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Overview Barriers

¥ Critical need for low-cost high-temperature
sensors to monitor combustion gases (NO,, O,, CO,

Timeline CO,) for an irolternal combustic_an _engine to _oPtimize
_ the combustion process (maximize fuel efficiency)
" Project start FY08 and minimize pollutants

Project end FY12

95% complete = accurate, real-time, and cost-effective monitoring

= sensing at close proximity to the combustion
process for accurate monitoring
Budget =internal reference gas, eliminates the need for

. . _ pumping an external reference gas
Project funding— FY08-11: = need a sensor package that is durable and can

830K (DOE) withstand repeated high temperature cycling
FY12-60K (DOE)

FY08-11: 2 Ph.D. students Partners

(OSU) ® Ohio State University

This project complements the overall goal for fuel efficiency for vehicle combustion systems
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Relevance

Optimum operation of vehicle combustion system will increase fuel efficiency
and reduce emissions, both are high priority goals for the vehicle technology
program

Efficiency of the combustion process can be monitored by the make-up of the
combustion exhaust gases (O,, NO,, CO, CO,)

Most state-of the-art gas sensors require external reference gas source that
require expensive external plumbing

Compact NO, sensor (or multiple sensing capability) with an internal reference
can be placed close to the combustion process and will provide more rapid and
accurate information of the gas compositional make-up

Need for a compact, reliable, robust, inexpensive bifunctional sensor
technology that is amenable for mass production



Objectives

= Modify and develop the compact oxygen sensor design to sense NO,
concentrations at ppm levels

= Fabricate compact NO, sensor package using the plastic deformation
joining technology; optimize joining conditions, electrode formulations,

sensing materials

= Test the fabricated sensors for sensitivity, selectivity, stability, cross
interference from other gases, etc.

= Test joints formed by plasticity for strength and fracture toughness
= Develop ceramic electrode formulations that can be directly joined to
sensor housing and obviate the need for platinum electrode to produce a

robust sensor

=  Patent invention so that we can interest potential industrial users.




Approach

First develop a high-temperature oxygen sensor and subsequently modify it to
sense NO, concurrently

Sensor design is based on relatively simple and well-known electrochemical
principles. Itis a closed end device made from oxygen ion conducting partially
stabilized zirconia ceramic (YSZ). At elevated temperatures, differences in
oxygen partial pressures across the ceramic produces a voltage that can be
measured by attaching electrodes

Develop high temperature plastic joining technology to join the YSZ sensor
components & ceramic electrode to produce a robust, leak—proof package. This
allows creating a known internal reference gas atmosphere at the measuring
temperatures

Using appropriate filter(s) and sensing materials, modify the oxygen sensor such
that NO, concentrations are measured

Conduct extensive tests to validate the performance of the sensor



Milestones

= FY10

— Develop high-temperature electrically conducting ceramic
electrode material to replace expensive Pt (completed)

— Demonstrate electrical properties of the ceramic electrode
(completed)

— Conduct preliminary deformation studies on the ceramic electrode
material to identify the optimum compositions (completed)

= FY11

— Develop optimum composition of the ceramic electrode for the
sensor package (completed)

— Demonstrate joining of ceramic electrode to sensor package
material (YSZ) (completed)

= [FY12
— Initiate industrial interactions
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Accomplishments joining technique

a2 United States Patent " (10) Patent No.: US 7,722,731 B2
Routbort et al. 45) Date of Patent: May 25, 2010
(54) JOINING OF ADVANCED MATERIALS BY (56) References Cited
PLASTIC DEFORMATION U.S. PATENT DOCUMENTS
(75) Inventors: Jules L. Routbort, Naperville, IL (US); 4,487,644 A * 12/1984 Guptaetal. ............. 156/89.26
Dileep Singh, Naperville, IL (US); 4,925,608 A * 5/1990 Rossietal. ......c...... 156/89.28
Kenneth C. Goretta, Tokyo (JP); Felipe 2004/0265663 Al* 12/2004 Baddingetal. ............... 429/30

Gutierrez-Mora, Seville (ES)

Experiments

» Relatively low joining
temperatures:
1100 = T = 1350°C.

» Moderate strain rates in
constant-strain-rate tests
(Ar or air):

c=10°s".
» Near-net-shape process:

Enax < 10 %.

max

Scanning electron microscopy images of the joint interface shows
no porosity; air-tight durable seal




