SYSTEMS AND METHODS FOR DETERM NI NG THE VELOCI TY OF ULTRASONI C SURFACE

SKI MM NG LONG TUDI NAL WAVES ON VARI QUS MATERI ALS FI ELD OF THE | NVENTI ON

[ 0001] The present invention relates generally to non-destructive neasuring
techni ques, and nore specifically, to determning the velocity of ultrasonic
surface skinmng |ongitudinal waves on various materials and/or to

determ ning the crystallographic orientations of various materials based
upon the velocity of the wultrasonic surface skimng |ongitudinal waves

t hereon. BACKGROUND OF THE | NVENTI ON [ 0002] Recently, cracks in sonme gas

turbi ne engi NGYSTEMAANCSMEDHORS FORIE BERMININGIEHE! VELOCDMal |y sol i di fi ed
grains ther ei O GRTRASONI SURF XCESKIMMINGG BONGITUDINAL WAVEShat devi at ed

fromthe [001] axis nuch fupihesridasvexpeeiag® Therefore, there has becone
a need to be able to non-destructively determne the primary crystal grain

orientation in directionally solidified and single crystal materials to
ensur e t hREELDHQF THIE RMENTIONSt al grain orientation falls within certain
limts of a predeterm ned crystal axis. [0003] One conventi onal
non-destructive nethod of determ ning the crystallographic orientations of
single cris0dl nat &heglresentc mvensivinyrelatesvgenerslly ke ntradestructiptehmelsuring ol ves

directing x-rays onto the terial, where they are refl|ected herefrom
andlor 1 FSFEAHFR R DG eSO o Thte AT e Yo RS TR e v b can
then be agkdhmigd 16mgitddihelr Wanes tdhe varigst alateig aptd/ar € | dedraidignshef t he
material. The Laue nethod, ile capable of determ ning both _the primary
and secontillgraphic °"6er"i“l§'r?f‘§}t,\$o‘f?§‘°lﬁ “?iterﬂj‘fsegﬁ*@é’ﬂ’a‘? tﬁ%t"glrof"ﬁf of tF*’s time
consuni ngylaashnicaiiade REnMdSi1bogitudina] Wwaved tHefeodet er mi ne the crystal | ographic
orientations of various gas turbine engine conponents on-wing or in

production environnents, etc. Furthernore, the Laue nethod cannot be
feasi bly HaekcoOuRe orMRE BraNgdNmterials (i.e., directionally

[0002] Recently, cracks in some gas turbine engine components were attributed to
the directionally solidified grains therein having a primary crystal grain orientation
that deviated from the [001] axis much further than expected. Therefore, there has
become a need to be able to non-destructively determine the primary crystal grain
orientation in directionally solidified and single crystal materials to ensure that the
primary crystal grain orientation falls within certain limits of a predetermined crystal

axis.

{0003] One conventional non-destructive method of determining the
crystallographic orientations of single crystal materials, commonly known as the Laue
method, involves directing x-rays onto the material, where they are reflected
therefrom and/or therethrough and captured as an x-ray diffraction pattern, which can
then be analyzed to determine the crystallographic orientations of the material. The
Laue method, while capable of determining both the primary and secondary grain
orientations of single crystal materials, is time consuming and cannot be easily
utilized to determine the crystallographic orientations of various gas turbine engine
components on-wing or in production environments, etc. Furthermore, the Laue
method cannot be feasibly used on columnar-grained materials (i.e., directionally

solidified materials) because it would be too expensive and too cumbersome to
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solidified materials) because it would be too expensive and too cunbersone
to |l reorient the material with respect to the stacking axis to determ ne
the crystallographic orientations of each individual grain therein. [0004]
Therefore, it would be desirable to have inproved systens and nethods for
accurately and non-destructively determ ning the crystall ographic
orientations of directionally solidified and/or single crystal materials.
It would be desirable if the «crystallographic orientations of such
materials could be determ ned based upon the neasured velocity of

ul t r asoni gogdt HHRGRatsdl With espb QM@ tHe Ut kit aXiR WP dri@icaRd crybtalloghiphicl al so be
desirable if such systens and nethods could be easily used in various

envi r onneerientationseof eagihingjvidual grainghegeiict i on envi ronnents, in engi ne over haul
shops, etc.). It would be even further desirable if these velocity

determ ning systens and nethods could be used for other purposes, such as
for sorti#904jar i Therefoe, ar wakld, beedesirabliiavy iOProvRt systermgdONethodo5] The

above-ideptified short LDQS,: ISt - et hod: r

et er mi ni 1 2pouEdt 180 SERBLIAR Oy S RbhiN, By S ERRog N TIGHMBns bEL . e by
enbodi mendisectibnallyesofidified ahd/onviaglei caystal winiterialy. eltavadd the deyisabéni theid net hods
for non- destructivel asurkn‘%ht he vql oci %?ﬁ of ult ra oni.c surface ski mm ng
| ongi t udi FrAFtallQeRapbic apientations of suth materialy could, b deterinined based ypop g, "o sed
for vari phﬁ%aslﬂbb?dpﬁﬁ&ﬁny otsm_&hsloa& §Lﬁfa_cdekiﬁfriﬂihglilmiﬁlhﬁab_ﬁvﬁfésaﬂhb@m.aggiogm
orientations of the materjal, sorting, various terials, etc..
Enbodi menteuidralsorecdes tisyeh %yéﬁﬁ’rsiag‘g "PF@["HBH%“I el HsRd Yi’é‘oi‘f]e vel ocity

of an ul t EASRRMEntS Y1.d. G witg, T bARuRIAGnk Hehhaits, WR \¢Bgifd oded@ll Ghopy, . These
nmet hods may conprise: generating an ultrasonjc surface skimrng |ongitudinal

