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Al88Fe5Y7 

Crystallization 



•! Liquids – maximum undercooling  

•! Metallic glasses  

–!JMAK transformation kinetics (volume fraction 
transformed) 

–!Single Temperature Annealing 

–!Nucleation and growth convoluted in both 

•! Two-temperature annealing treatment – 
common in silicate glasses, recently applied 
to metallic glasses 



•! Two-step annealing 
treatments 

•! Count nuclei directly 

–!Optical microscopy 
–!SEM or TEM 

•!   
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Gabriel Fahrenheit  (1686 – 

1736) In 1721 – discovered 

supercooling of water,  i.e.  

water is liquid below 32oF 



K. F. Kelton and A. L. Greer,Nucleation in  

Condensed Matter,  Elsevier, 2010. 
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Solid State Physics 45 (1991) 



Diffuse Interface  

U. Gasser et al. Science, 292, 258–262 (2001). 

Crystallization in Colloidal Suspensions 

       Diffuse Interface – Not Compact 

L. Granasy, J. Non-Cryst. Solids, 162, 301 (1993) 

F. Spaepen, Solid State Physics, Academic Press (1994), pp. 1-32 



Work of cluster formation 

•! Does not rely on any assumed dividing surface 

•! Does not require introduction of interfacial energy 

!o 

Fluctuation 

to new phase 

•!     Determine critical size 

•!     Analogous to dG/dr = 0 for r=r* 

•!       Solve for density profile (!*(r)) using Euler’s equation 

•!     Determine W* from 

G 

"1  "2  Saddle 

Point 

Cluster Flux (path of 
steepest descent) 

D. Oxtoby, Liquids, Freezing and the Glass Transition, Elsevier (1991), pp. 145-161  
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             Fitting Procedure 

•! Assume expected value for 
!* 

•! Plot ln(Is/!*), where Is are the 
measured values for the 
steady-state nucleation rate, 
as a function of X=!3(T)
!!-2T-1 

•! Expect  

–! straight line with slope 
proportional to #3 

–! intercept at origin 
•! Use measured intercept to differentiate between predictions of models 



L. Granasy, P.F. James,  

Proc. Roy. Soc. Lond. A  

454 (1998) 1745–1766. 





•!    All metals supercool to $ 80% of Tm 

•!    Surprising since it was thought that liquid/crystal   

      strucures are similar 

The atoms in a metallic  

liquid are arranged in  

the form of an icosahedron 



Nucleation of the 

icosahedral quasicrystal in 

metallic glasses 

•! Common in Ti/Zr/Hf based 
glasses 

–! Zr65Al7.5Ni10Cu12.5Ag5 

–! Zr70Fe20Ni10 

–! Zr62-xTixCu20Ni8Al10   (3 % x %5) 

–! Zr80Pt20 

–! Hf59Ni8Cu20Al10Ti3 

–! Zr55Cu35Al10 

–! … 

•! Also observed in other 
glasses 

–! Pd60U20Si20 

–! Al95Cr3Co2 

–! Al75Cu15V10 

•! Often nanocrystals ! high 
nucleation rate (low barrier) & 
slow growth (often diffusion-
controlled) 

Zr64.9Cu27.5Al7.5O0.1 

B. S. Murty & K. Hono, Mat. Sci. Eng., 

A312, 253 (2001) 

D. Shechtman et al., PRL (1984) 



•!  Fit to classical theory of nucleation 

•!  Very small interfacial free energy  

•!  Local structures of i-phase and glass 

   are very similar 

J. C. Holzer & K. F. Kelton, Acta. Metall.,  

39, 1883-43 (1991) 

#i/g < 0.1 #xtl/l(Al) 

D. Holland-Moritz, Int. J. Non-Eq.  

Processing, 11, 169-199 (1998).  

•!    rf-levitation studies of i-phase and  

     related phases (crystal approximants) 

•! Icosahedral Phase  

! Al60Cu34Fe6       

     &TI  $ 100K " &TI/TL  $ 0.1 

!  Al58Cu34Fe8    

! Al- Pd - Mn         

     &TI  $ 125K " &TI/TL  $ 0.11 

•! Crystal Approximants 

 !     ! - Al13Fe4  " &T!/TL  $ 
0.12 

 !     ! - Al5Fe2    "&T!/TL  $ 
0.15 

•! Crystal Phases 

!    '(AlCuCo) - (CsCl Structure) 

        "   &T'/TL  $ 0.25 



J. R. Rogers, 

NASA 

•!  ( 10-8 torr 

•!  Heating  

   & positioning  

   decoupled 

•!  Stable within 

   50-100 µm  





Pseudo-binary Phase Diagram for [Ti]/[Zr] = 1 But  …. small as-cast 

droplets sometimes  
contain the i-phase 

I-phase forms by solid-solid phase  

transformation 

The growth rings 

indicated that it  grew 
from the liquid 



Recalescence   

to metastable  

quasicrystal 

fcc cluster 

icosahedron 

Icosahedral  

ordering in  

liquid 

K. F.Kelton, et a. Phys. Rev. Lett, 90, 195504 (2003) 





•! In the quenched cluster 

distribution, the cluster 

population at the critical 
size is too small (can’t 

maintain steady-state 

distribution during the 

quench) 

