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Devclopment and Implementation of Nanostructure Laminates 

Final Report 
CRADA N-0. TC-0497-93-B 

· Date: May 15, 1998 Revision: 1 

A. Parties

The project was a relationship between the La,vrence Livermore National Laboratory (LLNL) 
and United Technologies, Pratt & Whitney. 

B. Project Scope

University of California 
Lawrence Livermore National Laborarory 
7000 F.ast A vorne, L-795 
Llvermore, CA 94550 

United Technologies, Pratt & \Vhitney 
P.O. Box 109600 
West Palm Beach, FL 33410-9600 

The objective of this project was to develop engineered nanostr:ucture 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/structure property relationships can be applied. to the
development of microscructure laminates for other·applications.

C. Technical .

During this project LI.NL was responsible for experimentally developing a database of 
ceramicf ceram.ic _nanostru��nate fabrication processes to enable the selection of a material -
. and structure that provides significantly enhanced thennal barrier coating performance-. This
included �e develqpment of a �dee.ramie nanostrucrure mictolammate dat2base for thermal 
barrier coatings and the developmciit of fabrication processes, structure and oomposition 

· - �haracterization methods, and de!ermination -0f performance under application-specific conditions�

After the database .was developed I.I.NL selected candidate ,coating material systems and fabrication
techp.�ques, using as a basis for selection the e:xpected th.ennal barrier performance and functionally 

. graded structures. In addition, IL:NL and Pratt & Whitney jointly fabricated thermal barrier' coating .
. . s�ctures and ciia'racce.dzed the composition and scructural, thermal,. mechanical, and envirolJ:Iilental 

properties of the fabricated structures . 
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Next, LLNL and Pratt & Whitney developed several candidate applica.tion-defined ceramidmetal
· nanostructure microlaminates for thermal barrier turbine blade coatings. This involved"fabricatfu.g
me ·microlaminate materials, characterizing of the composition and the str'U.CtU.ral. thermal,
mechanical; and environmental properties of the �crolaminates, and correlating the microlaminate
properties with process variables and optinrizin.g fabrication processes. At the conclusion �f this

. devclopm,ent effort a down-select was made to choose the best candldat:esJor advanced
characterization and deposjt.ion on candidate engine parts.

·The next stage of the project required LL.NL personnel to train Pratt & �itney personnel in .
advanced la�ra-cory rechniques �uch as transmission electron microscopy ([EM) and grazing-angle

x-ray scattering for microlaminate characterization. Next, these characterization capab.ilities were
. . 

applied to in sicu studies of interfaces and failure mechanisms for thermal barrier coatings curremly
used by Pratt & \Vhirncy.

In the final project stage LLl\1L and P.ratt & Whitney deposited several selecte<l microlaminates on
protor.ypc componentS supplied by·Prau & Whitney, and Pratt & Whitney �onducced laboratory tests
of thermal, mechanical, and environmental properties of the microiami!1ate-coated prototypes. Pr:2.ti:
& Wb.iiney then dov,11-selected candidate coating sysrems based on its desired application-specific
properties and initiated foll-scale engine testing of fincl candidate co2.ting systems.

D. Partner Contribution

The responsibilities of Pratt & Whitney were to define _application-specific performance 
rcquiremeni:s, to provide �i;s to their extensive data.base for g� turbine engine coatings. to 

· . perform testing of the nanostructure laminates in application simulation environments, and to·
provide base.materials for S?IDp1e pr�paration, in addition to their in-h(?use development of·.
fabrication technologies and preparation of experimental samples,

E.. Documents/Ref ere.nee List

2) Subject Inventions disclosed by LU\TL:

A subject invention was disclo$e(i by 11..NL in the quarterly report for the reporting
�od 7/1/94 - 9!30!9LJ. The R'C?gent.s elected title .and patented ¢at invention. The
following patents were issued:

L U.S. PateritNo. 5,538,795 (IL-9509A) Ignitable Heterogeneous Stratified Strocture
for the Propagation of an Internal Exothermic Chemical Reaction.Along an Expanding
Wavefront_ and Method of Making Same. Invei:itors Troy W. Barbee, Jr., Timothy
Weihs. Issue Date: 7/23/96

