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Accelerating Materials Deployment – the Iron Man Approach 



Possibilities… 



Complicated 
chemistry, 

complicated 
microstructure 

 … developed by: 
intuition, 

experimentation  

… invented in 1940’s by Wiggins Company (England) for steam power 
plants and then adopted for turbine engine applications by GE and 

others in the 1960’s. 

Superalloys – Inconel 718 

Wagner, H., & Hall, A. (1965). Physical Metallurgy of Alloy 718. DMIC Report 217. 



From: “Technology Innovation in Aluminum Products”, JOM, vol. 53(2), pp. 21-25, 2001 

Aluminum Alloys 

…existing alloys are decades old and are the materials of choice for 
low weight, high strength applications.  





Need for new 
materials 
identified 

Required 
properties 

Experimental 

New Material 
deployed… 

Conventional materials development: based on empirical 
data and experimental trial and error, 5-7 years… 

Accelerating Materials Deployment… 

Periodic table of elements 

Theory Guided Design 
materials modeling, multi-

scale property 
computations, scavenging 

existing data, database 
development and 

management 

IMCP: 
Integrated 

computational 
materials 

engineering 
2-3X faster 



Multi-scale modeling through:  

• Electronic/atomic – ab initio 
computations 

• Atomic – molecular dynamics 
Monte Carlo 

• Thermodynamics and kinetics 

• Phase-field modeling 

• Continuum-level modeling – 
finite element analysis 

Images courtesy: Rampi Ramprasad; http://rampi.ims.uconn.edu 

Theory & Modeling – Computational Materials Science 
First Steps in Materials Genomics… 



Self-Healing, High-Reliability  
Electrical Contacts 



People… 

Joe Mantese 
UTRC 

Yu Sun 
UConn 

Mark Aindow 
UConn 

Haibo Yu 
UConn 

Jonathan Potter 
GE Industrial Solutions 

Jason Harmon 
GE Industrial Solutions 

M. Tumerkan Kesim 
UConn 



Electrical Contacts 

Metallic interfaces are the principal 
sources of failure in signal and energy sub-systems 



43% of all Electrical Failures 

Due to Contacts 

Based on U.S. Air Force Safety Center 

Electronics Failure Data for 1989-1999 

6% of Contact Failures 

Due to  Corrosion Alone 

(Based on U.S. Navy Safety Center 

Hazardous Incident Data for 1980-1999.) 

Contact Failure 

Failed contacts are the largest source of electrical failures… 



Approach Advantages Disadvantages 

Solder or Welded 

Contacts 
Metallurgical junction Field repairs difficult 

Tin Coated Base Alloys 

(e.g. Brass) 

Pliable surface that 

enables metal plowing 

Fretting, fritting, whisker, 

and corrosion failures 

Compression 

Contacts 

High contact forces for 

low resistance contacts 

Oxidation and corrosion 

at interfaces, high 

engagement forces 

Encapsulates and 

Hermetic Seals 

Large diffusion distances 

for oxidation and 

corrosion 

Large connector 

footprint, limited field 

repair 

Precious Metals 

(e.g. Au, Pt, Pd) 

Good electrical contact, 

high corrosion resistance 

Prohibitively high costs 

even for military 

applications 

Solutions – Pros and Cons… 

Alternatives and augmentations  
to base metal contacts…  



Forming conducting oxide scales: a) 
Doping with cations, b) Inducing a 
mixed valence state in the base metal 
cations (electron/polaron hopping),  
c) Formation of a mixed oxide scale 
wherein oxide phase separation gives 
percolative conducting pathways 
through the insulating base metal 
oxide, d) Forming a two-phase base 
metal alloy where the second phase 
forms a inherently conductive native 
scale. 

Materials Development:  
Self-Healing Base Metals 

The Midas Touch: Turning Base Metals into “Gold” 
by Developing Alloys that Form Naturally Conductive Oxides 

M. Aindow, S. P. Alpay, Y. Liu, J. V. Mantese and B. S. Senturk, “Base Metal Alloys with Self-Healing Native Conductive Oxides 
for Electrical Contact Materials,” Appl. Phys. Lett. 97, 152103 (2010)  



Alloy Development: Fe-V 

Fe-8V shows a >103X improvement in FOM over Cu 



Alloy Development: Ni-Ru 

Ni-28Ru shows a >105X improvement in FOM over Cu 



Waste Heat Recovery through 
Pyroelectric Energy Conversion 



A Good Overview… 
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Great Potential for Waste Energy Recovery 



Fire Detection Intruder Alarms Thermal Imaging Solid State Cooling 

Devices 

•  Large electrocaloric and pyroelectric response 

•  Low loss 

•  Low leakage currents 

•  High breakdown voltage 

•  Low dielectric constant 

Electrothermal Applications 



Pyroelectric Coefficient 

Ta 

Tb 

T 

Pyroelectric (PE) Effect: the change in the charge density 
(polarization) in response to a change in temperature T.  

Pyroelectric current ip 
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Electrocaloric (EC) Effect 

Va Vb 

Ta 

Tb 

T 

Electrocaloric (EC) Effect: change in temperature T under 
adiabatic conditions in response to an applied electric field E.  
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Ferroelectric Materials 

Crystal structures of four most common pyroelectric materials: a. PbTiO3, b. 
x·Pb(Mg1/3Nb2/3)O3-(1-x)·PbTiO3 (PMN-PT) in the rhombohedral phase, c. LiTaO3, and 

d. polyvinylidene difluoride (PVDF), -(C2H2F2)n-.  



