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Crystallization to Equilibrium or Non-equilibrium Phase.

α : Equilibrium phase

β : Non-Equilibrium phase

Cooling Process.

Only α phase

Heating Process.

Low T   Crystallize to β

High T   Crystallize to α



Glass transition onset temperature and crystallization onset temperature versus time for VIT 1

TTT diagram 
during heating  







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

2) Thermal analysis
DSC (Differential Scanning Calorimetry)

cf)   a) glass              nucleation  & growth
(perfect random)

b) local clustering: quenched-in nuclei          only growth

c)  Nanocrystalline              growth

: Measure heat absorbed or liberated during heating or cooling

Amorphous  vs Nanocrystalline

5.2.3 Structural Details
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Simple idea of analytical tools

materials

Electron
X-ray
Laser
Light
Shockwave
Mechanical

Electron
X-ray
Light
Mechanical

Analytical tool Abbreviation Source Signal Main
Analysis

X-ray diffraction XRD X-ray X-ray Structure

Transmission Electron Microscopy
Scanning Electron Microscopy

TEM
SEM Electron

Electron,
Photon (X-ray, 

Light)

Structure/ 
Chemistry

X-ray Photoelectron Spectroscopy XPS X-ray Electron Surface chemistry/ 
bonding

Auger Electron Spectroscopy AES Electron Electron Surface chemistry

Energy Dispersive Spectroscopy
Wavelength Dispersive Spectroscopy

EDS
WDS Electron X-ray Chemistry

Electron BackScattered  Diffraction EBSD Electron Electron Structure/ 
chemistry
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< X-ray diffraction >

Amor.
Amor.

Amor. + nanocrystal

crystals





Angle range of Small angle scattering

- Length scale of small angle scattering : 1 – 1000 um

- Information on relatively large r is contained in I(q) at relatively small q (=4πsinθ/λ)

- Bragg’s law : sinθ=λ/2d d = few Å λ = 1 Å 2θ = 20
d = 100 Å λ = 1 Å 2θ = 0.6

- Sample contains a scattering length density inhomogeneity of dimension larger than 1 nm,  
scattering becomes observable in small angle region (0 ~ 4o)



Diffraction v.s. Small angle scattering



Intensity in small angle scattering

dN : number density factor
N(r) : normalized size distribution
V(r) : Volume
F(q,r) : Form factor of particles

Common factors in
both SANS and 
SAXS 

Scattering length density 
(of heterogeneities)



Coherent and Incoherent Scattering

items X-ray neutron

source

collision of electrons 
with target metals(Cu, 
Mo, W…)

acceleration of charged 
particles

nuclear reactor

spallation neutron 
source (accelerator)

scattered 
by electrons atomic nuclei, 

unpaired spins

interaction EM(electromagnetic)
Nuclear(strong int.)

EM

scattering 
amplitude linearly depend on Z nearly indep. on Z

sample 
amount µg ~ mg ~g

meas. time 101~2min (step scan: ~hr) 100~2 hr

hard to see
relatively light elements
(H, Li, B, C, O …)

highly abs. nuclei
(Gd, Sm, Eu, Cd,  
B…)

From the Roger Pynn’s lecture



Characterizing the structure - radial distribution function,
also called pair distribution function

Gas, amorphous/liquid and crystal structures have 
very different radial distribution function
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Radial distribution function - definition 

1. Carve a shell of size r and r + dr
around a center of an atom. 

The volume of the shell is         
dv=4πr2dr

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

2. Average over all atoms in the 
system 

3. Divide by the average atomic 
density <ρ>

dr 
r

 

g(r) =
1
ρ

dn(r,r + dr)
dv(r,r + dr)
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RDF: count the neighbors
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Properties of the radial distribution function 

For gases, liquids and amorphous 
solids g(r) becomes unity for large 
enough r. 

Features in g(r) for liquids and 
amorphous solids are due to packing 
(exclude volume) and possibly 
bonding characteristics. 