2. U.S. Patent No. 5,547,715 (IL-9509B) Method for Fabricating an Ignitable
Het�rogeneous Stratified Metal Structure. Inventors Troy.W. B.aroce, Jr.. T�mothy

· Wcihs. Issue Da�: 8/20/96

l2/I8/9S 
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Subject Inventions disclosed by Participant: None. 

b) Llcensing status:

Page3 

Article XIV of the CR.ADA provides that each Party shall have first option to elect title to 
any invention made by its employee.� under the CRADA. If an invention is made solely 
by personnel of a Party, that �ventiop. shall be rhe property of that Party (the Inventing 
Party). The Inventing Party shall prqvide to the other Party a license option in accordance 
with the tenns of Appendix C, Jntell�tual Property Agreement:. 

For proj�ct Intellectual Property (including Subject Inventions) first arising or produced 
.under this CRADA, the Regents shall negotiate in good faith with Participant for a license 
to rightS in such project Intellectual Property.· The period of time resCTVed for Participant 
to negotiate a license shall be tbe te.rm of the CRADA plus six months after the 
completion or tennination of the CRADA, unless extended by The Regents. License.,; to 
be granted to the Participant shall be considered for aerospace applications of advanced 
materials for aircraft engines. Prart & Whitney did not approach llNL for a license in 
:my CRADA Subject Invention or Background Inre1Je(:tual Property. 

12/18/9S 
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1). the Participant has reviewed the final report and concurs with the statements made therein.
2) The Participant agrees that any moc;lifications or changes from the initial proposal were·
· · discussed and agreed to during the term of the project.
3) The PartiFipant certifies that:

a) all re.r9rts either completed or in process are listed;
b) all subject inventions attributable to the project have been disclosed or are includeq on a
fist attached to· this report; and
c) appropriate measures have been taken to protect intellecrual properry attributable to this
project.

4) The Parucipant certifies that if tangible person.al property was excba.11_ged during the
agreement, all has either been returned i:o t:be initial custodian or transferred pennanently .

.5) The Panicipant certifies th.at: proprietary inform.ation has been returned or destroyed by 
LLNL. 

---"�:::::...A.LJ1::L......::2L��-::::::::!..d,9!f.-.:-:;l\/1a _J\���-:::!...:::.:::::::=��b...-�-1-.:_;.� 
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Attachment I - Final Abstract 
Attachment II - Project Accomplishments Summary 
Attachment ID - Fmal Quarterly Report 

12/18/9S 



Development and Implementation of Advanced Materials for 
Aireraft Engine Applicati�ns: ,,-

Fin.al Abstract 
Attachment I 

CRADA No. -TC-0497-93-B 

The objecrive of this project was to develop engineered nanostrucrure laminate materiajs f9r 

P.

applications in gas_ turbine engines. Alth<?ugh the focus of this effo.cr was on-dcvel9p_ing . · 
improved tbenna.I bamer coatings, the dara and experience gained through such project tasks .as 
basic theoretical �ork and modeling -of composition/structure property relationships can be 
applied to the development of microstrttcture laminates for other applications. 
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Develop�ent And futplem.�tio� Of Nanostroctrire Lamirultes ... 
Project Accomplishments Summary (Attachment m

CRADA No. TC-0497-93-B 
pate: M2.v 15, 1998 

A. .Parties

Revision: 2 

The project was a relationship between the Lawrence Livem1orc Nari'onal Laboratory (LL.NL)

.and United Technologjes, Pratt & Whitney. 

