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Crystal Size

Growth Rare

Konst. Teplota

Nucleation Rate

Kontrolovano difazi
(Dn) nebo ristem
rozhrani (Rn)

Kontrolovano
exponencielné
(distribuce lokalni
energie).

G = Growth Rate
ky = growth constant

g = growth order
B = Nucleation Rate

k, = nucleation constant
b = nucleation order > 1
AC = supersaturation
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Nukleace a rust
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Figure 1 Schematic representation of the contracting geomeiry and nucleation—growth
models

Cesta A: napr. oxidace povrchovych vrsteyv,
cesta B napr. vznik hydridu v Zr slitinach 11
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Let us consider eutectoid reaction as an example

eutectoid reaction:
7(0.76 wt% C) Perlit: lamely cementitu a feritu

2

a (0.022 Wt% C)
+

Fe,C

Nukleacéni zona

1.0
Composition (wt% C)

| .
1 10 10?2 10°

Time (s)
The S-shaped curves are shifted to longer times at higher T
showing that the transformation 1s dominated by nucleation

(nucleation rate increases with supercooling) and not by / /
diffusion (which occurs faster at higher T).
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Rate of transformation can be defined as reciprocal of fime
for transformation to proceed halfway to completion:

r= 1/t

Rate increases with temperature according to Arrhenms
equation, characteristic for thermally activated processes:

r = Aexp ((Q/KT) = A exp (-Q,/RT)
'r t

Per atom Per mole

104
Time (min)
(Logarithmic scale)

p—

Percent recrystallization of pure copper at different T
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TTT Diagrams

# The famuly of S-shaped curves at different T are used to
construct the TTT diagrams.

# The TTT diagrams are for the isothermal (constant T)
transformations (matenal i1s cooled quickly to a given
temperature before the transformation occurs, and then
keep 1t at that temperature).

# At low temperatures, the transformation occurs sooner

(1t 15 controlled by the rate of nucleation) and gram
growth (that 15 controlled by diffusion) 1s reduced.

# Slow diffusion at low temperatures leads to fine-grained
microstructure with thin-layered structure of pearlite
(fine pearlite).

# At higher temperatures, high diffusion rates allow for
larger gramn growth and formation of thick layered
structure of pearlite (coarse pearlite).

# At compositions other than eutectond, a proeutectoid
phase (ferrite or cementite) coexist with pearlite.
Additional curves for proeutectoid transformation must
be mcluded on TTT diagrams.




Formation of Bainite Microstructure (I) Bainit: cementite and

dislocation-rich ferrite
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If transformation temperature i1s low enough (=540°C)
bainite rather than fine pearlite forms.




Introduction to Materials Science, Chapter 10, Phase Transformations in Metals

[001]y
4 [001)a

* Each atom displaces a small (sub-atomic) distance to
transform FCC y-Fe (austenite) to martensite which has
a Body Centered Tetragonal (BCT) unit cell (like BCC.
but one unit cell axis i1s longer than the other two).

The martensitic transformation involves the sudden
reorientation of C and Fe atoms from the FCC solid
solution of y-Fe (austenite) to a body-centered
tetragonal (BCT) solid solution (martensite).




TTT Diagram including Martensite
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Ideal TTT-curve for 0,65% carbon steel depicting time interval required for
beginning, 50% and 100% transformation of austenite at a constant temperature
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RYCHLOST OCHLAZOVANI

1, 2 mala rychlost ochlazeni, vznik perlitu

3 vyssirychlost ochlazeni, vznik bainitu nasledné martenzitu
4 prichazi pfimo K bainiticke premene vysledkem je bainit +
martenzit

o kriticka ochlazovaci rychlost

@qus enitsmartensit

e e B
® OO 6

— Eas

Vliv rychlosti ochlazovani na rozpad austenitu
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Cementite 15 harder and more bnttle than fernte
mcreasing cementite fraction therefore makes harder, less
ductile material

Yield and tensile strength

i
k=

Tenzile strength

—_— m

Brinell hardness

Yiedd strength

0.4 .5
Composition (wi% C)

:

(%]
=]
Brinell hardness numbsar

Mechanical Behavior of Fe-C Alloys (II)

The strength and hardness of the different microstructures
1s mversely related to the size of the microstructures (fine
structures have more phase boundaries inhibiting
dislocation motion).

Mechanical properties of baimite, pearlite, spheroidite

Considermg microstructure we can predict that

# Spheroidite 15 the softest

# Fine pearlite 1s harder and stronger than coarse pearlite
# Bainite 15 harder and stronger than pearlite

Mechanical properties of martensite

Of the various microstructures mn steel alloys
» Martensite 1s the hardest, strongest and the most brittle

The strength of martensite 1s not related to microstructure.
Rather, 1t 1s related to the interstitial C atoms hindering
dislocation motion (solid solution hardening. Chapter 7)
.and to the small number of slip systems.




ductility
= kovatelnost

3

Ductility {% RA)

3

Brinell hardness number
= Brinellovo &islo tvrdosti




practical applications. This is done by heating it to|[#’
250-650 °C for some time (tempering) which produces
tempered martensite, an extremely fine-grained and fig
well dispersed cementite grains in a ferrite matrix.

» Tempered martensite is less hard/strong asly

compared to regular martensite but has enhanced [P%
ductility (ferrite phase is ductile). |

» Mechanical properties depend upon cementite
particle size: fewer. larger particles means less
boundary area and softer. more ductile material -
eventual limit is spheroidite.