The distance over which g(r) becomes 
unity is called the correlation distance 
which is a measure of the extent of so-
called short range order (SRO)

The first peak corresponds to an 
average nearest neighbor distance.
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Radial Distribution Function - Crystal and Liquid

 

Q(r) = g(r) −1 ~ 1
r

sin(r /d + ϕ)exp(r /λ)
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• Liquid/amorphous g(r), for large r exhibit oscillatory exponential decay.

• Crystal g(r) does not exhibit an exponential decay (λ → ∞).
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Radial distribution functions and the structure factor  

• The structure factor, S(k), which can be measured 
experimentally (e.g. by X-rays) is given by the Fourier transform 
of the radial distribution function and vice versa.

Radial distribution functions can be obtained 
from experiment and compared with that from 

the structural model.  

S(k) =1+
4π ρ

k
r[g(r) −1]

0

∞

∫ sin(kr)dr

More detailed structural characterization - Voronoi Polyhedra 

Your Assignment : study and summary for Voronoi Polyhedra and 
submit as a ppt file (under 5 pages)



5.2 Methodology 5.2.1 Transformation Temperatures
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Variation of Tg depending on alloy compositions
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→ Broken Bonds
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→ Almost all of the BMGs exhibit Tg. But, there are a few exceptions to this. For example, 
Nd-Fe-Al and Pr-Fe-Al glassy alloys did not exhibit any Tg, even though Dmax > 10 mm.

low

high



largest





* Typically Tg is ~ 50-60% of the melting point.

* J Mater Res, 19 (2004) 685.





5.4 Differences in the Crystallization Behavior 
between Melt-Spun Ribbons and Bulk Metallic Glasses

(a) The melt-spun metallic glass ribbons solidified at higher cooling rates 
are farther from equilibrium than the BMGs. → a larger decrease in 
density and higher energy  stored in the melt-spun ribbons → One 
would expect that, due to the larger departure from equilibrium, the 
kinetics of crystallization in melt-spun glassy ribbons would be 
faster than that in BMGs. But this is not necessarily true. 

(b) Once the glass is heated to a temperature above Tg, the glass becomes a 
supercooled liquid (but still exists in the form of a solid). At this stage 
there is no difference in the “structure” between the BMG and the melt-
spun metallic glass that was obtained directly by rapidly solidifying the 
metallic melt, except that the extent of structural relaxation would be 
different in the two glasses. → Therefore, once the BMG has been 
heated to above Tg, the crystallization behavior of BMGs and melt-
spun metallic glassy ribbons will be identical (assuming that both the 
glasses have the same chemical composition). 



5.2.2 Activation energy for crystallization

Two different methods: (a) Kissinger method, (b) Ozawa method

(a) Kissinger method

- Could get the required data during 
continuous heating in a DSC

- Possible to evaluate the individual 
activation energies for the nucleation 
and growth stages of the transformation

- May not be useful in all studies of decomposition 
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Chen & Spaepen (Harvard,1988)

Glass :

a) glass nucleation  & growth
(perfect random)

Isothermal annealing
: rapid heating + maintain the temp.

)exp(1 nbtx −−= (n: 2~4, nucleation mechanism)

Corresponding heat release

1)1( −⋅−∆=− nbtnxH
dt

dH

(ΔH: total transformation enthalpy)

crystallized volume fraction after time t

J-M-A Eq.
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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) 

Glass 
: exothermic peak at non-zero time

1)1( −⋅−∆=− nbtnxH
dt

dH
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mr
M

dt
dr γ

⋅=

(M: atomic mobility, γ : interfacial surface tension)

corresponding heat release

2/)0()0( +⋅⋅=− mrMrH
dt

dH γ

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

c) Nanocrystalline  grain growth

Monotonically decreasing curve



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

Glass 
: exothermic peak at non-zero time

Nanocrystalline 
(or quenched-in nuclei)



