PhaseTransformations

Timeandtemperaturedependenceofphasetra
nsformations.

Engineeringnon-equilibriumstructures.

Differencesinmechanicalpropertiesbetweeneq
uilibriumandnon-equilibriumstructures(steel).

Phasetransformationsinpolymers.

Phasetransformation

Takes time (transformation rates:kinetics).
Involves movement/rearrangement of atoms.
Usuallyinvolveschangesinmicrostructure.

“Simple” diffusion-dependenttransformation:no
changeinnumberorcompositionsofphasespresent(e.g.
solidificationofpureelementalmetals,allotropictransformation,
recrystallization,graingrowth).

Diffusion-dependenttransformation:transformation
withalterationinphasecompositionand,often,withchangesin
numberofphasespresent(e.g.eutectoidreaction).

Diffusionlesstransformation:e.g.rapidTquenchingto
“trap”metastablephases.




Kineticsofsolidstate reactions

Phase 1 (e.qg.liquid) Nucleationof 2ndphase Growth

Initially the surface
) energy dominates
 Surfaceenergy~ r2 buteventuallybulk
E energy takes over.
4 Need nuclei larger

/\ thancriticalradius
i | r (size of nuclei) beforegrowth

. occurs!
o e

41rAG +4mTr?

| Netenergychange= — v Y

3

1. Nucleation(homogeneous):What hindersnucleation?

Internal energy~ r3

Kineticsofsolidstate reactions

Criticalnucleussize(r.)andtheactivation energy(AG?*)

Volume = —mr”
3

Netenergy=AG= i1Tr3AG +ATTTYY
3 v
Volume / / @

freeenergy surface ,
change freeenergy Solid S
Area = dar”
Solid-liquid

TakethAeGdeAtivativeand set equalto zero to find max. interface
) T(AG)(3r*)+4mTy(2r)=0

dr 3 ! d

N

r=-

c AG v

Sub-intooverallAGequation

energy change, AG

AG* = :|.6'I'I'Y3
3(8G)

Free




Kineticsofsolidstate reactions

IntermsofheatoffusionAH(i.e.energyreleaseuponsolidification):

AG = AH (T ) TellsushowAG  changeswithtemperature
T v
m
Withthis definition,wethenhave: 2 n T>T,
a g ” 4
r=- al Tn O * . at T,
AG AG)
AHf DTm_TD G \ \ radius, r
.1y 1 O
AG = 3AH T DT—D at T,
fDm D -
0AG™
AsT decreasesbothr, Number of stable nuclei; N «expd- ——[
andAG*becomesmaller 0 kg
LIQUIDINSTABILITY at LOWERTEMPERTURES 5

Kineticsofsolidstate reactions

Wealso need to considerdiffusion:
« Fasterdiffusionleadstomorecollisionsbetweenatoms.
» More collisionsmeanshigherprobabilityof atoms sticking to eachother.

D=D 0Qa
Recall diffusion OEXDD _d—D
0 k1O

Then,the frequencyof atoms sticking togetheris directlyrelatedtodiffusion:

0 QO
Frequency of attachment:vd «exp[]- _dH
1 kT




Kineticsofsolidstate reactions

Combiningliquidinstabilityanddiffusioneffects together:

Rateof Nucleation

Contribution Contribution
fromliquid from
d_N:l(n\H:l(D ' exp@‘AG*DDexp _QdDDD instability diffusion
dt ! H KTD kTDﬂT
2 / \
© [ '
. c |\ /
) 0 A6 00 S|}
n«expl- [O—— v, «exp- I 8|\ Netate /
T KT 3
] I I I I z
Liquidinstability Diffusion T

Exampleproblem:criticalradiusan
dactivationenergyfornucleation

A) Ifpure liquidgoldis cooledto 230°Cbelowits melting
point, calculatethe criticalradiusandthe activation

energy.

B) Calculatethe number of atoms per nucleusof this
critical size.Au is FCC with a = 0.413nm.




