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IntroductiontoEngineeringMaterials 
 

PhaseTransformations 
 

• Timeandtemperaturedependenceofphasetra
nsformations. 

• Engineeringnon-equilibriumstructures. 
• Differencesinmechanicalpropertiesbetweeneq

uilibriumandnon-equilibriumstructures(steel). 
• Phasetransformationsinpolymers. 
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Phasetransformation 
• Takes time (transformation rates:kinetics). 
• Involves movement/rearrangement of atoms. 
• Usuallyinvolveschangesinmicrostructure. 

 
 

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

 
2. Diffusion-dependenttransformation:transformation 

withalterationinphasecompositionand,often,withchangesin 
numberofphasespresent(e.g.eutectoidreaction). 

 
3. Diffusionlesstransformation:e.g.rapidTquenchingto 

“trap”metastablephases. 
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M

  Initially the surface 
energy dominates 
buteventuallybulk 
energy takes over. 
Need nuclei larger 
thancriticalradius 
beforegrowth 
occurs! 

4 πr3ΔG +4πr2γ  

3

ΔG* = 16πγ3
 

3(ΔG)2
 

v 

v

 
 
 
 
 
 
 
 

Kineticsofsolidstate reactions 
 
 
 
 
 

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

 
1. Nucleation(homogeneous):What hindersnucleation? 

Surfaceenergy~ r2 

E 
 
 

r (size of nuclei) 
rc 

Netenergychange= v 

Internal energy~ r3 
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Kineticsofsolidstate reactions 
Criticalnucleussize(rc)andtheactivation energy(ΔG*) 

 

Netenergy=ΔG= 
 

Volume 

4πr3ΔG +4πr2γ 
3 v 

freeenergy 
change 

surface 
freeenergy 

Takethe derivativeand set equalto zero to find max. 
d(ΔG)=4π(ΔG)(3r2)+4πγ(2r)=0 

dr 3 v
 

2 

rc =−
ΔG

 

Sub-intooverallΔGequation 
rc 
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Kineticsofsolidstate reactions 
IntermsofheatoffusionΔHf(i.e.energyreleaseuponsolidification): 

ΔH (T −T) ΔG = f m
 

 

TellsushowΔG  
changeswithtemperature 

v v 
m 

Withthis definition,wethenhave: T1>T2 

2γ � Tm � 
rc=− � � 

ΔHf   �Tm−T� 
3 2 

* 16πγ � Tm � 
ΔG  = � � 3ΔH 2T  −T 

f�m � 
�ΔG*� 

AsT decreasesbothrc 

andΔG*becomesmaller 
Number of stable nuclei: n* ∝exp�− � 

� kT� 
LIQUIDINSTABILITY at LOWERTEMPERTURES 
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Kineticsofsolidstate reactions 
 

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

 

D=D �−Q � 
Recall diffusion 

oexp� 
� 

d� 
kT� 

 

Then,the frequencyof atoms sticking togetheris directlyrelatedtodiffusion: 
 

 
 

� Q � 
Frequency of attachment:vd

 ∝exp�− 
� 

d� 
kT� 
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dN =Knv  =K� �−ΔG*� �−Qd�� 
*  d '�exp� �exp� ��� � kT� � kT��dt 
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Kineticsofsolidstate reactions 
 

Combiningliquidinstabilityanddiffusioneffects together: 
 

Rateof Nucleation  
Contribution 
fromliquid 
instability 

 
Contribution 
from 
diffusion 

 

 
 
 

� ΔG*  � �Qd � 
n ∝exp�−

kT
� vd ∝exp�− � 

kT 
Netrate 

� � � 
 
 

Liquidinstability Diffusion T 
m 
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Exampleproblem:criticalradiusan
dactivationenergyfornucleation 

 
 

A) Ifpure liquidgoldis cooledto 230oCbelowits melting 
point, calculatethe criticalradiusandthe activation 
energy. 

