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Relevance - National Waste Energy Recove ot .
Magnitude of the Opportunity —- Why Are We Interested?

» 60-70% Energy Loss in Most of Today’s Processes

» Transportation Sector

» Light-Duty Passenger Vehicles + Light-Duty Vans/Trucks (SUVs)1
2002: 16.27 Quads of Fuel Usage
2008: 16.4 Quads of Fuel Usage
2002: ~ 5.7 quads/yr exhausted down the tail pipe

~ 5 quads/yr rejected in coolant system

> Medium & Heavy-Duty Vehicles'
2002: 5.03 Quads of Fuel Usage
2008: 5.02 Quads of Fuel Usage
~1.5 quads/yr exhausted down the tail pipe

» Industrial Process Sector

» 10 Quads of Waste Energy Flows in Industrial Processes
» Aluminum. Glass

» Paper ,
» Petroleum "Transportation Energy Data Book, 2010, Edition 29, U.S. Department of
» Chemical Energy, Office of Energy Efficiency and Renewable Energy, Vehicles
Technology Program. ORNL-6985, Oak Ridge National Laboratory, Oak
> 1.8 Quads Recoverable Ridge, Tennessee. http://cta.ornl.gov/data/index.shtml.
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The Magnitude of Our Energy Problem

Heavy Vehicle Technologies

2007
- 102 Quads

U.s. 74 Quads 91 Quads

World 229 Quads 365 Quads

Reference - Dr. James Eberhardt
DOE - Office of Vehicle Technologies

1 Cluad of energy is equivalent to 340 000 tank cars
of crude oil stretched from Miami to Seattle (3,300 miles).
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Goals & New Frontiers

» Develop new high-performance n-type and p-type thermoelectric (TE)
material compositions to enable:

» Fuel efficiency improvements from waste energy recovery in advanced light-duty
engines and vehicles.

» Improved heavy truck efficiencies by 2015
» Stretch thermal efficiencies of 55% in advanced heavy-duty engines by 2018.
» Improve efficiency of directly converting waste heat in industrial processes

» Develop high-performance TE materials with operational temperatures as
high as 850 K

» Advanced n-type and p-type bulk TE materials that have peak ZT (Figure of
Merit x Temperature) of approximately 1.6 or higher at 600 K

» Minimize temperature-dependency in properties to achieve high performance in
the 350 K to 820 K range

» Measure Structural Properties & Characterize Thermal Cycling Impacts

» Improve cost-effectiveness and performance of exhaust heat recovery in
transportation / industrial applications. Scaling up to operating TE devices




.. .. Battelle
Strategies in Designing n-type and p-type e

Skutterudites: R,R,’Co, ,M,Sh,,

» Multiple Rattler Systems Dramatically Reduce Thermal Conductivity
While Maintaining Electrical Conductivity & Seebeck Coefficient

» Single Rattler Systems

» Multiple Rattler Systems
Single and

Multiple
Rattlers

R2*: Ba, Ce, Sr, Ca, Ag, Pd, R.Co,Sb
X 4 12

R3*: La, Ce, Pr, Nd, Sm, Eu, Gd, Th, ,
Dy, Ho, Er, Tm, Yb, Lu, In, Sc R,R’,Co,Sb,,

Co,Sb,, (n-type)

» Most Recent Focus:
» n-type In,,Co,Sb,,
» n-type In,Ce Co,Sb,,
» n-type In,Ce, Yb,Co,Sb,,

Fe,Co,.,Sby, (p-type)




ecent Accomplis bR
n-Type In,Ce (:o‘,Sb12 TE Propertle

1.6 | ! | ! | | ! | ' |

> Iny ,C0,Sby, ZT ~ 1.2 @ 600 K

| = In ,¢e, ,Co,Sb . d)
® |n0 ,Co,Sb_ A |
(highly reproducible). tar hiCs. [CABb, . .
» Several In, ,Ce, Co,Sb,, Showed ZT = v In_.Yb, Ce . CoSbh_ § '
12145at625K 121 4 In_Ce, CoSb & ©
> There is an enhancement of ZT when . | s v e ]
Ce is co-filled with In N .
_ = _
> Cerium (Ce3*, Ce#*) mixed valiancy 08 |- . i
may play a role. - Enhancement of I N \ ]
Seebeck values. 06 - i
showed ZT ~ 1.5— 1.6 around 500 K. o4 %= -

