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Motivation

e Highly efficient and environmentally benign power and

fuel systems require:

— Critical Sensing in modern power plants and energy systems

— Higher efficiencies in energy conversion

— Lower emission for near-zero emission power plants

— Enhanced material systems safety

Other renewable 481.3 TWh 2.1%

Solar 124.8 TWh 0.5%
Wind 628.2 TWh 2.7%

Fossll fuel
15621.7 TWh
67.5%

World Electricity Generation by Source (2013)

04-19-2016

U.S. 2013 Electricity Generatlon By Type

Electricity generation by fuel type in the AEO2015 Reference case, 2000-2040 =
trillion kilowatthours cla

oal 6

Histary Projections

natural gas
3 - renewables
2 nuclear
1 30% coal

petroleum and other liquids

2000 2005 2013 2020 2025 2030 2035 2040
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Advanced Sensi ng VR CR.

e Harsh high temperature conditions are common to the efficient
conversion of fuels and processes for environmental control

e Monitoring/estimating harsh conditions in real time is needed for high
system performance and assessing reliability

Combustion Turbines

Gasifiers
e Up to 1600°C e Upto 1350°C
* Up to 1000 PSI * Pressure ratios of 30:1
» Erosive, corrosive, highly reducing  Thermal shock, highly oxidative

* Complex geometries

www.mekanizimalar.com | www.youtube.com/mekanizmalar | f=—4
ma

COAL POWER PLANT 'S \

_ Coaling

E
e\
ety

©SE2012 (C

Robert Romanosky, 2013, DOE NETL Crosscutting Project Review Meeting
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State-of-the-Art

“~

* Integrated thermocouples bonded to turbine blades

e Temperature measurement enabled

e Signalis sensitive to harsh environments

e Up to 1400 °C for short time

3. Sensor film is sputter-deposited on Ti
adhesion layer. Both films are shaped
with photo-lithography and lift-off

5. 'Seed’ Cu layer is sputter-
deposited on Ti adhesion
layer

6. Thick Cu layer (1 mm)
is electroplated onto Cu
‘seed’ layer

2,4. Reactively sputtered
ALO, used as insulation

7. Thick Ni layer (1-2 mm) is
electroplated onto Cu layer

1. Adhesion-promoting Ti layer is
sputter-deposited on stainless steel
substrate

8. Embedding layer

(X. Li, 2001)

04-19-2016

High Temperature
Thermal-Spray
Thermocouple

SiC Wireless
Electronics

(J. Yang, 2012)
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- State-of-the-Art

Ultrasonic
Vibration Normal Force

Sonotrode

Work Pieces

Weld Region

Ultrasonic Operation
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Electroplated nickel

Stainless steel substrate

Laser deposited | Laser deposited stainless steel

g lcsser Electroplated nickel

Electroplated
nickel

Hahnlen, R. M. (2009). Development and characterization of NiTi joining methods and metal matrix composite
transducers with embedded NiTi by ultrasonic consolidation (Doctoral dissertation, The Ohio State University).
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- Overview and Rationale

Multi-material fabrication using EBM [!l  Fabrication of electro-mechanical system [2!

1. C. A. Terrazas,S. M. Gaytan, E. Rodriguez, D. Espalin, L.E. Murr,F. Medina, and R. B. Wicker, " Multi-material metallic structure fabrication using electron beam melting", Int J Adv Manuf
Technol, Vol 71, Issue 1-4, pp 33-45, 2014
2. E. Aguilera, J. Ramos, D. Espalin, F. Cedillos, D. Muse, R. Wicker, and E. MacDonald, " 3D Printing of Electro Mechanical Systems",In: Proceedings of the 2013 Annual International Solid

Freeform Fabrication Symposium, Austin, TX, USA
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U]/ Overview and Rationale

e “Smart parts” with embedded sensor
— Built-in monitoring capability
— Accurate sensing at desired location
— No change required post fabrication
— Realized by 3D printing technology

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 8/42
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Scope of Work

e Design and fabricate “smart parts” with embedded sensors.
— EBM 3D printing technique for fabrication of “smart parts”

— Piezoceramic sensors for temperature, strain, pressure, and structural
health conditions.

e Evaluate the sensing capability of the “smart part”.

