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SUMMARY

coqressorbladesof turbojetenginesdueto ingestion
isa growingproblem.Thesolutionof theproblemhas

●

“

beenmademoredifficultby thelargepercentageof damagingmaterials
thathaveremainedunknown.A rapidemissionspectroscopicmethodwas
devisedto identifythechemicalcompositionof theseforeignob~ectsfrom
thetraceofmaterialleftbehindon thedamagedblade.Resultswere
obtainedon laboratory-preparedspecimensandon thedamagedcompressor
bladesfromtwoturbojetengineswithknownhistories.Theresultsof
theinvestigationshowthatthemethodcanbe utilizedto determinethe
natureof theingestedforeignobjects.

INTRODUCTION

Oneof theprincipalmaintenanceproblemsthathasdevelopedwith
thelarge-scaleuseof turbojetaircraftiscompressor-bladedamage
resultingfromtheingestionof foreignobjectsintothecompressorsec-
tionof theengine(refs.1 to4). Thehighrotationalspeedsandthe
thinnessof thecompressorblades,particularlyat theedges,makethem
especiallylikelytofailthroughimpactdamage.Thusanyentering
mater”ial,howeversmall,cancausesomedegreeof damage.Thisdamage
canrangefroma minornickor scratchon therotatingbladeto complete
failureof theblade.A nickor scratch,althoughthedamagemq appear
minor,canshortenthebladefatiguelife(ref.5) tosuchan extentthat
completeenginedestructionmayoccurifrunningiscontinuedwiththe
damagedblade.

Theproblemof copingwithforeign-objectdamagehasbeenmademore
difficultbecausetheidentityor natureoftheforeignobjectshavere-
mainedunknownina majorityof cases.Itwouldbe quiteadvantageous,
therefore,ifa methodweredevisedwhichcouldbe usedto determinethe
specificmaterialthathadinflictedthedamageon theblade.Withthis
addeddataairbasesandoverhauldepotscouldconcentrateinspectionand
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cleanupeffortstoreducethemostiqportantsourcekof damage.Addition-
al advantagesstemmingfromthisinformation,mightl)ethedesignofmore
efficientinletscreensandcluesto thecauseofenginefailurewhere
itisnotapparentfromotherdata. f .:,.

Thepossiblesourcesof foreignobjectsivclud~(1 inletductcom-
ponentsthatfail,i.e.,wire,bolts,etc.; 4(2)materias,i.e.,tools ‘
andexcessparts,leftintheinletbymaintainence~personnel;and(3)
airbasedebris,includingstones,gravel,andmetal~ics.b~ects.

Aspartof theNACAturbojet-engine-reliabilityprogram,a studywas
undertakentodeterminefromdamagedbladesthenattie.oftheforeign
objectsenteringturbineengines.A foreign.materi~lp~ssingthroughthe ,,
compressorleavesa smallamountof itselfwherever~contactismadewith
theassembly.Thiscontactareaisthevitalkeytb th>solution,andthe,
problemthenresolvesitselfintooneof ideritifyi~a traceofmaterial
on thesurfaceof.analloy.~is paperdescribesthedevelopmentof an. ,
emissionspectroscopictechniquefordeterminingthechemicalcomposition
of thetracematerialon thesurfaceofa damagedcompressorblade.me .
analysiswasconcentratedon 14elementsthatarecommonto themanypos-
sibleforeign-objectmaterials,andfromtheseresu>tsthetypeofforeign
materialisdeduced.Themethodisfirstappliedto
specimensandthen“tothecompressor’bladesfromtwo
engines.

laboratory-prepared
da~agedturbojet
— il— -—.—

APPARmJsANDsmARD PRocEDuRE3
Theapparatusandprocedureusedaredescribed!as_follows:

——

Spectrograph:Gratingspectrograph,1.5meters ; :- ,.—::
—

Excitationsource:High-voltagea.c.arc;input230voltsa.c.;60cycle
singlephase;output2.5kilovolt-amperes !- .+—

E@osure: 3 Seconds;noprearc +- .- -, !

Electrodeholder:Petreysparkstand .,

Analyticalgap: 3 Millimeters

Wavelengthrange:2220to4350A .-

Photographfcprocessing:

Developer,D-19,3 minutes
Shortstop,1 minute
X-rayfixer,5 minutes
Wash,5 minutes
Dry,1 minute

—

.-

.—

.-

.—

i —- ,., ..-~=.— ..— +
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. Densitometry:Comparator-densitometer
*

Emulsion:Eastmanspectrumanalysisnuniber1; 35-millimeterfilm

slit: 0.055Millimeter

Electrode:Regularspectrographiccarbonrods12by 1/4inches;pointed
electrode

Gratingdoors:Wideopen

Preparationof sample:Compressorbladesseton
Petreystand.Bladesheldinpositiondesired
plasticizeclay.

