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Contents for previous classContents for previous class
• Melting and Crystallization:

Thermodynamic Transitions
• Glass Transition:

Kinetic Transition
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GlassGlass : : undercooledundercooled liquid with high viscosityliquid with high viscosity
((~10~1014.614.6 poisepoise))

cfcf) liquid ~) liquid ~1010--22 poisepoise
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Free volume 
= specific volume of glass - specific volume of the corresponding crystal   p g p p g y
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At the glass transition temperature, Tg, the free volume increases 
leading to atomic mobility and liquid-like behavior. 

Temperature
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Below the glass transition temperature atoms (ions) are not 
mobile and the material behaves like solid   



Contents for today’s classContents for today’s class

• Glass transition

Contents for today s classContents for today s class

Glass transition
- Classification of phase transition

(Tf = fictive temperature)• Tf ≥  Tg

• Amorphous vs Nanocrystalline
1) Microstructural observation

2) Th l l i

Amorphous vs Nanocrystalline

2) Thermal analysis
- DSC (Differential Scanning Calorimetry)

: Characterization of structure by pair distribution function

local clusters with atomic scale are difficult to identify 
by conventional observation tools of microstructure.
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: Characterization of structure by pair distribution  function



Glass transitionGlass transition

 The glass transition is not first order transition (such
as melting), meaning there is no discontinuity in the
thermodynamic functions (energy, entropy, density).

 The glass transition is ‘pseudo’ second-order phase
transition And the transition depends on kinetic factorstransition. And the transition depends on kinetic factors
(cooling rate).

 Sometimes the glass transition is a first order
transition, most prominently in Si where the structure
changes from 4 coordinated amorphous solid to 6
coordinated liquid. And the same applies to water
(amorphous ice)(amorphous ice).
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Discontinuous heat capacity
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Difference of Cp at Tg depending on materials
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Normalizing as Tg



Tg = fictive temperature, Tf 

Glass transition

T = T

: region over which change of slope occurs
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Tf = Tg
thermodynamic propertythermodynamic property ?



T fi ti t tTf = fictive temperature 

This is the temperature at which the actual atomic scale structureThis is the temperature at which the actual atomic scale structure
of a quenched glass would be the metastable equilibrium structure
(relative to the crystalline state) of the corresponding supercooled
liquid (SCL) One always has:liquid (SCL). One always has:

Tf ≥  Tg

Tf  can also be defined as the temperature at which the strucuture
of the SCL was instantaneously frozen into the glassy stateof the SCL was instantaneously frozen into the glassy state,
which has therefore kept the original structure of the SCL and
it can be estimated by the intersection between the SCL line and
the e trapolated glass line in a specific ol me s temperat rethe extrapolated glass line, in a specific volume vs temperature
diagram of the type previously shown. For slow enough cooling 
rates, Tf → Tg. For fast cooling, Tf may become considerably larger
h h l f d i l h i fthan the value of Tg measured at typical heating rate of ~10-20 K/s.



Amorphous vs NanocrystallineAmorphous  vs Nanocrystalline
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Formation of Nanocrystalline-Ti40Zr29Cu8Ni9Be14 BMG

205 nm



Indexing – crystalline : Laves phase
- MgZn2 type hexagoanl- MgZn2 type hexagoanl
- space group : p63/mmc
- a = 5.3Å, c = 8.6Å

(1120)

(0132)

[2211]Laves
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Amorphous  vs Nanocrystallinep y

1) Microstructural observation
XRD (HR)TEM EXAFSXRD, (HR)TEM, EXAFS …

2) Thermal analysis
DSC (Differential Scanning Calorimetry)

: Measure heat absorbed or liberated during heating or cooling

cf)    - glass                    nucleation  & growth
(perfect random)

l l l t i h d i l i l th- local clustering: quenched-in nuclei          only growth
- Nanocrystalline growth

local clusters with atomic scale are difficult to identify bylocal clusters with atomic scale are difficult to identify by 
conventional observation tools of microstructure.
: Characterization of structure by pair distribution  function

223) Intensive Structural Analysis: radial distribution function



Sample: PET80PC20_MM1 1min
Size:  23.4300 mg DSC

File: C:...\DSC\Melt Mixed 1\PET80PC20_MM1.001
Operator: SACExample DSC Example DSC –– PET PET (polyethylene terephthalate)(polyethylene terephthalate)

1.5

Method: standard dsc heat-cool-heat
Comment: 5/4/06

Run Date: 05-Apr-2006 15:34
Instrument: DSC Q1000 V9.4 Build 287
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Thermal anal sis: DSCThermal analysis: DSC

• A calorimeter measures the heat into or out of a sample. 

• A differential calorimeter measures the heat of a sample 
relative to a reference.

• A differential scanning calorimeter does all of the above 
and heats the sample with a linear temperature ramp.d e s e s p e w e e pe u e p

• Differential Scanning Calorimetry (DSC) measures the 
temperatures and heat flows associated with transitionstemperatures and heat flows associated with transitions  
in materials as a function of time and temperature in a 
controlled atmosphere.
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Schematic of DSC InstrumentSchematic of DSC InstrumentSchematic of DSC InstrumentSchematic of DSC Instrument

Sample Reference

T1 T2

Pt thermopile Pt thermopile
Low mass

I t fl

heater heater
Low mass
> 1 gram

Inert gas flow

W
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Variation of Tg depending on alloy compositions

(a) Ni61Zr22Nb7Al4Ta6
(b) Cu Zr Al Yiv

.)

Variation of Tg depending on alloy compositions

(b) Cu46Zr42Al7Y5
(c) Zr36Ti24Be40 (a) 
(d) Mg65Cu15Ag10Gd10g 
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Temperature (K)



 Typically Tg is ~ 50-60% of the melting point.yp y g g p

* J Mater Res, 19 (2004) 685.



•• TTgg depends on thermal history even in same alloy composition.depends on thermal history even in same alloy composition. 
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* APL, 92 (2008) 091915.


