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EXECUTIVESUMMARY

0
New lightweightmaterialscontinueto be of greatinterestto the automotive

industry. Comparedto 20 yearsago,the averagevehicleweighthas been

reducedby almosta fourth,and fueleconomyhas nearlydoubled. While
I

continuedimprovementsare bothdesirableand possible,materialschoicesare

narrowingand the manufacturingmethodsneededto produceadvancedmaterials

systemsare much more costly. The incentivesremainhigh,however;
a

particularlyin view of largepayoffsassociatedwith minimizingstructural

weightin electricand hybrid-typevehicles. One genericsolutionis to

developcoatingsthat will enablethe use of lowercostmaterials.Q

The materialsfor lightweightvehiclesprogram,whichhas been initiated

• throughthe Officeof TransportationMaterials,U.S.Departmentof Energy,is

consideringcoatingsas complementsto a varietyof advancedmaterials

options. The firststep is to identifywherecoatingscan make a significant

contribution,arJ the secondis to focuson researchareasthat wouldhave the0

greatestshort-termimpact.

• A workshopon coatingsneedsin the auto industrywas held in Detroit,

Michiganon October27 and 28, 1992with the objectiveof identifyingresearch

needswherecoatingscouldenhancethe use of energyefficientlightweight

g materialsfor automotiveapplications.Researchstafffromthe threemain

Americanautomanufacturers,Chrysler,Ford,and GeneralMotors,participated
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in chairing the sessions and directing the discussions. Four generic areas

had previously been identified through response to questionnaires and
0

interactive discussions with both auto manufacturers and industry suppliers.

These were: Wear Coatings, Hard Protective Coatings for Plastics, Solar

m Control Coatings, and Process Manufacturing Issues. Paints and paint
0

I applicationprocesseswere specificallyexcluded since at least one other

; workshop on these topics had been held.

: 8

After identifyingand ranking the top research needs, the developmentof
l

coatings and coating technologiesfor lightweightmetals and metal matrix

composites emerged as the number one priority. This need underscoresthe
0

interest in making better use of existing lightweightmetals, e.g. magnesium,

aluminum, and their alloys. New or expanded applicationsfor lightweight

metal matrix composites could emerge if suitable protectivecoatings can be
0

developed.

Coatings to protect plastics and reinforcedplastic compositeswere also •

identified as a major area of importance. At the top of the list is

protection from automotive liquids and gases, e.g. alcohol containing

gasolines, antifreeze,brake fluid, etc. Coatings that will improvemar •

resistance,resist UV degradation,or eliminatedegradationdue to moisture

absorption are also needed.

• B

Process technology issues are of particularsignificancebecause of the high

volume manufacturingcharacterof the auto industrywhich underscoresthe need

_
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0

to coat large numbersof complexshapedcomponentsreliably, reproducibly, and

at reasonable cost. Accordingly, manufacturability issues associated with
0

coatinglightmetals,e.g. aluminum,magnesium,and metalmatrixcomposites

with wear and corrosionresistantmaterials,were identifiedas a high

0 priorityresearchneed.
I

Recyclabilityis anothermajorissuethat is inherentin all chemicaland

materialsrelatedprocesses.Coatingscouldaffectthe recyclabilityof the
6

parentcomponent.For example,if the coatingis mixedinto the recycle

stream,it mightcontaminatethe basematerial.
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INTRODUCTION

0
Two importantmissionsof the Officeof TransportationMaterials- a Division

of Conservationand RenewableEnergy,U.S.Departmentof Energy(DOE)- are to

improvethe energyefficiencyof automotivevehicleswhilehelpingU.S.
0

industryimproveglobalcompetitiveness.To this end, a cooperativeR&D

initiativeis beingorganizedwith the objectiveof aidingin the development

of new and improvedlightweightmaterialsand/orprocesstechnologiesthrough6

the formationof partnershipsbetweenthe U.S. automotiveindustryand the DOE

nationallaboratories.

0

As a partof this initiative,a workshopon coatingswas held in Southfield,

Michiganon October27-28,1992. Participantsare identifiedin the

distributionlist by an asterisk(*)next to theirname. The objectiveof0

thisworkshopwas to identifygenericresearchneedswherecoatingscould

enhancethe use of energyefficientlightweightmaterialsin automotive

• applications.The agenda,whichwas basedon industryresponseto a prior

questionnaire,focusedon fourcategories:Wear Coatings,Hard Protective

Coatingsfor Plastics,SolarControlCoatings,and ProcessManufacturing

• Issues. Paints and paint application processes were not included as part of

the scopeof this workshopsince these topics were covered tn another DOE

sponsoredmeeting,

0

Dr. Sid Diamondfrom the Office of Transportation Materials keynoted the

meeting with an overview of DOE'sLightweight Materials DevelopmentProgram.

• Principalmaterialsapplicationsfor personalvehiculartransportare shownin

I
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Figure I, and can be classified into three areas: (I) propulsion system

materials, (2) structural vehicularmaterials, and (3) alternativefuel system

materials. Required attributesof all prospectivematerials include •

Materials Applications in CD
Personal Vehicular Transport

I
[ L I
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Figure 1. Materials Applications; Re" Preliminary Program Plan, DOE
Office of Transportation Materials.

environmentalcompatibility,recyclab!lity,and manufacturabilityby processes •

that comply with safety and health regulations. The program will place

emphasis on focused goals and timely responses to industry needs, but the

research must also be relevant and provide functionaloutput, e.g. testing •

parts and components in actual applications. Scientists at the DOE

laboratoriesare expected to contribute by conducting fundamental

investigationsof structures,properties,and processes. The programwill be •

2
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designed to address economic, social, and national imperatives. An important

goal is to help the American auto industry improve global competitiveness.
Q

A summarydiscussion for each of the four main sessions is provided below,

along with a list of prioritized research needs identified during workshop
0

discussions.