Kineticsofsolidstate reactions

2. Growth:nucleiincreasein size

Allsolid———, 5 e 1001 Plot of fraction
reacted versus the logarithm of
time typical of many solid-state
transformations in which
temperature is held constant.

Fraction of transformation, y
o
o

|
|
|
|
|
|
|
|
|
|
|
|
|
|

Allliquid

th
Nucleation | Growth By convention:

Logarithm of heating time, ¢ rate=

Thisprocesscan be describedby:

y:l—exp(—kt”) Avramiegn.

E1/2

9
k and naretimeindependentconstants
Temperaturedependence
100 S e o
3 80 ."!
. /
‘Is [0 1Y B 3C ||
¥ . /
o! = bk "‘:;'.-'
Fiiat 12 Percent recrystallization as a function of time and al consiant
temperature for pure copper. (Reprinted with permission from Metallirgical
Transactions, Vol. 188, 1950, a publication of The Metallurgical Society of
AIME, Warrendale, Pennsylvania. Adapted from B. F. Decker and D. Harker,
“Recrystallization in Rolled Copper.”™ Trane AIME, 158, 1950 p. 85%.)
Arrhenius behavior! 2
0 i =
E
rate=Aexp]- 0 8
I RTO ©
10




Kineticsofsolidstate reactions

Combinednucleationand growth rate

rate

Overallrateof
transformation

I'growth

11

Isothermaltransformation

Initial rapidTchangethen allowtransformationto occuratconstantT

Eutectoidreaction
cool

v(0.76Wt%C) — (0.022Wt%C)+Fe;C(6.70Wt%C)
eat
§ —
|.\'~ ’
o | A _,-"’
, 800 1} sl .’
| S 'I._."I /
600 | | i 4 /..r i —
N L Pearlite ‘

rpesten (wi% CI 12




Parcent of austenite

Pearllite

5 100 wune 104
= /T‘:\‘T — Demonstration of how
B 3 o ran n 3
1| e [ T an oherma
§ o : transformation diagram
g | I (bottom) is generated
2 T’*";;U’Irl‘:"c'" ! ) from percentage
] o "‘-‘ | | transformation-versus-
= a | S S =
1 10 T 102 1o ot 1o logarithm of l.:nk,
1 . measurements (top).
[ i | |Adapted from H.
] I ! Bover, (Editor), Aulas TVS t
- : :— - — it of Isothermal
| |pEutectoid temperature | Transformat tran Sfo rmation
700 — Austenite K: Coobng Transformation
(unstable) = e Diagrams, American plot(TTT plot)
- ,f,’/"”P - _ Society for Metals, 1977,
8 earlite S p.360.)
= 600
2 1 ~—— 50% Campletion curve
X I
2 sonf— A
\ Begin curie 800
400 {=0% pearlite)
Wheredoesthelineshape
1 10 107 10% 10 10% 0 .
it (e.g.50%completioncurve)

comefrom?
13

TTTplotandrelationtorates

Recall rates as fxnofT...

overall

rate

/ growth

T

Sincerateisdefinedas: rate=

Flipx and y

_—

T
) rate
Plotl/rate on x-axis

T

—

1/2

50% completioncurve

14

time




. Pearlite ..

- _— Eutectoid 1400
A 727°C Austenite (stabbe) S el
Initial rapi St ——
p 700
Tquench
"~ aFamite Coarse pearlite
5 1200 _
£ o
E ;
£ 600 ~FeyC 2
: £
£ E
= g
1000
tenite ~—» pearls
L M:ri::ﬁn.-nﬁ::. i rmmemr_DENaleS that & fransfoemation
wcgurring
| 800
10 i0? 107 1t 105

Time {s)

o Isothermal transformation diagram for a eutectoid iron-carbon
- with superimposed isothermal heat treatment curve (ABCD). . .

