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Introduction

Glasses are materials with
*amorphous structure
showing a gradual
transition from the liquid
to the solid without well
defined melting point.”
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Introduction

Physical properties change
gradually on lowering the

temperature

Cross-over depends on

cooling/heating rate

I.e. properties depend on thermal

history

Glasses are in a frozen in meta-

stable state

» susceptible to crystallization
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Examples for glasses

Traditional glasses
Sio,, B,0,, P,O, based

Window glass

SiO, with sodium or potassium

minerals (soda, potash)

Glasses for art work
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doped with variety

of elements

In everyday life

Industrial glasses
Polymers
Plastic materials: PE, PMMA, PS

SMO (small organic molecules)

Glycerol, OTP, salol, squalane,

Metallic glasses

- /_/
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History

Art of glass making known since

ca 3000 b.c.

Earliest records in Egypt and
Mesopotamia, later many
records in Rome

Sacophagus of Tut Ench Amun

Glas 2): Becher aus dem
Grab Thutmosis' [11.;
Hohe 8,5 cm, um

B 1450 v. Chr. (Miinchen,
B Staatliche Sammlung

&8 Agyptischer Kunst)
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Structure by X-rays

Scattering amplitude from a crystal

Ferystal (Q) = Z F. mol (Q) exp(ier) . Z rRnEXP (IQRn)

'

unit cell structure factor lattice sum

O =~ N W A OO N ® ©
S S S

leading to reciprocal lattice
GeR, = 21 (hn, +kn,+In,) "’

As there is no lattice in amorphous structures we have 2
to treat the whole sample like a molecule 1

Fmol(Q) =2, i Fi(Q) exp(iQr;) gé’ggg‘gmi
With the sum running over all atoms in the illuminated ﬁ%‘.ﬁgm
volume R



Structure by X-rays - temperature dependence
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Fig 1:Structure factor Sy{g) of PdygCusgNijoPy at Fig 2: Position g; and height 5(¢q;) of the first
different temperatures maximum of the structure factor Sp{g) vs temperature

N. Mattern et al APL 2003
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Structure determination of amorphous materials

X-ray diffraction using high energy photons Neutron diffraction

+ high penetration depths (mm-cm) + sensitive to different isotopes
+ relatively fast, suitable for in-situ studies + ASF do not depend on Q
- less sensitive to elements + probes magnetic state of matter
- ASF depend on Q - large sample volumes
{ R#* 15t eoordination shell - relatively slow, not suitable for in-situ studies
g

2nd coordination shell

eontinuun

Extended X-ray Absorption Spectroscopy
_;'“ + highly sensitive to elements
+ reveals local atomic configuration
+ relatively fast, suitable for in-situ studies
LA N - restricted sample size, geometry
) D\ (4 ' - rather difficult to quantitatively analyze data

AR d‘@* ._
e on amorphous samples

However, none of these techniques gives a
——— complete 3D image of amorphous structure ®

T A



Reverse Monte Carlo modeling

Diffraction:
The partial gij(r) functions are calculated from the atomic

00441

XRD

Move:
One particle is moved randomly taking into
account applied constraints.

XRD
RMC fit

Settling:

Everything is repeated until
. ¢ begins to oscillate around
a constant value.

coordinates and transformed to reciprocal space: ‘-5j
Armpc; . 1.0
5 (@=—5 [rsinQr(g; (r)-1)dr
together with a weights (for ND f(Q)=b) %
_ (2- 5ij )CiCj f,(Q) fj Q) B
! ZCiCj f,(Q)f; Q) o
ij
are combined in total structure factor
S (Q) = zwij (Q)Sij (Q) N D
ij
e l‘u ND
1_0-‘ i1 RMC fit
0.5
g 1 i\
b LD AR S i B o i
054
.1_0-‘
EXAFS:
The model of EXAFS signal x(k), at 0:264
the absorption edge of i-type ato 8201
can be calculated from the g;;: o
I % 0.054
1K) = Y 4me p[ iy, (rK)g, (rdr 2P
i 0 -0.054
while Vi is the atomic pair backscattering signal -0.10]
. -0.154
7ii (r k) = A; (k, r)sin(2kr + @;; (kr)) P

Courtesy of Dr. K. Saksl|

lllllllll

EXAFS above Co-K edge
RMC fit

Acceptance of the move:
: First the experiment-model difference is
calculated 1o 2
l//z _ Ez [gexp _ ;RMC]
}( i=1

If 42, < ¢, the move is always accepted.
If @21 > ¢, the move is accepted with the

T T T T T T T T T T 1
35 40 45 50 55 60 65 7.0 75 80 85 90

probability exp[-(¢.1 - 2]
k (A")
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ZrmCu30

Q.(S(Q)-1)

experimental data
—— RMC fit

Partial pair corellation function

Q.o-—-

LA I N EL N R |
10 11 12 13 14

istance r (A)
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Structure by X-rays - temperature dependence Il

10 Pdmcuaumiwpm . 292 ey T T T T T y T EF
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N. Mattern et al
Fig 1:Structure factor Sr(g) of PdygCusgMNijoPy at Fig.2: Position g, and height S(q;) of the first APL 2003
different temperatures maximum of the structure factor Sr(g) vs temperature