I
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WEAR COATINGS

0
The firstsessionon Wear Coatingswas co-chairedby PierreWillermetof the

FordMotorCompanyand DexterSnyderof GeneralMotorsCorporation.Professor

Ramalingamfromthe Universityof Minnesotagave an introductorytechnology
0

overviewon the scienceof tribologyin whichthe basicprinciplesof friction

and wear were reviewedand the roleof lubricantsdiscussed.Many important

issues,associatedwith the interactionof surfacesin relativemotion,
0

involvehostileenvironments;thus,simplesolutionsare uncommonand usually

inappropriate.A recommendedmethodologyis to engineersurfacesthatwill

_mprovesurfacemechanicalproperties,reducefailuremodes,and extend0

componentlife. This approachhas beenused successfullyto developcoatings

for high-speedcuttingtools.

0

The basicwear processeswere classifiedinto fivemajorcategories:abrasive,

adhesive,chemical,surfacefatigue,and impact/erosive.Some automotive

• applicationshaveclosedtribo-systemswheredirectaccessto the componentis

not possible. Failurecannotbe easilymonitoredunderthesesituations,and

the costof failureis a majorconcern. If a coatingfails,the operative

• tribomechanismrapidlychangesfrom two-bodyto three-bodywear becauseof

the debrls. The resultis oftenaccelerateddeteriorationand failureof the

underlyingcomponent. Potentialfailuremechanismsfor severaltypical

• componentsin automotiveapplicationsare listedin TableI.

0
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TableI. FailureMechanismsfor SeveralAutomotiveComponents.
Re: S. Ramalingam,Universityof Minnesota,afterT.E. Quinn
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One recommendedapproach to improving surface mechanical properties is to

carefully evaluate performancerequirements,choose a better material, and
@

then select an economic coating process. An example of identifying

tribologicalrequirementsand choosing a functionalmaterials system for

piston rings is illustratedin Figures 2a and 2b, respectively.
@

Several thin-film deposition technologiesthat have been used successfullyto
9)

deposit tribologicalquality coatings were reviewed and their process

attributes discussed. These includedchemical vapor deposition (CVD), plasma

assisted chemical vapor deposition (PACVD),physical vapor deposition (PVD),O

ion plating, and ion beam assisted deposition (IBAD). Factors to consider in

selectinga coating process include adherence,intrinsicstress, surface

• preparation,depositiontemperature,and potentialchanges in physical

properties. A good understandingof how deposition processes influence

coating properties is essential if wear performanceis to be optimized.

_e
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Followingthe overview,DexterSnyderand Pierregillermetconducted

discussionsdirectedtowardsidentifyingresearchneeds. One importanttopic
0

of discussioninvolvedthe use of expertsystemsand modelsfor intelligently

selectingcoatingmaterialsfor a specificapplication.The developmentof

modelsto predicttribo-performanceis not an easy task. Expandeduse of
I

0
) "Ashby'wear maps was suggestedby ProfessorRigney(OhioStateUniversity)as

a good startingpoint. However,it may be difficultto includesomerelevant

propertieslikecoefficientfriction,or to accountfor lubricantchemistry,
0

in modelsof thistype. ltwas suggestedthatthe industrycouldbenefitby

sharinginformationaboutthe most commonfailuremodes. Data of this kind

couldaid in the developmentof appropriatemodels,as well as help focus
0

researchon the more seriousproblems.

4#

Anothersubjectof importanceis the relationshipbetweenbenchtestingand
0

engineperformance.Enginetestingis a veryexpensiveprocess;thus,

inexpensivescreeningtestswouldbe valuable. However,if benchtestingis

to gain greateracceptance,carefultest protocolsmust be developed.Better
0

methodsfor correlatingfailuremodeswill also haveto be identifiedbefore

: designengineerswill gain faithin usingthe results, lt will be necessary

to understandhow materialspropertiesand samplegeometriesinfluencethe
0

testsand how the resultscompareto actualengineconditions.Computer

modelingof tribo-interactionsin enginescouldbe an importantresearcharea,

but bettersensorsto measureinterfacewear in criticalenginecomponents 0

need to be developed.

0
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Currently,wear coatingsare appliedas thin hard filmsontohardened,usually

ferrousbase,components.The benefitsof two-stageor functionallygraded
,Q
i coatingprocesseswherethe coatingis gradedfrom an initiallythicklayerto

a thin overlayerhas not yet beenexploredin greatdepth. Modelsshouldbe

: developedto help understandhow to best utilizegradedand multilayer
0

concepts, lt was notedthat little,if any,work has beendone on the

applicationof hardwear coatingsto alreadycarbonizedor nitridesurfaces,

and very littlework has been done on the applicationof wear coatingsto
Q

lightweightmaterialssuch as aluminum,magnesium,or metalmatrixcomposites.

ProfessorRigneynotedthatresearchin the USSR is currentlystudyingthe use

of electromagneticfieldsto dispersePb, on a fine scale,in aluminumalloys0

in orderto enhancesurfacelubricity.

An importantconcernassociatedwith increaseduse of coatingswill be the0

effectthat they haveon recyclabilityof the parentcomponent.Some coatings

may contaminatethe base materialand,thereby,preventrecycleback intothe

Q processstream. Theseissuesneed to be investigatedalongwith methodsfor

coatingremoval,e.g. laserprocessing.The impactof recyclabilityis

rapidlybecominga considerationin the initialcomponentdesignand materials

• selectionphaseof new components.