 
 
 

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

2. Growth:nucleiincreasein size 
 

Allsolid 
 
 
 
 
 
 
 

Allliquid 
 
 
 
 

Thisprocesscan be describedby: 

By convention: 

rate≡ 1 

y=1−exp(−ktn) 
 

Avramieqn. 
t1/2 
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k and naretimeindependentconstants 

 

 
 
 
 
 
 
 
 

Kineticsofsolidstate reactions 
 

Temperaturedependence 
 

 
 
 
 
 
 
 
 
 
 
 
 

Arrhenius behavior! 
� Q � 

rate=Aexp�− 
� 

� 
RT� 
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Kineticsofsolidstate reactions 
 

Combinednucleationand growth rate 
 

 
 

Overallrateof 
transformation 

 
growth 

 
 
 
 
 
 

nucleation 
 
 

T 
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Isothermaltransformation 
Initial rapidTchangethen allowtransformationto occuratconstantT 
Eutectoidreaction 

cool 
γ(0.76wt%C) α(0.022wt%C)+Fe3C(6.70wt%C) 

heat 
 
 
 
 
 
 
 
 
 
 

Pearlite 
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Pearlite 
 
 
 
 
 
 

Tvs.t 
transformation 
plot(TTT plot) 

 
 
 
 
 

Wheredoesthelineshape 
(e.g.50%completioncurve) 
comefrom? 
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TTTplotandrelationtorates 
 

Recall rates as fxnofT… 
 
 

overall 
growth 

 
 

T 
 

Flipx and y 
 

nucleation 
 
 

T Plot1/rate on x-axis 
rate 

 

 
Sincerateisdefinedas: rate≡ 

T 
1 

t1/2 
 

50% completioncurve 
 
 

 
 

time 
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Pearlite 
 

Initial rapid 
Tquench 

 
 
 
 
 
 
 
 
 
 
 

ConstantTduring transformation 
 

 

DothemicrostructureschangewhenwequenchtodifferentT? 
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Pearlite 
Recall limiteddiffusionin solidsleadingto layeredstructure… 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fillinthe blank… 
Initial rapidquenchto higherTwillleadto  coarsepearlitestructure. Initial 
rapidquenchto lowerT willleadto fine pearlitestructure. 
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Bainite&Martensite 
 
 

Coarse pearlite 

Finepearlite 
 

Bainite 

 
Bainite:needlesor platesconsisting 
of cementite andferrite (much finer 
thanfinepearlite). 
Martensite: Formedwhenquenched 
rapid enoughtopreventC diffusion. 
Body-centeredtetragonal. 

Bainite 
 
 
 

Martensite 

Martensite 

 
 
 
 
 
 

BCTstructure of martensite 
 

 
 
 
 
 
 
 

Spheroidite 
 

Formswhenpearliteorbainitestructuresareheated(below 
eutectoidT)foranextendedperiodoftime. 

 
 
 
 
 
 
 
 
 
 
 
 

Pearlite Partially transformed Spheroidite 
 

Heating time 
 

Whydosphericalshapesdominateattheend?18 
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Exampleproblem 
 
 

1. Whatisthemicrostructure 
ofsteelthathasbeen: 
(i) instantaneously 

quenchedto560oC 
(ii) heldfor2sthen 
(iii) Instantaneously 

quenchedto250oC? 
2. Whathappensifthe 

resultingstructureisheld 
at250oCfor1day? 

3. Whathappensifthe 
structurefrompart1is 
quencheddirectlytoRT? 
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Exampleproblem 
 

Specifyfinal microstructure(s) 
presentandapproximate 
percentageofeachfor 
followingprocessingcondition 
beginningat760oC. 

1. Rapidcoolto 650oC. 
2. Hold20s. 
3. Rapidcoolto 400oC. 
4. Holdfor103s. 
5. QuenchtoRT. 
2~50%transformationtopearlite. 

 

4 Essentiallyrestart 
transformationprocess(for 
theremaining50%). 

5 Finalcomposition=50% 
pearlite,50%bainite 

 

 

1 2 

 
 

3 
 

4 
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TTTdiagramsatdifferentcompositions 
 

Eutectoid composition 
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Hypereutectoidcomposition 
 

e.g.1.13wt%C 
 
 

γ

αα+ γ 

 
γ+Fe3C 

 
 
 
 
 

α+Fe3C 
 
 
 
 

1.13wt%C 
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Example 
 
 
 
Startingwithaustenite 
having1.13wt%C in 
composition,whatcooling 
pathwill produce6.2% 
massfractionproeutectoid 
cementite,46.9%mass 
fractioncoarsepearlite, 
46.9%massfraction 
Bainite? 

 
 
 
 
 
 
 
 

TTTdiagramfor 1.13wt%CFe-C alloy 1.13 

  
 
 
 
 
 
 
 
 

ContinuousCoolingTransformation 
 

Recall % transformedvs.time… TransformationatconstantT(T1) 
 
 
 
 
 
 

Completetransformation 
occursfasterduelowerfinal T. 

