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quasicrystal
research

gets notice
nationally

: Fmﬁgs could help

with fuel cells in cars,
| prolong artlﬁclal JOlIltS ;

PHYSICS TODRY

BY ANGELA VIERLING
*-Of the Post-Dispatch _

The king’s blacksmith used
‘ goat’s urine. These days Washing-
ton University’s Ken Kelton uses
an electrostatic levitator: '
.In both cases, the two were
trying - to control. a process
“called erystallization to'make a
.bettér product. The 'smithies
wanted to make better swords.

‘The kmg 'S blacksmlm used
% goat’s urine. These days Washing-
g ton University’s Ken Kelton uses
L an electrostatic levitator.

Kelton’s research could have

p an impact on matters as diverse

Targeting molten metals as-energy consumption-and the
manufacture of artificial joints.
It’s featured on the cover of the

- July ‘issue of "Physics Today

St. Louis, Post Dispatch, July, 2003
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It Starts with Nucleation

» First step in most first-order phase transitions
« Homogeneous nucleation — random in time and space

Crystal nuclei form Crystal nuclei grow Critical size —then
by chance aggregation and shrink quickly grows
(stochastic)

 Heterogeneous nucleation — random in time but not space

* Nucleation catalyzed by foreign substances
* Lower nucleation barrier
« Most common type of nucleation
* Practical uses
— Seeding of clouds
— Grain refinement (smaller grain sizes)
— Corning ware — fine grained ceramic

heterogeneous
catalyst




Nucleation In Medicine‘ ‘Nanobiotechnology

Au Nanoparticles Alfalfa plants
J. L. Gardea-Torresdey et al.
Nano Letters, 2, 397 (2002)

urinary stones

Nucleation in Cosmology

A First Order Phase Transition from Inflationary to Big Bang Universe
GERALD HORWITZ

Annals of the New York Academy of Sciences
Volume 470, Issue Twelfth , Pages380 - 380
1986 The New York Academy of Sciences




Anti-Nucleation/Growth Agents ;. @

Dissostichus mawsoni
the Antarctic toothfish

Melting temperature of blood
=-0.8°C

Water temperature = -1.9°C
Antifreeze glycoproteins
 Poison growth sites




‘Promotion of the Nucleation of Ice

Northern Wood Frog
Rana sylvatica

* only frog north of Artic Circle
 In winter completely solid, 65% ice
 Ice nucleating agent
- promotes freezing outside cell
- draws water from cells by osmosis
- cells oo -
congeal oo |-
into glass =
— | Ve &3

sssss ted
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Babirrel Fahrenpert
(1686 — 1736)

1721 — discovered
supercooling of water, i.e.
water is liquid below 32°F

D.G. Fahrenheit, Proc. Roy. Soc. London 33, 78 {1724

VUL Experimenta & Objervationes de Congela
aque in vacwo falle @ D. G. Fahren
R.S 5,
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rum congelationem non minoris momenti efle
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aere vacuo clauderetur. Et qUunnm dies fecun
tertius & quartus Mariiz, (Styli V.) Apni 1720
ejufmodi experimentis favebat, i;mc {equentes oblers3
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‘Supercooling of Liguid Metals (1952)‘

Turnbull Experiment Frank’s hypothesis
— The atoms in a metallic
o He | liquid are arranged in

7 the form of an icosahedron

- HEATING P . .
g FREEZING
B ) |
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10k ¢ Y Ahoi i
Sy "
B EQUILIBRIUM MELTING POINT Y 7
0 IA/I ] | | | l | ]
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T (K) ;
Nucleation of an
« All metals supercool to ~ 80% of Tm ordered crystal requires
e Surprising since it was thought that liquid/crystal that the icosahedral

strucures are similar order be destroyed




Crystals
Periodic Arrangement of Atoms

face-centere
cubic

l " hexagonal
— Metallic Crystals
Al,(SI0,)(FOH), Atoms packed like hard spheres

(Topaz)
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Theoretical Evidence for
lcosahedral Order

Molecular Dynamics
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Steinhardt, Nelson, Ronchetti (1981, 1983)