The principalresearchneedsidentifiedfor wear coatingsare listedbelow. A

• supplementallistwas constructedby DexterSnyderwho participatedin a

relatedworkshopconductedby the NationalRenewableEnergyLab (NREL). These

researchtopicswere includedfor completenessand the asterisks(*) indicate

: • thoseareasidentifiedas commonissuesin bothworkshops.

i ,
I
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Composite
Rating
(1-5)

0
• Develop coatings and coating technologies for 4.26

magnesium, aluminum, and lightweight metal matrix
composites.

* • Study compatibility of prospective coating materials 2.41
with methanol, and other alternative fuels. •

* • Develop coatings that will extend life of aluminum 3.38
stamping dies and reduce scratches.

* • Develop coatings that will enhance the use of 3.93
inexpensive dies for use in short production runs, •
e.g., injection molding of thermoplastics.

* • Develop wear resistant coatings for continuously 2.67
variable transmissions.

• Study the effects of coatings on recyclability and 3.23 •
develop appropriate processing methods (e.g., laser
surface processing).

* • Develop solid lubricants and coatings, incorporating 3.19
solid lubricants for operation under conditions where
marginal lubrication is available. •

. Develop better understanding of erosion and wear 2.62
resistant coating requirements for new air compressor
designs, including compatibility with new coolant

systems. @

• Develop an expert systems methodology for selecting 3.38
automotive coatings and choosing manufacturing
processes.

. Develop test protocols for evaluating coating systems. 3.54 @

• Establish correlation coefficients between engine and 3.77
bench scale tests to assess coating performance.

• Develop generic understanding of how to optimize and 3.37
apply multilayercoating systems. @

. Develop surface engineeringmethodologiesfor 3.26
multiIayered structures.

• Develop computer modeling capability for predicting 2.84
tribo-interactionsin engines. I

10
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• Develop measurementprobes and surface diagnostic 3.21
techniques to study interface wear.

I
I

_e • Develop probes and diagnostic techniques to measure 2.95
[ surfacetemperaturesof tribologicalinterfaces.
I

i

i • Developbetterunderstandingof performance 2.68
; characteristicsandmaterialslimitationsof thin
i sputteredoverlaysin enginebearings.
e

• Studythe benefitsof lasersurfaceprocessingof 2.84
aluminum,aluminumalloys,and metalmatrix
composites.

e

e

e

e
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ISSUESIDENTIFIEDIN PRIORDOE/NRELWORKSHOP

• • Coatingsfor lightweightP/T,accessoryMTLS. 3.00

• High stressareas- injectortips. 3.06

• Anti-depositcombustionchambercoatings. 3.00

• • Gear efficiencyand life (heavy-duty). 2.B7

• Database/designsoftware. 2.87

• Emissions. 3.44

• • Extendedtool bit life. 3.56

0

0

0
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HARD COATINGSFOR PLASTICS

0
i Strong,tough,and heat-resistantengineeringplasticshave the potentialto

increasepowerand torqueper unitof displacement,reducenoise,and decrease

! weight. Underhoodapplicationsincludecomponentssuchas air intake
0

manifolds,valvecovers,and timingchaincovers. Otherusesfor coated

plasticscan be foundin electricalsystems,coolingsystems,fuel systems,

and for componentsthatreducenoiseor insulatefromheat. Lightweight

plasticsare alreadybeingusedextensivelyfor interiorand exteriortrim and

for bumpers. Mar and scratchresistantcoatingsare importantfor theset

applications.
:0

This sessionwas co-chairedby GilbertChapmanof the ChryslerCorporationand

Ron Michalakof GeneralMotorsTruckand Bus EngineeringOperation.The0

technologyoverviewwas providedby Ed Courtrightof the PacificNorthwest
_

Laboratory(PNL).

0

The fundamentalissuesassociatedwith applicationof hard coatings,e.g.

ceramics,to plasticsincludethe largemismatchin elasticmodulusand

• thermalexpansion,as well as the needto managestressand improveadhesion.

Betterunderstandingof the processesthat causesurfacedamage,e.g.,

scratching,marring,and chipping,arealso needed. All plasticshave_

• comparativelylow thermalconductivitieswhich,for someapplications,creates

the need for coatingsthat are capableof dissipatingheat.



0

Many of the new materials choices for environmenta'lly durable hard coatings

will likely be ceramic compoundswhich have elastic moduli on the order of ten
0

times greater, and coefficient of thermal expansions that are ten times less,

than plastics. These differences create serious stress management problems.

Because of their lower coefficient of thermal expansion, hard protective
0

ceramic coatings will be subjected to tensile stress loading if the

application temperature is higher than the coating temperature. Ceramic

coatings can typically only survive about 0.1% strain in tension, and are 0

subject to failure when temperatures increase as little as 20"- 40"C above the

original coating temperature.

0

Because of this wide disparity in properties between ceramic coatings and

plastics, the introduction of functionally graded interfaces may be a

necessity. Two relative]y new processes that seem particularly well suited to 0

the application of functionally graded compositions on plastics are:

biomimetic deposition or plasma assisted deposition of amorphous-like diamond.

Biomimeticdeposition imitates the main features found in nature's •

biomineralizationprocessesthat form organic interfacesfrom functional

groups on the substrate surface. This process,which is currently being

studied at PNL, is capable of depositing coatings from aqueous solutionsat •

low temperatures,and could easily be applied to large surfaces and complex

shapes.

