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FAZ DONUSUMLERI

Ayrisik Cekirdeklenme (Heterogeneous Nucleation) Table 10.1 Degree of Supercooling (AT) Values

(Homogeneous Nucleation)
for Several Metals

Metal AT (°C)
Antimony 135
Germanium 227
AT : Alt soguma (undercooling/supercooling) Silver 227
Gold 230
Copper 236
[ron 295
Nickel 319
Cobalt 330
Palladium 332

Gergekte katilasma birkac derecelik alt sogutma degerlerinde gozlenir.

Neden?

Cekirdeklenme icin gereken aktivasyon enerjisi AG* cekirdeklenmenin varolan ylizey ve araylzeylerde baslamasi
durumunda cok daha kliciik degerler alr.

Yani cekirdeklenme vyilzey ve araylizeylerde cok daha kolay gerceklesir. Bu tip cekirdeklenmeler Ayrisik
Cekirdeklenme (Heterogeneous Nucleation) olarak adlandirilir.
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FAZ DONUSUMLERI

Ayrisik Cekirdeklenme (Heterogeneous Nucleation) Islanma agis!
Liquid ﬂ
st 7IL =781 +75sL c08(6)
Solid  ® —
| e—gmm———————

Y78

Surface or interface

AGhet

AG

Ayrisik ¢cekirdeklenme igin:

_2ys1
AG, T,

Kritik cekirdek boyutu: r*=

3
Aktivasyon serbest enerjisi: AG *pot = — 16”7/SL2 S(0)
3(AGy)

5p AG ¥ et = AG™hom S(6)

Temperature

Nucleation rate
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FAZ DONUSUMLERI
Ayrisik Cekirdeklenme

*
S(0) = % = 1(2 —3cos(6) + cos?’(H))
AG*hom 4

1

0751

035r

Kiiglik bir @degeri nasil elde edilir?

025

COS(Q) _ YIL — 7SI
VSL

0 30 a0 90 120 150 180

Dusuk y, degerli bir cekirdeklestirici madde segmek

— (i) Althk ile damlacigin kristal yapilari ayni/benzer olmal

(ii) kafes parametreleri mimkin oldugu kadar yakin olmali
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FAZ DONUSUMLERI

Soru:

Bir mihendis olarak, kuraklik kosullarina karsi muicadele etmek icin bulut ekimi veya yapay yagmur icin bir malzeme
tasarlamaniz / secmeniz gerekiyor.

Temperature
0K 50K 100K 150K 200K 250K 300K 350K 400K 450K 500K 550K 600K 650K
a : T T 104

o X1 (hexg‘gohal) I ENESESSESEES=SS] Mbar
100 GPa T ‘IDDK,GZGPa":—».jAX,“A i,._r;mn.u»‘—,,
vl | Vit || | ;
imdiye  kadar  ogrendiklerimize d k oy g
Simdiye kadar &grendiklerimize dayanara s,

272.99 K, 632.4 MPa
1 'a

. . . . —TX_—E“B-'-‘%S-!;N‘@MPB: 256,164 K, 350.1 MPa
tohum materyali secim kriterleri hakkinda | im SRR BARE

solid Liquld 647 K, 22.064 MPa
\ 4
k | owes [T T e ESE5s s N NRREN by
onusalim.... . ;
2wttt NNENNNNNE NN NARNAN [LHAEAZan| | | sen
4 B : : } |
: 7 EE iEEETAsER SRR S ‘
100kPe 1 Tortho- | Freezing pointat 1 atm | | Boiling point at 1 atm 1o
rhombic 273.15 K, 101.325 kPa i 373.15 K, 101.325 kPa
10kPa i 100 mbax
1kPa e e e 10mb

""" B / Solid/Liquid/Vapour triple point
1 I 273.16 K, 611.73 Pa

1Pa T T T T T
250°C 200°C -150°C -100°C 50°C 0°C 50°C 100°C 150°C 200°C 250°C 300°C 350°C

P-T faz diyagrami H,0O

En yaygin kullanilan bulut tohumlama malzemeleri: giimis
iyodur, potasyum iyodir ve kuru buz (carbon dioxide).