Below T,: harmonic change, described by Debye behavior
At T, Transition to lower Debye-temperature
+ structural changes
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The glass transition temperature T,

Logn

12

10

[ A SiO, X 0-terphenyl
- @ Ge0; ¢ Glycerol
E
A BeF, 0
- ZnCl, il 77 — exp(_ ]
- o LilH;C00 Strong’?é . k(T _To)
| ® 4Ca(NO3),. 6KNO; 7 -l
+ Ca(ND3),. &H,0 /’f/ _ VET law
[ e H,500.3H,0
I transition
temperature T,
: : Very strong
I 7 fragile variation of n/ t
. y with temperature
0.4 | 016 | 018 l 1.0
T IT

T, determined by state of the experimental technique
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Differential Scanning Calorimetry (DSC)
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Differential Scanning Calorimetry

Supercooled liquid region:

AT:Tonsetx'-rg

Glass forming ability (GFA)
AT

T =TT

onsetx

T

onsetm

Heat flow

enhd

infletion . .
inflexion
onset
Temperature

and many others
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Kautzmann paradoxon

Glass transition at T, when
entropy of the amorphous is lower
than in the corresponding crystal

Volume, Enthalpy

Temperature

ASIS,

All real systems fall out of
equilibrium before g

J l i
0 100 200
T, i To
Temperature (K} ;i’
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Glass transition

Dynamics in real disordered solids

e microscopic process: rather
harmonic in most glasses

o cage (B)- process: intermediate
times

a- process: long range diffusion,

very strong T-dependence,

stretched exponential
f, exp(-(t/7)P)

glass transition T.: o and
B process merge

14 microscopic
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Density correlation functions and MCT

4,0)= (3, )1 {}p, 0] )

G,(0)+ 02,0+ 02 [ m, t-t), (')t = 0
Equation of motion for density correlators including ,,memory term*
» Ergodicity - non-ergodicity transition at T,

* Power laws for correlation functions near T,
* Order parameter Is the ergodicity parameter f,

Fo(t)=f, —h (t/z) +...~ f exp(-t/z,)’ a-relaxation
F(t)= T, +h, (t /0 +.... B-relaxation (cage process)
fo T, —T Square-root singularity
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Density correlation functions and MCT

f ~ T =T Square-root singularity

T, describes a transition temperature which
In contrast to T, does not depend on

experimental parameters.

The glass transition is an ergodic - non

ergodic cross over

In most systems T is 20% higher than T,

l.e. the transition is in the “liquid” region
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The glass transition temperature T, and T,
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12 @ Ge0; ¢ Glycerol
I A BeF; _
a chlz
10F o LiCH5C00 strong e -
 m 4Ca(NO3),. 6KNO, /ﬁ;/ 1
8 + Eﬂ[NU;,)g.IngG /
b HQSDL3H20
=
©n 6 m
=
A i
2+
+/
0r .
-1 i i 1 1 i
0.4 0.6 0.8 1.0

TolT
Hermann Franz | Master course mod. X-ray physics | May 2011 | Page 19



Density correlation functions and MCT

Figure 4. Comparison of the MCT solution for ¢, (¢ ) (solid curve) with the asymptotic f-relaxation

approximation (dashed curve) (equations (25) and (26)). The dotted curves show the two power laws.
(From reference [4].) %
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MCT results for correlation functions at the glass transition

log  t
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Nuclear resonant scattering

E =14412.497 eV, Transmitted pulse, plus
AE =4.7 neV resonantly scattered radiation
50 ps pulse, S/
PSP _L E JAE ~ 10 neV
tuned to the ‘ :
. e Orders of magnitude weaker
transition
energy
AE = meV WWWNWW\/\/\M/\/WW/UW I‘/l\\\
G
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NRS set-up

SR-Speicherring

NIS
\
Probe /_—+ i
NFS

EEEN
Monochromator

Undulator -
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Quasielastic nuclear resonant forward scattering
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Butyl phthalate / ferrocene
Exact treatment of QNFS: I. Sergueev, HF,.. PRB 2003
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Non ergodicity parameter

&
0.1 .

fLm

0.01 T T T T T
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Square-root behaviour as predicted by mode-coupling theory

Stretching exponent £ = 0.48, independent of T
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Relaxation rates
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T. Asthalter, 1.Sergueev, HF, et al EPJ B (2001)
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Neutron scattering results

10

S(Q.t)/s(Q.0)
@]
[4)]

Masterplot

005

J. Wuttke et al, Physica B (1997)
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Dielectric spectroscopy

153K 158K = 163K 173K 183K 193K203K223K253K o
10" F
- 100 B *
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4 6
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lo =
T
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FIG. 2. Frequency dependence of the dielectric loss in propylene carbonate at various temperatures. The solid lines are fits with the CD

function. the dotted line is a fit with the Fourter transform of the KWW law, both performed simultaneously on &'. The dash-dotted line

indicates a linear increase. The FIR results have been connected by a dashed line to guide the eye. The inset shows v =1/(27(7)) as

resulting from the CD (circles) and KWW fits (pluses) in an Arrhenius representation. The line 1s a fit using the VFT expression. Eq. (1).
with Tye=132 K. D=6.6. and v;=3.2x 10" Hz.