Icosahedral Quasicrystals (I-phase) ‘

i(HoMgZn) - I. R. Fisher and P. C. Canfield

* Non-crystallographic symmetry
e Quasiperiodic translational order

e Local and extended icosahedral
symmetry



lcosahedral Quasicrystal (i-phase)‘

D. Shechtman, et al. 1984



Nucleation of the icosahedral phase
(i-phase)
from AICuV Metallic Glass

I-phase — extended icosahedral order
Fit to classical theory of nucleation
Very small interfacial free energy

Oilg <0.1 cyxtl/I(AI)

Local structures of i-phase and glass
are very similar

J. C. Holzer & K. F. Kelton, Acta. Metall.,
39, 1883-43 (1991)

Nucleation of i-phase in
Undercooled Liquid

D. Holland-Moritz, Int. J. Non-Eqg.
Processing, 11, 169-199 (1998).

rf-levitation studies of i-phase and
related phases (crystal approximants)

Icosahedral Phase
w AlgCu,,Feq
AT' = 100K = AT/T = 0.1
w AlgCuy,Feg
= Al- Pd - Mn
AT' = 125K = AT/T| = 0.11

Crystal Approximants
w  pu-AlFe, =ATWT, ~0.15

Crystal Phases
= B(AICuCo) - (CsClI Structure)
= ATPHT, =~0.25



Ti-Zr-Ni Quasicrystals

Pseudo-binary Phase Diagram for [Ti]/[Zr] = 1

1 1 1 1 1
1600 |- —=—Liquidus _
A Solidus
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I-phase forms by solid-solid phase
transformation

But .... small as-cast
droplets sometimes
contain the i-phase

Growth rings indicate
I-phase grew from the
liquid
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S(q)

BESL Measurements of S

Ti;,Zr )Ni,,

1200 C ]

(9) Tor TigNig NIy,

1100 C

1000 C

900 'C

Increased short-
range order
with decreasing
temperature

800 C

760 'C

750 "C

2 3 4

34
qA)

K. F.Kelton, A. K. Gangopadhyay, G. W. Lee, R. W. Hyers, R. J.
Robinson, D. Robinson, Phys. Rev. Lett, 90, 195504 (2003).
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lcosahedral Ordering in the Liquid

Shoulder for
/\‘ icosahedron

\/' — fcc cluster
— — IcoSsahedron

3 4 5 6 7
q(A™)

Icosahedron bcc

Ratios of S(q) peak positions:
g(2nd)/q(1st) = 1.74 £ 0.01
g(shoulder)/q(1st) =1.95 £0.01

Perfect icosahedron*:

(*S. Sachdev and D. R. Nelson, PRL
53,1947 (1984).)
g(2nd)/q(1st) = 1.71
g(shoulder)/q(1st) =2.04



‘ Experimental Scattering Evidence for Icosahedral Order

Electromagnetic Levitation

Two Colgur Pyrometer

. oy

=LY
Feedihrough

DC Mognet

Quartz Window
HF -
Generotor

Fost Temperature
Sensing Device

Flkw) = 24

— I 4"-:Iigj\l-!\!-‘n:mn fer
| ===t P : . QIA"]
ol ' d o
R I R— rbo-  Neutron diffraction
o P— S « Fits to single shell icosahedra
mes “h - Icosahedral cluster (dashed

C:I line); dodecahedra, (solid line);
ponveef "% 8 Fiogge fcc (dotted line)

T. Schenk, D. Holland-Moritz, V. Simonet, R. Bellissent, and D. M. Herlach,
Phys. Rev. Lett., 89, 075507 (2002)



Going Beyond the Single Cluster Model

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

Topological analysis
Bond Orienational Order Parameter Analysis (Steinhardt et al.)
 Calculate bond angles (8 and ¢ ) between atom at center of cluster and
vertex atoms
 Express as average order parameter in terms of spherical harmonics