wave at efcdi rlswopldche $vsA fumher slesipbleeifithgse valoribe fetagnining sysiers dn¢orti on of

the ul trag@iods Shid B sed Bt otHE: P&pb&e,oshw@feaio aridhs MaRAGIQNEL | ocation on
the material; and determning the velocity of the ultrasonic surface

ski mm ng | ongi tudi nal wave between the first
SUMMARY OF THE INVENTION

(0005] The above-identified shortcomings of existing systems and methods
for determining the crystallographic orientations of a material are overcome by
embodiments of the present invention, which relates to systems and methods for non-
destructively measuring the velocity of ultrasonic surface skimming longitudinal
waves on a material. The measured velocity can then be used for various purposes,
such as for determining the crystallographic orientations of the material, sorting

various materials, etc.

[0006] Embodiments of this invention comprise methods for determining the
velocity of an ultrasonic surface skimming longitudinal wave on a material. These
methods may comprise: generating an ultrasonic surface skimming longitudinal wave
at a first location on the material; detecting at least a portion of the ultrasonic surface
skimming longitudinal wave at a second location on the material; and determining the
velocity of the ultrasonic surface skimming longitudinal wave between the first
location and the second location. Once the velocity is determined, the method may

further comprise: determining at least one crystallographic orientation of the material



| ocation and the second | ocation. Once the velocity is determ ned, the
method may further conprise: determning at | east one crystall ographic
orientation of the material 2 based upon the velocity; sorting a plurality
of materials fromone anot her based upon the velocity; etc. [0007]

Enbodi ments of this invention also conprise nethods for determ ning one or
nore crystall ographic orientations of a material. These nethods may
conprise: generating an ultrasonic wave at a first location on the material;
detecting at |east a portion of the ultrasonic wave at a second | ocation on
t he mat egdsed upodahekelbeityngorting a pRiadiity ONMatefiyls friahd a@rmpthecbaed apsmt i on of the
material fromthe detected ultrasonic wave. The determ ning step nmay
conpri sethe y@lagitiiel%g the tine of flight of the ultrasonic wave; deternining
the longitudinal velocity of the material based upon the distance between
the first |ocation and the second |ocation and the tinme of flight of the

ul t rasonif@0¥ave; dimbadimeninefithisdnwentipeglsq coasppsise methadls Ifrglesgsminingyr i ent at i on
of the [ @r'ﬁ&eu%tmygg%h&h%ﬁémgh;%g%atmhpc'ﬁ%seotn s pkerial - These
ul trasonic waves y C rise surrace skimmng longitu inal Wwaves havi ng a
| ongi t udéanggdrisedeoeriating art Himason s vwhep enaltrst locgion onlike paterials geteatipgtanl | ogr aphi c
orientatjon of .the terial. bhu of on.th econdary. cryst.al | ographic
ori ent at ‘eg‘ﬁ aperyand fﬁietuz?%sgwp vﬁﬂ%ﬁ%} Se@r’f@ﬁ%ﬁ‘éﬁ? %ﬁlgf&{}ﬁ’?asl’ c|ie(r'?lei/r}eﬁrlﬂlf‘%n conpri se
syst ens 4ft0easieas drystatodriyghic udémmatioh\ofahe materihlt fraxaahé detsdted altssii¢ mmi ng

| ongi t udi nal ve on a.material. These sXst.ems cgé’rglri se: En ul trasonic

wave em VR LBA defSrmiping, SiEp R e SRRTEET BIFASUgAg th?rrrg- Ok Bighi&f P ni ng t he

vel oci t yulerasonic whie: aét@ﬁtiiﬁin? i REEnRldavI &Gty (TIgE ind@tinitased\apod the t he
material .. The systens pm urther conprise neans for. det ﬁ_rrri ning at | east
one crystiglanesgeapendhosstiacaionaad Be sedoad lacaton and the fime of Hight #dhGel ocity of

the ult@agic wave;f ae dsikidiming it [1ORObhe! diyiaaliop@ayific oHeRtatbh dSR&I C wave
emtter should be capable of em tting ultrasonic waves at_a predeterm ned

angl e wi Materiakpdlizing welepgitudinak yrleeityrottthe matgrial | AheseTHEasapic ¥A¥Shi ¢ wave
det ect or ;3D Qdribe sreRaRkighg IG1gRadihAOwaves having a longitudinal velocity
that is dependent upon the primary crystallographic orientation of the material, but not

upon the secondary crystallographic-orientation of the material.

{0008] Embodiments of this invention comprise systems for measuring the
velocity of an ultrasonic surface skimming longitudinal wave on a material. These
systems may comprise: an ultrasonic wave emitter; an ultrasonic wave detector; and
means for determining the velocity of an ultrasonic surface skimming longitudinal
wave on the material. The systems may further comprise means for determining at
least one crystallographic orientation of the material utilizing the velocity of the
ultrasonic surface skimming longitudinal wave. The ultrasonic wave emitter should
be capable of emitting ultrasonic waves at a predetermined angle with respect to the
surface of the material. The ultrasonic wave detector should be capable of detecting
at least a portion of the ultrasonic surface skimming longitudinal wave at a

predetermined location.

