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A.  Parties

The project-was a relationship between the Lawrence Livermore Nanonal Laboratory (LLNL)
- and United Technologies, PratL & Whitney.

University of California

Lawrence Livermore National Laboratory
7000 East Avenae, L-795

Livermore, CA 94550

United Technologies, Pratt & Whitney
P.0O. Box 109600
West Palm Beach, FLL 33410-9600

B. Project Scope

The objective of this project was to develop engineered nanostructure laminate materials for
applications in gas turbine engines. Although the focus of this effort was on developing improved

- thermal barrier coatings, the data and experience gained through such project tasks as basic
theoretical work and modeling of composition/stracture proparty re]auonshlps canbe applied tothe .
dcvclopment of miczosTucture laminates for other applications.

C Techmcal

During this project LINL was responsible for expenimentally developing a database of
ceramic/ceramic nanostuctare-laminate fabrication processes w0 enable the selection of 2 material
‘and structure that provides &g,mﬁcanﬂy enhanced thermal barrier coating performance. This

. included the development of a ceramic/ceramic nanostructure mictolaminate database for thermal
baraer coatings and the developmmt of fabrication processes, structure 2nd composition

" characterizarion methods, and determination of performance under application-specific conditions:

After the darabase was developed LLNL selected candidate coating miaterial systems and fabrication
techniques, using s a basis for selection the expected thesmal bastier performance and functionally .
.. graded structures. In addition, LINL and Pratt & Whitaey jointly febricated thermal barrier coating .
. structures and charactedzed the composition aud structural, thcmzal, mechanical, and environmental
properties of the fabricated structures. . .
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Next, LLNL and Pratt & Whitney developed several candldale application-defined ccmmmlmctal
'nanostructure microlaminates for thermal barrier turbine blade coatings. This involved: fabncatmc .
the microlaminate materials, characterizing of the composition and the strucaural, thermal,
mechanical; and environmental properties of the microlaminates, and correlating the microlaminate
properties with process variables and optimizing fabrication processes. At the conclusion of t}us
. development effort 2 down-select was made to choose the best candidates, for advanced

characterization and dcpocmon on candidate engine parts. ) .

' ‘The next stage of the project required LINL personnel to train Pratt & Whitney personnel in .
‘advanccd laboratory techniques such as transmission electron microscopy (TEM) and grazing-angle
x-Tay scattering for microlaminate charactenization. Next, these characterization capabilities were
applied 1o in sit studies of mterfaces and failure mechanisms for thermal barrier coatings currenty

_ used by Pratt & Whitney. '

In the final project stage LLNL and Pratt & Whitney deposited several selected microlaminates on
prototype components supplied by Praut & Whitney, and Pratt & Whitney conducted laboratory tests

- of thcrmal, mechanical, and environmental properties of the microlaminate~coated prototypes. Prait
& Whitaey then down-selected candidate coating systems based on its desired application-specific
properties and initiated full-scale engine testing of final candidate coating systems.

D. Partner Contribution

- The responsibilities of Pratt &Whitmey were to define application-specific performance
_ rcquirements, to provide access to their extensive database for gas wrbine engine coatings, to
- . perform tesung of the panostructure laminates in application simulation environments, and to
provide base materials for sample preparation, in addition to their in-house development of °
- fabrication techuologies and preparation of experimenfal samples. -

E. Documents/Reference List
a) Subject Inventions disclosed by LINL:

A subject inveation was disclosed by IINL in the quarterly Ecport for the reporting
period 7/1/34 - 9/30/94. The Regeuts elected title and patented that invention. The
foﬂowmg patents were issued:

1. U.S. Patent No. 5,538,795 ([L-9509A) Ignitable Hetcrogeneous Stratified Structure
for the Propagation of an Intemnal Exothermic Chemical Reaction . Along an Expanding
. Wavefront and Method of Making Same. Inventors Troy W. Barbe, Jr., Timothy
- Weihs. Issue Date: 7/23/96 :

2. US. Patent No. 5,547,715 (IL-9509B) Method for Fabricating an Ignitable

Heterogeneous Stratified Metal Structure. Inventors Ttoy W. Barbee, Jr. Txmothy
‘Wecihs. Issue Date: 8/20/96 ’

12/18/98
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Subject qu-entions disclosed by Participant: None.
b) Licensing status:

Artcle XIV of the CRADA provides that each Party shall have first option to elect title to
any invention made by its employees under the CRADA. If an invention is made solcly

by personnel of a Party, that inventiog shall be the property of that Party (the Inventing
Party). The Inventing Party shall pravide to the other Party a license optxon in accordance -
with the terms of Appendix C, Intelléctual Propertty Agreement.