Effect of quenched-in quasicrystal nuclei

Fully amorphous structureβ-Zr particle (~70 nm) in amorphous matrix

50 nm200 nm

β-Zr

(b) Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5(a) Zr63Ti5Nb2Cu15.8Ni6.3Al7.9

2 mm rod

I-phase particle in amorphous matrix

200 nm

I5 I3 I2

I-phase

3 mm rod



50 nm

[2]-3mm

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

50 nm

Role of icosahedral particle on the propagation of shear band
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σf = 1.70 GPa, εf= 2.37 %
σf = 1.71 Gpa, εf= 4.64 %

σf = 1.72 Gpa, εf= 2.05 % 

Effect of quenched-in quasicrystal nuclei

Compression test
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5 nm

HRTEM image in [b] alloy



./)/ln( 2 constRTQT gg +−=Φ
Kissinger’s equation

Effect of quenched-in quasicrystal nuclei

Activation E : driving force for nucleation 



40

Isotherm in DSC

Effect of quenched-in quasicrystal nuclei
Isothermal annealing
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Characterizing the structure – Measurement of radial distribution function,
also called pair distribution function by EXAFS analysis



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

2) Thermal analysis
DSC (Differential Scanning Calorimetry)

cf)   a) glass              nucleation  & growth
(perfect random)

b) local clustering: quenched-in nuclei          only growth

c)  Nanocrystalline              growth

: Measure heat absorbed or liberated during heating or cooling

Amorphous  vs Nanocrystalline

5.2.3 Structural Details



5.3 Crystallization Modes in Melt-Spun Ribbons
Variables :  solid solubility, number of stable & metastable intermetallic phases, composition



Crystallization Behaviors in Metallic Glass
Metallic glasses crystallize by a nucleation and growth process.
The driving force is the free energy difference between the glass and the appropriate 
crystalline phase. →(Free energy  vs.  Composition diagram)

1.     Polymorphous Crystallization

2. Eutectic Crystallization

3.     Primary Crystallization

G: Glass

α : Solid solution (Crystalline phase)

θ : Intermetallic phase

M: metastable phase

THERMODYNAMICS OF CRYSTALLIZATION

Crystallization mechanisms



Crystallization mechanisms

(a) Polymorphous transformation 
of the glass to a crystalline phase 
of the same composition. 

The product may be either θ (1) or 
M(2) or a supersaturated solid 
solution α(3). 

In the latter two cases subsequent 
decomposition can occur to the 
equilibrium mixture of α and θ (2’ 
and 3’)

G

θ
α

M

THERMODYNAMICS OF CRYSTALLIZATION



1. Polymorphous Crystallization: single crystalline phase without any change in composition

Growth rates and morphologies
















 ∆−
−













 ∆−

=
kT

F
kT

Fvau va exp1exp00

ΔFa=activation energy for an atom to leave the matrix and 
attach itself to the growing phase

ΔFv=The molar free energy difference btw C and G

Polymorphous crystallization in a Ti50Ni25Cu25 BMG alloy 
on annealing for 28 min at 709 K.

Growth kinetics of Zr2Ni crystals in glass of same composition. 
The broken lines indicate crystal impingement.



Crystallization mechanisms

(b) Eutectic crystallization of liquids

The glass can reduce its free energy 
to a point on the common tangent 
between either α and θ (4) or α and 
M(5).

In the case of the metastable 
eutectic between α and M 
subsequent further decomposition to 
α and θ can occur. (4’ and 5’)

G

θ
α

M

THERMODYNAMICS OF CRYSTALLIZATION



2. Eutectic Crystallization

Barrel shaped eutectic crystal in Fe40Ni40P14B6
annealed for 13 min. at 385℃

Eutectic crystallization in Zr62.5Cu22.5Al10Fe5 glassy alloy 
annealed for 10 min. at 713K.