Microstructures before, during. and after the austenite-to-pearlite transformation COﬂStantTdelng tranSf Drmation
are shown, [Adapted from H. Boyer (Editor), Atlas of Isothermal Transformation
and Cooling Transformation Diagrams, American Society for Metals, 1977, p. 28 |

DothemicrostructureschangewhenwequenchtodifferentT?
15

Pearlite

he lead-tin syste
diffusion of tin ar
indicated by colo
respectively,

Fillinthe blank...

Initial rapidquenchto higherTwillleadto coarsepearlitestructure. Initial
rapidguenchto lowerT willleadto fine  pearlitestructure.

16




Balin

Ficone L5 The BOOr
complete isothermal i
transformation diagram
for an iron-carbon "mi

artensite

1200

te&l

«

alloy of eutectoid
compaosition: A,

ustenite e M, e

Bainite:needlesor platesconsisting

martensite: P pearlite - [l——coarse pearlite. of cementite gndferrite (much finer
g o\ A\ . =thanfinepearlite).
£ “wo Finepearlite ... :Martensite: Formedwhenquenched
g N frapid enoughtopreventC diffusion.

A
300 . Bainite -|«« Body-centeredtetragon:z
. \ \?q\ enter !}_ag

100 Martensite

| L Martensite
10! 1 10 10¢ 10?
Time (s}

10t 10°

Materials Park, OH, 1973.)
LIl The body-centered tetragonal unit cell for
sitic steel showing iron atoms (eircles) and sites that  Cementite
may he occupied by carbon atoms (crosses). For this
tetragonal unit eell, ¢ = u,

mar

Ferrite
|

g
7L m—

BCTstructure of martensite

L7

Spheroidite

Formswhenpearliteorbainitestructuresareheated(below
eutectoidT)foranextendedperiodoftime.

Heating tim

v

Whydosphericalshapesdominateattheend?1s




Exampleproblem

Fistne 1L13% The
complete isothermal
transformation diagram
for an iron-carbon

alloy of eutectoid

e 1A

austenite: B, bainite; M,
martensite; P, pearlite.

1400

1200

1000

400

1. Whatisthemicrostructure
ofsteelthathasbeen:
(i) instantaneously
quenchedto560°C
(ii) heldfor2sthen
(iii) Instantaneously
quenchedto250°C?

2. Whathappensifthe

resultingstructureisheld
at250°Cforlday?

3. Whathappensifthe

structurefrompartlis
guencheddirectlytoRT?

19
Exampleproblem
Specifyfinal microstructure(s) 800 )
presentandapproximate = S
percentageofeachfor o
followingprocessingcondition ul e
beginningat760°C.
1. Rapidcoolto 650°C. o it L
2. Hold20s. £ <
3. Rapidcoolto 400°C. £ i 800 3
4. Holdfor103s. £ B 3
@g: QuenchtoRT. sl A . % 600
50%transformationtopearlite. S \ \
Essentiallyrestart W e i 64
transformationprocess(for " 2300
theremaining50%). e
@ Finalcomposition=50% ol . - - ,
pearlite,50%bainite G . M

10



TTTdiagramsatdifferentcompositions

Eutectoid composition

Temperature {°C)

_— Eutectoid temperature

y+ FeyC

100

800

400

o

0.022 ¢y O

o
=

Composition (wt% C)

6.70

100 21
10! 1 10 107 10° 104 10°
Time (s)
H tectoid Iti
e.g9.1.13wt%C
Frovme 1028
Isothermal i f
_ y y+FesC
1400
; 1200
M, martensite; P,
pearlite. |Adapted from
H. Boyer (Editor), E
Atlas af Isothermal =
Transformation and o B
Cooling Transformation i
Diagrams, American =
Society for Metals, 500 a+Fe;C
1977, p. 33.]
400
Mi50%}
100 Migo%) 200
9 10 107 10? 4 108 i 0,
Tirme {5} 1.13wt%C
22

11



Temperature ("C)

Example

Startingwithaustenite

900
1600 . .
P having1.13wt%C in
800 HY i
Asc _— compqsﬁmn,whatcoolmg
pathwill produce6.2%
1200 massfractionproeutectoid
cementite,46.9%mass
¢ fractioncoarsepearlite,
£ 46.9%massfraction
800 2 ..
& Bainite?
50 % b
200 Mistart) "-.\ 400
M(50%) s 8 s
100 M{90%) 200 L x
0 1 10 102 103 10 10° 108

Time (s)

TTTdiagramfor 1.13wt%CFe-C alloy

ContinuousCoolingTransformation

Recall % transformedvs.time...