. For project Intellectual Property (including Subject Inventions) first arising or produced
.under this CRADA, the Regents shall negotiate in good faith with Participant for a licensc
to rights in such project Intellectual Property. - The period of time reserved for Participant
to negotiate a license shall be the texm of the CRADA plus six months after the
completion or tennination of the CRADA, unless extended by The Regents. Licenses to
be granted to the Participant shall be considered for aerospace app]ications_of advanced
materials for 2ircraft engines. Pratt & Whitney did not approach L1NL for z license in
any CRADA Subject Invention or Background Intelectuz] Property.

1241898




Final Report TC-0497-93-B Page 4

K Acknowlédgment

) Participant's sxgnamrc of the final report indicates the foﬂowmg :
1) The Participant has reviewed the final report and concurs with the Statcments made therein.
2) The Panticipant agrees that any modifications or changes from thé initial proposal were’
discussed and agreed to during the term of the project.
3) The Participant certifies that:
a) all reports either completed or In process are listed;
b) all subject inventions attributable to the pro;cct fave beea disclosed or are mcludcd ona
- ist attached to this report; and :
¢) appropriale measures have been taken 10 protect intellecrual property attributable to this
. project.
4) The Participant certifies that if can,,lble personal property was exchanged during the
. agreement, all has either been returned o the initial custodian or transferred permanently.
5) The Participard certifies that proprietary information has been returned or destroyed by

LINL.
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William Yee Troy Barbte Ir. ¢ ° ‘Date
Pratt & Whitoey : Lawrence Livermore National Laboratory . =~ -

Atachment I — Final Abstract
Attachment IT — Project Accomplishments Summary

Attachment III — Final Quartedy Report
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Development and Implementatxon of Advanced Matenals for
Aircraft Engine Agghcatxons )

Final Abstract
Attachment 1
CRADA No. TC-0497-93-B

The objective of this project was to develop engineered nanostruciure laminate mazcnals for
applicadons in gas turbine engines. Although tbc focus of this effoa was on- dcvdopmg o
improved thermal barrier coatings, the data and experience gained through such project tasks as
basic theoretical work and modeling of composttion/structure property rélationships can be
applicd to the development of microstructure laminates for other applications.
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Development And Implementauon Of Nanostmcture Lammatec o
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o . CRADA No. TC-0497-93-B
Date: May 15, 1998 - : Revision: 2

A. Parties
The project was a relationship between the Lawrence Livermore National Laboratory (LLNL)
2nd United Technologies, Pratt & Whitney.

University of California

Lawrence Livermore National Laboratory
-7000 East Avenue, L-795

Livermore, CA 94550

~ United Technologies, Pratr & Whitney Division
P.O. Box 10960
West Palm Beach, FL 33410-9600

B. Background

Nanostructure materials represent the cutting edge of matenials engineering technology. Because
they can be built essentially atom by atom and molecule by molecule, the resulting matenials can
be designed to have new or énhanced mechanical, thermal, and other physical properties. Dauring
_the 1970’s multilayer films, a type of nanostructure material, became essentizl to the
*_semiconductor industry for making everything from camputer chips to hard disk drives.
Researchers now at LLNL pioneered significant advances in multilayer fabrication technalogy,
and developed multilayess for 2 wide variety of applications in the x-ray, soft X-ray, and extreme
ultraviolet regions of the spccu'um Advances such as those led to the development of high--
 reflectivity multilayer mirrors for 2 new class of telescopes now being used in solar physics and
astronomical research. Multilayer optics also have found applications in electron microprobes,
scanning electron microscopes, x-1ay lasers (especially in laser-fusion dlagnostlc systcms) and
-particle beamlines in accelerators.

There are also potential applications for nanostructure materials in other types of products and
. components. Products incorporating nanostructure materials can potentially be produced to have
. such desirable properties 2s bigher strength-to-weight ratios, lower friction surfaces, higher
temperature operation, and greater corrosion resistance and fracture toughness. Multilayer
nanostructure rmaterials can also have a profound impact on mamifacturning processes by -
* decreasing the amount of machining necessary between raw material and finishéd product -

-.Thi.s projoct wes part of a collaboration dmong séveral national laboratories and iﬁd‘ust;;ial .
_ participants to improve the manufacture of aircraft engines. The integrated proposal, which was

_
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) .épproved by the Departmeat of Energy (DOE) as part of the 1993 TTI “call for proposals,” stemmed
from 2 DOE/P&W Materials and Processing Workshop hcld by Pratt & Whitney in West P2lm’

"Beach, Florida, in April of 1992.