{0009] Embodiments of this invention may be utilized on directionally

solidified materials, single crystal materials, and/or polycrystalline materials. These



at least a portion of the ultrasonic surface skimmng |ongitudi nal wave at a
predeterm ned | ocation. (0009] Enbodinents of this invention may be utilized
on directionally solidified materials, single crystal materials, and/or

pol ycrystalline materials. These 3 materials nmay conprises various gas
turbi ne engi ne conponents, such as, but not I|imted to, turbine blades,
conbustor liners, blade outer air seals, etc. (0010] Enbodi nents of this
invention may be utilized in various environnments, such as, but not limted
to, (a) while the conmponent is on-wing; (b) while the conponent is in a

product i opaRANE rn%n&mpnség:)/am'sl s tliBine UHRRR Cdnpoferts) saéh a&Nlit Rt over haul
facility; (d) while the conponent is in a material salvage facility; and/or

(e) whil elimjed @owﬁumw@dqs/scqnwuaor toafg plade geter 4if 5£als; €o11] The systems and
met hods of this invention may utilize contact configurations, inmmersion
configurations, and/or bubbler configurations. [0012] Further details of
this i nve@i®n wi | |IEntodapes eof ths tinvswioskimayechei rutdiged #y t vadions ng t he

Eobod nonfL/opnph b s ARkt Rk o, TSR e Anifondiess PEORET) [ D01
various f wgile the compereai i3 ih b lpepdobiomany zosnai; @bWbmemeeOMamwgnanmamlke parts
th hout .th 0014 i icd i
Shovi ng_afresStrRhrearys i o Hherife sbmpsient i fof Mgertel sttt ot Bbhni quo

havi ng a pad/édiecwhittheltdn gomentis inbnéavork @llitgur ati on; [0015] Figure 2 is a
schematic draw ng showi ng an enbodi nent of this invention utilizing an
i nrer si on techni que having a pitch-catch ultrasonic wave configuration; and

[0016] Fi g 3 i S PheS Y iafid théhbdid of AW ReridneHAQ ditiTR8t céiftack hi s

configurations, immersion configurations, and/or bubbier configurations.

[0012] Further details of this invention will be apparent to those skilled in the

art during the course of the following description.
DESCRIPTION OF THE DRAWINGS

[0013] Embodiments of this invention are described herein with reference to
various figures, wherein like characters of reference designate like parts throughout

the drawings, in which:

[0014] Figure | is a schematic drawing showing an embodiment of this
invention utilizing a contact technique having a pitch-catch ultrasonic wave

configuration;

[0015] Figure 2 is a schematic drawing showing an embodiment of this
invention utilizing an immersion technique having a pitch-catch ultrasonic wave

configuration; and

[0016] Figure 3 is a schematic drawing showing an embodiment of this
invention utilizing a bubbler technique having a pitch-catch ulitrasonic wave

configuration.



invention utilizing a bubbler technique having a pitch-catch ultrasonic wave
configuration. 4 DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 00171 For the

pur poses of pronoting an understandi ng of the invention, reference will now
be made to sone enbodinents of this invention as illustrated in FIGJRES 1-3
and specific | anguage used to describe the sane. The term nol ogy used
herein is for the purpose of description, not limtation. Specific

structural and functional details disclosed herein are not to be
interpreted as limting, but nerely as a basis for teaching one skilled in
the art to variously enploy the present invention. Any nodifications or

variations_in_the depicte r ur.es net hods, and such further
applicati BREIASEEDR P@S%W%E%&fé’gtﬁ'& @ﬁ\é’iﬁﬂ tion as illustrated herein, as
would normally occur to one skilled in the art, are considered to be within

the spirit and sc% of this invention as described and cl ai med. [00181
This i nvel®Oldn rel ghe @Um?ﬁse?rﬁs Peamptingt 4o Hadersiandingast thenipvertion, vel ocity of

ul trasoni H-gcfeq’ﬁﬂ o F8ThA& {o éfﬂ%]o'aghen‘fn\%gte@m .ﬂvéﬁgl%p%ﬁmﬁmtg& i@l s.

Enbodi nents 0 ese systens an e use non-destructively
det er m ni RGERES elabandnﬂmcﬁ‘tcylamwaggmandntoocldsmiheami: Gnméi "lhe, tegminptagy and/ or
secondary

als b | oci f
the ult rag%ﬁ ere)én O yh%r o%eo gs{c'nﬁ%c? ngtS Frq RN $0i8 S%%&Urag }é‘ﬁ ocity o

Prace adi nal “wave¥thereon
enbodi menfimctizial Manlstdldclomﬂh@an areynot & teginerget@d as biditing] @tingekely bs £. , on

columar graips in directjon solidified materials 0 egralnsm
S ol e or Bt Re st e skttt of ey ety Bie et Einetthny i Do

mat eri al shay nﬁ@ﬂﬁ&eldnst Be variations IirS tﬂeaaqmanmhuwmai hiewoti§)eand@rduth er and the
detector to r op ert osit]| W th respec thereto Enbodi ment s of

this i nveﬂ’ﬂhﬁha ‘(]‘atéH“%(? ePIs rthe YERUQR Aspilugratedsheesin.as Would exanpl e,

for sorti H&rﬂéﬂ&'déé@r ﬁ&inerskalea mftm-.r ariNife cBANIRPERER ¥ RiRin0Rk ¥pwitangur f ace of a
material is available for evaluation, and/or for any purposes where

| ongi t udi PFéJlPe%!h&c‘PY%?tl%&%‘iﬁs“é?Péﬁtaﬁ faimede useful, etc. The

[0018] This invention relates to systems and methods for measuring the
velocity of ultrasonic surface skimming longitudinal waves on various materials,
Embodiments of these systems and methods may be used for non-destructively
determining at least one crystal grain orientation (i.e., primary and/or secondary, etc.)
of various materials based upon the measured velocity of the ultrasonic surface
skimming longitudinal waves thereon. Such embodiments may be utilized on any
single grain of material (i.e., on columnar grains in directionally solidified materials,
on single grains in single crystal materials, and/or on single grains in polycrystalline
materials), provided the grain is large enough to allow the emitter and the detector to
be properly positioned with respect thereto. Embodiments of this invention may also
be used for other purposes, such as, for example, for sorting various materials, for any
purposes where only one surface of a material is available for evaluation, and/or for
any purposes where longitudinal velocity measurements may be useful, etc. The
systems of this invention may be small and compact enough to be used almost
anywhere in various environments, such as in production environments, on-wing, in