TransformationatconstantT(T,)

o ey

Fraction of transformation, ¥

8 E
| Nucleation | V\Gﬁmﬂh\
I

Logarithm of heating time, ¢

Froe 1001 Plot of fraction
reacted versus the logarithm of
time typical of many solid-state
transformations in which
temperature is held constant.

Completetransformation
occursfasterduelowerfinal T.

\ucleationtogrowthtransitionis
slowersinceitisnotcooled
instantaneouslyinitially.

WhathappenswhenTisvariedastransformationoccurs?
continuouslycoolfromTtoT,ataconstantrate)

24

12



ContinuousCooIing

RecallhowwearrivedatTTT
diagramforisothermal
cooling...

Perizent of austenite
transformed to pearlite
=]

Transfq

o

WhathappenswhenTvaries
duringtransformation?

rmation

Transformation Transtormation
temperature 675°C ends
Transformation
begins
| |
10° 10* 10°

1 10 |
I
|
|
|

T T T
—1 1400
Aust: tabl dt it
sl (bl 4} || Euectold temperstus
Lookslikethecurves 675°C 700
areshifteddownand (isothermal) 1200 _
. e ¥
totheright. S 600 :
2 2
e b4
@ 1000 2
E E
& 500 *. v Completion curve 2
'\ {~100% pearlite) =l
Begin curve Constant BOOD
a0l Ok peaite) coolingrate
| | | | |
1 10 107 103 10t 10°
Time (s}
CCTdiagrams
Ficone 1016 800¢ -
Superimpaosition of | 1400
isothermal and Eutectoid temparature
continuous cooling o [ - !
transformation L R
Wit fus a Lizng
eutectoid iron-carbon e
alloy. [Adapted from oo |
H. Bover { Editor), ;
Atlas of Isothermal i s ooling tranormation 1 1000
Transformation and - \ |
Cooling Transformation 99| \ J
Diagrams, American C
Society for Metals, Ny | 800 L
1977, p. 376.] E | :
E " 1 :
2 . | &
* )
300 b o ~ o
v . '
\ ~
Mistart) 1 B
500 | 400
MiS0%) |
MigO%) |
100 | 200
Q = : g
107! 1 10 ¢ 107 10* 10° 26
Time {5}

13



Frm 01T
Moderately rapid and
show cooling curves
superimpesed on 1
continuons cooling
franstormation dingram
for & eutectoid
iron-carbon alloy.

800
1400
1200
1000
£ 800 3
5 =
[ 4 Moderateny Jg
- rapid E
- s \ 500
\ \
Aristart) "“ | \ \ M (stan)
200 \ 200 LI \ 400
M50 \ \
\l 1 1
M 1 i
| I i
100 100 200
Denctat \ | Martensite | 200
trarstonmat \ S e Panitite—|
Comre _{ Pearlite
b
1o 1 0 x ot i 107k 1 10 10? 100 10t 10°
Tume (5]

Note:usuallynoBainiteisformedincontinuouscooling

Microstructuresfromcontinuouscooling

Froome 10,18
Continuous cooling
transformation diagram
for a eutectoid
iron-carbon alloy and
superimposed cooling
curves, demonstrating
the dependence of the
| microstructure on
the transformations thay
occur during cooling.