0

Amorphous diamond-likecoatings,e.g. a-C:H, are compositionallysimilar to

many engineeringpolymers. A schematicrelationshipbetween diamond-like

0

16
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coatings and plastics, developedby Professor J.D. Angusat Case Western

. Reserve, is shownin Figure 3.
0

1.0_ -0.28

E

• 0. -0.26 _
£

g
"_ 0.24 >"Polymeric .__

c-
• _ 0.6-i / / Compounds _n

I /ii, >,>i(a-c)
3 i / <_ / / .... Plasma Polymers

amanta Eii o
u.. / (a-C:H) / _ 0.20 _.
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ii J /'_ 0.18 <
0.0 i,'i" . , , , . , .
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Atomic Fraction Hydrogen

Figure3. SchematicRelationshipsBetweenDiamond-LikeCoatingsand
Plastics. Re: J.C.Angus,Science,Vol. 24, (1988),p. 913;
Diamond& RelatedMaterials,I (1991),p. 61.

Q Whilethe two ordinatescalesare not exactlyequivalent,this figureprovides

an interestingperspective.For example,certainfunctionalgroups,suchas

adamantine,providethe embryonicnucleifromwhichsp3 diamond-like

• coordinationcan be derived. Thus,it shouldbe possibleto functionally

gradepropertiesfrom a softplasticbasematerial- to a harderplastic

intermediatelayer- to a protectivediamond-likeoutersurfaceby adjusting

oi compositionand bondingrelationships.Amorphousa-C:Hfilmsexhibit

| 17
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excellent chemical resistance, similar to that of diamond, and hardness in the

range of 1500-3000 kg/mmz, which are about the sameas covalently bonded
O

ceramics. As sp3 bonding increases, vtstble l tght transmission improves

dramatically. This is an important criterion for coatings that are used to

protect plastic automotive glazings.
e

Discussions leading to the identification of research needswere led by Ron

Michalak of General Motors and Gil Chapmanof Chrysler. They emphasizedthat
G

the major use of plastics is currently for interior _nd exterior panels and

trim where cosmetic appearance is important. Decorative coatings are

typically applied, but these coatings must also be mar and scratch resistant. e

Current trends are in the direction of lacquers to thermosets, one-component

to two-componentsystems, and solvent-base to water-base coating processes

becauseof environmentalreasons. The developmentof economicallyattractive, •

yet environmentallysound,coatingprocessesare importantindustrygoals.

Currently,all headlamplensesaremade from polycarbonates.Componentlife 0

couldbe improvedby the applicationof clear,hard,erosionresistant

coatings,e.g.,a-C:H. Work at Oak Ridgehas recentlyshownthat ion

implantationcan be used to effectivelyhardenplasticsubstrates,and a •

large-scaleplasmasourceion implantationcapabilityis underdevelopmentat

the Lo:_AlamosNationalLaboratory.All coatingsused to protectsoft

plasticsneedto exhibitgood chip,mar, and scratchresistance,but coatings Q

that couldimproveimpactdamagewouldbe of evengreaterinterest. Thereis

also a largepotentialmarketfor hardcoatingsthatwill improvetotal

4D
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componentperformance, and thereby allow the use of cheaper plastic substrates

to replace high-cost polymers.
e

The issue of recyclability is particularly important for plastics. The

developmentof chemical or physical recycling methodsmay deserve
e

consideration as a research need. Coatings could prevent the use of scrap as

recycle in other plastic components,or maycause problems associated with

disposal.e

The research needs identified in this workshopfor the application of hard

coatings on plastics were as follows:e
Composite

Rating
(1-51

• Develop coatings to enhancebattery efficiency and 2.73
• performance.

• Develophigh emittanceor conductivecoatingsthat 3.35
will help reduceheat in plasticcomponents.

• Developcoatingsto protectplasticsfrom automotive 3.96
• liquldsand gasses,e.g.,alcoholcontaining

gasolines,antifreeze,brakeand transmissionfluids.

• Studyion implantationof plasticswith emphasison 3.33
economicalprocessingapproachese.g.,plasmasource

• ion implantation.

• Developdiamond-likecoatingswith gradedinterfaces 2.81
to matcha varietyof polymercompositions.

• Developcoatingsthat improveabrasionand enhance 3.81
environmentalprotectionof plasticse.g.,diamond-

• like/a-C:H.

• Developcoatingto enhancethe manufacturabilityand 3.54
performanceof beads,fibers,and fillersin
reinforcedplastics.

e

19
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• Develop coatings that will enhanceimpact resistance 3.73
in plastic components.

• Study coating techniques that will improve mar 3.92 •
resistance, UV resistance, and moisture resistance of
plasttc materials.

• Develop suitable wear resistant coatings for 2.92
polycarbonatehead lampswith good lighttransmission.

e
• Developstandardizedtestmethodsto help improvethe 3.,?,8

qualityof coatedplastic.

• Developan expertsystemmethodologyfor use in 3.62
selectingoptimizedcoatingsand processesfor plastic
components. •

e

e

e

e

e

e ,
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SOLAR(;ONTROLCOATINGS

0

This session was co-chaired by John Bombackof the Ford Motor Companyand Ken

• Deanof General Motors, and the overview talk wasgiven by Mike Rubin of

LawrenceBerkeley Lab. Current trends in automotive design, motivated by both

aesthetics and the desire to improve aerodynamics, are towards larger glass

• areas and steeply sloped windows. During the 1ast decade, the average glazed

area per vehicle has increased by almost 50%. Steeper slopes and larger glass

areas both increase the solar heat gain in vehicles. This results in greater

• use of air conditionersand focusesattentionon thermalloadmanagement.