Normal altigen kristalli buzun
kristal yapisi
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FAZ DONUSUMLERI
Bilylime (Growth)

Sistemdeki embriyolar kritik blayuklige ulasip kararli cekirdeklere donlstligi zaman bliyime asamasina baslar.

Cekirdeklenme ve bliyime sistem icerisinde eszamanli olarak olmaya devam eder. Yeni faza donlismius bolgelerde
cekirdeklenme olmaz. Bliyiime ise yeni faza donlismus parcaciklar bliylyerek birbirleri ile karsilastiklarinda durur.

Aktivasyon enerjisi

?

Bliyiime Hizi: G=C exp(—%)

Erime sicakhigi

E"-H

Sicaklhik

Toplam Faz

Yiiksek sicaklik (erime sicakligina yakin): Déntisim Hizi

— disik cekirdeklenme yiiksek biyime hizi
— buyuk taneli kaba mikroyapi

Cekirdek olusum hizi N

Diisiik sicaklik (guglii altsoguma):
— yuksek ¢cekirdeklenme dustk biayime hizi Hiz (Rate)
— kicuk taneli ince mikroyapi

BMM 205 - OREN, EE July 14, 2020




FAZ DONUSUMLERI
Faz Donlisiimlerinin Kinetigi

Faz donutsumlerinin kinetigi incelenirken sabit sicaklikta reaksiyonun tamamlanma yuzdesi olgulur.
1.0

Nasil? S Egrisi

* Mikroskop ile gozlenir,
* Elektrik iletkenligi olculir.

Fraction of transformation, y
(=]
on

1
Toplam Faz Donusum Hizi: ——
o5 0 to.5
Nucleation Growth
- l‘-:i |
C Eérisi Logarithm of heating time, ¢
T, f——————————————— T,f———————————————
=
5 o | Avrami equation
[ |
o : n
3 y =1-exp(-kt")
I_

1 Time (fq 5)
o~ 0.5
Rate (iD.S) (logarithmic scale)
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FAZ DONUSUMLERI
Demir — Karbon alasimlarinda mikroyapi ve 6zellik degisimleri

* Essicaklik Donisim Diyagramlari (Isothermal Transformation Diagrams)
» Sirekli Soguma Donlsim Diyagramlari (Continuous Cooling Transformation Diagrams)

Essicaklik Donilisiim Diyagramlari (Isothermal Transformation Diagrams)

1100

Perlite (perlit):
Y (0.76 ag % C) <> a (0.022 ag % C) + Fe,C (6.70 ag % C) oo
Sicaklik dstenit-perlit dontsim hizinda énemli bir rol oynar:
900
100 0
| | |
% 800
© E
= 2 700 !
= | rite
% 600 i
a i Pme;;:étom Eutectoid FesC
|
200 I a + FesC i |
|
|
| | | 100 400 2 |
i 0 1.0 2.0
1 10 102 103 ch
Time (s) Composition (wt% C)
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FAZ DONUSUMLERI
Faz Donlisiimlerinin Kinetigi

Sicakhgin faz dontisum kinetigi Uzerinde ¢ok buyuk etkisi vardir.

Saf Bakir (Cu) kristallenme kinetigi

100 T T |

1=

80

T I R

o
(A
=]

60

40

|
L
I

Percent recrystallized

20

------.l------
|
{
]
|
|

;
g

I G I

Time (min)
(Logarithmic scale)

Ust 1sitma / Alt sogutma (Superheating / supercooling):

Ust 1sitma ve alt sogutma dereceleri 1sitma ve sogutma hizi ile artar.

Yari kararli (metastable) fazlar cok hizli sicaklik degisiklikleri ile elde edilebilir.

Mikroyapi sogutma hizina bagli olarak buyik degisiklikler gosterebilir.