Working on reproducing it U
300 350 400 450 500 550 600 650

T (K)

|n020e 01Co4Sb12 SEM
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Thermal Cycling Results
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» 200 Cycles ; 40 °C to 400 °C

»IMinimal thermal cycling impact on structural properties

»|Materials howing Good Stability Upon Thermal Fatigue Cycling

» Indicates little or no microcrack growth or initiation

» Thermal stability critical to transitioning into operating TE devices & systems

Temperature Before Thermal Cycling After Thermal Cycling
[°C] Young’s Poisson’s Young’s Poisson’s
Modulus, E Ratio, v Modulus, E Ratio, v
10° [N/m?] 10° [N/m?]
In, ,5sCe, ;Co,Sb,, 20-22 134.8 0.215 134.4 0.204
(LBL1) — n-type
In, ;sCe, ;Co,Sb,, 20-22 132.6 0.204 131.9 0.200
(LBL2) — n-type
In, ,sCe, ;Co,Sb,, 20-22 133.9 0.185 135.8 0.194
(PNNL3-G1B) n-type
In, ,Ce ;5C0,Sb,, n-type 20.6 124.5 0.213 125.7 0.214
In, ,Ce ;,C0,Sb,, — n-type 19.9 109.5 0.213 108.5 0.210
In, ,Ce o5 Yb, ;C0,Sb,, n-type 20-22 89.5 0.208 85.9 0.207

9—



Thermal Cycling Impacts on Power Factor

> In, ,Ce, ,C0,Sb,, showed 36% increase in PF @ 525 K
> Iny ,Ce, 15C0,Sb4, showed similar increases in Seebeck coefficient
» HOWEVER, In, ,Ce, ¢5Yb, C0,Sb,, showed 36% decrease in PF @ 525 K
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Thermal Cycling Impacts on Thermal Condt

» Major Finding — Thermal Conductivity Decreases After Thermal Cycling in
These Materials

» Iny,Co,Sb,, - A Decreases By ~ 3% or Stays Approximately the Same

> In,,Ceq 15C0,Sby, — A Decreases By ~8%

» Coupled with Increases in Power Factor (a?/p) ‘ Increases ZT by 1.4X
» XRD AnaIyS|s Shows No Changes After Thermal Cycllng
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Shear & Elastic Moduli Vs. Temperatuti
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» First Measurements of Temperature-Dependent Structural Properties in
These Skutterudite Materials (Reported in Journal of Electronic Materials

2012)

» Temperature-Dependent Structural Properties Critical to TE Device Design
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Battelle PNWD / Tellurex Corporation

TE Couple Fabrication & Testing

13
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p'Type LASTT l n'Type Ino_z ceO_15 c04 Sb12

» n-Type In-Ce Based Skutterudites with p-Type LASTT Materials in Operating TE
Couple

» p-Type LASTT Well-Developed Thermoelectrically & Structurally (Tellurex Corp., 2009)
» Demonstrated in TE Modules (Tellurex Corp., 2009)
»2T=1.2@ 750 K
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TE Couple Test System

Hot-Side - — Hot-Side
Thermocouple R 7 i Tab (Ni)

In0.2Ce0.15C04Sb12
Pellet

Cold-Side Tab (Ni
Plated Cu)

LASTT

Cold-Side
Thermocouple

Alumina
Substrate

15




TE Couple Test Results psdicle
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0.180
T % Testpoint | 8%

0.160 325°C 0,155 Wat’f Test point o .
= “\. e A 7% Conversion
3 A e Efficiency —325°C
< 0140 300°C Y = ’AllindiC'ted temperatures were 300° C
; > 6% 6% ConverSIon mainfnic d ale:pmni'n 1l iunctions
¥ o b — maintaned—at-+e-materiat-junctions: 250° C
Q 0.120 - E \ EfﬁC'en 3y T. ., =40°C for all operating points .
= . ‘ & \ Cold T o ==)(0° C
0 ‘S o
o T \ ==150°C
- 0 \\
9 0100 - XN
a - 250°C £ \ .
3 o ) N Allindicated temperatures were
:g 0.080 g\ N N \ maintained at TE/material junctions
0 g \ \ \§\TCOIC =40° Cfor all pperating points.
e O 3% (INC N -
a 0.060 - o S \ \\ :\\
a A ~— —— =
o 0.040 \‘ " — T —— ‘\\
® \ — \n\ T — ——
o} 150°C NN e —
- T ——