Experimental data for PZT 95/5 and 
0.9PbMg1/3Nb2/3O3-0.1PbTiO3on 
Pt(111)/Ti/SiO2/Si show that there is 
a large EC response in FE thin films. 
 
FE films have higher breakdown 
electric fields. Thus, higher electric 
fields (~500 kV/cm or more) can be 
applied and temperature changes 
(T) ~10 K can be realized.    

Mischenko et al., Science 311, 1270 (2006); 
Mischenko et al., Appl. Phys. Lett. 89, 242912 (2006). 

PZT 95/5 

Q. M. Zhang et al. demonstrated large EC effects in PVDF-based polymeric systems.  

Neese et al., Science, 321, 821 (2008).  

Background: EC Effect in FE Thin Films 



Background: Since then… 



BaTiO3, PbTiO3, SrTiO3 Films (Clamped) 

J. Zhang, A. A. Heitmann,  
S. P. Alpay, and G. A. Rossetti, Jr., 

 J. Mater. Sci. 44, 5263 (2009). 
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BaTiO3 Thin Films – Misfit Strain 

J. Zhang, A. A. Heitmann, S. P. Alpay, and  
G. A. Rossetti, Jr., J. Mater. Sci. 44, 5263 (2009). 



Relaxor – FE Solid Solutions?  



Relaxor – FE Solid Solutions: PMN – PT 

H. Khassaf, J. V. Mantese, N. Bassiri–Gharb, Z. Kutnjak, S. P. Alpay, “Ferroelectrics and Relaxor-Ferroelectric Solid Solutions 
with Large Intrinsic Electrocaloric Response over Broad Temperature Ranges,” J. Mater. Chem. C. 4, 4763 (2016)  

Large Intrinsic Adiabatic Entropy Changes 
over Broad Temperature Ranges are possible 



Can we do better?  

Crystal structure and free 
energy landscape of 
PbSr2Ti2O7 and Goldstone-
like energy surface 

J. Mangeri, K. C. Pitike, S. P. Alpay, and S. M. Nakhmanson, “Amplitudon and Phason Modes of  
Electrocaloric Energy Interconversion,” npj Computational Materials 2, 16020 (2016). 

Can electrothermal 
properties of 

ferroelectrics be 
enhanced by 

designing artificial 
multilayers? 



J. Mangeri, K. C. Pitike, S. P. Alpay, and S. M. Nakhmanson, “Amplitudon and Phason Modes of  
Electrocaloric Energy Interconversion,” npj Computational Materials 2, 16020 (2016). 

Additional, Independent Entropy Channels…  



Design of Custom Aerospace Alloys for 
Additive Manufacturing 
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Benefits of Additive Manufacturing 



Key Industries Using AM 

• Biomedical (personalized) 

• Dental crowns, implants 

• Joint replacements 

• Printed electronics 

• RFID devices 

• Aerospace 

• Fuel nozzles 

• Brackets 

• Turbine blades with 
complex cooling channels 

• Tools/Molds 

• Automotive 

GE fuel nozzle: 19 individual parts 
combined into one 



Arcam A2X Electron beam melting technology 
Build volume: 200 mm x 200 mm x 340 mm, Ti-6Al-4V, Inconel-718 

P&W Additive Manufacturing 
Innovation Center 



3DSystems ProX-300, 500 W laser 
Build Volume 250 mm x 250 mm x 300 mm, stainless steel, Al-alloys 

P&W Additive Manufacturing 
Innovation Center 



Additive Manufacturing of Metallic Alloys 

… is an extremely complicated 
process 



Modeling Impurity Effects in Additive Manufacturing 

Defect chemistry of Ti 

Impurities impact the surface 
tension/gradient and melting 
behavior, formation of voids  

First-principles computations 
are used to probe chemical 
effects on interactions in Ti and 
select alloys 

Surface tension of Ti-6Al-4V 
particles as a function of 
temperature, impurity content 
in atmosphere and the particle 

Surface chemistry of Ti 



Searching for descriptors for strengthening Al alloys 

• Theory assisted design of high strength aluminum alloy 

• Density functional electronic structure theory 

• High strength: Large bulk modulus 

• Must form coherent/semicoherent interface with the Al 
matrix: Lattice mismatch 

• Immiscible in Al matrix: Solubility, interface energy 

• Temperature stability: Ab initio thermodynamics 

• Constructing large database of materials properties: 
Materials genomics 

Potential descriptors 

Al 6061 powder, 
average powder 
size 10 microns 



Summary 
 

Accelerating Materials Deployment  
and Manufacturing via  

Multi-Scale Modeling and Genomics 



Complicated 
chemistry, 

complicated 
microstructure 

 … developed by: 
intuition, 

experimentation  

… invented in 1940’s by Wiggins Company (England) for steam power 
plants and then adopted for turbine engine applications by GE and 

others in the 1960’s. 

Superalloys – Inconel 718 

Wagner, H., & Hall, A. (1965). Physical Metallurgy of Alloy 718. DMIC Report 217. 



From: “Technology Innovation in Aluminum Products”, JOM, vol. 53(2), pp. 21-25, 2001 

Aluminum Alloys 

…existing alloys are decades old and are the materials of choice for 
low weight, high strength applications.  



• Systematic materials discovery and 
design studies are needed to optimize 
properties 

• Identification of descriptors… 
• Materials Genomics – multi-scale 

screening of materials, ab initio, 
molecular dynamics, 
thermodynamics, phase field, 
continuum, data base development 

• Provide materials properties to 
systems level analysis for CoP/FoM 
computations 

What is needed? Computational Guidance… 

Appl. 
Mat. 

Expt. 

Comp. 