The discussions at that meeting concluded that nanostractured materials and coatings have the
potential to significantly increase the performance, improve the durability, and reduce the weight of .

- both commercial and military aircraft engines through the development of bigh-temperature coating
materials that could allow the engines (o safely be operated at higher temperatures, thereby
permitting the engines to develop greater thrust. This would significantly reduce the direct operating

- cost (DOC) and life cycle cost (1LC) of such engines and would provide the U.S. with a :

- technological-and competitive advantage against the rising foreign aerospace industry and decrease
the U.S. dependence on foreign oil, 2s well s increase exports by US manufacturers, Wh.lch aJrcady
accounted for more than $25B in annual export sales.

The development of engineered nanostructure laminate materials for such applications requires a
complementary array of competencies. Pratt & Whitney is a major US supplier of aircraft
cngines and components, with experience in commercial and military aircraft engine materials
research, development, engineering. and production. LLNL 1s 2 world leader in multilayer
science, primarily because of its expertise in the design, modeling, characterization and
fabrication of nanostructure materials. LLNL scientists have developed depositon processes 10
allow nanoengineering of materials with hxchly controlled structure and composmon

_C. Description

Thc objective of this project was to develop eagineered nanostructure laminate materials for _
applications in gas turbine engines. Although the focus of this effort was on developing improved
thermal bartier coatings, the data and experience gained through such project tasks as basic

~ theoretical work and modeling of composition/structure property relationships can be apphed to the
development of microstructure Jaminates for other applications. S

‘During this project LI.NL was responsiblg for experimentally developing a database.of
ceramic/ceramic nanostructure-laminate fabrication processes to enable the sclection of 2 material
.- and structure that provides significantly enhanced thermal bartier coating performance., This '
included the developrnent of a ceramic/ceramic nanostructure microlaminate database for thermal
bargier coatings and the development of fabrication processes, structure and composition -
characterization methods, and determination of performance under apphmuon—SPemﬁc condmons

After the database was develoPed LINL selected candidate coating material systems and fabrication .
techmq‘aes, using as a basis for selection the expected thermal bartier performance and functionally
graded structures. In addition, LIINL and Pratt & Whitey jointly fabricated thermal barrier coating -
_* structures and characterized the composition and structural, thermal, mechanical, and enmonmental
' propcrt‘es of thé fabiicared structures.

- N ext. LLNL and Pratt & Wl:nmey developed several candidatc application-defined ceramic/metal

nanostructure microlaminates for thermal barrier turbine blade coatings. This involved fabricating

12/1898
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the microlaminate materials, charactenzauon of the composition and the stnx:mral, thcxmal B
micchanical, and environmental properties of the microlaminates, and correlating the Imcrolammate

properties with process variables and optimiaing fabrication processes. At the conclusion of this
devclopmeat cffort a down-select was made to choose the best candidates for advanced -
characterization and depasition on ¢andidate engine parts.

- The next stage of the project required LLNL personnel to train Pra & Whitney personnel in
advanced laboratory techniques such as transmission ¢lectron micrascopy (TEM) and grazing-angle
© x-ray-scatiering for microlaminate characterization. Next, these characterization capabilities were
applied to in situ studies of interfaces and failure mechanisms for thermal barrier coatings currently
used by Pratt & Whitney. :

In the final project stage LINL and Pratt & Whitney deposited severzl selected microlaminates on
prototype components supplied by Pratt & Whithey, and Pratt & Whimey conducted laboratory tests
of thermal, mechanical, and environmental properties of the microlzminate-coated prototypes. Pran
& Whitney then down-Selected candidate coating systems based on its desircd apphcanon~soeczﬁc
properties and initiated full-scale engine testing of final candidate coating systeins.

D. Expected Economic Impact

o The microstructure laminates developed under this project to be applicd as coatings for gas

turbine engine parts will enhance the phys1<:al properties of those components, reducing their
DOCand LCC. The xmcrolmmnatc coatings developed under this project were deve]oped fora -
specific application, and Pratt & Whitney expects them to conttibute to enhanced performance
-and characteristics of selected engine components. While it is difficult to quantify the economic
- impact of the specific materials developed here, the techaology development conducted by the

- patties here has applications for the development of other microlaminate materials for other

specific applications. The cumnulative impact of microlaminate materials is prajected to be

significant, zs discussed in the “Background™ section of this report.

- Pratt & Whitmey, now that it has the TEM and x-ray characterization technology transferred
under this project, can continue the assessment and charactenzauou of addiGonal materials for
other specific applications. . .

