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Are amorphous metals useful? 



High fracture strength over 5 GPa in Fe-based BMGs 
A.L. Greer, E. Ma, MRS Bulletin, 2007; 32: 612. 

1. High strength of BMGs 



1. High strength of BMGs 



→  Ultra-thin product with reasonable strength 

Comparison of specific strength among Zr based 
BMG and conventional light alloys  
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: Possible to reduce more thickness with same standard strength than            
  conventional light alloys due to superior specific strength 

“High specific strength” 

Mg – AZ91 

Thinner plate: BMG 

→  Flexible / Wearable electronics  
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2. Large elastic strain limit of BMGs 



2. Large elastic strain limit of BMGs 



Structural Applications: high yield (or fracture) strength, low Young’s modulus 
                                                  large elastic strain limit, and easy formability in the SCLR 
 

* Sporting Goods : Golf club 
 The repulsive  efficiency (defined as  
 the ratio of ball velocity/club head 
 velocity ) was found to 1.43 for the  
BMG alloy face, whereas it is only  
1.405 for the Ti-alloy face. The  
overall flying distance was 225 m 
for the BMG alloy face, whereas it is  
only 213 m for the Ti-alloy face. 
    



Structural Applications: high yield (or fracture) strength, low Young’s modulus,  
                                                  large elastic strain limit, and easy formability in the SCLR 
* Sporting Goods         :  Striking face plate in golf clubs/ Frame in tennis rackets   

 / Baseball and softball bats/ Skis and snowboards / Bicycle parts 
 / Fishing equipment/  Marine applications 
  



Structural Applications: high yield (or fracture) strength, low Young’s modulus,  
                                                  large elastic strain limit, and easy formability in the SCLR 
 
 

* Automobile Valve Springs 
: It was estimated that if the conventional valve springs made of oil-tempered and shot 
  peened Si-Cr steel are replaced with Zr- or Ti-based BMGs, the overall weight of the  
  engine will come down by 4 kg (about 10 lb). 



I. Bulk metallic glasses with high strength & high elastic limit 

: Metallic Glasses Offer a Unique Combination of High Strength and High  Elastic Limit 
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Strength vs. Elastic Limit  for Several Classes of Materials 



“Drawback” of BMGs as a Structural Material 
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Conventional metal 
       - low strength 

Amorphous metal  
      - limited plasticity (0~2%)   
      - catastrophic failure 
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(ESPark Group) 



Water quickly disappears underneath 
footprints in sand. 

Deformation of metallic glass : Viscous flow →“Shear bands” 

     Shear bands form by accumulation  
     of defects during deformation.  



Ni60Nb40: fully amorphous phase 

100 μm 

S=0.016 mm/sec  

(ESPark Group) 







200 nm ~ 20 nm 

clear boundary between 
undeformed matrix and 
shear bands 

~ 20 nm 

HRTEM image of a shear band 

Shear deformed areas with the same composition & different density of free volume 

Shear bands form by accumulation of defects during deformation. 



Manipulation of SBs!

To improve plasticity in BMGs, 
•  Interruption of  shear band propagation               BMG matrix composites  
•  Formation of multiple shear bands 

BMGs : No dislocation or slip system 

Inhomogeneous deformation in shear bands  → brittle fracture 



< Compression > 



High fracture toughness: > 10 % plastic strain in tensile test 

Nature 451 (2008) 1085 



Douglas C. Hofmann, SCIENCE VOL 329 10 SEPTEMBER 2010    
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3. Old uses: soft magnet 



< Energy savings of amorphous transformers> 
Initial installation cost : ~ 1.5 times expensive 
Standby power, which is the power consumed by 
appliances during their lowest electricity-
consuming mode: ~1.8 times lower 

Amorphous metal magnetic core 

사용년수 

Initial 
installation 
cost 
&  
Annual  
Electricity 
Charge 

break-even point  

                              

1 yr. 2.7 yr. Standard life cycle : 15 yr. 

Electricity cost savings 



1) Micro-casting & forming 

Tmelting Tg 
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Liquid 

Glass formation: 
continuous change 

Crystal 

Glass 

Temperature, T 

Crystallization: 
abrupt change 

Near-net shape production 

Cavity Die 

Vacuum Chamber  

Molten Alloy  

Induction 
Coil  
 

sleeve  

Plunger 

Die 

Precision die casting 

Precision Gears for Micro-motors 

MRS BULLETIN 32 (2007)654.  

4. Processing metals as efficiently as plastics 



Structural Applications: high yield (or fracture) strength, low Young’s modulus,  
                                                  large elastic strain limit, and easy formability in the SCLR 
 

* Micro-Motors • Higher dimensional accuracy 
• 313 times longer than conventional motor 



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

Tensile specimens following superplastic forming in supercooled liquid region  



glass 

liquid 

crystalline 

T 

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  



Nature 457, 868-872 (12 February 2009) 

Ideal processing region 



 

        



Thermoplastic forming - Fabrication of nanowire 

500 nm 

Nakayama et al., Adv. Mat. 22 (2010) 872-875. 