1% ——
0.020 \\
0%
0.000 - 0 005 01 015 02 075 03 035 04 045 05
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Load Resistance (in Q) Load Resistance (in Q)

A\ . ™ .. | O



Batielle

The Business af Innovation

0.070
8%
% Test point %h
300°C X Test point 79 .
\ o Conversion
0060 N 0060 ML —
s b Efficiency ) —300°C
\ . Allindi¢ated temperatures were ,
< : \ 6% Conversion Ao emperatis were o
Y YRRV VAAN ] maintained at TE material junctions. —
% 0050 c MfYIY VY —Imiciency Teoig = 40° Cfor all operating points. =200 C
0
3 ‘0 =150°C
8 E %
w L}
o 0040 c 7
& S /
H 2508 SN S ’
% g \\ Allindicated temperatures were
S 0030 . N g \\; maintained at TE material junctions
o O 3% E S \&- 0° C for-all-operating points.
o = N ~
. ] \ \ \_
(] \; ~— _— =
; 0.020 — \ [
3 0 a ——
o 20° \\ \§.
T ~—— -\
© \~
o 1% ———
= 0010 —
130°
T —F‘
0.000 0 0.05 0.1 0.15 02 0.25 03 K5 o 045 05
0 0.05 0.1 0.15 0.2 0.25 0.3 0.45 0.5

Load Résistance (in ﬁf
Load Resistance (in Q)



Batielle

The Business of Innovation

Projected 8.1% TE Conversion Efficiency @ T, =
400°C (673 K)

T.oq = 40°C (313 K)
Hot Side Temperature [°C] TE Couple Efficiency [%]
150 4.75 (Actual Test Data)
250 5.55 (Actual Test Data)
300 7.0 (Actual Test Data)
400 8.1 (Linear Extrapolation of Test
Data to Higher Test
Temperatures)

> % @ T, = 300°C is an Excellent Conversion Efficiency for an Operating TE Couple
at These Temperatures
» Includes Couple Electrical Contact Resistances & Thermal Contact Resistances

» Creates Numerous Opportunities in Transportation & Industrial Energy Recovery
» These Couples Are Fully Capable of Environments and Applications Where

Toor = ~450°C




Conclusion & Closing Remarks

> p-Type LASTT and n-type In, ,Ce, ,sCo,Sb,, Skutterudites
Available NOW for Scale-Up

» Thermoelectric Properties
» Structural Properties
» Thermal Cycling

» Highly Manufacturable Materials

» Excellent Bonding Properties

» Easy to Handle in Fabricating Couples
» Very Good Performance Demonstrated in Operating Couple

» Couple Exhibited Very Good Electrical & Thermal Interfaces at
Bond Lines

» Additional Development and Scale-Up Funding Now Required
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Thank you for your interest and attention

We are What We Repeatedly do. Excellence, Then, is not an Act, But a Habit.

Aristotle

Questions & Discussion
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Technical Backup
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Structural Property Measurements The Buinseof Imevation

» Structural Properties Just as Critical as TE Properties

» Measured Coefficient of Thermal Expansion & Determined Elastic
Material Properties Over Elevated Temperatures

» Measured Coefficient of Thermal Expansion (298 — 673 K)

» Modified Existing RUS System for Material Property Measurement at
Elevated Temperatures

