solid A dissolved in @
Componenthave different solicgolubilities Y I

A 20 40 60 80 B
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Thedevelopmentof microstructures during cooling is simulated fatloys hypoeutecticcomposition
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Binary Eutectic Alloy Systems

Liquidus
. . Proeutectic o« = 24% 00% Liquid Eutectic «
first solidappears on pestect o F i
. Liquid = 76%
cooling Eutectic

Alloy 2 Alloy 1

Eutectic Line
line of 3 phase equilibrium

|

I
Liquidus * a

1

1

Liquidus

Invariant Point

:
|
|
|
|
|
:
where 2 liquidus lines and 5 > | »
eutectic line meet T L < 4 : )
i | N H—so
EL 150 | | Eutectic point | Solvus
& : at+p : !
100 : : :
| | |
Proeutectic a i E E

19.2 40.0 619 91.5

Eutectic (occurs at eutectic temperature)

A Line of three-phase equilibrium

Limit of solid solubility W e s

A Solidus (between solid and liquid and solid solution)  guesica

A Solvus (between single solid solution and mixture of solid
solution S) Project WND-POWR.03.02.00-00-1043/16
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Eutectic microstructure of b (81.8%) High magnification view of theutectic
Si(18.2%) (atom percent) alloy: niobium microstructurein aNb (81.8%); Si (18.26)
(light phasg dispersed in Ni&si (grey alloy(Nb is the light phase, N8i is the
phase). darkphase.

Photograph: ABachelierONERA
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Micrograph of Pb-Sn
TEE) eutectic
L: Cowt%Sn
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Hypoeutecticcomposition

C owt%Sn
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The eutectoid (eutectic-like in Greek) reaction is similar to the eutectic reaction but occurs from one
solid phase to two new solid phases.
Eutectoid structures are similar to eutectic structures but are much finer in scale (diffusion is much slower in the solid state).

European p INSTITUTE OF METALLURGY European Union
AND MATERIALS SCIENCE

Upon cooling, a solid phase transforms intotwoot her sol i d phases ( belos) o + U
| I |
'y+L
700 |— Cu-Zn
y -
8 + d+L ) 7
A 5
o 8
£ 600 — Y P 598°C
2
- 560°C\/ 0 +¢€
a E
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Eutectic and Eutectoldeactions

[
m & Eutectic
y+p
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Temperature

temperature
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Eutectold — :

temperature
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composition  composition
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Peritectic and Peritectoldeactions

A peritectic reaction solid S
phaseand liquid phasewill
togetherform a second solid
phase ata particular
temperature and composition
uponcooling Lb h I T
These reactions are rather slow
asthe product phasewill form

at the boundarybetweenthe
two reactingphases thus
separatingthem, andslowing
down anyfurther reaction.

liquid

o+ liq}uid

Temperature

[ +liquid

Peritectoid reaction is a thregphase reaction similar to peritectibut occurs
from two solid phasedo onenewsolid phased b & G ® T
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When alloyof eutectoid i

composition (0.74vt. %G iscooled \_

slowly, it forms peatrlite, a lamellar 4

or layeredstructure of two phases Ferite (a)\, —

h ferrite and cementite (Fe3G:. ——

The layersof alternating phasesn " . ) =

pearlite are formed for the same | <o) T

reason adayeredstructure of N~ B

eutectic structures:redistribution C B
Formation and Growth of Pearlite

atoms between ferrite (0.022wt.%)
and cementite (6.7 wt.%)by
diffusion.

Mechanicallypearlite has
propertiesintermediate to sofft,
ductile ferrite and hard,brittle
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Redphasec austenite
Yellowphasec ferrite
Blackinesgt HAGBNhite
lines- LAGB
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Fe,C
sub-grain
s i—— Ferrite
A e sub-grain
(a) Photomicrograph of a pearlite grain grow- (b) Schematic illustration of the relations
ing into prior austenite. among the austenite, ferrite, and cementite
phases during the growth of pearlite.

lllustrations ofthe transformation of austenite topearlite
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TimeTemperaturelransformation

Cooling below thesquilibrium a0

temperature isr_equiredfo_r o yehustenite T - T - T diagram

the transformationto begin.