0 [47; leé.mz} where Q_mzNiZY,m(e(?),(p(?)j

2| + 1 — b bonds
e Icosahedral order — Qg

Honeycutt Andersen Indices (uses root pairs)
15t index — the peak in g(r) to which the pair belongs
2"d index — number of atoms counted as nearest-neighbors of the root
pair
3'd index - the number of pairs of nearest-neighbors that form a bond
4™ index - classification for clusters with identical sets of the first three
indices but with different bond arrangements




HA Indices —
Some
Examples

O ] 0O

‘

‘

cutoff distance cutoff distance

(1211) (1201)

Icosahedral Cluster Distorted Icosahedral Cluster



- Bond Orientational Indices -

Examples
08 | || I || || ] || || || ||
o R B -
OO [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
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_ . h C I:l) 13l || || || || || || ||
O 04 F . -
1 1 1 1 1 - 1 1
01 2 3 4 5 6 7 8 9 10 11
04l bcclb5 . _
0.0 1 1 | I 1 . -
0 _1 2 3 4 5 6 7 8 9 10 11
ul  Sc 7 ]
oob— 0 _ 2 1 1 1
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Results from RMC Fits

RMC Results

e Excellent fits to all data
« Good for different starting

configurations
Reasonable average structure

-
10F

0 2 4 6 8 o
r(A) s

Bond angle distribution p

« Slightly better fit to icosahedral & %4
 Indicates mixture of order S ool

_ .

0.0

icosahedra
crystal

0 20 40 60

80 100 120 140 160 180
0 (degrees)



Analysis of RMC Results

7000 ———— 1 Honeycutt Andersen Indices
6000 - icosahedrd o |cosahedral order is greatest
o so00| crystal 1 - 1551 (pure)
8 Loool ) » 1431 and 1541 (distorted)
S - 1 e+ lcosahedral order increases with
3000 1661 i _
- supercooling
2 000, 1 < Significant fraction of crystal
.__._/4—0\./0
1000  °Taz21 . . - order (bcc)
" (] " (] " (] " (] " (] " ] (
cS)JOO 1000 1100 1200 1300 1400 1500 18
Temperature (K) T ' ' ' T
s — ]
14f i -
. . O 1ok i
Bond Orientational Order g O
e Q6 — measure of icoshaedral é sk i
order S osf
* Q6 increases with supercooling 04 "
 All others decrease 02 "
> - 0.0




S(q)

‘Supercooled Ni Liquid‘

35 I T I T I T I 1.50
i l/ —1450°C
30} } o
i 125 %ﬁﬂﬁyﬁ- N ]
251 " |

8 10 12 14 16



Number of Pairs

Ordering in Supercooled Liquid Ni
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T. H. Kim and K. F. Kelton, J. Chem. Phys. 126, 54513 (2007)




Key Conclusions from RMC Results

 These transition metal liquids are characterized
by icosahedral order that increases in quantity
and coherence length (from narrowing peak
widths) with supercooling

e Supports key conclusions from previous
dominant cluster analysis

 But - significant types of other local
environments, some with crystal character

e |cosahedral order even found in pure
transition metals




Liguid Structure Template for Nucleation

Number of 1551 Pairs

6000 . . . . .
~
S
\.
5500 |- N -
~
~
o N
~
5000 - . -
~N
o N
S -
Y
~
4500 N ] ] ] ] ] N
900 1000 1100 1200 1300 1400 1500

Temperature (K)

Critical cluster diameter for nucleation - 3.5 nm
Coherence length of icosahedral order - 2.1 nm

T. H. Kim and K. F. Kelton (2007)
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Phase Separation Catalyzes Nucleation

 Phase separation into
CaO.P,0O; rich regions
e Catalyzes crystallization

SEM of phase separated
(Si02)61.5(A|203)9.4(Nazo)g.z(Kzo)r?'
(CaO)G(ZrOZ)O.S(TiOZ)O.Z(PZOS)l.Q(CeOZ)O.3
(Li20)0.5(8203)0.3|:2.5 glass