BMM 205 - OREN, EE July 14, 2020



FAZ DONUSUMLERI

Essicaklik Donilisiim Diyagramlari (Isothermal Transformation Diagrams)

TTT Diyagramlari: 100 — | — 5T |
. . oS I
time—temperature—transformation £3 Transformation | Mransformation
il temperature 675°C I ends
"EE V=== | I ]
e E | |
) Transformation | |
=2 begins | |
o 1 2 RSN |
Toplam Faz Donlisum Hizi: t— 1 10 102 | 103 104 105
0.5 Time (s)

|
|
|
Austenite (stable) !
|

. — 1400
%Eutectmd ttinEr:aE_
Bu diyagram sadece oOtektoid yapisina sahip bir demir- 700 | Austenite
. . . e .y . .. (unstable)
karbon alasimi icin gecerlidir. Diger kompozisyonlar igin 1200
TTT egrileri farklidir. 3 &
w 600 — - P
= T 50% Completion curve 4{3
g — 1000 &
5 A \c let 5
. . . v e 2 500— ompletion curve @
Bu diyagram sadece sicaklik belirtilen doénidsim " \ (~100% pearlite) -
sicakliginda sabit tutuldugu takdirde vyani essicaklik \Begincuwe —{800
e e e ‘e . .y (~ 0% pearlite)
donutsumleri icin gecerlidir. 400 [— B
| | | | |
1 10 102 10° 10 10°

Time (s)
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FAZ DONUSUMLERI

Otektoid Demir — Karbon Alasimlarinda TTT Diyagrami

Temperature (°C)

BMM 205 - OREN, EE

700

600

500 —

1 min

1 day

Austenite — pearlite
transformation

Austenite (stable)

|
Eutectoid —| 1400
/ temperature

a Ferrite

Fe,C

Coarse pearlite

— 1200

— 1000

e Denotes that a transformation
is occurring

800

102 103 104

Time (s)

10°

Perlit icin denge sogutmasinda
ferrit sementit kalinlik orani 8/1 .

Bu oran aslinda esdonisim
sicakligina baglidir.
e
E
K

Kaba perlit ince perlit
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FAZ DONUSUMLERI
Otektoid Olmayan Demir — Karbon Alasimlarinda TTT Diyagrami

Beynit (Bainite):

1.13 wt% C
200 | | | |
—{ 1600
800 -
1400
o
@ 700
=
©
Lih]
2 1200
Lil]
= 600
—1{1000
500 —
| | | | B
1 10 102 103 104

Time (s)
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“oq =0
o T a", e
T e
B M

04"0 2
u: .Q.O.o.uom_&

Martenzit (Martensite) Kiresel(Spheroidite) Beynit (Bainite)
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Otektoid Fe — C Alasimi

800 | | | | |
A —{ 1400
700 —
A 1200
600 —
1000
__ 500}—
¢
o
= 800
L‘:f,l 400 |—
E
&
300 — 600
Mi(start)
200 |— 400
| Meow | MFA T
o M90%) | - —
100 — 1 200
0 | | | | |
101 1 10 104 103 104 10°
Time (s)

Temperature (°C)

800

700

600

500

400

300

200

100

Otektoid Olmayan Fe — C Alasimi

— 1400

1200

1000

800

Mistart) 600
| MGB0%) 05t 0T
M(90%)
——————————————————————————————————— =1 400
M — 200
| | | | |
10 102 103 104 10° 108
Time (s)

Temperature (°F)

BMM 205 - OREN, EE

July 14, 2020



FAZ DONUSUMLERI

Table 10.2 Summary of Microstructures and Mechanical Properties for Iron-Carbon Alloys

Microconstituent

Phases Present

Arrangement of
Phases

Mechanical Properties
(Relative)

Spheroidite

Coarse pearlite

Fine pearlite

Bainite

Tempered martensite

Martensite

a Ferrite + FeyC

a Ferrite + Fe;C

a Ferrite + FeyC

a Ferrite + Fe;C

a Ferrite + Fe,C

Body-centered
tetragonal, single
phase

Relatively small Fe;C sphere-like
particles in an a-ferrite matrix

Alternating lavers of « ferrite

and Fe;C that are relatively
thick

Alternating layers of a ferrite
and Fe;C that are relatively
thin

Very fine and elongated particles
of Fe;C in an a-ferrite matrix

Very small Fe;C sphere-like
particles in an a-ferrite
matrix

Needle-shaped grains

Soft and ductile

Harder and stronger than
spheroidite, but not as
ductile as spheroidite

Harder and stronger than
coarse pearlite, but not as
ductile as coarse pearlite

Hardness and strength
greater than fine pearlite;
hardness less than
martensite; ductility
greater than martensite

Strong; not as hard as
martensite, but much more
ductile than martensite

Verv hard and very brittle
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FAZ DONUSUMLERI