The amount ofundercooling ¥00 =

controls thetime, the ratesof | 2 ¢oo-—

nucleationand growthand the E o

final microstructure u

These can be predictebly = H00

usingthe T-T-Tdiagram(time- = 300—

temperature- transformation). i

The diagram is valid onlfor

isothermal holds(horizontal 07 T Martensite

lines) andrapid temperature : : : : : :

changegvertical lines). ot 1 1o 10t 10 ot o0t 10®
Tirne (seconds)
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TT IDiagramgTimeTemperatureTransformatioh

200 I e
T i Time-Temperature
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ey b L
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-
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Lz 1 - — o _
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o0 |l Ill
o0
Martensit! 1
| | | | | |
0.1 1 10 10 10t 1ot 100 1of
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The lower the temperature of transformation, the finer the resultmgrostructurebecausdliffusion isslower,and the
distance that atoms can move in order to fothe newphases ishorter. This is true in comparingearlite to bainite to
martensiteandalsoin terms of the trend from coarse pearlite to fine pearlite and from cobaiteto fine bainite.
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A variety ofdifferent cooling paths mapetakenin
orderto produce combinationsf pearlite,
martensite andbainite.

It Isimportantto remember that onceither
pearlite or bainite has formeahesestructures
are stable andwill not change unlesthe specimen
isagain heated abové27/C.

This means thaft only a fraction of austenite
transformsto pearlite and the alloys onceagain
rapidlycooled, noneof the alreadyformed peatrlite
will be affected.
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Pearliteis formedif austenite iguenchedo a  »»
temperatureabove5504C. Becauseliffusionis ~ # ertt 1o T o1 diagram

rapid, temperaturescloserto the 7274C 5 Zzz emtie |
equilibriumtemperaturewill producea coarse ¢ __| 4 End | gy per
peal‘lite. %mn— Bainite
Temperaturesloserto about 5502Cwill produc = se.- et \ \
a fine pearlitebecausaliffusionis slower. 200+ ~

100 — Ty

Martensite

When austenite is coolepast the'knee"of the ~ °' ' ' 10, i5, 1O o 10
~550C), adifferent microstructureis produced in orderto reducethe
amountof surfaceareabetweenii K Sand"FgC phases. Thigpe of
microstructureis calledbainite. Justasin pearlite,the bainite that forms

at higher temperatures isoarserthan the bainite that forms atlower
temperatures.
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BAINITE

A A mixture of supersaturatederrite Fea, cementite FeCand
carbideFs, ,Cwith 8.4 wt% C foundin incompletely
hardened steelsproducedwhen austeniteis transformedat
temperaturesbetweenthe pearlite and martensiteranges.

A Bainite is harder than pearlitend containsneedlelike grain
structures andit requires aninitial rapid coolingfollowed
by gradualcooling.
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A Betweenabout 500Aand 350Cinitial nuclei
are ferrite which is coherentwith the
austenitematrix.

A Cementite thenprecipitatesfrom the
carbonenrichedlayer of austenite,allowing
further growth of the ferrite.

A Thecarbides tend to ligparallelto the long
axis of thebainite needleto form the typical
openfeathery structure ofupper bainite.

A Below 350C coherent ferrite
supersaturatedwith carbon forms first and
Is thenfollowed by the precipitation of
carbidewithin the ferrite needle,
transverselyat an angle oB5A

A A proportion of the carbidds Fe, ,Candthe
ferrite containsallittle dissolvedcarbon.

A Thislower bainite structureis somewhat
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Featherystructure
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Figure 10.17 Transmission electron
micrograph showing the structure of bainite.
A grain of bainite passes from lower left to
upper right corners: it consists of elongated
and needle-shaped particles of Fe;C within

UPPEI" BE i I'E F o C F el fﬁ\ a ferrite matrix. The phase surrounding the  Martensite

precipitates stringers f Y bainite is martensite. (Reproduced with

! [ \ permission from Metals Handbook, 8th

C-enriched f ? | ! edition, Vol. 8, Metallography, Structures and

{ ?au5tenite N Pha;c;[ Diilgr]iz/;ns. Arlne}r)icakn (S)c;clieltg;;o;

etals, Matenals Park, 5 I

semi-coherent ferrite C free
interface finger ferrite

Cementite

bainite microstructure

Ferrite

Retained
austenite
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During martensitic transformation,
evenat absolutetemperature, all
austenite doesot transforminto

martensite. Someaustenitealways
K Tnloa 872 F4=1 remains,known asretained austenite
?.;h WK :"’TQ\ @“f .
".’ , ; 3 *‘r}‘ [
77 PO R \
,;f,:-;@ A Shig.