" E.  Benefits to i)OE

(1) Multilayer deposition technignes are used to produce mechanically tough, free-standing foils
for various inertial confinement fusion (ICF) experiments. These support dynamic testing and pulsed

power technologies, enhancing the capabilitics of above-ground experiment (AGEX) programs.
These AGEX capabilities may become absolutely crucial in the fature as support for a total test ban

: grows

In 1997 for example, the LLNL research tearn, led by Dr Troy Barbee produced more than 250
multilayer optics for Jaser applications, pardcularly for laser fusion research. Multilayer optics mzke

' .posszble x-ray interferometry for charactcnzm.c plasmas created by hzgh-power lasers. These types -
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. of optics are the only workable dzagnostzc tool to dxrcctly Iook at extremely hot, hl‘,h-c]oct:con- R
density plasmas of matter produced in inertial confinement fusion cxperiments. Dr. Basbee, along

" with other members of the research team, has also published nurierous technical articles in the field,
such as “Probing High-Fnergy Plasmas with X-ray Lasers,” “Diagnostics for High Density
Implosions at Nova and the National Ignition Facility,” and “Pztpamtzon of Multilayered Matenals
in Cross—Sccnon for In Situ TEM Tensile Deformation Studies.” :

(2) Additionally, the DOE Defense Critcal Technologies can bcncﬁz directly from this program.
The Drell Panel recommended that positive steps be taken to eliminare the potential for accidental -
detonation or dispersal of weapons materal present in current armaments or new weapons.
Nanostructure multilayer matenals are now under development for this application and show -
technical promise in tests to date in the fire-resistant portion of the program Nanostructute laminaie
technology zlso has the potential to impact pulse-power technology by enabling febrication of
robust, high-energy-density capacitor devices important in many wezpons and weapon simulation
‘systems.

(3) Nanolzaminate technology is also being developed to produce encrgy storage structures for
pulsed power and electric-vehicle-load balancing applications. This CRADA will provide tcchnica!
capability enhancing LLNL's efforts in these other areas. The LINL research team involved in this
pro;cct 1s acuvely conducting research into applications for nanostructure multilayer matecials in
energy-storage technology. Descriptions of this work can be found in such pubhcanons as

“Nanostructure Multilayer Technology Fabrication-of High Energy Density Capacitors for the Power
Electronic Building Block™ by Barbee, Johnson and Wagner.

. Xndustry Area
Alrcraft

G- ' Project Status
This grcject is completed.

H. LLNL Point of Contact for Project Information

Troy W. Barbee, J1. '
1350 .

Ph. 925.423.7796

Fax: 925.422.6892
email: harbee2 @linl.gov
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I.  Company Sice and i’oint(s) of Contact
Company Information:

United Technolagies, Pratt & Whitney Division
Annual sales of Pratt & Whitney Division is $6B
Pract & Whitney Division has 31,000 employees
Ph: 203.565.4321
Fax: 203.565.8896

Cormpany contact at Government Engines and Space Propulsion:

Wiliiam Yee

United Technologies/Pratt & Whitney
MS706-06 '

- P.O. Box 109600 ,

West Palm Beach, FL 33410-9600

J. Project Examples

The purpase of this project was 10 conduct research into new marerials for application in areas of
interest to Pratt & Whitney. There are not yet product examples specifically in the area of

aircraft engines.

However, several inventions made under this project have been patented by LLNL and in which

there is commercial interest. Nanostructure technology was used to develop 2 multilayer foil :

with an interesting property: a match or spatk from 2 9 volt battery caa ignite a self-propagating

- exothermic reaction in the foil. Such foils can be placed between two surfaces and ignited to

- "bond the surfaces together. Such “welding foils™ are a significant improvement over current

‘bonding materials because the multilayer deposition technique produces foils that can be

~ engineered ta produce the precise heat-release rate and final temperature needed for a specific
"application. The foils are too expensive at present to use in general manufacturing, but there has

been significant commercial interest in specific applications wherc cost is not such a factor.

1211858
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K_ Release of Informaﬁon

I carufy that all information contained in this report 1s acourate and releasable to the best of my
hzowledcre

MwM@ 2 [10/94

. @\Ka,.rena McKinley, Dxrector Date
..V Industrial Partnerships

and Commercialization

TQQ@»&M | c\g\z/ékf\
Troy B e e

a.?occ Jc
LLNL Principal Invesugator

RELEASE OF INFORMATION

I have reviewed the atached Project Accomplishment Summary prepared by Lawrence
Livermore National Lzaboratory and agree that the information about vur CRADA may be

released for external disttibution.

;/73//5/ el 'Yallaz
William Yee ' Date !
United Techmologies! >
Pratt & Whitney

12/18198
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