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 Metal additive manufacturing of 

engineered titanium lattice 

structures 

 Local control over strength, 

stiffness, density, etc. 

 SOFC electrodes 

 “Structure” is desired to balance 

multiple physics at play 

Background 



 Films in which the 

composition and/or 

geometry are controlled at 

the meso/micro/nano scale 

 Direct-write techniques 

(AJ) create opportunities 

not possible with 

conventional thin/thick film 

methods 

 Scalable 

What Do We Mean By Structured Films? 



 Solid oxide fuel cells 

(SOFC’s) 

 Bone in-growth 

surfaces 

 Self cleaning filters 

 Anti-bacterial surfaces 

 Hydrophilic or 

hydrophobic surface 

 Etc. 

Applications of Structured Films 

www.sharklet.com 



 Some obvious, and some not so obvious… 

Approaches To AJ Deposition  



 General approach 

 Print a film which is then laser 

sintered in the desired orientation 

 Initial result 

 Samarium doped ceria (SDC) 

powder in terpineol based ink 

 Rastered 532 nm laser  

 Clear orientation effect, but not 

repeatable 

 Non-linear scan patterns? 

A1: Structured Films Via Laser Sintering 

100 µm

Cable and Sophie, J. Power S. 174 (2007) 221-227 
Courtesy of F. Chen at U. of SC 



 Conventional 

approach is to 

add fugitive 

material (e.g. 

graphite, 

starch, etc) that 

is burned off 

during sintering 

 FGM’s are 

cumbersome to 

do with tape 

casting, screen 

printing, etc 

Graded Porosity 

100 wt% SDC + 0 wt% graphite 

2 printed layers 

30 µm thick 

85 wt% SDC + 15 wt% graphite 

2 printed layers 

30 µm thick 



 General approach 

 PA #1 contains functional ink 

(e.g. SDC) 

 PA #2 contains fugitive ink 

(e.g. graphite) 

 Co-atomize them through a 

static mixer 

 Relative flow rates can be 

varied on the fly to locally 

control volume fraction of 

fugitive material 

 Porosity between and within 

layers can be varied 

A2: Graded Porosity Via Co-Atomization 



Co-Atomization Feasibility Test 

Constituents for 

SDC ink 
Wt.(gm) Wt. (%) 

SDC20-M 18 30% 

Ethylene Glycol 41.76 69.6% 

SDS 0.24 0.4% 

Constituents for 

graphite ink 
Wt.(gm.) Wt. (%) 

Graphite 4 10% 

Ethylene Glycol 35.2 88% 

SDS 0.8 2% 

SDC INK  Graphite INK 

  Atomizer Flow 

rate(ccm) 

Virtual Impactor 

flow rate(ccm) 

Atomizer Flow 

rate(ccm) 

Virtual Impactor 

flow rate(ccm)   

Low Graphite 650 642 650 578 

High Graphite 650 634 650 586 



 General approach 

 PA #1 contains NiO-YSZ ink (aqueous) 

 PA #2 contains α-terpineol (immiscible in H2O) 

 Nozzle is raised well off of the substrate to 

lessen impact velocity and droplet spreading 

 Images on next slide 

 Black regions correspond to NiO-YSZ 

 White regions correspond to α-terpineol 

 Flow rates are held constant, but translation 

speed is varied. The slower the translation 

speed, the larger the “islands” become due to 

coalescence of droplets. 

A3: Co-Atomization of Immiscible Inks 



 12.5 mm tip 

standoff distance 

 100 um scale 

bar 

 Ni-YSZ “islands” 

increase in size 

as scan speed 

decreases 

 Effect of 

stacking?  

Co-Atomization of Immiscible Inks 

10 mm/sec 8 mm/sec 

5 mm/sec 2 mm/sec 



 Aerosol streams flow directly from Y-

adaptor to ceramic tip w/out mixer. 

 Width of stripes is less than they 

would be if printing single 

materials side-by-side in series 

 Rotary table would be needed to 

print non-linear patterns 

A4: Dual Atomization Without Mixing 

100% LSM 60% LSM + 40% YSZ 100% YSZ 



 Basic approach 

 Some inks wet out well, some inks ball up 

 Combination of ink chemistry (surface tension) 

and heating (drying rate) determine whether 

printed films ball up and the amount of time they 

have to ball up before drying. 

A5: Porous Films Through Surface Tension 



Ceria Ink Experiment #1 

 Aqueous ceria nanoink 

 7-10 nm particles 

 2% solids 

 10 wt% EG co-solvent 

added to facilitate 

printing 

 No heating 

 Sheath 80 ccm 

 Atomizer 800 ccm 

 VI 750 ccm 

 Good flow out, but 

drying cracks 



 Same ink, except 15 wt% EG co-solvent 

 Same printing parameters 

 Dramatically different results! 

 No burn out of fugitive needed 

 How do neck size/shape, porosity, surface area, permeability, etc. 

compare with that of the fugitive approach? 

 Now starting experiments to test effect of platen temperature 

(influence on both surface tension and drying time) 

Ceria Ink Experiment #2 

           

As Printed Sintered at 300˚C 



 Application: CID 86 image sensor 

 CID = charge injection device 

 CID86: 540x540 pixels; 27 μm x 27 μm 

 Objective: Increase the spectral response of 

CID 86 image sensor into the UV range 

 Dr. Zoran Ninkov 

 Ross Robinsin (PhD student) 

 Hrushikesh Godbole (MS student) 

 Patent pending 

 

Quantum Dot Experiments 



 Exhibit phosphorescence upon photo-excitation at by 

wavelengths shorter than emission wavelengths. 

 6 nanometer CdSe particles with a ZnS shell are sensitive to 

light in the UV spectrum. 

 The concept is to detect a signal in the UV spectrum by 

measuring the visible phosphorescence produced by the 

QD’s. 

 

Quantum Dots 

Oxide Encapsulation 

Poly-Silicon Gates 

Quantum Dot Film 

Incident UV 

 

Fluorescent Emission 

One Pixel 



 2 layers deposited on CID 86 device 

 ~ 400 nm thick QD coating 

 

Printing and Measurement 

a. b. 

Figure 1: Quantum dot coated (~400nm thick) CID86 device under visible (a) and UV (b) illumination.  

Device was mounted in a camera, resulting in shadowing of visible light. 



Printing and Measurement 

a. b. 

Figure 1: Cross-sectional SEM of QD layer (a) at 10,000X and EDS elemental analysis (b) showing Si 

in green and Cd in red confirming the identity of the CdSe quantum dot layer.  

 

 

a. b. 

Figure 1: SEM images of early (a) aerosol spray film deposition and improved (b) film with additional 

less volatile solvents and substrate heating.  Both images are at 5,000X magnification with 1µm scale 

bars. 



 VUV plot generated using CID Sensor Spectral Response 

software (Note: The setup is not calibrated so the vertical scale 

is redundant) 

 

Printing and Measurement 



 In an uncoated device wavelengths shorter 

than 160nm are blocked. With QD deposition 

we have evidence that signal is detected up to 

120nm.  

 Currently work aimed at trying QD of different 

particle sizes and inks with different solid 

loading fractions 

 The sample devices will then be tested at NIST 

Results and Conclusions 



 Novacentrix PulseForge 3300 

system 

 High speed low temperature 

curing/sintering 

 Many opportunities pertaining to 

synthesis of multi-material 

structured films/devices 

Next Up: Photonic Curing 

Copper nanoink sintered on paper substrate 
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