Soru
800

Asagidaki TTT Diyagramini kullanarak 760°C uzun sire | | |
bekletildikden sonra - Eutectojd temperature. 7 ¢
700 =
a) 350°C’ye hizla sogutulan ve 10* saniye —1
bekletildikten sonra oda sicakhgina aniden 6001 —
sogutulan, 0 [ (1
b) 250°C'ye hizla sogutulan ve 100 saniye 500 !
bekletildikten sonra oda sicakligina aniden ¢ .
sogutulan, 5 e
c) 650°C’ye hizla sogutulup 20 saniye bekletildikten g 400
sonra 400°C’ye hizla sogutulan ve 1000 saniye E i
bekletilip oda sicakligina aniden sogutulan, 300 \ — €
otektoid celik icin hangi yapilar oldugunu ve bu 200 st M+f’ f::}% \qu
yapilarin yaklasik ylizdelerini bulunuz. M(50%)
M(90%) |
100 |— 7 -
Cevap
a) 100 % beynit 0 | | : 3 . _5
. 10- 1 10 10 10 10 10
b) 100 % martenzit Time (©)

c) 50 % perlit + 50 % beynit
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FAZ DONUSUMLERI
Otektoid Olmayan Demir — Karbon Alasimlarinda TTT Diyagrami

0
1.13 wt% C Composition (at% C)
16002 5 10 15 20 25
900 15386(: | | I |
1400
800 -2
.-—--.--""'"—--—
E 1200 /’,,—-
@ 700 4.30
=] — 2
©
8 1000
E v+ F93C
= 600
800 =1
727°C
—1 ] 0.76
500 — ] 0.022
| | | | — 600 «, Ferrite a + FesC
Cementite (Fe3C) —1
| — ]
1 10 102 103 104
Time (s) 400 | | | | | |
0 1 2 3 4 5 6 6.70
(Fe) Composition (wt% C)
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Malzeme Bilimi ve Mihendisligi

i m Demir-Karbon Faz Diyagrami

SHEAVE AND SPEED
CONTROL WHEEL

0 5 10 15 20 25
1538°C ‘ ‘ ‘ ‘

M— 1493°C

1600

— 2500

B
=
-

1147°C

I 7y, Austenite — 2000

912°C

QDD | DIES

— 1500

0.76

0.022
a, Ferrite

800 — AFC

700

600

Cl

500

400

Temperature {

300

500 Mistart)
M(50%)
100 —(a(90%)

1 10 102 10° B .
Time (s) M Araba Sase ve Motoru
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FAZ DONUSUMLERI
Demir — Karbon alasimlarinda mikroyapi ve 6zellik degisimleri

* Essicaklik Donisim Diyagramlari (Isothermal Transformation Diagrams)
» Sirekli Soguma Donlsim Diyagramlari (Continuous Cooling Transformation Diagrams)

Siirekli Soguma Doniisiim Diyagramlari (Continuous Cooling Transformation Diagrams)

=00 | | | | |
Eutectoid|temperature —| e
Essicaklik isil islemleri gercekte cok pratik degillerdir. Sicakligin hizli oo
bir sekilde belirli bir sicakliga dusirilerek bu sicaklikta tutulmasi 1200
yerine, oda sicakligina kadar belirli bir hiz ile distrilmesi daha kolay 600
ve pratik bir yontemdir. o0
500
(0“5 800 %
2 400 E
Surekli soguma donusiumlerinde reaksiyonun baslama 2 o ©
. e . 300
ve bitme sireleri daha gec olur.
Mistart) \ S,
200 — = 400
M(50%)
. M(90%) N
CCT Diyagramlari: 100 | 200
continuous—cooling—transformation i
, | | | | |
107! 1 10 10% 10° 104 108