27
. . Percent FayC
- Finepearlite » . « & & &
& Parcant FayC T T T T =
a & 3 12 15
1200 R Perie » fere ———mm |
- fita « farril - -l Pastiita i
1100 160 Ao s \ o Fogl L)
Frarite |
1000 rv-_.c / —_—
o — 200 impact
140 / i ey 50
900 Temile strergth 3
3 L] d
120 ¥ 5
?‘a 800 2 40 E
: 1 !
e 700 5 &0
5 100 E E
£ ¥ 0 B
g 600 P |
B L] 40
¥ -
- 500
0
400 60 {150
20
300 %
100
0 02 04 [ [ 10 02 04 0.6 [T} 10
Compenition (wi' C) Composition (wt% C)
fa) i
Frcvme 120 (w) Yield strength, tensile strength, and Brincll hardness versus carbon concentration for plain carbon steels
having microstructures consisting of fine pearlite. (b) Ductility (% EL and % RA) and lzod impact energy versus carbon
concentration for plain carbon steels having microstructures consisting of fine pearlite. [Data taken from Metals Handbook:
Heat Treasing, Vol. 4, 9th edition, V. Masseria {Managing Editor), American Society for Metals, 1981, p. 9.]
Strengthincreasesandductility decreaseswithCcontent. 28

14



Howdo processingconditionschange
mechanicalproperties?

~~coarsepearlite
2 Finepearlite Percant FetC
“_Bainite | 0}

/  Coarse pearlite |

R
\N
é \\'. \"
“'I
\

Extended
heating

Spheroidite

Fastquench:higherstrength,IoWérducﬁli&
Slowquench:lowerstrength,higherductility.

Vol. 4, %h edition, V. Massc

Parcent FesC
3 L 9 1 1
%0 .
HRC
35 »
T
30
60
HRB
100 =
0 E s0
§g =
£ Zaw
90F I
¥ 30
80 3
&
70 20
60
10
% 02 04 06 08 0

Composition (wi% C)
o

=l Pockwell hardness as a function of carbon
¢ls having fine and coarse pearlite as well as
uctility A} as a function of carbon
=1s having fine and coarse pearlite as well as
taken from Mewals Handbook: Heat Treating,
eria, M. ing Editor, A ican Society for Metals, J

1981, pp, 9 and 17.)

Austenite ( y)

slow
cool
Pearlite Bainite
(a+Fe3C layers+a

proeutectoid phase)

Martensite(

(a+Fe3Cplates/needles) BCTphase

diffusionless
transformation)

Martensite
TMartensite
bainitefine
pearlite
coarsepearlite
spheroidite

Strength
Ductility

GeneralTrends

Tempered
Martensite

(a+veryfine
Fe3C particles)

30
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Phasetransformationin polymers
» Crystallization.

* Melting.
e Glasstransition.

31

Crystallization

* Many polymercrystallizationprocessesare similar
kinetics as discussed earlierin phase transformations
(Avramiequation).

» Some differences:

— Nucleationandgrowth

* Randomentangledchainsbecomeorderedandaligned.
— Usually100%crystallizationisnotachievable.
— Crystallizationcanbeinducedbystrain.

1.0 z ' 1 1506 Plot of
¥ / normalized fraction
Po|ypro py|ene ¥ 5 / erystallized versus the
= | logarithm of time for

polypropylene at constant
temperatures of 140°C,
140°c | 1] 16 150°C, and 160°C
0.4 f (Adapted from P. Parrini

f and G. Corrieri,
Makromal, Chem., 62, 83,
1963, Reprinted by
’ permission of Hithig &
0,0 b o — = Wepl Publishers, Zug. 32

Normalized! —

Switzerland.)

©2007,2008Moonsub ¢
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M

Temperature (*F)
160 200 240 280 320 360

Relaxation modulus, £.410) (MPa)

B
E
5 5
I =
[
: WViscous flow (liquid) '\
! \ 10
I |I
I
- L —L L | | ] 1
80 100 120 140 160 180 200
I' Temperature {*C) I'
T Tm

elting

Meltingoccursoverarangeoftemperature

Meltingtemperature(T,,)dependson:

1. Historyofthespecimen(e.g.how
itwascrystallized).

2. Heating rate: faster heating rate
leadstohigherT,,.

3. Chemicalcomposit

» Bulkysidegroupsleadto
higherT,(hinderedrotation
andflexibility).