EXPERIMENTALPROCEDURE

.—

theflatplateof the
by supportingbladewith

A high-voltagea.c.arcwasusedsinceit isespeciallyadaptedto
measurementof low-concentrationimpurities.Thismeasurementwasaccom-
plishedby keepingthespecimenrelativelycool,andthusthebackground
washeldtoa minimum.Thecompressorbladewasplacedon thePetrey
standwiththedamagedareadirectlyabovethepointedlowerelectrode.
Plasticizemodelingclaywasmostconvenientforholdingthebladeinany
desiredpositionon thestand.Thespecimenwasarcedfor3 seconds.
Spectraofotherdamagedareason thisbladeor anyotherareasof similar
bladesanda controlspectrumfromanundamagedportionof thebladewere
recordedonthesamefilm. Theexposedfilmwasdevelopedusingstandard
conditions.

Thepresenceof foreignmaterialon thecompressorbladewasnoted
by comparingthedamaged-areaspectrumwiththatof thebasealloy.The
spectrogramwasalinedwiththemasterplateof thedensitometerusing
theironlinesinthesteelspecimens.Thetechniqueof identifyingfor-
eignelementsis illustratedinfigure1. Infigurel(a),the2881.578A
siliconline,placedunderthecrosshair,isfoundpresentintheunknown
spectrumandnotfoundpresentinthebase-materialspectrum.Thisline
togetherwiththeothersiliconlinesfoundpresentisrecordedon a data
sheet,suchas thatshowninfigure2. Twospectrallinesof copperare
identifiedinfigurel(b).Hereagaintheunknownspectrumcontainsthe
linesof theelementinquestion,whilethespectrumof thebasematerial
doesnot. Theprocessiscontinueduntilallthelinesof interesthave
beenexaminedandtheresultsrecorded.

Thesedataandanyotherbitsof evidenceobtainedfroma visual
observationof thedamagedareassreusedtodeducethenatureof the
foreignmaterial.However,itisapparentthata numberof differentfor-
eignobjectsmaybe indicatedfromthesamespectroscopicdata;allthe
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possibilitiesshouldbe givencarefulconsideration.% manycasesthe
pasthistoryof theenginecancontributesubstanti.aliytothesolution.

RESUUTSANDDISCUSSION - l,—

Thedeterminationof theforeignmaterialdamtigingcompressorblades‘-”
was,first,a problemof detectinga traceOfmaterialon thesurfaceof
analloy,andsecond,a problemof devising.arapidm~hod becauseofthe““”
largenumberofsamplesthatmayhavetobe analyz@.-:Becauseofthe
manyandvariedsourcesofforeignobjects,‘itisneceBsarytoexaminea
largenuttiberof samples(damagedareas)fromdifferent”enginesbefore .
satisfactoryremedialmeasurescanbe successfullyoutlined.

Thetypeof sazqplesthatwerestudiedisshowiiirifigure3,whichis
a photographof a typicalcompressorbladedamaged~by-mterialingested
throughtheengineinlet.Damagedareasincludenick--iutheleadingedge’
of theblade,pitsinthebody,anddentsinthe‘t&ail-ingedge.The .,-

materialsinflictingthisdamagewouldleave”behindsmallfragments-of=’
themselves,depending,of course,upontheirrelativeharnessesandstrik-
ingforces, amongotherthings.A spectroscopictbclm$~iquewaschosenas
theoneofferingthemostadvantageousapproachto’the-problem.IrIthis
methodthesamplepreparationwouldbe negligible,!ac$yalana~sistime
short,andlowconcentrationsof chemicalelementslco@.dbe detected.
Thefirstapproachwastosetup a standardprocedhre~ndthenattemptto”’
evaluateitsmerits. —.

., .,

A seriesofstandardswasmadewithwhichvarioustechniquescould
be tested.IntableI isshowna listofmaterialpt~t werewed. These
materialswereselectedon thebasisof theirbeingcommonmaterialsused
injetenginesor commonforeignobjectsdamagingbngiues.The403stain-
lesssteelisoneof themarecomumnstockmateria~stiedforcompressor
blades,andwasusedasthebasealloyinthisinvestigation.Inaddition’
to ironandchrominum,themajorconstituents,403~stainlesssteelcon~-sins
a widevarietyof traceimpurities.Thelaboratorys~cimensweremade ‘
froml/4-inch403stainless-steelrod, cut into3-~uc~-lengthsandgroundto
a wedgeshapeon oneend. Thespecimenswe~eimpr~~atedwiththeforeign
materialby strikingthewedgeedgesa glancingblowti~ththeforeignmate-
rial.Thisprocedureyieldedreasonablefacsimileso~thedamagetothe “
blade. ;F ,;

