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Glass 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 factors (cooling rate).
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* Differential Scanning Calorimetry (DSC) measures the
temperatures and heat flows associated with transitions
in materials as a function of time and temperature in a
controlled atmosphere.
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e Amorphous vs Nanocrystalline

1) Microstructural observation
XRD, (HR)TEM, EXAFS ...

2) Thermal analysis
DSC (Differential Scanning Calorimeftry)

: Measure heat absorbed or liberated during heating or cooling

cf) - glass —> nucleation & growth
(perfect random)
- local clustering: quenched-in nuclei =—» only growth
- Nanocrystalline =—* growth

= |ocal clusters with atomic scale are difficult to identify by
conventional observation tools of microstructure.

: Characterization of structure by pair distribution function

3) Intensive Structural Analysis: radial distribution function



@ Chen & Sa

glass —* nucleation & growth
(perfect random)

- |Isothermal annealing
: rapid heating + maintain the temp.

e Glass :

n
X=1- exp(—bt ) (n: 2~4, nucleation mechanism)
crystallized volume fraction after time t

—» Corresponding heat release

_aH AH (1-x)n-bt"™*
dt

(AH: total transformation enthalpy)
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Johnson-Mehl-Avrami Equation : HEj|£ £ H| @

Assumption:

- reaction produces by N + G
- nucleation occurs randomly throughout specimen
- reaction product grows radially until impingement

_ _ Vol . of new phase
define volume fraction transformed f =

Vol . of specimen

0‘—>B How much transformation occurred on time interval d7

d 4 et
I ’ l I -1 4 [ (t )]3 (NV d ) V = EEFB = iﬁ (vt)’
E —7mV(L—=7)] X T): a a
r  r+dr 4f = 3 . 34 3
v : cell growth rate ( assumed const. ) V0 V' = g v’ (1- 3-)3

N : nucleation rate ( const. )



f = T N v3t? — do not consider impingement & repeated nucleation
3 H

only true for f < 1 MO X|2+5 S0 2et HEj£E Za St

Aoz HiEE Mo SE71E 12{oH, [ a
J_M_A Eq ---------------------------------------------
3.4 e —
f =1-—exp| —-——Nv't
................................................................... L
l1-exp(z)~Z (z<<)) ot
f=1-exp (— kt"):
k : sensitive to temp. (N, v) Example above.
n:1~4

Growth controlled. Nucleation-controlled.

i.e. 50% transform ) 0.7 B 0.9
Exp (-0.7) = 0.5 kt0-5 =0.7 1:0-5 - kl/n 05 N 1/4V3/4
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dH/dt (arbitrary units)

<
o)

o
.

e
h

Glass
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Fig. 1.4 Isothermal enthalpy release rates for crystallite nucleation and growth
(solid line) and crystallite grain-coarsening mechanisms (dashed line)



e Nanocrystalline — grain growth

dt "

(M: atomic mobility, y : interficial surface tension)

dr—l\/l 4

—

—» corresponding heat release

—C:TI;I:H(O)-r(O)-My/rm+2

(H(0): zerotime enthalpy of a grain size of r (0))

= Monotonically decreasing curve
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Glass

: exothermic peak at non-zero time Time (min)
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Fig. 1.4 Isothermal enthalpy release rates for crystallite nucleation and growth

(solid line) and crystallite grain-coarsening mechanisms (dashed line)
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Amornhous vs Na
e | rll 1WA D 1 U
1) Microstructural observation

XRD, (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)
- local clustering: quenched-in nuclei =—» only growth
- Nanocrystalline =  growth
= |ocal clusters with atomic scale are difficult to identify by
conventional observation tools of microstructure.

: Characterization of structure by pair distribution function

3) Intensive Structural Analysis: radial distribution function
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Effect of quenched-in quasicrystal nuclei

2 mm rod

(@) Zrg;TisNb,Cuys gNig 3Al; g (b) Zrg;TigNb, sCu;; gNiy; Al 5

3 mm rod

B-Zr particle (~70 nm) in amorphous matrix  I-phase particle in amorphous matrix



Before deformation After deformation

shear band

shear band

@ No distribution of icosahedral particle to blocking the propagation of shear band.