Nano-precipitation Catalyzes Nucleation

®® ® FINEMET
amorphous | =3» > ® ©® g Metallic
0 Glasses
As-gquenched Precipitation Heterogeneous a-Fe(Si), Cu-rich
of Cu clusters Nucleation of precipitate (m),
a-Fe(Si) on Cu Nb&B enriched glass
(1) (2) 3) (4)

Y. Q. Wu, T. Bitoh, K. Hono,
_ _ A. Makino, A. Inoue,
Increasing anneal time > Acta Mater. 49 (2001) 4069




Extremely high nucleation rate Common in Al-based glasses

Diffusion-limited growth
| 9 AlgNi La, - another example

O

. Hoy % 5 B
L . iy 8 A B
a ekt e > o
- W ) A l—
oy . e T -
RER = g
Lo,

(

Al agglomerates '

N (b) +>

5,92 = o0 I . 1 1A
3 £ v 'S - A *F “F
— 90 = 80 M
e = =
5 70 I T
2 88 g 60 4 —A 1 1 3
8 g 50 —Ni | 1
1_ T ] '
O 86 E 40 La : c ]
E ) 1 [ 1
Q 844 L g 3 = -
O ES c 20 1 /ad
—_ 2 Q 1
< 82. O 10 ¥ r £ T.nf' !' T =
100 e e 3O S S SR W s TR
| 80 /
50 40 Ni agglomerate Depth (nm)
0 0
Y (nanometer) X (nanometer)

B. Radiguet, APL, 92, 103126

N. Mauro, L. Longstreeth-Spoor, K. Sahu, M. Miller, (2008)

K. F. Kelton, Acta Mater. (submitted).



‘ Molecular Dynamics Calculations for Colloidal Suspension

Long-Range Short-Range
' [ 1 o Pieter Rein ten Wolde &
24 | Daan Frenkel, Science,
! \/ oF | (ﬁ —| < Vol. 277, 1975-78 (1997)
10 15 20 10 15 20
rla ria

fluid—solid

l-.]
1.5 3

W fluid—solid Metastable
| ___— Critical Point
A-D/

_,——--'E----ﬁl.._ 1 1.0
T fluid-fluid "
¥y

I . . : — Enormous decrease
0.0 0.5 1.0 0.0 I}I.Erql 1.0

po’ pa In nucleation barrier !

100 ——

 dilute colloidal liguid (analogous to vapor
phase)

» dense colloidal fluid (analogous to liquid) T

« colloidal crystal phase E

TS

&0 —_ . .
na 10 1.2



‘Coupling with Magnetic Ordering

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

[ 1 AT=100K

T AT=300K

Undercooling is limited "’;
by onset of magnetic =
. . *®
ordering, just above T, <«
in undercooled oF
Co-based liquids =
90 100

Pd; Coy, - at.% Co Co
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Oscillating Droplet Measurements
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Thermo- physical Properties of Supercooled Ti; Zr,,Ni.,

1.700

Ti;,Zr ;) Niy, R. W. Hyers, R. Bradshaw,
U. Mass

e, Dramatic decrease in
. ¢ E— "
P = surface tension

Surface Tension [N
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*
. *
*
o5
. *
* . * .0
. * ’0.
»

1.500 o
:
1.450
5980 .
Cp, config =D ECp, config = maximum, . °
1.400 : : : : : : : : Surf. Tens. diverges isurface tension decreasing Tl37zr42N12 1
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 5960 <,
Tenp [K] }.g"r. : Cp, config and surface
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5040 ,-‘%. ;
' ”"'«"«.g"’o‘&o:;..:';. ve /
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Critical point ? — liquid/liquid phase | .. | s
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. . 5860 : ey
iIcosahedral ordering -

Mode Coupling ?