Time (s)
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FAZ DONUSUMLERI

CCT Diyagramlari: continuous—cooling—transformation

800 | | | 800 | | | | |
— 1400 : — 1400
___ Eutectoid temperature __ Mo || Fdectoidtemperature | |
700 = 700 —
—{ 1200 — 1200
600 i 600 _
Slow cooling
curve — 1000
{full anneal) — 1000 500
00— (03 _ OE
e € 3 s
A < £ —{ 800 5
5 —800 5§ F 400 ©
3 Moderately . E Q© -
P rapid coaling & Critical —=\ \ 600
curve . 300 — cooting i X
300 — {normalizing) rate \ \
i \ \ M (start)
Mistart) 200 — | \ — 400
200 |— —{ 400 1 “1
M{50%) ! i h
_________________________________ —_——— ] ‘
M{90%) = 100 — | |
ool— T ‘ Martensite | 200
- . | .
b Denotes 2 — 200 —— Martensite —sj=— Peatlite } Pearlite n
transformaticn | | |
during cooling Fine Coarse_| 0
0 | | | pearlite | pearlite 107! 1 10 102 103 104 10°
107! 1 10 102 10° 10* 10° Time (s)
Time is)
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FAZ DONUSUMLERI

Alasim elementlerinin CCT Diyagramlari lizerindeki etkisi:

BMM 205 - OREN, EE

Temperature (°C)

800 | | | |
— 1400
Eutectoid temperature
700 S =
& s
N \\
s \ 1200
A\ - Austenite —
600 — \ Pearlite
\ \ o \
\ Bainite “nose’ &2 \ 1000
\Bainite 1Inose S \ —
500 — \ Pl e
\ " el -
\ \ R 1R
\ | 913 — 800
400 — Critical | [ 11 5
cooling——;..‘ i —
rate \ Austenite — Bainite ‘l
i |
300 1 ‘ = 600
1
M (start) pstenite —> Martensite | =
I - i
200 — Il '1 t — 400
| 1 I M+F+_
1 \ l“P+B
100 — : t l —{ 200
M —— < M+B->—|l-cM++BF>--< e TP
. I R
1 10 102 102 104 10° 10°
Time (s)

Temperature (°F)

C ve diger alasim elementleri perlit ve
beynit burunlarini daha uzun zamanlara
dogru kaydirir.

C orani % 0.25den daha kiguk olan
alasimlarda genellikle martenzit fazi elde
edilmeye calisiimaz. Cinkl bu islem cok
yuksek sogutma hizlari gerektirir.

Kritik sogutma orani duser.

Martenzit fazi daha kalin parcalarda da
elde edilebilir.

Surekli sogutma ile de beynit fazi elde
edilmesi saglanir.
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FAZ DONUSUMLERI

Demir-Karbon Alasimlarinin Mekanik Ozellikleri:

Sementit ferrite gore ¢ok

Yield and tensile strength

&
=

1200

1100

1000

900

800

700

600

500

400

300

psi

160

140

120

100

&0

60

40

Composition (wt% C)

Percent FesC
0 3 6 g 12 15
B | | | |
~=——— Pearlite + ferrite
— , — 350
Pearlite
— +
FEBC
300
L Tensile strength
— 250
B _—
- Brinell hardness
— 200
— — 1580
B Yield strength
— 100
I I A R T S B
0 0.2 0.4 0.6 0.8 1.0

Brinell hardness number

Ductility (%)

120

100

80

60

40

20

daha sert ve ayni zamanda gevrek (kirilgan) bir fazdir.

Percent Fe3C

Composition (wt% C)

0 3 6 9 12 15
| | | |
= Pearlite + ferrite |
| Pearlite
+ FesC — 80
- —
| lzod impact
energy — 60
— — 40
Reduction
B inarea — 20
~ — 0
Elongation
(N N R NN R R N
0 0.2 0.4 0.6 0.8 1.0

Izod impact energy (ft-1by)
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FAZ DONUSUMLERI

Sistemdeki C oranina ek olarak sementit ve ferrit fazlarinin tabaka kalinliklarida perlit fazinin mekanik
ozelliklerini etkiler.

Percent Fe3C

Sementit ile guglendirilmis ferrit.

0 3 6 9 12 15
a0
Percent Fe3C \
0 3 6 9 12 15 HRC 80 _
320 | | | | — 35
Spheroidite
70 \ _
280 |— — 30 \ \--....____
60 |
2% HRB
240 — — 100 =
Fine pearlite — 20 o §0 _
Coarse pearlite B
B = Coarse pearlite
200 — 2 £ 40 _
— 90 E 2
S Spheroidit £ v \ N
pheroidite — 80 ©
@ \\
— 70 20 Fine pearlite ]
120 —
10 |
80—
L I oL | | |
0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

Composition (wt% C) Compaosition (wit% C)

July 14, 2020
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FAZ DONUSUMLERI

Beynit fazi daha kiicik/ince bir yapiya sahiptir. Bu nedenle perlit fazina gére daha dayanikh ve serttir.