Significantgas savingscan be realizedsimplyby reducingthe power

requirementsof air conditioners.

a

The.idealsolarcontrolcoatingtransmitsmost of the visiblewavelengthsof

the solarspectrum,whilereflectingthe ultravioletand infrared,see Figure

• 4. In additionto reducingsolarheatgain,the reflectionof ultraviolet

wavelengthsis desirablebecausetheycan damageinteriorplastics. Current

NationalStandardSafetyCodesrequire70% visibletransmissionat normal

• incidencefor the windshieldand frontside lights,whileEuropeancodes

require75% transmission.In the future,we may be forcedto adoptthe more

stringentEuropeanstandardsfor competitivereasons.
Q

e
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Figure 4. Ideal Cool Glazing for Automotive Applications.
Re: M. Rubin, LBL

Thermalcomfortstudiesat LBL showsignificantincreasesin passenger
0

compartmenttemperaturesin automobilesexposedto summersun for as littleas

one hour. Thesehigh temperaturesplacea greatdemandon air conditioning

unitswhichare expectedto restorethe passengercompartmentto acceptable 0

comfortlevelswithina few minutes. Electricpoweredautomobilesof the

futurewill pay a significantrangepenalty,see FigureS, if largeair

conditioningunitsare requiredto achievecool-downor maintainautomobile Q

interiorsat acceptablecomfortlevels. Thus,the developmentof cost

effectivecoatingsthat help managethermalheat loadsrepresenta major

researchfocus. I

22
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Figure 5. RangePenalty (Percent) for Air Conditioning Assuminga Fuel

Efficiencyof 1kWh/miand a Rangeof 60 Miles.
Re: M. Rubin,LBL

• The current trend of steeply sloped windshields meansthat requirements for

visible transmission must be met at low angles of incidence with respect to

the driver's eye, while minimizing infrared and UV transmission. Surface

• coatingsmust alsobe durable,scratchresistant,and able to surviveexposure

to the environment.Marketingissues,suchas colorand colorrenditionthat

are importantfor consumeracceptance,must also be addressed.

0

State-of-the-artcoolglazingsincludetintedglassesand silverbased

multilayerreflectivecoatingsthat are laminatedintothe windshield.

Q Multilayerreflectivecoatingsgive the best performance,but are also the

i.



e

most expensive. The two most important performance variables for solar

control glazings are the visible transmittance and the shading coefficient.
e

The shading coefficient is a measure of total solar heat gain and includes

both the directly transmitted solar radiation as well as the indirect

component of inward flowing heat due to absorption by the glazing. The
0

optimal coating has a low shading coefficient and a high visible

transmittance.

0

Somenew development efforts are being directed at electrochromic devices

which darken the windshield through the application of a small voltage

potential. Electrochromics have three active layers: (1) an ion storage 0

electrode; (2) an ion ronductor; and (3) an electrochromic electrode. When

the electric field is applied, ions move from one electrode to the other, and

the visible light absorption of the optically active electrochromic layer 6

changes, allowing the transmissionof the glass to be varied. The process is

totally reversible,which means that a darkened window can be made more

transparentagain by the flip of a switch. Electrochromicdevices are •

currentlymore expensive than passivecoatings, but research aimed at

developing less expensivematerials, improvingdevice operation, and reducing

manufacturingcosts could greatly accelerate the use of this technology. D

In general, the materials research issues for solar control coatings are

improvedelectrochromics,angle selectivecoatings,durability,color control, •

and bendability. As we develop better performingmaterialsto keep automobile

interiorscooler, moisture condensationmay become a problem. New coatings

O
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will have to be environmentally stable and not act as preferential surfaces

for the nucleation of condensates.
lo
!

I

It was noted that existing federal regulations present manyproblems for the

: auto industry due to conflicting requirements and lack of a clear-cut basis
0

for establishing acceptable transmittance standards. The DOEdoes not have

authority, or the mission, to becomeinvolved insuch issues; however, as the

DOEbecome_more involved in addressing basic research problems associated
8

with auto industry needs, they could becomeeither a source or a conduit for

the information neededto establish better standards.

0

John Bombackof Ford Motor Companyand KenDeanof General Motors led the

sessions on identifying industry research needs. Additional commentsfrom the

auto industry were provided by BobTweadey(Ford) on system considerations, Ed0

Stanke (General Motors) on the impact of heat loads for passenger vehicles,

RomanSurowiec (Ford) on ANSI/SAEstandards and optical properties of various

• glasses,and DenniePlatts(Ford)on issuesassociatedwith mechanical

durability.Desirablecoatingpropertiesare summarizedin TableII:

TableII. GlazingReqt_irements

me
VisibleTransmittance Color/Appearance/AestheticsIssues
• High VisibleTransmission • Neutralvs. Tinted

(>70%in "VisionAreas_) • RainbowColors
• ExtremeAngleswill require • PrivacyMasking

Special Glazings
• • No AddedHaze AdditionalProperties:

• High ScratchResistance
SelectiveSolarSpectrumControl • ChemicalDurability
• Low SolarHeatTransmission • High Adhesion
• Low UV Transmission • Bendable

• EasilyCleanable
_e

!"
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Currently,tintedglassesreflectup to about44% of the incidentsolar

radiation. Whilethis is a quantifiablethermalbenefit,the resultsare
0

marginallyperceptibleto a driver. The applicationof a high-performance,

multilayerdielectriccoatingcan increasereflectivityto 60%, and this

providesgood thermalreductionbenefitsthat are easilyperceived.However,
0

thereare majordifferencesin cost,i.e.,tintedglasscan be producedfor

penniesper squarefoot comparedto dollarsper squarefoot for the multilayer

heat reflectingcoatings.
0

Modelsof thermalenergybalancefor windshieldshave been developedto

accountfor transmittance,absorption,bidirectionalradiation,and
0

interior/exteriorconvection.Two componentsof primaryimportanceare the

percentof incidentsolarenergytransmittedand reflectedvs. angleas

measuredfromnormalincidence,see Figure6.
6

80. ,,_o!