Accomplishments oxygen sensor

¥S2Z ELECTROLYTE

WITH PLATINUM ELECTRODES =

Yttria-Stabilized Zirconia (YSZ) BASE

F o

combustion
5 _RT,_(PO)

a2 United States Patent (10) Patent No.: US 8,057,652 B2
Routbort et al. 45) Date of Patent: Nov. 15, 2011
(54) HIGH-TEMPERATURE POTENTIOMETRIC g.i‘gg.g% A : l%i}ggg 1.lz}llkuda :':lt]al. ................ %xjilzg
D J i ¥ A 2 asectal, .. 4
gﬁg&ngSCEgSOR WITH INTERNAL 5,308,469 A * 5/1994  Aldinger etal. ............. 204/426
5,360,528 A 11/1994 Oh et al.
5,543,025 A 8/1996 Garzon et al.
(75) Inventors: Jules L. Routbort, Hinsdale, 1L (US); 5,695,624 A 12/1997 Garzon et al.
Dileep Singh, Naperville, 1L (US); 5827415 A * 10/1998 Guretal. ..., 204/426
Prabir K. Dutta, Worthington, OH g‘l‘ggggg g}) " éjzggé ic_hﬂeid;jr ---------------------- 73/123.2
- p. . ¥ 5 ra = un ¢ .
%{%ﬁ?ﬂgﬁugﬁn?ﬁrst)hyhﬁﬁ?gssa;l::.g Hpitd 2003/0029910 Al* 22003 Goretta etal. ............ 228/248.1
Columbus, OH (US); Sheikh Akbar, .
H?u'il::duf)’p? (Ug ); Sheikh Akbar OTHER PUBLICATIONS
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Accomplishments

NO, Sensor Test Set-up
(a)
Gases i Filter Bypass Tube Furnace . ofe
V7 Geses Out Pt-Y filter equilibrates the gas
LW and allows measurement of
total NO,
Vertical tube
furnace
(b) Working
i NO, signal (current)
Counter
: } *current was converted to
:}—e ) voltage by OP-Amp
Reference

®
oxygen reference

(b) Amperometric mode

Working
®
Reference } NCxsgniyaiagy) (c) Potentiometric mode
&
} O, signal (voltage)
oxygen reference s




Accomplishments

Sensitivity of the Sensor to NO,
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Test Temperature = 600°C, Filter Temperature = 400°C

O, level 3% in gas

Response transients for 1-13.5 ppm of NO and NO,




Accomplishments
Replacing Pt with La, 4Sr, ,Al,Mn,, ,,0;: Electrode material

Al added to prevent proportions (x=0, 0.3, 0.5)

reaction of the electrode

material to zirconia -
Calcination:

1000°C for 4 hours,
1200°C for 50 hours

Reduce particle size:
Sieve or planetary mill

Sinter:
1450°C for 50 hours




ACCOmpliShments LSAM Electrical Conductivity
Optimizing LSAM electrode i ' ' '

L3AM 0Al Electrical Conductivity

L3AM 0.3A1 Electrical Conductivity
L3AM 0.5A] Electrical Conductivity

L3M 0Al Holc Electrical Conductivity
L3AM 0.3A1 Holc Electrical Conductivity
L3AM 0.5A1 Holc Electrical Conductivity
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e oincreases with T
Known LSM discontinuity at 100°C

* Increasing Al content decreases ¢
Not a large decrease between x=0 and 0.3

* Values improved over literature results
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Accomplishments

LSAM - X-Ray Diffraction

= X-Ray diffraction indicates peak shifts
toward the right for increasing Al
content

= Second phases seen with EDS are
confirmed with x-ray diffraction

e Mn;0, peaks in x=0
e AlLMnO, peaks in x=0.3
* Sr;Al;,0,c peaks in x=0.5

1.5

—_—

Intensity

o
o

—LSM 0Al
—LSAM 0.3Al
—LSAM 0.5Al

® Lsm

® Si
Sr7Al1,055
AlMn,O,

® Mn;O,




.
AccomphShmentS Strength of joint indicated by
Joining LSAM to YTZP transverse crack

Interface between LSAM/YTZP
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Accomplishments

Patent issued September 2011
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(57) ABSTRACT

A bifunctional total NO,_ and O, sensor assembly with an
internal reference [or high temperature sensing. Two electro-
chemical total NONO+NO,) measuring svstems and
method were coupled with a metal/metal oxide internal oxy-
gen reference w deteet O, and NO, simultancously ina com-
bustion environment using a single sensor. A Pd/PdO-con-
laining reference chamber was sealed within o stabilized
zirconia superstructure by a high pressure/temperature bond-
ing method. An amperometric and potentiometric NO, sensor
assembly was built on the outside of the Pd/PdO chamber.
Pt-loaded zeolite Y was used to obtain total NO_ capacity and
also 1o cover the Pt electrodes lor detecting oxvgen in the
presence of NO,.

20 Claims, 8 Drawing Sheets
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Collaborations

= Ohio State University (2 Ph.Ds)

= General Electric — sent oxygen sensors for evaluation

= Marathon Sensors — contacted ANL for a possible licensing
agreement

" |ntegrated Fuel Technology — contacted ANL for a licensing
agreement

= Honeywell International — expressed interest in the
technology
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Path Forward

Project was very successfully completed and
with 60K (FY2012) will attempt to develop
partnerships with OEMs for technology
demonstration and eventual transfer of
technology.




Conclusions

Based on YSZ ceramic, a basic sensor package design developed

Using the the sensor package design, an oxygen sensor with an
internal reference fabricated and demonstrated

Modifications made to the basic oxygen sensor design to sense
NO

X

Performance of NOx sensing has shown excellent sensitivity,
resolution and long-term performance

LSAM based electrode formulations developed and evaluated for
electrical;, optimum composition identified and joined to YTZP