1 
mm 

100μm 

100 μm 

1μm 

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



P,T 
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A 
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J. Schroers, Q. Pham and A. Desai, J. MEMS, 16, 240 (2007). 

a. TPF-based miniature molding– down to nanoscale! 
 • BMGs have no intrinsic size limitation 

 
• Competition weak (silicon, electroplated metals, polymers) 

 
• BMGs properties become more attractive on the small scale  





Metallic Glass Fuel Cell 

Endplate 

Electrode, Catalyst 

1 mm 
R. C. Sekol, M. Carmo, G. Kumar, J. Schroers, and A. D. Taylor, Small 9, 2081 (2013) 

5 mm 



Metallic glass electrode- A closer look 



                        Jan Schroers, Adv. Mater., 2010, hologram pattern  



SURFACE REPLICATION WITH BMGs 



sample 

Uniaxial     pressing 

b. Thermoplastic forming (TPF) - Fabrication of BMG plate! 

LM1b (Zr44Ti11Cu10Ni10Be25) 

(ESPark Group) 



110mm 

115mm 

TPF & Joining of 
BMGs 

c. Thermoplastic forming & joining– No size limitation! 

(ESPark Group) 



Tprocess 

Pprocess > σflow 

J. Schroers, JOM, 57, 34 (2005) 

Tprocess <  tcryst 

Tg < Tprocess < Tx 

d. TPF-based Compression Molding : No size limitation! 

Tprocess 

Tprocess 

PtNiCuP 
T = 270°C 
P = 10 MPa 
100 sec 



NANO STRUCTURED MATERIALS LAB. 41 
Glassblowers in the US in 1908 



e. BLOW-MOLDING: easy forming! 

105 Pa, 400% strain 

T=460°C, t =40 sec 

J. Schroers, T. Nguyen, A. Peker, N. Paton, R. V. Curtis, Scripta Materialia, 57, 341 (2007) 

Zr44Ti11Cu10Ni10Be25 (LM1b) 
: no contact area 

BMG 

Heater 

P1 
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<  



Unachievable shapes for metals? 

43 





“Yale professor makes the case for Supercool Metals” 



Superior thermo-plastic formability 
: possible to fabricate complex structure without joints  

Seamaster Planet Ocean Liquidmetal® Limited Edition 

Ideal for small expensive IT equipment manufacturing 

Multistep processing can be solved by simple casting 

II. Processing metals as efficiently as plastics: net-shape forming! 



2016-03-06 

USIM ejector (iphone 4) 

 Apple is using Liquidmetal for… 

Enclosure / Antenna 

Apple buys exclusive right for Liquidmetal 



Apple is Granted Its First Liquidmetal Patent 

Apple’s new patent “amorphous alloy”  
  collector plates for fuel cells (2011) 



Apple’s new patent (2013) 
 

“Continuous moldless fabrication of 
amorphous alloy ingots”  



Apple’s new patent (2015) 
 

“Amorphous Alloy Powder Feedstock Processing”  



Liquidmetal™ in 
NEXT iPhone? 

http://www.patentlyapple.com/patently-apple/2015/10/ 

Apple’s patents cover the use of liquid metal in every imaginable Apple product 
and even hints that the process described in these inventions could produce 
complete car panels. That makes you wonder if Apple's Project Titan will be able 
to take advantage of the liquid metal process for car parts and beyond. 



Aluminum alloy 

Polycarbonate 

Front bezel & interior part 
Metallic glass 

“Liquidmorphium™” 

Corning  
Gorilla glass IV 

151.80 x 77.10 x 9.05 mm 

- Android OS v5.1 (Lollipop) - Turing Æmæth UI 

- Chipset MSM8974AC Quad Krait 2.5GHz 

- DDR3 3GB RAM 

- EMMC 16GB/64GB/128GB storage 

- 5.5 inches FHD 1920 x 1080 pixels 

- CAMERA (Primary 13 MP HDR Dual Flash   / Secondary 8 MP HDR) 

- Fingerprint / Accelerometer / Gyro / Compass / Proximity / Light / Temperature / Humidity sensor 

- Non-removable 3000 mAh Li-Ion battery 

- Turing Imitation Key™ Chipset Krypto TIK8217 (8GB storage) 

Front bezel 
Metallic glass 

“Liquidmorphium™” 

Turing phone  
by Turing Robotics Industries (UK) 

 

with  
 

Metallic glass 
“Liquidmorphium™” 

“Unhackable”  
 

“Waterproof” 
 

+ 
 

“Unbreakable” 
The Turing Phone is built with a pioneering 

material called Liquidmorphium™, an 
amorphous “liquid metal” alloy tougher than 
either titanium or steel - so what’s in your 

hand is as strong as your privacy protection. 

from https://www.turingphone.com/ 
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Bulk Metallic Glass: the 3rd Revolution in Materials!! 

www.liquidmetal.com  

“BMG = new menu of engineering materials” 

composite 

Metals 

Polymers 

Ceramics 

Metallic  
Glasses 

Elastomers 

High GFA 

High plasticity 

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



By eliminating or reducing  
the effectiveness of 
heterogeneous nucleation sites,  
it should be possible to form  
bulk metallic glasses  
with virtually unlimited  dimensions. 

Bulk Metallic Glass: the 3rd Revolution in Materials!! 
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Schedule 
 

week 1  Introduction to Amorphous materials 
week 2  Classification of Solids 
week 3  Definition of Amorphous Materials  
week 4  Preparation of Amorphous Materials  
week 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 
week 10  Kinetic Approach to Glass Formation 
week 11  Ease of Glass Transition: glass-forming ability 
week 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 
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Reminder “Homework 1”:  
Please find one of the advanced metallic materials and 
make a summary of the material within 3 pages ppt.         

 
Submission due date: March 7, 2016 
You may have a chance to discuss the materials in class  

on March 9, 2016.  

Please read Chapter 1 (Introduction) of the textbook  

before next class! 
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