engine overhaul facilities, in material salvage or re-work facilities, etc.
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systens of this invention may be small and conpact enough to be used al npst
anywhere in various environnents, such as in production environnents,
on-wing, in engine overhaul facilities, in material salvage or re-work
facilities, etc. 5 [00191 Enbodi ments of this invention utilize a contact
techni que having a pitch-catch ultrasonic wave configuration as shown in
Figure 1. An emtter 10 positioned within a contact transducer 50 at a
predeterm ned angl e 30 generates ultrasonic shear waves 16 and ultrasonic
conpressi onal waves 17 in the material 40. Wen the conpressional waves 17

are refrooopy at angh®editdeats dfnglstideention atiliz b epagat tetthi@leonginghe surface 42
of the material 40, a surface skimmi ng I%ﬁgltud naI %g 18 i s created.
Gener al | yPitchieatch piasonichwgve; FentigHEatigR ms YR WaFigusuld AR SRHUE W he first

critical aR@loRedvitlel hrb%qta@e/ﬁmhéerssd awafp?édetémmeaom@nm ?‘éhé‘%&te?f the

contact ‘transducers 50, 60 and the material 40 be analy The surface
ski mmi ng ulrrmgiqahmrrvaavewé@enqwmagow Pmysswaelewmat”emthesmﬂtemdAQg ul trasonic

energy 19yALoMhd Q%mpféégxé{?aﬁ A\ﬁe 7 1P€ DRI & a %es £ Sink REK! e eyl trasonic

energy 19 is transm det ector when t etector s in direct
cont act wprbpagating slong thesurfaceof2 ofitbe matesial 40, a szﬂﬁaceﬂskctaméng bnglﬁ(dlrpb5| ti oned
waves 19, and

within a contact tr cer .60, .det ect Wy! C

the tine-Of<F ﬁfah ¢ gﬁdst P 6llyf g‘ésemeinssﬁ%%thﬁe nghgl %?j‘fen!'ﬁ Shoﬁ/@\r;bes "°#8 bet ween
poi nts A tedirs ceiécal laﬁgldak deﬁnerlehjr Sdemselﬁwcfm thd Imedmmfmnel ofghe comnitaey

| ongi t udi pal wavegol %bt he a ﬁ ?d I e tragonl c_.waves 19 arrive
at the deFaBdYEr30f Ps? @ Fa% ‘T’ st HHAC AIMONBEr wave 16
and any oOfongitfdinal &aleCs BG 1eammwnha emlts ¢eakingRritedsodit lefidthy 09 fibmeaheur f ace

ski mm ng | ongi t udi. nal i ndi cati ve of thl§ longitudinal velocity of

1
the mat er $4aface§2 oﬁxﬂi‘Fd‘Fﬁt‘VE? 4@5%&1@6 gaking Y raepisenete 13,15 H’ﬁ?%’mg? 4ot grain

orientati gedbr Witd tHRUGESH 20 [sGR2UMikbctIddRLaBIMith Ble shfa Y2 6PIHR matiakNY
ultrasonic wave emtter capable of emtting suitable ultrasonic waves. The

detector %0 rhyletssinp20srositieped, withiss 8 rfoptactyigrsducer &9t detectuffitbleeking det ect i ng
the desir ggastnid 3200 £9,WaMehe dhe-8MARML TBMES surtll€ skimming longitudinal

waves 18 between points A and B can be determined therefrom. The surface
skimming longitudinal waves 18 and the associated leaking ultrasonic waves 19 arrive
at the detector 20 first because they travel faster than the shear wave 16 and any of its
reflected components. The time-of-flight of the surface skimming longitudinal wave
18 is indicative of the longitudinal velocity of the material 40, which varies depending

upon the primary crystal grain orientation of the material.

[0020] The emitter 10 may comprise any ultrasonic wave emitter capable of
emitting suitable ultrasonic waves. The detector 20 may comprise any ultrasonic
wave detector capable of detecting the desired ultrasonic waves. In embodiments, the
ultrasonic waves may have a frequency of about 5-15 MHz, but many other suitable
frequencies are also possible, and this invention is not limited to any particular

frequency range.

[0021] In operation, the emitter 10 may be adjusted to emit ultrasonic waves
at any suitable angle 30, such as, but not limited to, about 22-28° from normal to the
surface 42 of the material 40, so as to create compressional waves 17 at an angle near

the longitudinal critical angle of the average velocity of the material 40.
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ultrasoni c waves may have a frequency of about 5-15 MHz, but many ot her
suitable frequencies are also possible, and this invention is not limted
to any particular frequency range. [00211 In operation, the emtter [0 may
be adjusted to emt ultrasonic waves at any suitable angle 30, such as, but
not limted to, about 22-28 fromnornal to the surface 42 of the naterial
40, so as to. create conpressional waves 17 at an angle near the

| ongi tudi nal critical angle of the average velocity of the naterial 40. 6
(0022] The precise locations of points A and B can be easily determ ned by
utilizing two reference sanpl es having known velocities (VI and V2,
respectively) to calibrate the transducers 50 and 60, which are held at a
constant [@b22jance fiherprevise locationhef poifts s and Bhaanttiermasibyf dﬂfttﬂngmd ¥yTOF, and