Genelde oldukca iyi dayanim ve sltineklik kombinasyonu verir.

00 | < Bainite >}<— Pearlite —=
—{ 2000
500
5
£ — 1500 =
2 400 <
m —
= [
B 300 — 1000 ©
= ™
o @
S 200 z
o W
—{500 +
100 —
| | | | | 0

0
200 300 400 500 600 700 800
Transformation temperature (°C)
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FAZ DONUSUMLERI

Celik fazlari icerisinde en saglam en sert ve ayni zamanda stinekligi en az olan faz martenzit fazidir.

Ostenit fazina gére yogunlugu biraz daha azdir.

Brinell hardness number

BMM 205 - OREN, EE July 14, 2020

700

600

500

400

300

200

100

Percent FesC
3 6 9 12

15

Martensite

Tempered martensite
(tempered at 371°C)

Fine pearlite

60

50

40

30
20

0.2 0.4 0.6 0.8
Composition (wt% C)

1.0

Rockwell hardness, HRC

Menevisleme (Temperleme): Martenzitin siineklik ve
toklugunun icerisinde bulunan artik gerilimleri
kaldiran bir isil islem ile arttirilmasina denir.

250°C - 650°C

Temperlenmis Martenzit
o + Fe,C

Martenzit
BCT




FAZ DONUSUMLERI

Temperleme sicakligi ve suresinin mekanik 6zellikler Gzerindeki etkileri:

g
E o
= = Tempering temperature (°F)
400 600 800 1000 1200
1800— 260 1 min 1h 1 day
70 | | |
240 Tensile strength o0
1600 — L
) 220 1— , 600 .
5 - Yield strength 5 é
g 1400 500 % -
o @ o
= £ 500 5
- E ]
S 180 b= =
o 1200 3 o
E 60 2 £
e 160 g < 400
o
@
1000 — 0 5
140 =
Reduction 40 % 200
in area = "-'
goo|— 120~ —_— 3 . | | |
- —130 10 102 10° 10* 10°
100 | | | | Time (s)
200 300 400 500 600

Tempering temperature (°C)
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FAZ DONUSUMLERI

Normal|Sogutma

\ 4

Perlit Bevnit
+ Otektoid oncesi bir faz y

Yeniden |Isitma

\ 4

Temperlenmis Martenzit

—> Difuzyon Bagimli

— > Difuzyonsuz
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FAZ DONUSUMLERI

Table 10.2 Summary of Microstructures and Mechanical Properties for Iron-Carbon Alloys

Microconstituent

Phases Present

Arrangement of
Phases

Mechanical Properties
(Relative)

Spheroidite

Coarse pearlite

Fine pearlite

Bainite

Tempered martensite

Martensite

a Ferrite + FeyC

a Ferrite + Fe;C

a Ferrite + FeyC

a Ferrite + Fe;C

a Ferrite + Fe,C

Body-centered
tetragonal, single
phase

Relatively small Fe;C sphere-like
particles in an a-ferrite matrix

Alternating lavers of « ferrite

and Fe;C that are relatively
thick

Alternating layers of a ferrite
and Fe;C that are relatively
thin

Very fine and elongated particles
of Fe;C in an a-ferrite matrix

Very small Fe;C sphere-like
particles in an a-ferrite
matrix

Needle-shaped grains

Soft and ductile

Harder and stronger than
spheroidite, but not as
ductile as spheroidite

Harder and stronger than
coarse pearlite, but not as
ductile as coarse pearlite

Hardness and strength
greater than fine pearlite;
hardness less than
martensite; ductility
greater than martensite

Strong; not as hard as
martensite, but much more
ductile than martensite

Verv hard and very brittle
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Onumiuzdeki Ders Saatinde
Ders Kitabimizin 10. Bolumundeki

MALZEMELERIN ELEKTRIKSEL OZELLIKLERI

adli konuya baslayacagiz!
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