70 _ Coated Ctear Glasses t70
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Figure 6. Percent Reflectance and Transmittance as a Function of the
Angular Deviation from Non,al Incidence. Re: Ford Motor
Company,GlassDivision. •

26



0

The visible transmission for uncoatedabsorbing or coated clear glass barely

meets the 70%transmittance requirement. Visible transmission drops below
e

, acceptable levels at angles of incidence greater than 30° for uncoatedglass,

and by 45° for coated glass. These curves underscore the importance of

accounting for low angle transmittance in the developmentof newcoating
g

designs.

In additionto opticalpropertiesand thermalloadmanagementconsiderations,el

coatingsystemsmust be durable. For externalapplications,theymay suffer

particulateerosiondamage,and theywill be exposedto wind,hail,and

varioustypesof cleaningsolutions.On interiorsurfaces,therewill be0

fingerprintsand softdrinksplashes,whichoftenmandatecleaningmethods

that employvigorousrubbing. Littleis knownaboutdamageto thin-film

8 opticalcoatings,and thereare currentlyno specificationswhichdefine

hardnessrequirements,erosionperformance,or environmentalresistance.

Damagemodesneed to be studiedand bettertestmethodsmust be identified.

0

Many of the issuesdiscussedin this sessionapplyequallyto coatingsfor

architecturalglassused in advancedbuildingconcepts, lt seemsclearthat

• commonresearcheffortscouldbenefitboth applications.The researchneeds

identifiedin this workshopwere as follows:

0



0

Composite
Rating
(1-5)

Q

• Develop durable coatings for monolithic glass capable 3.96
of rejecting 70%solar energy (35%or more reflection
-35% or less absorption).

• Develop coating systems with i_igh visible transmission 3.58
at the driver's viewing angle, but low solar •
transmission at solar incidence angles.

• Developmaterialsand coatingprocessesto improvethe 2.83
performanceandmanufacturabilityof electrochromic

systems, l

• Developmethodsand processesfor recyclingcoated 2.45
glass.

• Developimprovedmodelingcapabilitiesfor predicting 2.78

performanceof solarand thermalcontrolcoatings. •

• Performresearchto establishthe UV energyranges 3.57
that actuallycausesdamageand to what materials.

• Studydamagemodesfor solarcontrolcoatingsto 3.39

improveresistanceto environmentalattack, 8
scratching,and erosionresistance.

• Developmodelsto improveselectioncriteriafor solar 2.78
coatings.

• Developtestmethodsfor assessingdurability,erosion 3.52 Q
resistance,and environmentalresistancefor coated
glassand plastics.

• Studyopticalproperties,e.g.,transmittance 3.00
reflectionand absorption,whichcontributeto the
databaseof prospectivesolarcontrolcoatings. •

0

®
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PROCESSMANUFACTURINGISSUES

el

Processand manufacturingissuesare majorconsiderationsin the introduction

of new coatings. Sincecost is a primaryissue,the auto industrycannot

alwaysselectthe highestperformancematerialor one that is best from a
II

technologystandpoint.Instead,the most cost effectivematerialconsistent

with productspecificationsand regulatoryrequirementswill be chosen. A

suitablemanufacturingprocessmust thenbe developedor an establishedel

coatingtechnologyutilizedthat will producea qualityproductwith a high

degreeof reliability.

el

The sessionwas co-chairedby Bob McCuneof FordMotorCompanyand LarryCarol

of A.C. Rochester.KeithLeggof the BasicIndustryResearchLab at

NorthwesternUniversityprovidedthe technologyoverview.el

Prospectivenew coatingsfor automotiveapplicationswill receivewider

• acceptancewhen processingissuesassociatedwith cost,reliability,and

scale-upare adequatelydemonstrated.Promisingareaswherenew opportunities

seem to existare: largescaleproductionof smallinexpensiveparts,low

el frictioncoatingsfor gearsand bearings,erosionresistantcoatingsfor

plastics,wear coatingsfor lightmetalalloys,corrosionresistantcoatings

for methanolcontainingfuel systems,radiofrequencyshieldedcoatingson

el plasticsused in computersand sensors,and coatingsfor the fibersor fillers

used in compositeplastics.

;el
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A basic categorization of coating processes are summarizedin Table III. Six

specific technologies were reviewed in somedepth. These were chemical vapor
e

deposition (CVD), plasma enhancedchemtcal vapor deposition (PECVD),phystcal

vapor deposition (PVD), plasma spray, plasma nitriding, and ion implantation.

8

Table III. Categorlzatlon of CoaUng Processes

Vapor Chemlcal Yaoor
_ Electro-chemlca! _ lon I

EB Reactlve Aqueous Detonatlon Ion
Evaporatlon Gas Gun Implantatlon

Thermal Metal-organlc Molten Electric lon Beam
Evaporatlon Salt Arc Assisted Q

Sputtering Plasma Enhanced Electroless Metalizing
orAssisted

IonPlating LaserAssisted Electrophoresis Plasma
t

Reactive Microwave Rame-powder
Sputtering Assisted Wire

Sputtering was used as an exampleof a coating technology that has been

successfully scaled-up and is currently being used to produce harder wear

coatings for tool bits. This process technology may also be suitable for

large-scale coating of windshields, or the production of wear coatings for I

gears and bearings.