TOF2, respectively).of the urface | t 18 can be
measur ed 'gtﬁ g tpvogplefsnge W?s baying kni m%ﬁ eg?{}‘?'?m du? ‘f(nvg O (surface

di st agce M’bwmep@hmvz?eré 5anuid B0, SBichainel héld rse 3 %mithitrr:ilithﬁe(ﬁvﬁi ané )
transducers 50, 60 can eter e or .t tra wave. The
surface dinothercebirsgrihe ctipe t?é‘ﬂ &ﬁlﬂ r\eﬂ’dbgb?here?ﬁ‘?f’ﬁ’w %‘l 36‘?1 SD =
(TOF, - TGhE@hiny (o\(%ﬁt\ﬁlh&l/ wales \48t danTHE nich§ied bn fdat OB tRS Wb bé'ife?élﬂl:@ to the

time that the ultrasoni c wave ends wthin the contact transducers 50 and

60, TW csammgs. de svorplEioway (  GstaRsg; bsGvesh paintsoh and By SDad time SDN1 Once

the val uegp, kD :Mgan@erw@vm T%%aﬁ%ntﬂé%teﬁi{ﬂﬁﬁ& TR WGsdfil oci ty
(Vnnk) of an unknown nmaterial by rreasurlng he time of flight (TCF,,,, k) of

t he ul t r aways. cThesurficgchistanke. i, mgn beadete rtheafvdlowmgqumtwg that TOFn"k in
the foll owi ng equati on. akT u ereafter si nce
i tudi %@ §ar |Fé1t ioné {\}é I‘)T(r\% i

| ongi t udi nal wave vel oci crystal grain orientation
dependent Th¢ time pfiffight pitdbytatilako gedime that thﬂuh‘.talsaimc phve bpendawéhinghe 40 may be
determ nec(:jontact transducers 50 and 60, TW, can be determined by the following equation.
TW =TOF, - SD/V,
Once the values of SD and TW are known, one can then determine the velocity (V)
of an unknown material by measuring the time of flight (TOF ) of the ultrasonic
surface skimming wave thereon and utilizing that TOF y in the following equation.
Vunk = SD/(TOF e — TW)

Thereafter, since longitudinal wave velocity variations are primary crystal grain
orientation dependent, the primary crystal grain orientation of the material 40 may be

determined.

[0023] The primary crystal grain orientations of the material 40 may be
determined in various ways. In some embodiments, the primary crYstal grain
orientations of the material 40 may be determined by comparing the
measured/calculated longitudinal velocity of the material 40 with samples having
known crystal grain orientations and known longitudinal velocities. In other
embodiments, the primary crystal grain orientations of the material 40 may be

determined from theoretical calculations based on single crystal elastic constants.

[0024] The secondary crystal grain orientations of the material 40 may also be
determined. This may be accomplished by orienting the contact transducer pair 50,

60 in a direction parallel to the secondary orientation and performing the same
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[0023] The primary crystal grain orientations of the material 40 may be
determ ned in various ways. In sone enbodi nents, the primary crystal grain
orientations of the material 40 may be determ ned by conparing the
measur ed/ cal cul ated | ongi tudi nal velocity of the material 40 with sanpl es
having known crystal grain orientations and known | ongi tudi nal velocities.
In other enbodinents, the primary crystal grain orientations of the
material 40 may be determ ned fromtheoretical cal cul ations based on single
crystal elastic constants. [0024] The secondary crystal grain orientations

of the NMahRhiabnsAEs B&rorﬂ{eawobeieteﬂﬁtnﬂ{grnﬁaeshmarrpl&wﬁ&mohe ASGREktieshed by
orienting the contact transducer pair in a direction parallel to the

secondar yPrigrar: pieation. vaerifydy fitsk dedueed: ﬁfﬁ!“ M%“WO%E@UP%FWSY‘%“&%“%H f or med
for det engliifiOadfiGadl |FRAYSH il B [d@Rmifie Wihdt BOR k! mBRLkqO5d ental i on,

velocity 1Is |rst edu rom-t time of flight neasurenent, and then the
associ at edicoghatedrvabies.on may be det er ni ned elther fromthe neasured or
cal cul ated val ues. [0025] Enbodi nents of this invention nmay also utilize an
i mersion technique having a pitch-catch ultrasonic wave configuration as
shown in [B028)r e 2. Embodimemrerofi tis tieventiorgueayrealsdartitia¢ rane dmenetsiomm a fl ui d

bath 200 | table fluid medium 100,  such but .not ligited t
vt or . oi Peho miiae % porellrb v ERRR G LeSE & oY St dace

t echni qUE‘miei&ﬁﬂidrsb@dteahﬁqﬁ m&X B€ Parriedoiit# ai flUkE bath Q00 i adynduiteisle fluidiere are no
contact transducers 50, and i nstead, a constant fluld ath is
mai nt ai neBEHEPIA8such s, (9’1‘\t petdimited tanwateh @il eie-o [he fmapgrsion t @tu‘ér'ﬁ fluid path

is also ¢imiiBitRethriert WREMqld gesERbddtBbvel @xapdir Me imkicfstmtedaiqt, t he
materi al 40, and between the detector 20 and the surface 42 of the material

40. In i nfigiesiEnne FEBas tnEARsgucerh 50, |8a@p¢1gnﬁﬁdra?ssm%anérf@¥wam inill be
transm ttﬁ&knme& men&%ﬁ%taﬁmzpm AULEBYeAbS. bR coRfhdiitREH pdth & 41fe fluid

medi um 100 he I mrersion technique, as in the contact technique, the
di st ance rn@mmd betweer ietemitter] i aevﬁdhet tefagied 2ef the marpriab4Q; 6nd between and t he

the detector 20 and the surface 42 of the material 40. In immersion embodiments, the
leaking ultrasonic energy 19 will be transmitted to the detector 20, and may also be
emitted into the fluid medium 100. In the immersion technique, as in the contact
technique, the distance between the emitter 10 and the detector 20 is constant, and the
emitter 10 and the detector 20 are held in fixed positions, so the distance between
points A and B is constant. The calculations and measurements in the immersion

technique are otherwise similar to those discussed above for the contact technique.