Thespectroscopicmethodused consisted of stapd~~dtechniqueswith
a shortduration(3see)d.c.arcinitiallytried.’Thistypeof excitation
workedquitesatisfactoryduringthepreliminarytestq,hutlaterdiffi-
cultieswereencounteredwithseveralelemeu%.Betterresultswerethen
obtainedwiththehottera.c.arc. Theresultsusingbothexcitation
sourceson thelaboratoryspecimensareshownint,ablqII. Thespectral
linesthathavebeenfoundmostusefulduringthecouz.%eof the study me”-

.
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listedintableIII. Mostoftheselinesareknownas theraiesultimes,
orpersistentlines.

.—

Someprecautionsmustbe observedintheidentificationof chemical
elements.Themorespectrallinesof anyoneelementthatcanbe seen,the
morepositivewillbe theidentification.However,whenonlya single
faintlineisvisible,thereisthepossibilitythatitmaybe a faint
linefromthespectrumof anotherelementandthereforeshouldbe care-
fullycheckedforinterferences.Anotherdifficultyarisesquiteoften
whenthearcdoesnotvaporizethedamagedsreabutan adjacentarea.This
resultswhentheareaof interestisa nickwithsharp,protrudingedges
thatsometimesactas theelectrodes.Thedifficultywasovercomeby
grindingtheedgesawayifcontaminationofthetargetsreacouldbe
avoided.

Whena largenumberof samplesistobe processed,thetimerequired
toreadthespectrogramsbecomestimeconsuming.A simplechartthathas
helpedtospeedup the“readout”timeisillustratedinfigure2. The
chart,containingallthespectrallinesfromtableIIIrearrangedin
orderof increasingwavelengthandwithanynumberof extracolumnsfor
individualsamples,canbe readilyreproduced.Inusetheoperatorsets
a particularwavelengthandthenscanseachspectrogrampositionforits
presence,recordingtheresultsas checkmarkson thechart.Largeand
smallcheckmarkscanbe utilizedtodenotetheintensityof theline,and
a questionmarkifthelineisindoubt.Thecompletedchartscanbe
heldforinterpretationata latertime.As experiencewiththemethod
isaccumulatedthenuuiberof spectrallinesrequiredcanbe variedand
reducedtoa minimum.

Duringthecourseof thisstudycompressorbladesbecameavailable
fromtwoenginesthathadsuffereddamagedueto theingestionofforeign
objects.Theseengineswerereceivednewandwererunentirelyinjet,
staticteststands.Theresultsof theanalysisof thedamagedcompressor
bladesfromthesetwoengines(labeledA andB) areshownintableIV.
Thecompressorof engineA hadbeenseverelydamaged,anddamagedareas
wherecopperandaluminummetalwereclearlyvisiblecouldbeeasilyob-
served.In testingthespectroscopicmethod,however,onlythoseareas
whereminordamageoccurredwereused. Inactualpracticeeveryavailable
meanswouldbe usedtoaidintheidentificationof theforeignmaterial.
Thecompressorof engineA hasaluminumbladesinthefirststagesand
403stainless-steelbladesintheremainingstages.A numberof damaged
areason eachtypebladewasanalyzed;theresultsintableIV showthat
theprincipalelementineachforeignmaterialwasfound.ItwaEknewn
beforehandthatengineB wasdamagedby a titaniumcarbidecermetwith
nickelas thebindingagent. Uponanalysislargequantitiesof titanium
andnickelwerefoundwithtraceamountsof aluminumandmagnesium.The
originof thealuminumandmagnesiumisunknown.
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CONCLUDINGREM&U@

A spectroscopicmethodwassetup toan+yzerapidly
ritieson thesurfaceof damagedcompressorb_.ades.,fi_om

NACARME56J12 “’‘“

fortraceimpu-
limitede~eri-

enceon laboratoryandenginesmqples,itappearst~wtthisapproachto
theforeign-ob.lect-damageproblemcanbe utilized.As-~erience”-is “
gained,t~eme~hodcsnse~ubstantiallyi~r~ved,i~e.,-b~shortening“–”“
thetimeof analysis,improvingthesensitivity,or~varyingtheelements~
andspectrallinessought.Thesimplicityofthem~thodis importantfor,
fromthenatureof theforeign-object-damage,problel~,t>eattackmustbe
carriedoutona largenumberof damagedenginesanflshouldthenbe follow-~
edby a statisticalanalysisof theresults. .i

— ,:

