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Recent BMGs with critical size ≥ 10 mm

Zr47Ti8Cu8Ni10Be27             Johnson (Caltech)
Vitreloy

Pd C Ni P I  (T h k  U i )Pd60Cu30Ni10P20 Inoue (Tohoku Univ.)

Fe48Cr15Mo14Y2C15B6 Poon (Virginia Univ.)
Amorphous steel

Ca65Mg15Zn20 15mm Kim (Yonsei Univ.)
Ca60Mg25Ni20 13mm
Mg65Cu20Ag5Gd10 11mm
Mg65Cu7.5Ni7.5Zn5Ag5Gd5Y5 14mm

A.L. Greer, E. Ma, MRS Bulletin, 2007; 32: 612.



Limited Plasticity by shear softening and shear band

Microscopically brittle fracture

Death of a material for structural applications
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Plastic deformation in metallic glasses

Plastic deformation in metallic glass
•• No dislocation / No slip plane

interrupt the localization of stress and deformation

• Inhomogeneously localized plastic flow in the shear band

• Prevent propagation of single shear band            BMG matrix composites

• Multiple shear band formationp



Size of heterogeneity

Shear bands are ~20 nm in width

20  ~20  nm

TEM Image of a shear bandg

• Prevent propagation of single shear band

Mi  t  l  h t itMicro- or nanometer scale heterogeneity

: In-situ & Ex-situ composite



Elementar flo e ent in an metallic glasses

Size of heterogeneity
Elementary flow event in an metallic glasses
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Enhancement plasticity in BMGs with atomic scale heterogeneity

a) Effect of quenched-in quasicrystal nucleia) Effect of quenched in quasicrystal nuclei

b) Effect of element with positive enthalpy of mixing among
constituent elements

c) Effect of element with significantly different enthalpy of
mixing among constituent elements

Atomic scale heterogeneity  Atomic scale heterogeneity  

SB nucleation sites              SB nucleation sites              Formation of multiple SB Formation of multiple SB 

T il i f t t l i h t it
Alloy design                  +               Process control

Tailoring of structural inheterogeneity

atomic scale inhomogeneity generation Solidification under appropriate condition



Phase separation in metallic glassesPhase separation in metallic glassesPhase separation in metallic glassesPhase separation in metallic glasses
-- A New class of BMG composites A New class of BMG composites --



[1] Phase separation in solid state

- Pd-Si-Ag alloy / two amorphous phase formation after heating  just above Tg
Chen and Turnbull Acta Metall 17 1021 (1969)

[1] Phase separation in solid state

Chen and Turnbull, Acta Metall., 17, 1021 (1969)

- Zr-Ti-Cu-Ni-Be BMG / small angle neutron scattering
Schneider et al, Appl. Phys. Lett., 68, 493 (1996)

- Local composition change due to partitioning of alloying elements
Martin et al., Acta Mater., 52, 4427 (2004)

- After heating just above Tg, 
two amorphous separationtwo amorphous separation 
occurs, but  crystallization 
occurs simultaneously.



[2] Phase separation in liquid state

Metastable immiscibility

[2] Phase separation in liquid state

Stable immiscibility Metastable immiscibilityStable immiscibility

Tc : critical temperature 
Tb : binodal curve 
Ts : spinodal curve

immiscibility below the liquidus
⇒ decomposition into metastable liquid       

immiscibility above the liquidus
⇒ decomposition into stable liquid

“Phase separation in glass” ed. by Mazurin and Porai-Koshits (1984)
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Ph ti b ddi l t h i PEM

* Substitution of Nd with Zr in Nd-Co-Al system

Phase separation by adding elements having PEM

 Substitution of Nd with Zr in Nd Co Al system

-38 -20 

Nd

Nd60Al10Co30 - 5mm

-44

-19 

-41

+10 
Co Al

Zr55Al20Co25 - 3mm
44 41 

Zr

P ibilit f t h !!!
Nd-Co-Al ,  Zr-Co-Al

Possibility of two phase !!!

• Sripta Mater. 56, 197 (2007)



TEM results for Nd30Zr30Al10Co30 alloyTEM results for Nd30Zr30Al10Co30 alloy

Nd60Al10Co30

2.91 Å

Nd30Zr30Al10Co30

2.37 Å, 2.99 Å

Zr60Al10Co30

2.40 Å
200 nm

SADP and Dark-field TEM imageSADP and Dark-field TEM image
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Measurement of viscosity using TMA
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Selective partial devitrification (first SLR), followed by easy deformation of the amorphous/
crystalline composite structure (second SLR) is possible for this alloy system.