Stress
Pressure Defects
Strain sensing Heat
Voltage output .
Commercial
Strain Pressure sensing Temperature sensing SHM
Sensor - Voltage output Capacitance change Impedance change
ress
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U Objectives

 Objective 1: Fabricate energy system related components with embedded
sensors

— Fabrication & evaluation of components without sensor by EBM
— Manufacturing “Smart Parts” with embedded sensor by EBM

* Objective 2: Evaluate the mechanical properties and sensing functionalities of
the “smart parts” with embedded piezoceramic sensors

— Evaluation of interfacial shear properties
— Characterization of the sensing capability

* Objective 3: Assess in-situ sensing capability of energy system parts
— Short & long term testing to determine sensor reliability
— Cyclic and constant loading to determine the sensing repeatability and stability

Sensor Leads

Embedded

Embedded Sensor pocket Sensor

Sensor

Smart tube with

embedded sensor

04-19-2016 +wong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 10/42
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Electron Beam Melting

e Additive Manufacturing is a process for creating parts directly
from a computer model based on 3D Printing technologies.
— Builds complex, functional parts designed in a 3D CAD program
— Eliminates variation of properties across scales

— Wide range of applications: ceramic molds, structural ceramic parts,
parts for tooling, ceramic preforms for metal matrix composites, etc

L)
By

Building First layer Second layer Final Part
Powders
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EBM Animation ’

by Oakridge National Laboratory
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Design of the Fabrication Process» s

04-19-2016

“Stop and Go” process
EBM fabricated manually interrupted
Sensor embedded during fabrication at desired location

Step 1: Fabricate the
bottom and insert part

Step 2: Assemble sensor,
wiring, and insert part

Step 3. CNC machine the

Step 6: Finish the “smart mask plate

part”

Step 5. Resume building

the top surface Step 4: Set up for the top

part

Yirong Lin —2016 DOE NETL Project Review — Pittsburgh, PA 13/42



Sensing Materials

e Piezoceramic for sensing

— Piezoelectric elements are used in smart systems due their
capability of coupling energy in mechanical, thermal, and
electrical domain

— Most of applications rely on relative magnitudes of voltage, or
frequency spectrum of signal modified by sensor

— Pb(Zr,Ti,)Os, T. = 350 °C; LiNbO,, T,= 1200 °C

Tension

Compression

D) 6

—alh A

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 14/42
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7]/ Fabrication

e Powder Material: Ti-6Al-4V
e Mask Plate and Start Plate: Stainless steel
e Layer Thickness: 50 um

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 15/42
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Design of “Smart parts

Insert part
(Ti-6Al-4V)
<z Alumina plate
Electrode —
H . .
(Ti) Piezoceramic sensor

Bottom part
(Ti-6Al-4V)

Exploded View

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 16/42
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U Fabrication Results

Masking Plate

Misalignment of
435 um

e A

hp7

1 cm

Bottom part Part press fitted Final “smart parts”
into the masking
plate (150 mm X 150 mm)
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Fabrication of Design A

Assemble of parts After 2"d Fabrication After 2nd
of parts (top view) fabrication of parts
(side view)

>

W.M. KECK CENTER
FOR 3D INNOVATION

R—co0 -0
With Package Without
Protection Package
Protection

Dissemble of the top parts

Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA

18/42



e
C h aracterization o e

Before EBM Capping
Alumina Plate Ti Electrodes Ceramic Sensor Alumina Sleeve

B -, =
$ 135 pet =
=T Py i et yn

g o
- e
il A
+ i3

10mig = 10mm 10mm fos

After EBM Capping
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Metallization B