R ·Background 

University of California 
Lawrence Livermore National u.boracory 
7000 Easr A venue, L-795 
Livermore, CA 94550 

United Technologies, Pratt & \Vhimey Division 
P.O. Box 10960 
West Palm Beach, FL 33410-9600 

Nanostructure materials represent the cutting edge of materials engineering1echnology. Because 
they can be built essentially �oµi by atom and molecule by molecule. _the resulting materials can 
be designed to have new or enhanced nieciumical. thermal, and other physical properties. During 

__ the 1970�s multilayer films, a type of nanostructure material. became essential to the 
. semiconductor industry for making everything from computer chips to hard disk drives. 
Researchers now at LLNL p1oneered significant advances in multilayer fabrication technology, 

. and developecf multilayets for a wide variety of applications in the :X-ray, soft X-ray, and extreme 
ultraviolet regions of the spectrum. Advances such as those led to che development of high-· 

· reflectivity multilayer mirrors for a new class of telescopes now being used in S9lar physics and 
astrqnomical research. Multilayer optics also have found· applications in electron microprobes� 
scanning electron microscopes, x-ray lasers (especially in laser-fusion diagnostic syst;ems) �d 
·p211icle beamlines in a.cce!erators.

. . 

There are also potential .applications for nanostructure materials in other types of products and
. copipon�nts. P:r-oduct,; incorporating nano�tructure materials can potentially be produced to have 
. such desirable properties as higher stren.:,oth-to-weight ratios, lower friction surfaces, higher 
temperature operation, 3lld greater corrosion �ce and fracture toughness. Multilayer 
nan�cture materials can also have� profound impact on manufacturing processes by. 

· dec�ing the �ount of machining necessary between raw maf£:rial and finish� product.·

--� pr:oj<?ct �(!$ part of a �ollaboration among sev� national laboratories and �dtt.<;tJ:ial . 
participants to improve the manufacture of aircraft engines. The integrated proposal. which wa.<.

-
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. ·.approved by the Department of Energy (DOE) as part of the 1993 TTI "call for proposals," stemmed 
from a. DOE/P&W ,¥.ateri.als.and Processing Worls:shop held by Pratt & Whitney in West Palm: 

· Bea�b, Florida, hi �pril ofl992.
. 

. 
. . 

The_discussions at that �eeting concluded that nanosttuctured materials and co�tings have the
potential to significantly increase the performance, improve the durability, and reduce me weight of

. both comm�rcial and rriilirary aircraft engines through the development of high-temperature coating"
materials ¢at could allow the engines co safely be operat� at higher temperatures, thereby
pemrltting the engines to develop greater thrust This ·would significantly reduce the direct operating
cosi: (DOC) and life cycle cost (LCC) of such engines and would provide the U.S. with a·
technological·and<:orb.�titi.vc advanrage against the rising foreign aerospace indusiry and d�rease
the U.S. dependence on foreign oil, as well as increase exports by US manufacturers, which already
accoumed for more than $25B 171 .::m�ual export sales.

The development of engineered nanostructure laminate materials for such applications requires a
complementary array of competencies. Pratt & Whitney is a rrrnjor US supplier of aircr.:rft
engines and components. with _experience in commercial and military aircraft engine materials
research, development, engineering, 2nd production. LLNL is 2 world leader in rnultilayei
science, primarily _because of its expertise in the design, ·modeling, characterizati?n and
fabrication of nan�tructure material'-. LL1\"!L scientists have develop� deposition processes to
allow nanoeng:ineering of materials with highly controlled Structure and composition�

_C .. Description

. 
. 

rhe objective of this project was to develqp engineered nanostructure laminate materials for
�pp Ii cations � gas turb�e engines. Although the focus of rhls effort was on developing-improve<l
iliermaJ. bm:rier·coatings, the data and experience gained through such _project tasks as basic
theoretical work and modeling of composition/structure property relationships can be applied to the
development of microstructure µiminates for other applications.

· · · 

. . 
. 

_"During this project LLNL was responsibl� for experimentally developing a database.of
ceramic/cei:amic nai:iostrucrure-Iaminate fabricati.�n pr�sses to enable the selection of a. material

. : and structure that provides sigriificantly enhanced thermal bani.er coating performance. This
indude4 the deve1opment of a ceramic/ceramic nanosnucture micr-0�te d,a�ase for thermal
barrier �<?atings and the development of fabrication processes, structure �d composition
characterization methods, and determination of performance under 3?Plicalion-speci:fic con?-i-6:ons.