@ No enhancement of plasticity in MGMC with icosahedral particle



Stress (MPa)

2000

1500

1000

500

% Compression test * unpublished (2009)

injection-cast
d=2mm

c,=1.72 Gpa, ¢~ 2.05 %

[a] o,=1.70 GPa, ¢ = 2.37 %
[blo,=1.71 Gpa, ¢~ 4.64 %

Uniaxial Compression
Strain Rate =1 x 10™s”

4 6 8 10 12

Strain (%)
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® Activation E : driving force for nucleation

[a] ZresTisNb2Cu1s.sNie.sAl7.9
i Eg= 273 kJ/mol
1+
10 -
9l
8 [b] Zrs7TisNb25Cu13.9Ni11.1Al75
i E =258 kJ/mol
1.48 — 1.52I I 1.56I I 1.60 - 1.64
A
1000/, (K")

Kissinger’s equation

In(®/T;) =-Q/RT, +const.

Decrease in AGT 4
by low surface E

Amorphous state

lllllll

Nucleation rate

I=A-exp(-AG*/kT)

Quasicrystalline state
in the amorphous matrix

Crystalline state
in the ameorphous matrix



Effect of quenched-in quasicrystal nuclei

a Isotherm in DSC Isothermal annealing

Growth of icosahedral phase (c) alloy 2mm, 659 K
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Effect of quenched-in quasicrystal nuclei

a2 EXAFS analysis (b) Zr5;TigNb, 5Cu 3 oNiy, Al 5

—_— T —+—alloy " rib.
!%%,0 alloy rib. . e toem
].' N —eo—alloy 1mm
20 1 3 —s—alloy 2mm
I "i —s—alloy 3 mm
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& .
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Distinctive structural change around Ni atom

Intensity change due to microstructural change




Amorphous vs Nan
1) Microstructural observation

XRD, (HR)TEM, EXAFS ...

2) Thermal analysis
DSC (Differential Scanning Calorimeftry)

: Measure heat absorbed or liberated during heating or cooling

cf) - glass —> nucleation & growth
(perfect random)
- local clustering: quenched-in nuclei =—» only growth
- Nanocrystalline =%*  growth
= |ocal clusters with atomic scale are difficult to identify by
conventional observation tools of microstructure.

: Characterization of structure by pair distribution function

3) Intensive Structural Analysis: radial distribution function
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Pohang accelerators
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Characterizing the structure - radial distribution function,
also called pair distribution function
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li Feh
FHIH"J["E 2.4 Hard -sphere model of (a) gas, (&) hguid/glass, and Figure 2.5 Pair-distribation functions for (&) a gas and (&) liquid or glass. (c) The
(¢} crystalline solid. radial dependence of the number of neighbors Mr) for a primitive cubic cryseal

with one wiom per latice site.

Gas, amorphous/liquid and crystal structures have

very different radial distribution function 2>




Radial distribution function - definition

g(r) =

1. Carve a shell of sizer and r +
The volume of the shell is
dv=4nridr

2. Count number of atoms with
centers within the shell (dn)

3. Average over all atoms in the
system

4. Divide by the average atomic
density <p>

1 dn(r,r+dr)

(p) dv(r,r+dr)

dr around a center of an atom.
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Count the neighbors
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For gases, liquids and amorphous
{\/x solids g(r) becomes unity for
. —  large enough r.

[Liauicigiass | The distance over which g(r)
becomes unity is called the
correlation distance which is a
measure of the extent of so-

a called short range order (SRO)
[ E.'I'IE":::'I': Thoa fivet manl, cAveacmAande +A A
: IIIC 11 OU PCCI LUIICDIJUIIL«ID LtV dadil
‘ A Ieh average nearest neighbor
[ U | l| distance

Features in g(r) for liquids and

e e e i i amorphous solids are due to
packing (exclude volume) and

possibly bonding characterisztgcs



nanocrystalline
4nm grain size

r [ao]

\

Nanocrystalline material

Radial Distribution Function
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Nanocrystalline materials shows clear crystalline peaks with

some background coming from the grain boundary




 Preparation of amorphous materials

: Sputtering Surface coating ¢ | |hiection casting  Bulk type :
: : : : sphere, rod, plateg
i Thermal evaporation i ! Suction casting :

Glow-discharge decomposition Squeeze casting

Chemical vapor deposition Droplet quenching

electrolytic deposition

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

i Gas atomization powder : Irradiation

;.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'.'f.'s Pressure-induced amorphization
Melt-spinning thin film Solid-state diffusional amorphization
Splat quenching thin plate
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