» Polarsidegroupsleadtohigher
T(strongersecondary
bonding). 33

Meltingcontinued...

Melting temperaturedependson:

4. MolecularWeight:at relatively
low MW, T increaseswithMW.

5. Degree ofbranching:more
branchingleadsto lower T,.

Temperature

F s
s !
!
ibe liqui 4 4 coc
Mabite liquid 4 Viscous  / b
S liguid
¥ ¥ A7,
; f/—'_'__'_'_ n
’
/ T oy st
o i —_— T
/_'f/_,—_,_,—o—'— r
/ Partially
£ Crystalline solid i
plastic
o 10 10t 10% 108 10’

Molecular weight

Falile 152 Meling and Glass Transition Temperatures for
Some of the More Common Polymerie Materials

olass Transitioe Welting
Temprrature Femperature

Vtterial 0t [ 1))
FOIYCINYICAC (I0W AcnsiTy ) =) 11D (2
Polytetrafluaroethylens 97 (—14n 127 (620)
Palyethylene (high density ) o0 (- 130) 137 (279)
Palypropylene 18 (0) 175 (347)
Nylon 6,6 57 (135) 265 (510)
Polyester (PET) 69 (155) 265 (310)
Palyvinyl chloride 7 (190) 12 (415)
Polystyrene 100 (212) 240 (465)
Palycarbonale 150 {300) 265 (510)

Fieone 1508

Dependence of polymer

properties as well as

melting and glass

transition temperatures

on molecular weight

{From F. W. Billmever,

Ir., Texthook of Polymer

Science, 3rd edition.

Copyright © 1984 by

John Wiley & Sons, New

York. Reprinted by

permission of John Wiley

& Sons, Inc.)

34
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MeltingTemperature:exampleproblems

Foreach polymerpair, determinewhichwillhave highermeltingtemperature.

1. Branched polyethylene Vs. Linear polyethylene
2. Polyethylene(n = 5000) VS. PMMA(n = 5000)
3. Polystyrene(Mn = 80,000g/mol) vs. Polystyrene(Mn = 800g/mol)
4. PE (Mn =107g/mol) VvS. PE (Mn = 108g/mol)

35

GlassTransition

 Abruptchangesin:
*Stiffness.
sViscosity.
*Coefficientofthermalexpansion...

Glasstransitiontemperature(T,)dependson

2. Molecularweight:higherMW-higherT,,.
\-{=* 3. Degreeofbranching:higherdensityof

{ T—re ' restrictchainmotion).
4. CrosslinkingincreasesTgduetochain
motionrestriction.

« Transitionfromrubberytorigig

1. Chemicalcomposition
» Bulkygroupsincreasq
» Polargroupsincrease

branching-higherT (entangledbranches

36

state.

Ty
Ty
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Glasstransition:exampleproblems

Foreachpolymerpair, determinewhichwillhavehigher
glasstransitiontemperature.

e
HE \ﬁ,_w #\
g' ~ gHg

a) poly(vinylchloride) VS. polypropylene

b) polystyrene VS. polypropylene

37

Conceptsto remember...

 Kinetics of solidstatereaction:
— nucleation(surfacevsvolumeenergies)andgrowth.
— Avramiequation.
— Rates.
* Isothermaltransformation.
» TTTplotsandrelationto reactionrates.
» MicrostructuresofFe-C systemsatdifferentcooling
conditions:
— Fineandcoarsepearlite,bainite,spheroiditeandmartensite.
* CCT diagrams.
» Processingeffectsonmechanicalproperties.
* Phase transformation in polymers (considersimilarities
and differences with metals).

38
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