» Particle size increases with higher tempering
temperature and/or longer time (more C diffusion)
- therefore softer. more ductile material.
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Temperovany (popusteny) martenzit

Tempered Martensite (II)
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Summary of austenite transformations

Austenite
/ \
%
Slow Rapid
cooling quench
Y

Moderate !

- \
cooling \
l \
\
Pearlite (o + Fe,C) + Bainite Martensite
a proeutectoid phase (a0 + Fe,C) (BCT phase)
- ®
Reheat
\
«
Tempered martensite
(o + Fe;C)

Solid lines are diffusional transformations, dashed is
diffusionless martensitic transformation




Motiv ve FD:

Nahodna fluktuace  ~n_n;

Koncentracni profil pri
spinodalnim rozpadu:

Neni nutné nuklea¢ni stadium




Ethylene Glycol (%)

Schematic phase diagram for the NM—EG mixture, showing the different quench pathways
employed in this study. (1) Proposed pathway for the formation of bridged bijels through
combined spinodal decomposition and nucleation and growth. (11) Off-critical quench in a
NM-rich mixture. (111) Off-critical quench in an EG-rich sample.
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Homogenni a heterogenni nukleace z liquidu

driving force for solidification, AG, exists below the equilibrium
melting temperature, T_ and that this is approximately proportional

to the degree of undercooling AT:

Homogenni nukleace:

i = %WEﬁGv +amriyg
= —2¥gL _ 29 Ty ¥ _ 15?5’?’;1_ _ 16TTEL?:
AR AHAT 3AGE AHIAT?

Heterogenni nukleace:
ﬂj}:r} = VAG + Ay var + Ao ~ LY

N _E’jf' N ’ 7w 4
et = TG:L = A 0..uhel smadeni Liquid

S8 - (2+ cosﬁ}jl— cos 8)°

* 16?{-"}";1. .
ME = ———= N = A Ry

T

http://www.matter.org.uk/matscicdrom/manual/nu.html
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Vapor
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Snizené energeticke bariery

I Fadius, r

Wetting angle, & (degrees) Shape Factar, 5(8)

N EC PO 0 0.2535




Homogenni a heterogenni nukleace v tuhem stavu

-2
* = T L lemyl
(AG, + AG) T 3AG T AG T
= a
] A1
! )T T
SET T T
s
AT A"
fu b i b
I -
(a) (b)
Interfacial structure for (a) coherent and (b) < — o
. . . }\ rain a1 ary
semicoherent interfaces between matrix phase 2 LA

and particle phase . Smaller dislocation symbols v
represent coherency dislocations and larger ones
in (b) represent anticoherency dislocations.

Interphase boundary



Realné podminky

domain of heterogeneous
nucleation

domain of homogeneous
nucleation

Arsenic precipitates in single crystal Gads
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Metody usnadnujici dosazeni rovnovazneho stavu
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Faktory ovlivnujici rust nove faze
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Diskuse

Magneticka levitace ’
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Metalurgicka magie

Equilibrium Fe-C Phase Diagram
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Embryo ™ Cluster Nuclei
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Phase transformations. Kinetics.

hase transformations (change of the microstructure) can
e divided mto three categories:

#» Diffusion-dependent with no change in phase
composition or number of phases present (eg.
melting, solidification of pure metal, allotropic
transformations, recrystallization, etc.)

Diffusion-dependent with changes in phase
compositions and/or number of phases (e.g. eutectoid
transformations)

Diffusionless phase transformation - produces a
metastable phase by cooperative small displacements of
all atoms m structure (e.g. martensitic transformation
discussed 1n later in this chapter)




Materialy s tvarovou pameti
SMA:Shape memory alloy. .

Austenite

Mi _Ti Ni “‘; _/#}
. . C'IJ T i
\ 9 ?
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Niday). )
@ o i
Martensite Austenite

https://iwww.wikiskripta.eu/w/Materi%C3%Ally_s_tvarov
ou_pam%C4%9Bt%C3%AD

Tvarova pamét’ byla poprve sledovana u
mosazi v roce 1939, od 60. let zajem o tuto
oblast stoupa. V roce 1962 byla zkoumana
ekviatomarni slitina Ni a Ti, u niz byla
objevena mimoradné vyrazna tvarova
pamét’. K tomuto objevu dospél

z Naval Ordnance Laboratory ve
White Oak v Marylandu, USA. Podle
slozeni a mista vzniku se tato slitina nazyva
NITINOL. Mezi dalSi materialy s tvarovou
paméti patii keramické materialy jako je
oxid zirkonicity (ZrO,), oxid hofecnaty
(MgO), oxid cericity (CeO,), dale take

a nékteré kovové slitiny jako

napiiklad méd’-hlinik-nikl, méd’-zinek-
hlinik, Zelezo-mangan-kiemik.
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Deformace materialu s tvarovou pameti

V | D EO . https://smartwires.eu/index.php?id_product=9&controller=product&id_lang=7
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Dbr. & Schéma martenziticke transformace SMA materialu

3 Cu.Al,3Cu.Zn (béZna mosaz, tvarova pamét se objevuje az v
nizkych teplotach), Cu-Al-Ni, Cu-Al-Mn, Ni-Ti-Cu, Ni-Ti-Hf a mnoho
dalSich. Existuje cela fada dalSich kovd, u kterych se tento jev
vyskytuje, ale ty nejsou moc vyuzivany, protoZze maji jen slaby efekt
nebo jsou nestabilni. VSechny tyto slitiny patfi do skupiny intermetalik,
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Navstiv stranky
http://people.virginia.edu/~1z2
n/mse209/ChapterlOc.pdf
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