SI§M of AIUr}\ina' after

EBM Capping . . - . : Element |Vaporization Temperature (°C) At
: S S : Pressure (Torr)
104 103 102 101
Copper 1035 |1141 (1273 1432
Gold 1190 (1316 |1465 (1646
Iron 1195 (1310 1447 (1602
Platinum 1744 (1904 (2090 |2293
mBM 1546 1742
Tungsten 2767 3016 |3309
Yttrium 1362 |1494 (1650 1833
Niobium 2355 |2539
Nickel 1257 |1371 |1510 |1679
Titanium detected on
alumina plate Sj :
Ti
: 2* rrererrerrr T

'Full Scale 4058 cts Cursor: 4568 (53 cts)
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7]/ Sensor Packaging Design o

Electrode’s Leg

Insert part
(Ti-6Al-4V)

<+ Housing
W= Electrode
— Piezoceramic

Bottom part
(Ti-6Al-4V)

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 21/42
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Sensor Packaging Fabrication

-
—— E_. —3

Machinable
Alumina

04-19-2016

- [e— ‘ \
- R\ I saﬂ?_m-__! "
- IE= e
“ = R
|
& €

Py

Injection
Modeling

3D printing

Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA

3D printing
+
Ceramic spray
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. . .
Alumina Housing by ExOne o

(A) +— Easy Access Lid
' l% Build Chamber (Inside)

m _'— Operating Controls

Binder, Cleaner, Waste Station
Powder Beds
Left: Feed Bed
Right: build Bed

Green Body Sintered at 1600°C for 16hrs

|\llll|||‘HH)lIIIlIHllllll“!ll\l\\[\llH\HHI

Layer Thickness | Apparent p % Relative p X% Shinkage | Y% Shrinkage | Z% Shrinkage

Mixed 45um 3.81g/cm3 96.51 8.75 10.92 8.63

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 23/42
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W.M. KECK CENTER

Ti-6Al-4V Sensor Housing

Ti-6Al-4V sensor housing
fabricated by EBM

SiO, ceramic coating

Each applied layered is air
dried

A rougher surface finish was
created for better application

Coating is furnace cured at
650°C for 30min.

Coating Still cracked
Primer needed before

Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 24/42
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: 'Successfully Fabricated Smart Parts

&

W.M. KLLK LLNT[R

Run 1 Run 2 Run 3

2] » o
ExOne Housing Machined Housing Machined Housing
SS Electrodes SS Electrodes Tungsten Electrodes
Full metallization of sensor Reduction of metallization

Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 25/42
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Smart parts Fabrication (15t run)

Before
Fabrication

g0 s0 [0 110 120 o e

Final Part

-IU”]UHI”“[””‘II'HIIIH[H”]HHW| I ||||\||lwnnllm\nnpm\l S

M) 1o 120 130 140 15N 160 170 18
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- Force Sensing

A
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Compression Force sensing

10 Hz

Force (kKN)

-12-

“~

W.M. KECK CENTER

0 0.2

L
0.4 0.6
Time (1)

Force (kN)

o 0.1

04-19-2016

0.2 0.3
Time (1)

0.4

1.5 0 1.5
15 Hz
2.7 3t 27
9 ~ -6 409 ~
(8] 5 9 6 (&] 5
2 = | 2
éj 8 | i E‘
= =] c
0.9 = 9 05"
~-2. 12} da7
! 1.5 15— L : ! . ! 45
0.8 1 0 03 0.4 0.5 0.6 0.7 0.8 0.9
Time (t)
15 0 45
25 Hz
23 3t 2.7
= el 0.9 .~
£ = -
g = 2
i
3 L 0
- = ol 0.9 -
-12 2.7
15 -15 L 1 L 1 1 I 1 L i_4.5
0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (t)
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. Mechanical Property Testing