Aire.r the database was developed LLNL selected candidate coating material systems and fabric3!.ion .
�ec�ques, �ing � � basis for selection. the expect;ed thermal barrier.performance and functiorially
graded_ structures. In addition, LLNL and Pratt & Whitney jointly fabricated therm.al barrier coating · · 

: s�ctures and characterized the composition and structural, ·thermal, mechanical, and en:vrromnental
. properti_es of the fa�ricared structures.

Next. LLNL and Pratt & Whitney developed several candidate application-defined ceramic/metal 
nanostructuie microlaminates for thermal barrier_ turbine blade coatings. This in_volv.ed fabricating 

l2Jl8/'9S 
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tlie micro laminate materials, chara.cterization of the composition and the structural. the�.' i. ·. 

mechanical, and environmental properties of the microlammates, and �rrelating the microlammate . 
properties with: pr-0eess variables and optimizing fabrication processes. At the conclusion of this
d�vclopment. effort a down-select was made to choos� the best candidates for advanced
characterization and depositi� on candidate engine parts. 

_The next stage of the project required LLNL personne1 to train Prarr & Whimey personnel in 
advanced laboratory techniques such as transmission dectron nucroscopy (TEM) and grazing-¥ngle 

· x_.ray·scattering for microlaminate characterization. Next, these characterization capabilities were
·applied to in siru studies of interfaces and failure mechanisms for rhermal barrier coatings c�ently
used by Pn.i.tt & Whitney.

In tt� final project sl.2.ge LLNL and Pratt & Whitney deposited several selected. microlaminates on
prototype compon�ts supplied by Pratt & Whitney, and Pratt &\Vhitney conducted laboratory tests
of thermal, mechanical, and environmental properties ofl:he microl2ffiinate-coated. prototypes. Prau
& Whirney then down-selected candidate coating systems based on itS desired a.pplicarion-soecific

. . 
properties and initiated full-scale engine.testing of final candidate coating sysren�s.

D. Expecte-d &onomic Impact

· The microstrucru.rc laminates developed under this project to be .applied as coatings for gas
turb1ne engine p.arts will enhance the physi� properties of those components, reducing. their
DOC and LCC. The microlam.inate coatings deyeloped under t:fiis project were developed for a
specific application, and Pratt & \Vhitii.ey expects them to contc:i�ute to enhanced perform.an�

.. a1;Id chara�t.eristics of selected engine components. Whilt It is difficult to quantify the econo�c .
i;,:ipact of the specific materials developc4 here. the technology deve.;opment conducted by the 

-pa(Lies here has applications for the development of other microlaminate materials for other

· specific applications. The cumulative impact of microlaminate materials is projected to be
signilicant, as d.i�cussed in the '13ackground" section of this report. . .

· Pratt &Whitney, pow that it has the TEM and x-ray charact�riz.ation technology trans(erred
under rhis project, can continue the assessment and characterization of additional materials for
other s_pec�fic applications.

· E. . Benefi.1::5 to DOE

(1) Multilayer deposition techniques are used t.o produce mechanically tough, free-standing foils
. for various inertial confinement ·.fnsion (I.CF) experiments. These support d�c -testing and puL<::ed
power technologies. enh<mcing the �pabilitics of above-ground experiment (AGEX) programs. 
These.AG_EX capabilities may beco1:11e absolutely c�cial in the future as supPort.for_ a total test ban 
grows. 