The processof ion implantationhas not receivedfavorableattentionfromthe Q

auto industrybecauseof relativelyhigh productioncosts. However,a new

variationof this processunderdevelopmentat Los AlamosNationalLaboratory

calledplasmasourceion implantationis currentlybeingscaledup, and the •

30

0



II

abilityto controlplasmadistributionover largesurfacesmay enablethe

productionof complexshapesat high through-putrates.
II

Severalnew developmentsin Japanthat are currentlyat pilotplantstagewere
J

i noted. Theseincluded:decorativecoatingsfor architecturalsheathing,
II

coatingson stainlesssteelcoil 35 cm wide x 300 m long,wear coatingsof TiN

and TiC producedby ion plating,thinCr and AlxOycoatingsmade by

sputtering,and the productionof SiOx by plasmaenhancedchemicalvapor
II

deposition.Thesemanufacturingadvances,whichare beingimplementedby a

seriousworldcompetitor,highlightthe need for pilotscaledevelopment

effortsin the U.S. Most currentlyavailablecoatingsystemsare too smallto
II

properlyscaleto largevolumemanufacturingproduction,thus new

demonstrationsystemsare neededfor this purpose. Attractivetechnologies

includecontinuous-flowCVD, highrate depositionPVD, and multiplesource
II

plasmaspray. Elaboratecoatingsystemswhichcombinemultipleprocesses,see

Figure7, are also beingput intoproduction.

41

@ Figure7. MultisourceContinuousProcessCoatingSystem.
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These are usually amenableto large volume through-put and provide useful

flexibility since all processes don't have to operate simultaneously. The
e

ability to producemulttlayer and graded coatings are a major advantage of

multiple process systems. Sometimes, process developmentefforts can be

restricted either by the equipmentor the specific parts to be coated.
0

Processes often have to be revaltdated for new deposition systems, different

substrate sizes, geometries, or different materials. These steps might be

alleviated by the developmentof better process models. There is a need to
8

develop new sensors and sensor based control methodologies and integrate these

with intelligent control packages.

0
BobMcCune(Ford) gave an overview of thermal spray technology which is a

particularly attractive process for thick coatings. Manufacturing concerns

includelimitedmass productionexperience,coatingreliability,and the cost
0

of machiningand finishingsteps. Betterprocessmonitoringand high rate

materialdeliverysystemsneedto be integratedwith intelligentcontrol

methodologies.Thermalsprayprocessesseemto be particularlysuitedfor D

low-cost,high-volume,surfacingof materials.

The developmentof bettercoatingtechniquesandmore promisingprocessesare I

not alwaysthe ultimateanswer. Innovativesolutionsthatcouplethe best

materialselectionwith the most effectiveprocessingapproachcan yieldthe

biggestpay-offs. One exampleis the thermalsprayingof steelonto an •

aluminumbuckettappetto reducegalling. Anotherthought,proposedby Bob

McCune,was to coatmagnesiumwith steel. Increaseduse of magnesiumwill

: help reduceautomotiveweight,but someapplicationshave been limitedby •

I "



e

corrosion problems. While there may be other protective coatings, the auto

industry has a large database and understanding of how to use steel technology
e

which can be easily applied to componentimplementation and product

t ntroducti on.

0
The strategic importance of sensors, which must be simple, inexpensive,

reliable, and robust, was highlighted by Larry Carol of A.C. Rochester.

Demandsfor new and better sensors to provide performance feedback during
6

automobile operation are increasing. There is a need for expert systemswith

on-line monitoring and sensing capabilities to control coating deposition.

For example, improved process control of plasma-sprayed coatings involves
e

monitoring the plasmaand controlling the properties of the particles being

deposited, all in real time. On-line changesmust be quantified and

translated into a useful control algorithm which wt11 enable immediate
0

adjustment of the input parameters. Improvementsin process control are

neededto guarantee reproducible coating properties.

e
Oneexamplewhere process modeling could provide an important contribution is

the injection molding of glass filled thermoplastics. If sensors can be found

to accurately measuredie cavity deterioration and componentdimensionale

changes, models of the wear processes could be used to develop better coatings

for improved dimensional control.

e

The researchneedsidentifiedfor the sessionon processmanufacturingissues

were as follows:

e

i
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Composite
Rating •
(1-5)

• Study novel processing approacheswhich utilize and/or 3.74
combinematerials for which large experience and
databases currently exist in the auto industry, e.g.,
magnesiumcoated wtth steel. •

• Study manufacturabtltty issues associated wtth coattng 3.87
light metals, e.g., alu]tnum, magnesium,and meta]
matrix composites, with wear resistance materials.

• Study prospects of surfa¢_ strengthening light metals 3.57 8
and metal matrix composites.

• Develop thermal, barrier coatings designed to enhance 3.04
thermal managementin piston crowns and cylinder walls.

• Perform scale-up demonstrations of promising new 3.52 •
processes, e.g., plasma source ion implantation
sputtering.

• Develop newand novel low-cost processes for high 3.74
volumesurfacing of materials. •

• Develop morereliable or better mtcrofabrtcatton 2.68
techniques for integrated circuits.