1200

1000

Control

800

g
E 600
g
w
400
Elastic Modulus 110 GPa
200
0
] 2 4 B 8 10 12 14
Strain (%)
2nd
-, built
o Stop and go
500
g
E 400
E 300
w
1st
200
Elastic Modulus 100 GPa .
i built
0
0 0.2 0.4 0.6 0.8 1 1.2 14 16
Strain (%)
04-19-2016
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’UZ@ Interfacial Property Enhancement Wi
Experimental Setup

Tensile bars were fabricated to test mechanical
properties after interrupting the fabrication process

Fabrication was stopped at gauge’s midpoint,
the machine was allowed to fully cool and the
process was restarted to simulation the
process of sensor embedding

Fabricated tensile
dog-bone samples

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 30/42
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7]/ Interfacial Property Enhancement e
Testing Results

Semi-melted i
emi-melte M™Single Melt
(3 Double Melt
Unmelted
Powder =1 Triple Melt

1000 140 2
900
120 1
800 S T
100 / 510 / ==
S / == e /
= I— —
2 2 50 = 2
S 400 W = 5
200
100
0 0 0
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Single Melt

!

TM-1000_0021 2095/02/25 17:57

<t
C

e

.
-~

2016/02/25 18:05

- -

TM-1000_0030
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Fracture Surface

Double Melt

™

o

S
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EOR 3D

INNOVATION

ki

TM-1000_0035

« gk F
ﬁif;:

30um

TM-1000_0033 2016/02/25 18:25

eview — Pittsburgh, PA 32/42



U

Interface

Hossain, M.S., Gonzalez, J.A., Martinez-Hernandez, R., Shuvo, M.A.,
Mireles, J., Choudhuri, A., Lin, Y., Wicker, R.B., (2016). Fabrication of
smart parts using powder bed fusion additive manufacturing

Joint Microstructure

Adjacent
fabrication

Standard part
fabrication

technology. Journal of Additive Manufacturing,10, pp. 58-66 (a)

04-19-2016
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FOR 3D INNOQVATION

(d)
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up Smart Tube Fabrication

vy

- TS

Top View

Slep 2. Assemble sensorn,
witing. and inserl pearl

Step 3 CNG mashies the
mask plabe
AT

L e .
:— }"‘-‘H 0 / T R mtm wmtw.\lﬁ
//‘-"‘x\_x 50 so 70 s0 w0 [UU e 120 130w B0 m:\wm

:x;u?f::ne putdng Step 4: Set up for the top MaSkIng plate Side VieW

paarl
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' Smart Tube Force Sensing

10 Hz: 0.01 v/kN

1 Hz: 0.06v/kN
0 : : : -2.6 -6 . . ﬂ -4.35
{.2. 8
-10 * n -4.4
— ~—
=, & famy i~
= < 2 %
-10+ _ =T]
§ E 8 12 8
=) o 5 °
[ - = =
14t 1-4.45
AR
-20 : : : : ' -4.5
2 3 4 5 6 7 2.2 2.4 2.6 2.8 3
Time (s) Time (s)
35/42
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- Temperature Sensing

Pyroelectric back calculation on Test tube #3 Thermocouple Readings Test Tube

100 140
90 r
go | 120
~ 70+ —
& g 100
E 60 - E
=
& 50f & 80
@ F
S 40 “E’.
5]
= 30f e 607
20
40
10
0 ' ' ' : ' ' 20 ! . . . . . .
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200
Time (s) Time (s)
60 . , v v . 60
Pyroelectric
— Thermocouple
- 50 50
4
§ P
2 40 {40 B
-
N E
g =
=
w30 130
1 (¥
T(f) =— | Idt+ T(0)
pA : . . : : 20
to 0 200 400 600 800 1000 1200 1400

Time (s)
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U Ongoing Work

Swirler Fuel Injector

Premixer
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U7 Ongoing Work Wit KoK cout

e Simulation e Hot air temperature sensing

Hot air in

Temperature
Hot air out sensing

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 38/42



Conclusion and Future Work

Smart part fabrication was successful

= “Stop and Go” process was developed for sensor embedding

=  Masking plate was needed for the second fabrication

= Interface between first and second EBM fabrication is key in material failure
* Sensor packaging was critical for sensor protection