[0026] Embodiments of this invention may also utilize a bubbler technique
having a pitch-catch ultrasonic wave configuration as shown in Figure 3. The bubbler
technique is similar to the contact technique described above, but in the bubbler
technique, any suitable fluid (i.e., water, oil, etc.) may be used to carry the ultrasonic
wave from the emitter 10 to the material 40, and from the material 40 to the detector
20. Tubes or other suitable bubbler transducers 11, 21 may be used to carry fluid to
maintain a fluid path between the emitter 10 and the material 40, and between the
detector 20 and the material 40. In bubbler embodiments, the leaking ultrasonic
energy 19 will be transmitted to the detector 20 through the fluid in the bubbler
transducer 21. The calculations and measurements in the bubbler technique are

otherwise similar to those discussed above for the contact technique.
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emtter 10 and the detector 20 are held in fixed positions, so the distance
between points A and B is constant. The cal cul ati ons and neasurenents in
the imersion technique are otherwise simlar to those di scussed above for
t he contact technique. [0026] Enbodi ments of this invention may also utilize
a bubbl er technique having a pitch-catch ultrasonic wave configuration as
shown in Figure 3. The bubbler technique is simlar to the contact

t echni que descri bed above, but in the bubbler technique, any suitable fluid
(i.e., water, oil, etc.) my be used to carry the ultrasonic wave fromthe
emtter 10 to the material 40, and fromthe material 40 to the detector 20.

Tubes or ot her suitable bubbler transducers 11, .21 may be used to carry
fluid to [ORH]nt aj nThisf [nyeaiyhat BpEe WaBH {hedetsninee the perysipllogrghifat eri al 40,

and bet Wﬂ@n&{?ﬁs dt ?ﬁa‘?\g tﬂectmag? %ogltd&ﬁd{@})sﬁfgi@éryﬁg; matBrifls! BhLess |Rodi ment s,

the | eaking ultrasoni energ _ e transmtted to the detector 20
t hr ough tused in edrd and/or Handpbased €as turbiae ugine componenife Eeine gkemplams and

measurenents in.t : i . <1 O i i M ar: t hose

di scussed Ogégé/éét @fgt{g eﬂkg{rtlltoé?ﬁ@tuéegEtﬁfzg{ij&lt%&?@g%nﬂw?ﬁi@tilﬁ{/‘tg%? Pon can be

used to deéghepressues turkine rhfsles| loegprephiecturliing bhitdes, icombugdr himens; tadeect i onal |y
solidified or.single crystal materials, such as those wused in aero and/or
| and baseodfteéégsf{;gﬁfcne engi ne conponents. Some exenplary conponents that

this invention may be utilized with include, but are not limted to, high

pressure turbhine blades, |ow pressure turbine bl ades, nbustor |iners,

bl ade ouf®3lai r s_éfgrss',m@fle? cglbg%ﬁedfﬂﬁ KATIOHY BNPP YT iaﬁgﬁa%@el&}%_r vari ous
pur poses.thd Relaéiel 6f @B shiFadéSkiBimingEngiRUPEl WivedT18ttb QleferthindGle SkAIM Ng

| ongi tudi nal waves 18 to determne the crystal grain qrientations of

vari ous nEiar pragnsations oty ¥prRust (pagfials dhes yElosie ok tensiipce | HiMMINgdi nal waves

18 may al|gRbiR@indBREvdsOrs May S0 BELRASHS othSUmlp&es, shélf ag e dkhfplel & SOrt
various nmaterials fromone another, to determne a |ongitudinal velocity

that coulo Yaniens imateriadsdfromrong enethernesdeterpirsau? dorgiudinak veloajeyr thatus nat eri al s
may be sofRAhen be used for a thickness measurement, etc. Various materials may be sorted

from one another because different materials would have different velocities.

[0029] Various contact, immersion and bubbler techniques were utilized to
verify the feasibility and accuracy of this invention. Ultrasonic surface skimming
longitudinal waves were observed and measured for various polycrystalline,
directionally solidified and single crystal materials, including various nickel alloys,

titanium alloys, aluminum alloys and copper alloys.

[0030] In embodiments, the contact technique utilized wedges made of
Perspex® material having 5-15 MHz transducers embedded therein. The incident
angles 30 tested varied from about 25-30° from normal to the surface 42 of the
material 40. Several samples comprised single crystal materials so the velocity
dependence upon primary crystal grain orientation could be tested. Bulk longitudinal
velocities of various materials were also measured at specific orientations so
comparisons thereof could be made with the velocities of the surface skimming

longitudinal waves.



from one anot her because different materials would have different

vel ocities. [0029] Various contact, immersion and bubbl er techni qgues were
utilized to verify the feasibility and accuracy of this invention.