T
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Temperature [C]




‘Thermo- physical Properties of Supercooled Liguid

<€

— .
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N [ 4
= ]
S 401 © .
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._Ua. ‘ \‘
36 9 .
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2t g
900 1050 1200 1350 1500 1650
Temperature (K)

R. W. Hyers, R. Bradshaw, G. W. Lee,
A. Gangopadhyay, J. Rogers, K. F. Kelton.

Rise in viscosity
>

Specific heat maximum ?
Issues with noise, emissivity -
these are under investigation ...
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Local Probe of Icosahedral
Order In a Glass

Time-Dependent
Nucleation Studies



Metallic Glasses

Rapidly cooled from liquid
Dense packing but local
structures are less
ordered than crystals
Similar to dense random
packing structure
lcosahedral short
range order is prominent

TECHNOLOGIES

ugu/mmu
o
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Glass Transition
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‘Quantitative Nucleation Rate Measurements

e Two-step annealing
treatments Ty Tg

— Nucleation Rate
—— Growth Velocity

e Count nuclel directly

— Optical microscopy
— SEM or TEM

N = _t[l(t)dt: 1°1

0

Number of nuclei

Annealing Time



Zrg, Ti;CuyNigAl,, Glass |

Bulk metallic glass former

Large supercooled liquid region ~
60 K

Primarily crystallize to nano-size
icosahedral quasicrystal phase (i-
phase)

Differential Scanning Calorimetry

Exothermic

iffergntial Power (a. u.)

A

600 /61'30 700 750 800 850
Temperature (K)



Time-Dependent Nucleation of I-Phase

Steady State
T — Nucleation
Zreo TizCu,oNigAl,
410" F Rate, IS
F.._:""‘\
&
Nt
é 310"
=
O
om0t _
o Nucleation
R e Temperatures
g =10
<
|:| ] ] ] 2
#} 20 40 60 B0 100 120
o Time (min)
Induction time,0 Growth (430°C)

T. Shen, T. H. Kim, A. K. Gangopadhyay, and K. F. Kelton, Phys. Rev. Lett., 102,05780 (2009)




From the Classical Theory of Nucleation

Transient time: 8
&  355C
T = iz 2] v 330C I
T 6 = G950
A 400C
Kashchiev scaling expression*: é A
N(t) t 2t 2| :
7Z'
-2 9 ex
5 7 6 Z;‘ n’ e 2r -
Fy
*D. Kashchiev, Surf. Sci. 14, 209 (1969) .

Fit to time-dependent nucleation data using v
e measured viscosity

» calculated driving free energy from enthalpy and measured

specificheats 7 "2°0.01 + 0.004 J/m? |

= glass has significant short- and medium-range icosahedral order




Synchrotron High Energy X-Ray Diffraction Studies

Density of 1551 clusters

2800 ~
2600 ;
2400 ;
2200 ;
2000 ;

1800

1600

200

400

600 800 1000 1200 1400 1600

Temperature (K)

K. F. Kelton (2007)

gopadhyay,



‘The Glass Transition

11 85

S led
. Growth of ISRO wo ©e Y "q”LﬁSm””E
. s _‘—
ISRO ’ g o
.
= B {:}
T. T, R
[ | ° |
TI'A} na nT niA N& -

» Geometrical frustration

« MD Calculations - LJ potential
 Cluster extent > containeras T — T,

» Resembles percolating bond network

=T,

Zetterling et al, JNCS, 293-295, 39 (2001)
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Thermo- physical Properties of Supercooled Vit 106a
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 MRI?Proposal Pending (submitted August, 2009)
 Elastic, inelastic and quasi-elastic studies on SNS (Oak Ridge)
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Conclusions

Local structure of supercooled transition metal liquids and glasses
. Icosahedral short-range order is significant in many cases, but

. The amorphous structures also contain many other types of local
environments, including some with crystal character

. Some liquids show medium-range order

 Anincrease in icosahedral order is associated with the glass
transition

Amorphous structure is important for phase formation and stability
. Directly couples with nucleation barrier
. Likely important for glass formation (crystal nucleation is difficult)

Possible new types of nucleation where other phase transitions (not
Necessarily of the same order couple with the nucleation barrier

Studies of dynamical properties of liquids needed

Postdoctoral and Graduate Student Openings




Oh, Yea — What about the
goat urine?

e Forms martensite (tetragonal)
from austenite (fcc)

* Precipitation of carbides and
nitrides at the surface

« Surface hardening treatments

Salnt Louls

Case Hardened Steel
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