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Are amorphous metals useful?

ESPark Research Group



Yield/Flexural Strength

(MPa)

10000+

1000§

100

10

N ETEE

L1 uitaal

1. High strength of BMGs
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High fracture strength over 5 GPa in Fe-based BMGs

A.L. Greer E. Ma, MRS Bulletin, 2007 32: 612
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1. High strength of BMGs
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2. Large elastic strain limit of BMGs

Elastic Strain Limit Stress-Strain Curve
[ as % of Original Shape ]
q = e ' A
BMG
2000
] ©
~ O
= 2 1500
b
(7))
"-.: U)
- D 1000
%)
500 |

-I — ..I
Ti alloy Stainless BMG
(Liquidmetal®)

4

0.5 % 2.0%

Al alloy

@ ESPark Research Group 6



2. Large elastic strain limit of BMGs
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Bulk metallic glasses with high strength & high elastic limit
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: Metallic Glasses Offer a Unique Combination of High Strength and High Elastic Limit
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Limited Plasticity by shear softening and shear band

» Microscopically brittle fracture
Death of a material for structural applications
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Elementary flow events in metallic glasses
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m=) Shear bands form by accumulation
Of defeCtS during deformatIOn nature materials | VOL 5 | JANUARY 2006 | www.nature.com/naturematerials
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Effect of local favored structure on SB nucleation

> NigoNb,,: fully amorphous phase S=0.016 mm/sec

100 pm
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Formation of multiple shear bands during deformation




Multiple shear bands = Multiple shear planes




Formation of shear bands : variation of free volume

Shear bands form by accumulation of defects during deformation.

clear boundary between
undeformed matrix and
shear bands

Shear deformed areas with the same composition & different density of free volume
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In-situ BMG matrix composites with tensile ductility

Engineering strain (24)
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MATERIALS SCIENCE

Shape Memorv B“Ik MEtaI Iic Gla5?-fnlming and 5ha!}e lj'lElel'f.l' n‘n_etal;rnaj.r
i provide a route to fabricating matenals with
Glass Composites

enhanced mechanical properties.
Douglas C. Hofmann
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Figure 4: Schematic of the deformation process in the Cufr-based alloys investigated.
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Figure 2. Engineering tensile stress—strain curves of the BMG compos-
ites. Dashed lines indicate the unloading process. Top inset shows the
outer appearance of the tensile samples pre-strained at the different

BMG matriX Cqu B2 stages and the lower inset shows the true tensile stress—strain curves,
Transformation indicating a significant strain-hardening behavior.
Media Z.P Lu, et al. Adv. Mater. 2010, 22, 2770-2773
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Development of superelastic bulk metallic glass composites

D> Reversible phase transformation behavior during cyclic tensile test _ ESPark group, SNU

Ti-Cu-Ni-X ®3mm
Water cooled Cu mold suction casting, V Initial BCC phase in as-cast sample

¢ Deformed martensite phase
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Permeability, [M]
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Molar Volume, V

4. Processing metals as efficiently as plastics
1) Micro-casting
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4. Processing metals as efficiently as plastics

2) Thermoplastic forming 2|
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4. Processing metals as efficiently as plastics

Critical cooling rate: several hundreds K/s

3) Micro-forming

Reversible :

Amorphous phase [SiijeL:l(eefo]lzelCrystal phase
(Solid) liquid state (Solid)

Room Glass transition Crystallization Melting
temperature temperature: Tg temperature: Tx point: Tm

Irreversible

High strength (Viscous flow i E%rittleness{}}

High elastic limit || Viscosity<10'2Pa-s
High hardness

New micromachining
at supercooled liquid
L region !

Micro-forming of three-dimensional microstructures from thin-film metallic glass
Integrated conical spring linear actuator

250 pm |

Micro-cantilever

Thickness: 5 ym
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Thermoplastic forming in SCLR

A

liquid

crystalline

Homogeneous Newtonian viscous flow

Metallic glass can be processed like plastics by homogeneous
Newtonian viscous flow in supercooled liquid region (SCLR).

Possible to deform thin and uniform MG

ESPark Research Group 26



High processibility of metallic glass according to temperature

Nature 457, 868-872 (12 February 2009)

Silicon, quartz, alumina... Ideal mould materials

a0 | - nc-Nickel
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100—§ Ideal processing region

Strength (MPa)
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Temperature (°C)
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Thermoplastic forming in supercooled liquid region

Mge:Cu,:Gd,, metallic glass ribbon

» Drawing sample at 220°C Elongation over 1100%
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Thermoplastic forming - Fabrication of nanowire

Homogeneous Newtonian viscous flow

drawing
mm
ribbon
low temp.
SLR

drawing

um wire

Control of
strain rate & temp.

B SEM image of nanometer scale metallic glass wire formed by drawing
micrometer scale wire on hotplate

Nakayama et al., Adv. Ma‘t’:"iZTZOT(’)’jJ872-8754
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Thermoplastic forming - Fabrication of BMG plate
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Thermoplastic forming & joining - Fabrication of BMG plate

» 71E9] bulk sample A%} 7142 Tdo] /15U HA /Rl v]PA T2 AX 75
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Thermoplastic forming & Joining technique
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Processing of Bulk Metallic Glass Adv. Mater. 2009, 21, 1-32
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Metallic Glass Fuel Cell Sm’
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R. C. Sekol, M. Carmo, G. Kumar, J. Schroers, and A. D. Taylor, Small 9, 2081 (2013)






Processing metals as efficiently as plastics

Seamaster Planet Ocean Liquidmetal® Limited Edition
> _?_/\‘} 12 4P (Superplastic Forming)
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Apple buys exclusive right for Liquidmetal

Apple is using Liquidmetal for...

USIM ejector (iphone 4) Enclosure / Antenna




Commercialization of BMG products

Medical Devices

the Purple Linuid Mete
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At the Cutting Edge of Metals Research: Bulk Metallic Glasses

Youngs modulus, E (GPa)
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At the Cutting Edge of Metals Research: Bulk Metallic Glasses

Menu of engineering materials

High GFA

Metallic
Glasses

High plasticity

composite higher strength

lower Young’s modulus
high hardness

high corrosion resistance

good deformability

Ceramics °
[ )

Elastomers

www.liquidmetal.com 45
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At the Cutting Edge of Metals Research: Bulk Metallic Glasses

By eliminating or reduci

the effectiveness of
heterogeneous nucleatio

it should be possible to f
bulk metallic glasses

with virtually unlimited d g%
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