 

Nucleationtogrowthtransitionis 
slowersinceitisnotcooled 
instantaneouslyinitially. 

 

WhathappenswhenTisvariedastransformationoccurs? 
continuouslycoolfromTotoT2ataconstantrate) 
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ContinuousCoolingTransformation 
 

RecallhowwearrivedatTTT 
diagramforisothermal 
cooling… 

 

WhathappenswhenTvaries 
duringtransformation? 

 
 

Lookslikethecurves 
areshifteddownand 
totheright. 

 
675oC 
(isothermal) 

 
 
 

Constant 
coolingrate 

 
 

 
 
 
 
 
 
 
 

CCTdiagrams 
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Microstructuresfromcontinuouscooling 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note:usuallynoBainiteisformedincontinuouscooling 
27 

  
 
 
 
 
 
 
 
 

Mechanicalbehaviorofplain carbonsteel 
Finepearlite 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strengthincreasesandductility decreaseswithCcontent. 
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Howdo processingconditionschange 
mechanicalproperties? 

 

coarsepearlite 
Finepearlite 

Bainite 
 
 
 
 
 
 
 

Extended 
heating 

 

 
Spheroidite 

 

Fastquench:higherstrength,lowerductility. 
Slowquench:lowerstrength,higherductility. 

 

  
 

 
 
 
 
 
 
 
 

Austenite (  γ) 
 

slow
cool 

 
moderate

cool 

 
rapidq
uench 

 

Pearlite 
(α+Fe3C layers+a 
proeutectoid phase) 

Bainite 
(α+Fe3Cplates/needles) 

Martensite(
BCTphase 

diffusionless 
transformation) 

 

Martensite
TMartensite 

bainitefine
pearlite 

coarsepearlite 
spheroidite 

 

GeneralTrends 

reheat 
 

 
Tempered
Martensite 
(α+veryfine 

Fe3C particles) 
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Phasetransformationin polymers 
 

 
 

• Crystallization. 
• Melting. 
• Glasstransition. 

 
 
 
 
 
 
 
 
 
 
 

 
31 

 
 
 
 
 
 
 
 
 

Crystallization 
 

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

• Some differences: 
– Nucleationandgrowth 

• Randomentangledchainsbecomeorderedandaligned. 
– Usually100%crystallizationisnotachievable. 
– Crystallizationcanbeinducedbystrain. 

 
 

Polypropylene 
 
 

Normalized! 
 
 
 

©2007,2008Moonsub 
32 
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Melting 
 

Meltingoccursoverarangeoftemperature 
 

Meltingtemperature(Tm)dependson: 

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

 

2. Heating rate: faster heating rate 
leadstohigherTm. 

3. Chemicalcomposition 
 

• Bulkysidegroupsleadto 
higherTm(hinderedrotation 
andflexibility). 

 

• Polarsidegroupsleadtohigher 
Tm(strongersecondary 

 
 

bonding). 33 
 

 
 
 
 
 
 
 
 

Meltingcontinued… 
 

 
Melting temperaturedependson: 

 

4. MolecularWeight:at relatively 
low MW,TmincreaseswithMW. 

5. Degree ofbranching:more 
branchingleadsto lower Tm. 
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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) vs. PE (Mn = 106g/mol) 
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GlassTransition 
• Transitionfromrubberytorigidstate. 

• Abruptchangesin: 
•Stiffness. 
•Viscosity. 
•Coefficientofthermalexpansion… 

 
 

Glasstransitiontemperature(Tg)dependson: 
1. Chemicalcomposition 

• BulkygroupsincreaseTg. 
• PolargroupsincreaseTg. 

2. Molecularweight:higherMW–higherTg. 
3. Degreeofbranching:higherdensityof 

branching–higherTg(entangledbranches 
restrictchainmotion). 

4. CrosslinkingincreasesTgduetochain 
motionrestriction. 
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Glasstransition:exampleproblems 
 
 

Foreachpolymerpair, determinewhichwillhavehigher 
glasstransitiontemperature. 

 
H2 

H C H C 
C C 
Cl CH 

3 

a) poly(vinylchloride) vs. polypropylene 
 
 
 
 

b) polystyrene vs. polypropylene 
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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). 
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