Measurement of magnetic property using VSM
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* unpublished (2006)
Phase separation
1) Droplet structure

in Gd-Ti-Al-(Co, Ni, Cu) alloy system
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2) Interconnected structure
Phase separation
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2) Interconnected structure
in Gd-Zr-Al-(Co, Ni, Cu) alloy system

* unpublished (2006)
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Nano scale (<3 mm) interconnected Phase separation

① ②

Gd30Zr25Al25Co20 * unpublished (2008)
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Phase separation by adding elements having PEM
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Measurement of magnetic property using SQUID
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Measurement of magnetic property using SQUID
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Phase separation

Gd55Al25Co20
Ti Zr

Gd30Zr25Al25Co20Gd30Ti25Al25Co20

Ti Zr
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Measurement of magnetic property using SQUID
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I t t d t t

Phase separation

Gd Z Al C

Interconnected structure

Gd30Zr25Al25Co20 Gd30Zr25Al25Cu20

100100 nm

Amorphous + Amorphous Amorphous + Crystals

50 nm



 
Measurement of magnetic property using SQUID
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Enhancement of plasticity in BMG with atomic scale heterogeneityEnhancement of plasticity in BMG with atomic scale heterogeneity

atomic scale heterogeneity Phase separating metallic glasses

a. Alloy design

1) quenched in quasi-nuclei in BMG

2) minor addition of elements having
large difference of enthalpy of mixing

-148

+35

-142

Cu

-181

+35

-169

-38
Zr Y

100 nm
Al

Enhancement of plasticity in BMGs

100 nm

b. effect of atomic scale heterogeneity
= m ltiple shear band formation

Unique properties
= multiple shear band formation



Are amorphous metals useful?Are amorphous metals useful?



High strength of BMGsHigh strength of BMGs

Hi h f t t th 5 GP i F b d BMGHigh fracture strength over 5 GPa in Fe-based BMGs
A.L. Greer, E. Ma, MRS Bulletin, 2007; 32: 612.
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1) Micro casting

Recently: processing metals as efficiently as plastics
1) Micro-casting

Liquid

Glass formation:
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Recently: processing metals as efficiently as plastics

2) Superplastic forming
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Recently: processing metals as efficiently as plastics
3) Micro-forming

Micro-forming of three-dimensional microstructures from thin-film metallic glass
2 0

Recovery annealing

Micro-cantilever Integrated conical spring linear actuator
250 μm 

50 μm 

50
0 
μm

Thickness: 5 μm



Commercialization of BMG products
Electronic Casings Medical DevicesSporting Goods

Defense ApplicationsIndustrial Coating Fine jewelry

Drill pipe, container etc. W-loaded composite BMGswww.liquidmetal.com



Tailormade material designTailormade material design
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M f i i i lMenu of engineering materials

Metals

Metallic 
Glasses

High GFA

High plasticity

composite

Polymers Glasses High plasticity

higher strength
lower  Young’s modulus
high hardness
high corrosion resistance

CeramicsElastomers

g
good deformability





Schedule
week 1  Introduction to Amorphous materials

week 2  Classification of Solids

k 3 D fi iti f A h M t i lweek 3  Definition of Amorphous Materials 

week 4  Preparation of Amorphous Materials 

week 5 Phase Transition: glass transitionweek 5  Phase Transition: glass transition

week 6  Measurement of Glass Transition Temperature 

week 7  Theories for the Glass Transition I: thermodynamic / entropy 

week 8  Theories for the Glass Transition II: relaxation behavior / viscosity

week 9  Structural Approach to Glass Formation

k 10 Ki ti A h t Gl F tiweek 10  Kinetic Approach to Glass Formation

week 11  Ease of Glass Transition: glass forming ability

week 12 Glass Forming Ability Parametersweek 12  Glass Forming Ability Parameters

week 13  Formation of Bulk Metallic Glasses 

week 14  Mechanical Properties of Bulk Metallic Glasses and Their Composites

week 15  Unique Properties of of Bulk Metallic Glasses 

week 16  Potential Applications of Bulk Metallic Glasses



Final Presentation : summary and brief reviewFinal Presentation : summary and brief review