•! The quenched 

distribution evolves 

toward the steady-state 

distribution with 

annealing 

V. M. Fokin, A. M. Kalinina and V. N. Filipovich, J. Cryst. Growth, 52, 115 (1981) 

Expected Is 



Diffusion equation in size space 

Fick’s law 

Kashchiev’s solution - I(t) 

D. Kashchiev, Surface Science 14, 209–220 (1969) 



•! Nucleation rate decreases far below the  

      steady-state rate 

•! Temperature of departure from steady state  

      rate increases with quench rate 

•! Due to inability for cluster distribution to relax  

      during quench (frozen distribution - more  

      typical of high-temperature distribution) 
Can dramatically  

Influence glass formation 

in marginal glasses 



Fit to time-dependent nucleation data using 

•! measured viscosity 

•! calculated driving free energy from enthalpy  

•! and measured specific heats 

! = 0.01 ± 0.004 J/m2 

Evidence for significant short-range icosahedral order in glass 
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 Zr59Ti3Cu20Ni8Al10 "

Y. Shen, T. H. Kim, A. Gangopadhyay, K. F. Kelton Phys. Rev. Lett. 102 (2009) 057801 



Zr59Ti3Cu20Ni8Al10  

Y. Shen, T. H. Kim, A. Gangopadhyay, K. F. Kelton  

Phys. Rev. Lett. 102 (2009) 057801 



cutoff distance cutoff distance 

(1 2 1 1) (1 2 0 1) 

Icosahedral Cluster Distorted Icosahedral  Cluster 

Reverse Monte Carlo  

(McGreevy )  

Statistical fit to S(q) or g(r) 

data to obtain atomic 

structure 

No energies involved – 

worry about uniqueness of 

structure 

HA index analysis 



Zr59Ti3Cu20Ni8Al10  

Y. Shen, T. H. Kim, A. Gangopadhyay, K. F. Kelton  

Phys. Rev. Lett. 102 (2009) 057801 



50 nm 

Al 

– Perepezko et. al. 

– Kelton et. al. 

Al88Y7Fe5 

H. T. Zhou, J. Alloy. Comp., 475,  

706, 2009 

Fe75.5Si13.5B9Cu2 



Coupling between first order phase transitions 

Phase 

Separation 

B. Radiguet, APL, 92, 103126  

(2008) 

Al agglomerates 

Al89Ni6La5 

Precipitation 

FINEMET 

Metallic  

Glasses 

Y. Q. Wu, T. Bitoh, K. Hono,  

A. Makino, A. Inoue,  

Acta Mater. 49 (2001) 4069 

Gd18Ti37Al25Co20 

H. J. Chang et al., Acta Mater., 58, 

2483 (2010) 



•! Ideally 

–!Remove atoms one at 

time from sample 

–!Record atom type and 

original position 

LEAP Si™ Metrology System  

Imago Scientific Instruments 



Extremely high nucleation rate 

Diffusion-limited growth 

50 nm 

Nanoscale Phase Separation 

 K. Sahu et al, Acta Mater. (2010). 

0.4 nm 

•! Al 

•! Y 

•! Fe 

Isothermal DSC 



Isothermal DSC scan 

Al88Y7Fe5 

Al87.5Y7Fe5Ti0.5 

Resistance vs. annealing time 

Al88Y7Fe5 (235 °C) 

Al87.5Y7Fe5Ti0.5 (250 °C) 



•! Phase separation in base 

glass (Al88Y7Fe5) 

–!Al concentration varies by ~ 7 

% 

–!Regions separated by ~ 65 nm 

•! No evidence for phase 

separation in microalloy 

Base 

AlYFeTi 

!!  Improved glass formation     

      and stability due to  

      suppression of phase  

      separation 





Undercooling is limited 

by onset of magnetic 

ordering, just above Tc 

in undercooled  

Co-based liquids 

Magnetic contribution 

to driving free energy 
(Holland-Moritz, Spaepen, 

Phil. Mag. 84, 957 (2004)) 

D. Herlach et al. - Phil. Trans. Roy. Soc. 361, 497 (2003) 

CoSm CoSm 

&T= 100K &T= 300K 



•! Classical Theory of Nucleation 
–! Fits temperature dependent data in terms of effective Interfacial  - 

provides some measure of the structural and chemical differences in 
initial and new phases 

•! capillarity assumption questionable for small clusters 

•! Incorrect pre-term predicted (sometimes by orders of magnitude) 

–! Quantitatively explains time-dependent nucleation behavior 

•! Correction to Thermodynamics 
–! Phenomenological diffuse interface theory 

–! Density Functional Theories 

•! Coupling is important 
–! With amorphous structure 

–! With other phase transitions 

•! Correction for kinetics when interfacial and diffusion processes are 
similar 
–! K. Russell, Acta Met., 16, 761 (1968). 

–! K. F. Kelton, Acta Mater. 48, 1967 (2000) 

–! H. Diao, R. Salazar, K. F. Kelton, L. Gelb, Acta. Mater., 56, 2585 
(2008). 