U. Schneider et al. PRE (1999)
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Bulk Metallic Glasses

_Courtesx of prof. A. In

rPSS——————— . ]
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> Historically first alloy AuSi (1960) cooling with 10° K/s
> 1969 PdCuSi — only 102 K/s needed

> First commercial amorphous alloy, Vitreloy 1 (41.2% Zr, 13.8% Ti, 12.5%
Cu, 10% NI, 22.5% Be)

> Families of alloys
Pd based: PACuNiP
Zr based: ZrNi, ZrTiCuNiBe (v4), ZrAINiCuAg, ZrPd, ZrAlICu, ZrAICuNiFe
La based
Fe based: FePCAIBGa
Cu based: CuZr, CuTiZr
Al based: AlLaNi
Ni based: NiZr, NiNbY

and many more
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1788 QK Jiang et al § Aeta Maserialia 56 ( 2008) 178517496

Table 1
The critical sizes (d;) and thermal parameters for Zrygy— s CuAg)—z), Al (x =79 at1%, y =42 50 at and z =0.75-0.875) alloys, together with other
BMGs reported in Refs [20,27,28] for comparison

Alloys Critical size Amorphous mgots (25 g) T, T, T T AT, ’ T

FrasCllggAly 5 mm N 715 m 9T 1163 56 0615 0411
Erap(Cuy eAgq ey Al <20 mm No TOd 7R3 1053 1242 9 0.567 0402
Lrar(Cug s sA L1758 )aeAls <20 mm Partial mz &2 1056 1123 &0 [.625 0428
ZraslCus gAgipshieAls <20 mm Partial T3 781 1060 1125 T8 0.625 0427
Zrap(CugpAgymueAls 20 mm Partial oG 774 1057 1118 65 0634 0424
LrasiCug A il 20 mm Partial T TR3 1062 1208 T3 (1. 588 D408
ErasiCuy 555421755 sy =2 mm Yes 1 TR 10463 1154 T4 n.alh 0421
Eras(CuspAzishails =2 mm Yes T3 14 1061 1159 73 N.6l13 0420
Zrys(Cugehgpghsptls 20 mum No 738 770 1073 1127 32 .65 0413
Zrey(Cuy sz pshyaAly 20 mum Partial 3 774 10849 1155 71 .68 0417
EraplCus ez e Ay <20 mum Partial o T 1093 1138 o n.ala 0415
Zrag(CuagAzihaids 20 mum Partial 06 70 1092 1218 o 11,580 0400
Zras(Cug stz shatls =20 mm Yes w7 762 1090 1132 55 0625 0414
ZraglCuy 555421755 haatlg =2 mm Yes 06 7 10840 1129 71 0.625 0.423
Zrag(CussAg e hals =20 mm Yes s 774 1090 1122 73 628 0426
Zrgg(Cug s Az 1l gy =20 mm Yes 06 774 10849 1127 12 n.626 0424
Zrg(Cug g A sy Alg 20 mm Partial o7 774 1093 1127 72 0.627 0.425
ZraslCug sz ety =2 mm Yes 0 776 1081 1228 &6 0.578 0400
Lras(Cuy 55 58 21755 )as g =20 mm Yes w3 Crk 1088 1126 72 n.624 0424
FraglCuy 55 3A Zip3.3leAly ingots =20 mm Yes 04 el 1089 1130 72 .623 0.423
Zras(Cus s A skl =20 mm Partial 710 778 1088 1120 68 0,634 0.425
Zre(Cus sAgsghatls 20 mm Partial 1 767 1084 1129 56 063 0.417
gy (00 3.8 3A Eyps shaorly 20 mm Partial 03 758 1092 a4 58 615 0.410
FraplCug A i aAls 200 mm Partial T8 Ta 1092 1242 L .57 0.393
CuyafiraAlAgs [27] & mim - 122 9 11235 - 72 - -

Lra 2 ThagCmz sNigBes < [28] 25mm - fi23 b7 ERH ekl 44 &7 415
PdsoCisaMNi1oPw [28] TImm - 575 BT B B0 5 niz 0.473
LagaAla G aAg: s NisCos [20] =20 mm - 422 452 642 121 (a0} 11580 0419
Lagshia Clig a2 aNisCos [20] 35 mm - 419 454 B BET 40 n.aln 0413

Yes”, “partial” and “no” arc roughly defined by eyes for ingots having volune fractions of larger than about 8004, 30-80% and less than about 30%% for
the amorphous component, respectively.
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Favorable conditions for glass formation

Couple of empirical rules in literature

However up to now still empirical (trail and error) development

 Three or more alloy components
* Very different atomic radii

* Negative heat of mixing

* Low eutectic

« Competing crystalline phases
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Structure vs. macroscopic properties

Understanding relation between
the structure and macroscopic
properties is important for
improving performance of
existing and crucial for designing
novel materials
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