U trasonic surface skinmng |ongitudinal waves were observed and neasured
for various polycrystalline, directionally solidified and single crystal
materials, including various nickel alloys, titaniumalloys, alum num

al l oys and copper alloys. [0030] In enbodi ments, the contact technique
utilized wedges nade of Perspex material having 5-15 MHz transducers
enbedded (003} ei n. Thenbodimetes)tthe immyreion 80htiqed @dizedi § dHL rosdaecsut 25- 30
fromnornmal to the surface 42 of the terial 40. Several s | es conpri sed
singl e cr%‘?gt‘é?ternag%vrefaél"éea§‘5e?1ﬁlcé{s Weﬁf%é?}ag? ondﬁlgﬂﬁ&?&eé'aﬁgbﬂlnﬁr% crystal
grai n oriwHciies.OSome Wnfbolnengsititided Bylngld wangidoetlimpllse/achb @gddej &l of vari ous
materials were al so rrEasufFﬁd a% speglific oriepntations so conparisons

t her eof dBeAsHrepEniTenidimG-ehflighielop ey Kelpetrdsizntl from an sdes ¥ers iePiedg

| ongi t udi B@kr WRYREmen?s Ll03d twd InRERRH I ARMuSers (£ pitdIEREcH QAL RSN due
utilized 10 MHz transducers and water. Several neasurenents were nade on

various niataefiztuteshaniagianinormowknarayen berebetwsen, Ipduncamsemenieat Smetaft i zed a
singl e 1! AORAES] uilriboRil AR RAARE Fonetliing VRRE WeRdBkiRe ! U1 me-of - 1 T ght
g re .

for a reflécted signal froman e obt al ne er enbodi nents
utilized two inmersion transducers in a pitch/catch configuration in a

fixture LNg a k rati e en . [ ts, of tinme-of-
f1i ght f%“%ﬂ ol tr a8 geedfitn aé‘ggsl?{%ﬂt‘%ﬁ %SW%%P?‘?&?@S@%E“%@ obt ai ned.
[ 00321 | rsneatbbuhibiee ntansducére 1BUBbDlaefixed phsitionse and neaseements bk timeeft hat hel d

smal | bubfpl er.transducers 11, .21 at .fixe osi tions,, and, neasurenents of
ti me- of - t?'igﬁ'gfﬂfa'? ?’a%?H‘CLPI ?°aess5m“8m§d?‘}%‘8§“ YRS PRAEFY udi nal wave were
obt ai ned. 100331 The velocities of the ultrasonic surface skinmm ng

| ongi t udi waves __of sanpl es havin nknown Grysta aj.n orientations
V\Bl‘g c orrp@S to v e’l]hacviechggs 8? the ultras nH: surface sk(im}{nsmg longlrtuclinal waves

of samples having unknown crystal grain orientations were compared to velocities of
samples having known crystal grain orientations, which had their crystal grain
orientations previously determined via the Laue x-ray technique. Such velocities
were measured on unknown samples at various positions and orientations on the
surfaces thereof (i.e., throughout 360°), and crystal grain orientations were determined
therefrom. The crystal grain orientations obtained by the methods of this invention

were found to match those obtained by the Laue technique within about +/- 1°.

[0034] While ultrasonic waves (i.e., longitudinal waves and shear waves) have
been used to inspect for subsurface reflectors in polycrystalline materials, and
ultrasonic waves (i.e., Rayleigh surface waves) have been used to measure/inspect for
surface anomalies in various polycrystalline materials, ultrasonic waves (i.e., surface
skimming longitudinal waves) have not been used to determine velocities of various
materials to determine crystal grain orientations of directionally solidified or single
crystal materials and/or to sort various materials, etc. When ultrasonic longitudinal
and shear waves are used to inspect for subsurface reflectors in polycrystalline
materials, the amplitude and time-of-flight of reflected ultrasonic waves can be used
to detect and evaluate features within the volume of a material. When ultrasonic

Rayleigh surface waves are used to measure/inspect for surface anomalies in various
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sanpl es havi ng known crystal grain orientations, which had their crystal
grain orientations previously determ ned via the Laue x-ray techni que. Such
velocities were neasured on unknown sanples at various positions and
orientations on the surfaces thereof (i.e., throughout 360), and crystal
grain orientations were determned therefrom The crystal grain
orientations obtained by the nethods of this invention were found to match
t hose obtained by the Laue technique within about +/- 1 . 100341 Wil e
ultrasonic waves (i.e., longitudinal waves and shear waves) have been used
to ins pec‘ﬁol}fcﬁfstaﬂiluﬁ&ﬂitéﬁdlﬁ tmseaidoamlemth@Rmélg@wsdcawamecm%wios, and

ul trasoni c waves yl ei gh surface wav have bg' sed . to

measur e/ i §YaWatet S‘F’éﬂ“ Q‘EfF‘?t%lc%“ &n OPRIFTads |W‘V‘ar“|?t{ﬁ§%mbo:’r‘§‘7 Mi¥e material s,

ul tr aso”'lSng’}ﬁ:H{?ﬁl Cv'avc% are 9&d, ARE veldkiy" T WHich Qﬁ‘%‘ltlrddé’rh@%hrf&@V&%mhﬁVe not been
used to determne velocities of various naterials to determ ne crystal

grai n or ilengitidinehwaysf traelsedangdhsuriace of 4 miaterizlbap be ypedgb detennipsthel nateri al s
and/ or ! O illertiR'o gh&'ﬁtlmta&h@h& erfah, Gmolff Sihet IS Ofhiete bAMRHeE yghnal ~ and

shear wave to I nspect for su ace reflectors 1n polycrystalline
mat er i al sdiffedent mmhqmuwldnmeawmeoj differeghitenaf ofrintetestcerediffatent @pemni ¢ waves
can be usefd to det ect and evaluate features within the volune of a