S N ER AN
retained austenite - white areas
between martensite (needles,
andsomecementite(arrows)
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A The amount ofretained
austeniteincreaseswith the C
concentrationin steel.

A Theamount of retained
austeniteincreaseswith Mn,
Cr andNi concentrationin
steel.

A The amount ofretained
austenitedecreasesvith Co
concentration insteel.
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Spinodablecomposition

Spinodaldecomposition
IS a process by which a mixtuid two materials can
separateinto distinct regions withdifferent material
concentrations.
[This differs from nucleation irthat spinodalphase
separationoccursthroughout the material, not just at
nucleationsites.]
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Phase separation mayccurwhenevera
material finds itselfn the
thermodynamicallyunstableregionof the (&
phasediagram.

The boundary of thianstableregion(the
binodal) issignaledoy a common
tangent ofthe thermodynamic
potential.

Inside the binodaboundarythe spinodal
regionis enteredwhenthe curvature of
the potential turns negative
Thebinodal and spinodaineet

at the criticalpoint.

It iIs when a material is broughtto the
spinodal phase regiotiat spinodal
decomposition caoccur. LD PO 020000 016
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free energy, G

temperature, T

spinodal

bir}udal

composition, ¢
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Toreach thespinodalregionof the phase diagram, theystemmust be brought throughthe binodal
regionwhere nucleationmay occut For spinodaldecomposition to be realized, gery fast transition
(a quench) is requiredb evolvethe systemfrom the stableregionthrough the meta-stable
nucleation regionand well into the mechanically unstablspinodalphaseregion.

In the spinodal phase regiorthe thermodynamicsfavours
spontaneousseparationof the components.

But large regionsvill change their concentrationsnly slowlydue to the amount of material that
must be moved,and smallregionswill shrinkaway due tothe energy cosbf the interface between
the two different componentmaterials.

Thusdomainsof a characteristicspinodal lengthscalewill be favouredand sincethe growth is
exponential, such domaisizeswill cometo dominate the morphology inthe courseof the
associatedspinodaltime.
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Spinodatiecomposition

Liquid-Liquid Equilibrium (Miscibility Gap)
Mixture of Ethanol and Dodecane

‘Completely: miscible

______________________________________________________

"""""""""""""""""""""""""""""""""""""""

_____
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----------------------------------------------------------------------

0 0.1 02 03 04 05 06 07 0.8 0.9 1
Pure Mole Fraction of Ethanol [mol/maol] Pure
Dodecane Ethanaol

Spinodal decomposition ia mechanismfor
the rapidunmixingof a mixture ofliquids or
solidsfrom one phase, to formwo coexisting
phases.

An example: a mixture oflodecane
(CH(CH),,CH, an ollyliquid of the paraffin
series) andethanol.
Abovel3*Cdodecane ancethanolform a
singlethermodynamiccompletelymiscible
phase.Themixture is then cooled toa
temperature at which at thermodynamic
equilibrium favorsan dodecanerich phase
coexistingwith a ethanolrich phase.
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Spinodal decompositiomccurswhenthe mixture is
such that there iIs no barrieto nucleation The
dodecaneand ethanol moleculesimmediately start
to clustertogetherinto microscopic dodecaneich
and ethanol-rich clustersthroughout theliquid.
These clusters then rapidly groand coalesce
until there Is asinglemacroscopiaodecanerich
cluster(the dodecanerich phasg and asingle
ethanol-rich cluster(the ethalol-rich phase)
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Miscibility Gap

It meansthat, for certain
concentrations two ormore Miscibility Gap in Ir-Pd
constituentsdon't mix well,but —_
rather the separate phases- exist

1873

-
N
~l
w

SpinodaldecompositionSincethere
IS no thermodynamidbarrier tothe
reactioninside of thespinodalregion,
the decompositions determined

Temperature [K]
— —
N D
~J ~J
w w

solely bydiffusion. Thus it can be e
treated purelyasa diffusional LN "2 = na " :
problem contraryto the nucleation  Composition [at% Pd]

and growthwhichinvokethe
thermodynamicof fluctuations
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w Phase diagrams showing miscibility gap corresgorsiblidsolutionswhich
exhibitclusteringtendency
w Within the misciblility gaghe decompositioncan takeplace
by either
U Nucleation andsrowth
U SpinodaMechanism

w If the second phase 8ot coherent with the parent therhe regionof the
spinodal is callethe chemicalspinodal

w If the second phase is coherent withe parent phasehenthe spinodal
mechanism is operative only insitee coherentspinodaldomain

w Ascoherent second phase®stadditional strain energto produce(as compared
to aincoherent second phaseonlyinterfacialenergy involvedih { féduiges
additionalundercoolingor it to occur
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4 Chemical |
T ®  Spinodal
Incoherent
T Second Phase
T
T,
A
T(;__.. ....... , {’” TN Spinodal
(T HAG > () 5 _;,;{‘l’» \‘\\ L _composition
( 2) ffor all AC . Pointsof % /
\ | /' inflection. H /
R
GH}O B G"<0 B G”>’0