- Largest driving force
- can occur in the whole concen-
tration range between the stable or 
metastable phases (Even though the 
whole transformation takes place in the 
solid state and therefore it should be 
more appropriately called a eutectoid 
crystallization, the term “eutectic” has 
come to stay, presumably because the 
stating material (the glass) is more 
liquid-like.)



Crystallization mechanisms

(c) Primary crystallization of 
supersaturated solid solution (6)

Since the α has a composition cα” 
which is less than that of the glass
cg solute is rejected from the 
growing crystals into the glass (4). 
Ultimately the untransformed, 
enriched glass (4) transforms by 
one of the other mechanisms 
discussed above.

G

θ
α

M

THERMODYNAMICS OF CRYSTALLIZATION



3. Primary Crystallization

- Forms first from the glass phase
- Supersaturated solid solution
- Since the concentration of the solute in the α-Fe 

phase is lower than that in the glassy phase, the 
solute (boron) atoms are rejected into the 
glassy phase and consequently the remaining 
glass phase becomes enriched in B until further 
crystallization is stopped. 





5.5. Thermal Stability of Metallic Glasses

(a)   Variation of Tg and Tx in the Zr65AlxCu35-x (x=0, 7.5, 20) alloys

Single exothermic peak



Compositional dependence.
In many binary 
Metal-Metalloid glass (Fe-B)

Tx is a maximum near the
eutectic composition

→ The same does not appear to be 
the case in all-metallic glasses

A monotonic decrease of Tx
with increasing Zr content
despite the existence 
in two eutectics

Metal-Metal glass (Ni-Zr)

5.6. Crystallization Temperatures and Their Compositional Dependence



Compositional dependence.
In many binary 
Metal-Metalloid glass (Fe-B)

Tx  is a maximum near the
eutectic composition

A monotonic decrease of Tx
with increasing Zr content
despite the existence 
in two eutectics

5.6. Crystallization Temperatures and Their Compositional Dependence

→ The same does not appear to be 
the case in all-metallic glasses

Metal-Metal glass (Ni-Zr)



5.5. Thermal Stability of Metallic Glasses
(b)   Arrhenius plot of the incubation time for the precipitation of crystalline phases  (τ)

in the Zr65AlxCu35-x (x=0, 7.5, 20) alloys

Formation of Zr2Cu phase
by polymorphous mode

Formation of Zr2(Cu, Al) and ZrAl phases
by eutectic mode

Shifted from the linear variation above Tg
→ suppressed precipitation of the crystalline phase from SCLR
due to possess highly dense randomly packed 
structures  →  increase in the viscosity   & 
difficult to have long-range diffusion → increased width of SCLR



688 K, correspond to the peak temp.
of the nucleation event of a crystalline 
phase formation

(C)   Annealing up to Ta at  a heating rate of 0.17 K/s (10K/min), annealed there for 60s 
→ measure peak temperatures for the nucleation and growth reactions 

of the crystalline phases in the Zr65AlxCu35-x (x=0, 7.5) alloys

* Measure Tx at a very high heating rate of 5.33 K/s (320 K/min) = corresponding  to the 
maximum growth rates, that is growth temperature
- Zr67Cu33: Just above the maximum temp of 670 K/ difference ~ very small
- Zr65Al7.5Cu27.5: the difference btw max nucleation and max growth temp. ~143K, resulting 

in enhanced resistance to crystallization (high thermal stability)
* Heating rate ↑ – not significantly increase the grain size in Zr67Cu33 ↔ considerably large  

grain size in Zr65Al7.5Cu27.5 due to the presence of fewer nuclei 

* Difference in the reciprocals of the Tp  between the
Pre-annealed and as-quenched samples



5.7. Annealing of Bulk Metallic Glasses: SR → SCLR (& PS) → Crystallization

Figure 5.11 Different pathways for a metallic glass to crystallize into the equilibrium phases

More stable & 
ideal glass

Starting point for all 
the transformations

Very rare

More frequently
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