• Study laser processing as a methodfor enhancing 2.77
recyclabtltty of coated components, lb

• Develop modeling and control methodologies to improve 3.48
reliability and repeatability of selected coating
processes.

• Perform generic studies to improve on-line monitoring 2.95
and control systemswith emphasison newtypes of Q
sensors and sensor base control capability.

• Perform simulation modeling of se]ected manufacturing 3.26
processes prior to scale-up.

• Establish a technology exchangeuser center. 3.04 •

e
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SUMMARY

e

The seven research needs with the highest overall composite ratings are

summarizedbelow. Three of these are under the category of Hard Protective

I Coatings for Plastics. Twowere associated with Wear Coatings, and there was

one each identified for Solar Control Coatings and Process Manufacturing.

Surprisingly, none of the research areas identified in a previous DOE/NREL

6 Workshopwere rated as a top need in this particular survey.

Composite
Rating

Q Rank ResearchNeed ( 1-5 )

1. Develop coatings and coating technologies for 4.26
magnesium,aluminum, and lightweight metal matrix
composites.

• 2a. Developcoatingsto protectplasticsfrom automotive 3.96
liquidsand gasses,e.g.,alcoholcontaininggasolines,
antifreeze,brake,and transmissionfluids.

2b. Developdurablecoatingsformonolithicglasscapable 3.96
of reflecting70% solarenergy(35%or more reflection

• - 35% or less absorption).

4. Develop coatings that will enhancethe use of 3.93
inexpensive dies for use in short production runs,
e.g., injection molding of thermoplastics.

• 5. Studycoatingtechniquesthatwill improvemar 3.92
resistance,UV resistance,andmoistureresistanceof
plasticmaterials.

6. Studymanufacturabilityissuesassociatedwith coating 3.87
lightmetals,e.g.,aluminum,magnesium,andmetal

• matrixcomposites,with wear resistantmaterials.

7. Develop coatings that improve abrasion and enhance 3.81
environmental protection of plastics, e,g., diamond-
Iike/a-C:H.

e
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e
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The numberone research need was identified as the developmentof

coatingsfor lightweightmetalsandmetalmatrixcomposites.This needwas
0

emphasizedfurtherby the highestratedprocessingissue(No.6 overall)which

was identifiedas the need to studymanufacturabilityconcernsassociatedwith

coatingthesesame materials.Aluminummetalmatrixcompositeshavebeen
8

consideredfor a varietyof applications,andmuch researchhas beendirected

at processing/propertyrelationships.Particulatereinforcedalloys,which

typicallyexhibitonly modestimprovementsin mechanicalproperties,are the 0

most economicalto manufacture.Very littleresearchhas,thus far, gone

towardsthe developmentof protectivecoatingsto enhanceor expanduse of

particulatecompositesin highertemperatureengineapplicationssuch as •

cylinderbores. Principalcoatingissuesinvolveadherence,differencesin

expansioncoefficients,reactivitywith the reinforcementphase,and the

anistropyexhibitedby some compositesystems. Q

Threetop researchneeds,whichincludethe Nos. 2, 5, and 7 selections,

were relatedto protectingplastics. The top prioritiesare for protection

againstautomotivefluids,e.g. alcoholcontaininggasolines,brakeand •

transmissionfluids,etc.,but improvedabrasionand mar resistance,wear

resistance,and resistanceto UV damageare also important.Many of these

requirementscouldconceivablybe met by the developmentof low-cost,high- I

quality,diamond-likecarboncoatings. The diamond-likecharacterimparts

good wear and abrasionpropertiesas well as excellentchemicalresistance.

The developmentof compatiblea-C:Htype coatingsystemswouldseemto offer •

greatpotentialfor enhancingthe use of a varietyof low cost plasticsif

coatingscan be producedeconomicallyand appliedreliablyover largesurface

areas. •
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The development of durable.solar control coattngs for monolithic glass

was Identified as the co-numbertwo research need. These coatings wtll have
0

to be capable of meeting national standard safety codes that require 70%

visible transmission normal to the windshield surface. The technology

currently exists, but the costs are generally too prohibitive; thus,, costQ

effective solutions must be developed.

Coatings that will improve the die life and facilitate the inject.ion

molding of thermoplastics were also identified as a htgh priority (No. 4).Q

Suttable materials and coattng technologies are also currently available to

meet this need, but coating reliability and cost issues will have to be

• addressed.

In respondingto the questionnaire,severalreviewerssuggesteda few

additionaltopics. Theseare includedin AppendixI for completeness.

6

0

0

e
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APPI_NDIXI

-0

The followingis a listof six additionalresearchneedsthatwere added

by reviewerswhileevaluatingthe fourmajorcategoriesin the text of this

"0 report. The ratingscannotbe directlycomparedt(_the otherslistedin the

text becausetheywere not ratedby otherreviewers.They are,however,

includedhere for completeness:

0

PotentialResearchNeeds Ratinq

=

• Frictionreductioncoatiagsfor engineand transmission 5
_0 components.

• Surfacecoatingsand theirinteractionwith industrial 4
. and automotivelubricants.

• Developa usefulbenchwear test for evaluatio{nof 5
• surfacecoatingsto be used in the enginecomponents.

• Developlow emittance(reflective)coatingsto reduce 5
radiantheat absorptionby plasticlocatedadjacentto
radiantheat source(Ex:plasticautomotivefloorpan
over exhaustsystem).

0
• Developthe idealwindowthat rejectsall UV and IR and 5

transmits75% of visiblelight.

• Developdurable,antl-reflectivecoatingsfor insideof 4
windshieldto reduce"viewingglare."

=

0
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