X— X, B

AG > 0 for small AC Spinodal decomposition at
AG < 0 for large AC X, involves uphill diffusion
Nucleation Spinodal

& Growth mechanism
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Nucleation  Spinodal Incoherent .o
& Growth  Mechanism Nucleation oce,s‘?’ R

Continuous process T
but FIRST ORDER MO

A-Homogenous solid solution ~ °
B—Nucleation of incoherent precipitate
C-Nucleation of coherent precipitate
D—Spinodal decomposition
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Nudeation versus
Spinodatlecomposition
Nucleation andsrowth Spinodadecomposition

A continuous changef composition

Thecompositionof the secondbhase occursuntil the equilibrium valuesre

remainsunalteredwith time

attained
Theinterfacesbetweenthe nucleating Theinterface is initiallywerydiffusebut
phaseandthe matrixissharp eventuallysharpens

There is a marked tendenfyr random
distribution of both sizes and positiortdf
the equilibriumphases

Aregularity though not simpleexists
both in sizes and distributioaf phases

Theseparated phases are generatign-
sphericalandpossesa highdegreeof
connectivity

Particlesof separated phases teno be
sphericalWwith low connectivity

Spinodal decompositiomprovidesa means of producing geryfinely dispersedmicrostructure that can
significantly enhance thehysicalproperties of the material.
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Thermodynamics of decomposition processes

incoherent precipitates

coherent precipitates

coherent
splodal

floctaaion Mg e

coherency strains dusta sUppness o of
|t e i srneateh =+ the spincdal
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a) Supersaturated solidolution
b) Ideally coherenprecipitation
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Co-13at%Sm at 973K A
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Spinodal decompostion in the S1@c-Cualloy; bright
phase: Sm(Co,Cy)dark phase: Sp(Co,Cuy),
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Martensitictransformations

w Martensitictransformationsare diffusionlesssolidto- solidphase
transitions,and have been observenh metals alloysand
ceramics.

w They arecharacterizedy a rapidchange otrystalstructure,
accompanied by the development ofiah microstructure

w Martensitictransformationscanbe irreversibleasseenin steels
uponquenchingor they canbe reversible suchas those
observed i,shapememoryalloys

w In thelatter casethe microstructuresformedon cooling

are easily manipulatelly loadsanddisappeamupon

reheating.
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Martensitictransformations

Martensite Is a non-equilibrium phasethat forms when the

coolingrate is fast
and bainite.

enoughto avoidthe formation of pearlite

Themechanisms ashear,or diffusionlesdransformationthat
does notrequire motion of atomsby diffusionbut only a slight

rearrangement of

Typicallya lath or

ne immediateneighbours.

nlate of thenew arrangementeginsat an

Imperfection suchasan austenitegrainboundaryor the surface
of another lath, andhen propagatesacrosshe grain at the

speed ofsound.

Interna
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Tilting of surface

Habit plane

Plate of martensitic
transformation product

Metastable solid solution

Schematic illustration of the surfactiting producedby the
formation of plate of martensitictransformation product
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Lattice correspondence between fa@enteredcubiclattice (fccg related to
austenite) andbody centeredtetragonallattice (bcc- related to martensite)

|

Body-centered- _ }

tetragonal lattice | - Face-centered-
/ cubic lattice

X
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A lattice deformation is required to convert the tetragonal lattice with /4= to the

tetragonal lattice of martensite for which the as/a; is only 1.05. The lattice deformation
consists of a contraction along e;direction and extensions along the e; and e,
(dimensions in ppms). Bain deformation: contraction along [001] up to ca 20 %,
extension along [100] and [110] directions up to ca 12%.
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(a) (:OOI}fcc I{OOI)bcc [100]fcc||[110]bcc [b) (u-ljfcc I{OII)bcc [llilfcc”[Oli]bcc

() (111 )gec|[ (01 Jpee  [101]gec| |[11T]pec

Orientation relationship between the parent (fcc) and martensite (bcc) phases for the Bain (a), the Nishiyamai Wassermann (b)
and the Kurdjumovi Sachs (c) paths. The blue atoms indicate a bcc unit cell. The red arrows indicate part of the motion
initiating the transformation. The dashed arrows indicate the invariant direction which is shared by the parent and martensite
phases.