» Measured E and v at Multiple Temperatures Spanning Room Temperature
to 300 °C

» RUS Systems
» Room Temperature System Shown Right

Specimen
between
ransceivers

» High-Temperature System Shown Below

23
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P, L, CTE E,
Specimen Label density Poisson's (106/ C) Elastic Modulus ZT
and Comments (g/cm3) ratio (298 - 673 K) (107" N/m?) (@ 625 K)
14
Bi,Te; Alloys 0.21-0.37 21 (Anisotropic) 0.40-0.47 0.0-0.1
PbTe 0.26 19.8 0.58 0.7
CoSb, (literature) ( 0222 > _ C_ 139 _) 0.6
= == .- ( - ~s - ———- T
CoSb, (PNNL) (02250226 ¢ _ 128 _ . ( 1.391-1.398)
In, 4Co,Sb,, (PNNL) 0.227 8.37 1396
Ing Y, 1Co,Sb,, (PNNL) 0.247 9.26 1.413 ~0.5
Ing 45Ce,.1C0,Sb,, — PNNL3 0.185
2-5-2010 --- REPEAT of 1-21- ~7.314 PEs 1.339
2010 PN 8.61 _ 0.95
) / \ ~ 7N
2-5-2010 I \ s 856 ; Y 0.95
4 \ 7 \ 1
Ing 15Cey 1C0,Sb,, - LB2 7064 | 0.204 |1 | : 1326 \‘
2-9-2010 I 11 826 I \ 0.95
! L v
Ing ,Cey 15C0,Sb, 0.210-0.214 | 1
03161035_3-17-10 | (2 samples) ', I T 1.182-1.185 | 1.3-1.4
6-08-2010 - BNW-60608 — 88(M1-M31) 7.019 1 "| 8.11-8.44 | | (2 samples) | (1.5-1.6 @ 500K)
|
In, ,C0,Sb,, — A05061030-A '\ 0.208-218 ;! ,'
2010-06-09- BNW-60608 — | (2samples) | =~ 8.27-8.34 1 1.178-1.238 X
90(M1-M29 & M31 — No M30) 7.06-7.10 | | “ |\ (2samples) | 1.2
\
|no_2Yb0_1C60_05C04Sb12- \ 0207 I ‘ ’ \ I
KB0627100_7-23-10 2010- \ S ! \ / <
08-16-BNW-60608-123 (M1- \ p \ / \ /
M27) 6.421 S - \7.06-9.7 7 \ 0.895 / 1.2 y

\ 4 N 7
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Thermal Cycling Impacts on Power Factor

> Ing 15Ce, 4C0,Sb,, showed significant increases in power factor after
thermal cycling — Table Shows 510 K Properties

» Effect in the right direction — Big impact on Seebeck coefficient

» Required further investigation with other (InCe)-based compounds and with
statistically-significant sample numbers

Specimen Label Before Thermal Cycling After Thermal Cycling
and Composition  I'g. e e Electrical Power Factor | Seebeck Electrical Power Factor
Coefficient | Resistivity [uW/cm-K?] [ Coefficient Resistivity [uW/cm-K?]
[WV/K] [MQ-cm] [WV/K] [MQ-cm]

In, ;sCey ;Co,Sb,, -259 2.33 28.7 -315 2.55 38.9
(LB1 sample) (+35.5%)
In, ,sCe, ;Co,Sb,, -259 2.33 28.7 -329 3.32 32.6
(LB2 sample) (+13.6%)

Zh

~ . 5




	2012 Department of Energy�3rd Thermoelectrics Applications Workshop�Baltimore, MD��Thermoelectric Couple Demonstration of (In, Ce)-based Skutterudite Materials for Automotive Energy Recovery�21 March 2012��Dr. Terry J. Hendricks, P.E.�Program Director�Battelle Memorial Institute�Process & Systems Engineering�Columbus, OH�e-mail: hendrickst@battelle.org�Ph. (614)-745-4704 or (541)-713-1353
	Acknowledgements
	Agenda
	Relevance - National Waste Energy Recovery�Magnitude of the Opportunity – Why Are We Interested?
	Slide Number 5
	Goals & New Frontiers
	Strategies in Designing n-type and p-type Skutterudites:  RxRy’Co4-xMxSb12�
	Recent Accomplishments�n-Type InxCeyCo4Sb12 TE Properties��
	Thermal Cycling Results
	Thermal Cycling Impacts on Power Factor
	Thermal Cycling Impacts on Thermal Conductivity
	Shear & Elastic Moduli Vs. Temperature
	Battelle PNWD / Tellurex Corporation�
	p-Type LASTT / n-Type In0.2 Ce0.15 Co4 Sb12 Couple
	TE Couple Test System
	Slide Number 16
	Slide Number 17
	Projected 8.1% TE Conversion Efficiency @ Thot = 400°C (673 K)
	Conclusion & Closing Remarks 
	Learn from the mistakes of others.  You won’t live long enough to make them all yourself.����                 Yogi Berra
	Thank you for your interest and attention
	Technical Backup
	Structural Property Measurements
	n-type Structural and TE Properties
	Thermal Cycling Impacts on Power Factor 