In 19�7, for example, the LLNL research team. led by Dr. Troy Barbee, produced more than '.?50 
multilayer optics for Ja,;er applications, parti�arly for Laser fusion research. Multilayer optics tru:ke 

.-possible ·x.-raj; interfor-0metry for characterizin� pla.<;mas created by high-power lasers. These_ types 

-
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. Of optics are the only �orkable diagnostic tool {O directly look at extremely hot, high-electron- , . : .
·aen.5ifi p�as of m;atter produced in inertial confinement fusion experimencs. Dr. Barl?ee,·aJ.orig ·
witJ}. other me� of the resean;h ream, has also published nm:4erous technical articles in the fidd,
such as "Probing High-Energy Plasmas with X-ray Lasers," «Diagnostics for. High Pensity
Implosions at Nova and the National Ignition Facility," and «Preparation of Multilayered Materials
in G:os�-Sectioo, for In Situ TEM Tensile Deformation Studies.":

(2) Additionally, the DOE Defense Critical Technologies can benefa: directly from thi� program.
The Drell Panel recommend� that ·positive steps be taken to elirrµnare the potential for accidentzl
detonation or dispersal of weapons material pre.sent in current �rmamenis or new weapqns.
Nanostructure multilayer materials· are now under development for this application and show
rechnical promise �n tests to date in the fire-resistant portion of the program. Nanostructu(e ·1amin21e
technology also has the potential to impact pulse-power technology by enabling fabrication of
robust, high-energy-de�sity capacitor· devices important in many weapons and weapon simulation
·systems.

(3) Nanol2.miriace technology is aJso being developed to produce energy storage structures for
pulsed power and electric-vehicle-load balancing applications .. Thi.:; CRADA will provide technical
capability enhancing LLNL's efforts in these ocher areas. The LL1\1L research team involved in this
project is actively conducting research into applications for nanostructurc nmllil.ayer matefi.;,Js in
energy-storage technology. Descriptions of this work can be found in such publications as
"'N31?-ostiucrure Multilayer Technology Fabri91tion-of Bigh Energy Density Capac�tors for tlJ,e Power
El�onic Building Block" by Barbee, Johnso� an� Wagner.

F: Industry Area 

Aircraft 

G_ Project Status 

This project is completed. 

H. LLNL Point of Contact·for Project Information

. . 

Troy W. Barbee, Jr.

L-350. 
Ph. 925.423.7796 
Fax: 925.422.6892 
e�l:.barbee2@llnl.gov 

12/181'9S 
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I. Company Size and Point(s) of O>ntact

Company Information: 

United Technologies, Pratt & Whitney Division
Annual sales of Pr.arr & Whitney Division is $6B
Pratt & Whitney Division has.31,000employees 
Ph: 203_565.4321 

Fax: 203.565.8896 

Company contacr a.t Government Engines and Space Propu1sion: 

Willi.am Yee 
United Technologies/Pratt & Whitney 
MS706-06 
p_o. Box 109600 

West Palm Beach, FL 33410-9600 

J. Project Examples

Page5 

The purpose of this project was T.O conduct research into new materials for application in areas of 
intere�t to Pratr & Whitney_ There are not yet product e�ples specifically in t:he area of 
aircraft engi_nes_

B;owever, several inventions made under this project have been patented by LLNL and in which 
there is commercial interest- Na:nostrocrure technology was used lo develop a multilayer foil 
with an mteresting-property: a match or spark from a 9 volt battery can ignite a self-propagating 

· exothcnnic r�cti.on in the foil .. Such foils can be placed between two surfaces and ignited to
·bond the surfaces together. Such "weldingJoils" are a significant: improvement over current
. boridmg materials because the multilayer deposition tecluµque produces.foils that am be
engineered co produce the precise heat-release rate and final teI:llperature needed for a specific

· application_ The foils are too expensive at present to use in general manufacturing, but there ha�
be�n s_ignific.am commercial interest in_ specific applications where cost is n_ot such a factor_

12118/9S 
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I �fy that all information contained in this report is accurate and releasable to the best of my

knowledge. 

. w��l,(£ 
. .  IJ. ... �ena McKinley, Director 

.. 0 u In�trial Partnerships 
ahd Commercialization 

���\, 
��;;t�cipal Investigator

RELEASE OF INFORMATION 

�/10/Cf i
Daie 

I have reviewed the attached Project Accomplishment Summary prepared by La':Vrence
Livermore National Laboratory and agree that the information about our CRADA may be 
released for external clistnoution. 

United Tcchnol 
Pratt & Whimey

11/lS/98 
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