= Low pressure, high temperature harsh environment in EBM

=  Metal vaporization contamination common issue in EBM

=  Further sensor size reduction is needed for better sensor integration
*  Future Work

= |R Imaging of the fabrication process for in situ monitoring of paused build
fabrication will be performed

=  Masking plate less fabrication process for sensor embedding

&

- -

=  HIPing of the fabricated parts will be performed

Embedded

Sensor pocket Sensor

04-19-2016 Yirong Lin — 2016 DOE NETL Project Review — Pittsburgh, PA 39/42
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Thank you

Questions?
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Schedule |

Year 1 Year 2 Year 3
Q1 Q2 Q3 |Q4|Q1 Q2 |Q3 |Q4|Q1 Q2 Q3 |4

Objective 1

Task 1: Fabrication Characterization

Task 2: "Smart Parts" Fabrication
Objective 2

Task 3: Mechanical Evaluation

Task 4: Sensing Demonstration
Objective 3

Task 5: "Smart Tube" Testing

Task 6: "Smart Premixer" Testing

Task 7: Modification to Fabrication

Progress Report
Final Report
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Uz Hardness Testing Results v

e Vickers Hardness Test was
performed on the completed
smart part

e No large change in Hardness
value throughout the smart
part

e EBM Ti-6Al-4V =40 HRC

-

; X )

e Annealed Ti-6Al-4V = 36 HRC 12 14

Bulld Distance {mm}
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Backup

e Add Shojib slides

e Simulation results

 Premix Fabrication

e Alternative sensor materials

* Hipping process

e Sensor packaging size reduction
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Budget Period 2

Interfacial shear

Mile- . _— . .
stone Title Description Relation Validation | Date
Budget Period 1
Complete plans
for Facility,
ted P
:r:':;‘__f Resources, o;zl:lllecessar Report Plan
M1 Quality, Safety ) delivered to | 12/31/13
‘ " lowil
Management Documentation following DOE PM
Plan tasks
Management,
etc.
Review of
objectives,
technical and Presentation
Kickoff Predecessor
M2 Meeting managerial For tasks delivered to | 01/31/14
approach and DOE PM
other facets of
project
Selection of High
Temperature
Piezoelectric Summarized
Embedded Material, Data set for in nearest
M3 Sensor Parts determination of | 1st Decision Quartert 09/30/14
Fabrication fabrication Point ¥
X Repart
technique for
embedded
SENSOrs
04-19-2016

Mechanical strength and .
. Predecessor | Summarize
strength strain, .
. for results in
M4 evaluation and | temperature, 12/31/14
) subsequent | Quarterly
sensing and pressure
. - tasks Report
demonstration | sensing
demonstration
Calibration of
sensor,
. . determine the Predecessor | Summarize
Calibration of itiviti f for results in
M5 Sensor sensitivities o 03/30/15
strain, subsequent | Quarterly
performance
temperature, tasks Report
and pressure
sensing
Sensor reliability, | Data set for | Summarize
Reliability repeatability, 2nd results in
M6 Testing and stability Decision Quarterly 09/30/15
testing Point Report
Budget Period 3
Demonstration
of embedded .
sensing Predecessor | Summarize
Case study 1: o . for results in
M7 “smart tube” capahllhty forits subsequent | Quarterly 12/31/15
usage in a
. tasks Report
combustion
system
Demonstration
Dat t fi .
Case study 2: of embedded 3rada setfor Summarized
M8 “smart sensing of a Decision in Quarterly | 06/30/16
premixerf’ premixer for . Report
. Point
turbine system
Fabrication
L parameter Predecessor | Summarize
Madification optimization for results in
M9 to fabrication 09/30/16
rocess based on Case subsequent | Quarterly
p study testing tasks Report

results
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Additive
Manufacturing

Energy System
Testing
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