The methodwill furnish information which together with other data
can result in positive identification of the forei~ objects. Although
positive identification cannot be madein all cases, this methoddoes
identify some”damagecauses and thusdecreasethes~atieticalunknowns.
Itmayalsofinduseindeterminingthecaus~of enginefailure,i.e.,
differentiatingbetweenfatigueandImpactdamage.~Th6methodcanbe ~t
usedinconjunctionwithfatigue-strengthstudiest~cfi-relatethesource
of damageandthetypeofmaterialwithitseffect~n thelifeof thecorn-’
presserblade.Fromthesestudiescancometherecpmm~dationsto initiate
remedialmeasuresthatwillleadtomorerel”iable+d e~conomicalturbo~et
operationofboththemilitaryandthecou.v.nercialdlr-~-r-ansportindustry.‘,...

LewisFlightPropulsionLaboratory ..
NationalAdvisoryCommitteeforAeronautics “~

.

Cleveland,Ohio,October16,1956~ — :i
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TABLEI. - MMHUXCS INVE9TIGNCEDWRING TOEFORKCGN-OBJECT-DAMAGESIUIIY

Ccmpcmition Typeofmaterial

403 stain- 347Stain-InconelX, HmtelloyB, S-816, Mag- AIUm-Con- Sand,
lesesteel,lesssteel, percent percent percentnesluminurecretepercent
percent prcent alloy alloy

Chromilml JJ..O-13.O17.0-19.0 14-17 20
Nickel 9-12 a72 a65 20
Molybdenum 0.5”max a28 4
cobalt 44
Magnesium “ /(a) ~(a)
Siklcon 0.5max 0.5-1.0 0.5max d(a) a47
Iron 6-10 5 28
Others Mn l.oll?axMl 2.omx Mn l.olsax v 0.04 W4 %. %

Cllo.5max
. .. -

Wmt Likelyto be detectedwhenthe alloyis presentas a traceon the &l.aae.

TABLE11. - SmCmoscoPIc lmALYmS FORM&m? COMPONENTS

OFL4BmAmm-wND BIAm SPEcmms
Ikuw@g material

InconelX
HastelluyB
S-816
347Stahl-em steel
Wgnesiunlalloy
Aluminumalloy
Concrete
Sand

tkmenta foundnot present
In403 Stainl

(a

a.c.Arc

Hi
Ni,MO
co
--------

M3
Al

BS steel

d.c.k-c

tii

Ni,Mo
-----
-----

m
-----
Si
Si

%?hreesamplesofeachtyperun.
%Ot tested. -1
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TABLEIII. - WAVELENGTHOFLINESINEMISSIONSPECTRA

OFVARIOUSELEMENTS I

]AluminumIcalciumI CadmiumIChromiumI Cobalt I

b.
Ii -.

,-

30~2●155 a3933.66634c)3.653a4254.346 3405“120
3092.713 3968.4683610.5104274.803a3453.505
3944.032 4226.728 4289..7213465.800
a3961.527 3529.813

._

I Copper Iron Lead MagnesiumManganese

2492.15 2382.0392833.0692795.530a4030.755
2824.37 a3719.9353639.580a2802.6954033.073
3247.540 3737.1333683.4712852.1294034.490
a3273e9623745.9034057.820
Molybdenum Nickel I Siliconl !CitaniumlTungsten
a2~16.154a3414.7652506.8993349*~35a3613”790
2848.232 3492.9562516.1233361.21340Q8.753
3170.35 3515.054a2881.5783372.8004294.614
3193.97 3905.528a3653.496
a I .—

Mostsensitive. :-”-

TABLEIv.- ANALYSISOFCOMPRESSORBLAI)ESFROMENGINES

DAMAGEDBY INGESTIONOFFOREIGNOBJECTS

EngineA Damagingmaterial Elementsfound
known Alumin-&403Stai&ess-

blades steelblades
(a) ‘7i(b)Copper :Cu

Magnesiumalloy : :
AluminumdlOy Sf , i!,si
Stainlesssteel Cr,Fe ; -.

cEngine B ce~et
(TiCEUM3Ni) -%

● <Al
‘w

aSixdamagedareas examined. !—

bSevendamagedareas examined.
‘Twelve damagedareas examined.

—

—

—
.

.
.
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Figure1. - Emissionspectrumof a foreign-objecbk~d compressorbladefrom
engineA.
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Figure1. - Conoluded.Emissionspeotrumof a foreigwobject-damagedcomprssscm
bladefromengimaA.
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En@ne Identification Ikte
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Figure2.-Spectxopic LIE&8sheet.
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Figure3. - Compressor-bladedsmgo cmmed by foreignobjectsingestedby the engine.