Martensite (011) planes are parallel to austenite (111) planes and martensite [11-1] directions are parallel to
austenite [10-1] directions

Project WND-POWR.03.02.00-00-1043/16
International interdisciplinary PhD Studies in Materials Science with English as the language of instruction

Project co-financed by the European Union within the European Social Funds



European PO INSTITUTE OF METALLURGY European Union

Funds AND MATERIALS SCIENCE ;
: '” POLISH ACADAMY OF SCIENCES European Social Fund
Knowledge Education Development

— Austenite
fcc

— .
Martensite
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In steel, the "as quenched" structure is vefyne and
the individual laths are notvell defined.

Thegrowth of
martensite laths, or
plates, starting at grain
boundariesin the

original grain structure,
producesa structure like |

that shownin these

After tempering fine carbide particles are present
which are themselves too small to resolve, and the
BCC iron structures more easily etched showing the

lath arrangement.

¢ 3
s
*
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Dispersiorstrengthening

Dispersionstrengthenedalloysare designed
to iImprove the mechanicabropertiesof a
material.

In adispersionstrengthenedalloy 2 phases
are present:
1. amatrix which isusuallysoft and present
In largeamounts,
2. aprecipitate which isusuallyhard and
presentin smalleramounts.
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There are dew basicguidelinesmaterialsengineersusein
order to predictthe behaviorof the relationship betweerthe
matrix and precipitate

1. Thematrix should besoft in orderto provide
someductility to the alloy. Theprecipitate

. | A goodalloy
shouldbe hardin orderto givestrengthto the shouldhavea soft
alloy. | o ductile matrix
By increasing the amouraf precipitate, we can with hard
Increasethe strength. precipitates

2. Theprecipitate shouldbe discontinuousor cracks
couldpropagatethrough the entire structure.
A crackin a discontinuousprecipitate will be
stoppedby the matrix.

Blsoit matris o~ ~crack [Jsort matrix - Crack
-Euntinuuus precipitate -Discuntinunus precipitate
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3. Smaller,more numerous
precipitate particlesare preferred
becausehey increasethe
chancesf interfering with slip. Force

Force

& matrix with smaller, more ‘

nurmerous particles will help
interfere with the slip process.

M anw particulates Fewr Particulates

wreak
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4. Roundparticlesare better than needlelike ones needlelike
particlesare more likely to initiate a crack

Round particles are less likely to initiate a crack and causmatastrophe
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Ageor PrecipitatiorHardening

w Precipitation hardening producedfine,

nard, uniformlydispersedgcoherent

orecipitatein asoft, ductilematrix.

w Therearethree mainsteps tothisage
hardeningheattreatment.

w The termage hardeningssometimes
reservedfor the case where ste3 occurs
at roomtemperature.
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Step 1: Solutiomreatment

Thealloy is heated just abou#e solvustemperatureuntil
a homogeneous alpha phase is producEkisstep will
dissolve any other phasgsesent.
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Step 2Quench

Nowthe alloy is rapidly cooled or quenchaiht allowing
the precipitate toform, and produces supersaturatedsolid
solution. This is not aequilibriumstructure.
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Step 3Aging
Thesupersaturated alloy is now heated agaglowthe
solvus lingo allowthe excess atom#o diffuseto

numerousnucleationsitesin orderto form a fineandwell
dispersed precipitate of thphase.
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GP zone

Precipitatiorhardening

Guinier-Pregon Zones

Theformation of precipitatesin a solid
lattice beginswith afew atomsarranging
themselvesin a new atomic arrangement
but maintainingcoherencewith the
surroundinglattice.

Asthis new precipitateparticle grows, it
strainsthe host lattice.

This distortionblocksdislocationmaotion
on nearby planesand makesthe effect
of the precipitate muchlargerthan its
actualsize.

Finally,when the mismatchstrainistoo
great,a discontinuous or incoherent
interface forms betweenthe precipitate
and the hostattice whichrelieves the
strain.

Non coherent
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