mat eri al . “VIREH alﬁtrasonl ¢ Rayleigh surface waves are used to

measur e/ i nspect for surface anorral ies in various to polycrystalline

mat eri al s e anonmal | es Ie| surfgce waves an be ed to
eval uat e @ﬂ%]ace deﬁ‘se%ets‘é" ﬁg‘%/ e '%%rﬂ“aﬁ ?yé§5ﬁia€ tf‘%i‘é&s OGS ki mmi ng

| ongi t udi Rl desy@ive R RicHfiRihg thb eeluaiqus&ryacatskmm? loagitkdikdl 3088 ¢n Ssur f ace
skimm ng |ongitudinal wave travels along the surface of a material can be

used to derOpHmaETialse Adyanfageqpsly thy Wsmseﬁé Methofs obthisinentigh 631 8 | anong

ot her thi gy addesoffi@Ill &L in @4ntous Sh¥ifhRAls (t@cbmwwgesn pwmueﬁbmeasure very
different itenms of interest on different types of materials. [0035] As

descri bedenyifenments,Hn $nging oMerha fagiliNasdmsmaipral satyagen Rciisien dr se-erk
non- dest I jefiikelel. ) Bl dnd YReehRlMAIrhetnddl of Wil AsEntifl dXTbBUsdPn Ol t udi nal

waves
for various purposes (i.e., to determine crystal grain orientations of various materials,

to sort various materials, for any purposes where longitudinal velocity measurements
may be useful, etc.). In addition to being able to use the systems and methods of this
invention in environments where the Laue technique cannot be used, this invention
could also be used instead of, and much easier than, the Laue technique in many

instances. Many other advantages will be apparent to those skilled in the relevant art.

[0036] Various embodiments of this invention have been described in
fulfillment of the various needs that the invention meets. These embodiments are
merely illustrative of the principles of various embodiments of the present invention.
Numerous modifications and adaptations thereof will be apparent to those skilled in
the art without departing from the spirit and scope of the present invention. Thus, it is
intended that the present invention cover all suitable modifications and variations as

come within the scope of the appended claims and their equivalents.
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vari ous materials. Advantageously, the systens and nethods of this invention
can be easily and economcally used in various environnments (i.e., on-w ng,
in production environnents, in engine overhaul facilities, in material
salvage facilities, inre-work facilities, etc.). Furthernore, the systens
and nethods of this invention can be used for various purposes (i.e., to
determ ne crystal grain orientations of various materials, to sort various
materials, for any purposes where |ongitudinal velocity nmeasurenents nay be
useful, etc.). In addition to being able to use the systens and net hods of
this invgahi QRIaiMefQVi ronments where the Laue technique cannot be used,
this invention could also be used instead of, and nuch easier than, the

Laue technique in many instances. Many ot her advantages will be apparent to
t hose ski in the relgyant jalt,. ] i At SR sl this
i nventi ontchgee beerr:l'desé‘F ?‘%glgdiaorgde?hggﬁ]%l%ﬁ%log&?ﬁgeﬁ)var| thjbts neé%ls t hat the

i nvent i onskimeting longiasimabwhedmenateriay eomprisingt y il | ustrative of the
principles of vari gus enbodi mantHs of .t he rest%gt anentti g.n.t Ngmarous

modi fi cations SHERHRRAT WEFRHALS Hffasediming lo BRLY S A S ARRROL i | | ed i n
the art woh thewhatet@parting fromthe spirit and scope of the present
invention. Thus, it is intended that uﬁ}_gg present invention cover all

sui tabl e nodi f9eteting 7 leasiya Partionafdhe uifrasonie suriage; skimmingclongigidinal ¢ he

appended Gh@l A sBEhdlIOQL6n SFlthe k@Al and | | What is clainmed is: [cAl . A
met hod of determ ning the velocity of an ultrasonic surface skinm ng

| ongi t udi nal wdsfermiring thegrelocity pf the ylipaseni¢ syface skimming loggisudingl taxe oni ¢

surface skiili@e rPRUd ﬁ@{zﬂﬁ'thé"@f%d%cﬁioﬁj rst location on the material;
detecting at least a portion of the ultrasonic surface skinmng |ongitudinal

wave at a second |location on the material; and determining the velocity of

the ultra {c surface .l Lt pdj . V. L I rst
| ocati on 2@3’ t he se%ond ggg‘lftﬁ(giné.)pagh H%H@ém% el &ﬁ&&& Heds
one of the following: a contact technique, an immersion technique, and a bubbler

technique.

[c03] 3. The method of claim 1, wherein once the velocity is
determined, the method further comprises at least one of the following:

determining at least one crystallographic orientation of the material based
upon the velocity; and

sorting a plurality of materials from one another based upon the velocity.

[c04] 4. A method of determining at least one crystallographic
orientation of a material, comprising;:

generating an ultrasonic wave at a first location on the material;

detecting at least a portion of the ultrasonic wave at a second location on the
material;

determining at least one crystallographic orientation of the material from the

detected ultrasonic wave.

[c05] 5. The method of claim 4, wherein the determining step
comprises:

-

measuring the time of flight of the ultrasonic wave;

12



(c021 2. The nethod of claim1, wherein the nethod conprises at |east one
of the followi ng: a contact technique, an i mersion technique, and a bubbl er
technique. [c03] 3. The nethod of claim1, wherein once the velocity is
determ ned, the nethod further conprises at |east one of the follow ng:
determ ning at |east one crystallographic orientation of the material based
upon the velocity; and sorting a plurality of materials from one another
based upon the velocity. [c04] 4. A nethod of determining at |east one
crystall ographic orientation of a material, conprising: generating an

ul trasoni ¢ WaNRmatnid the &dgith@aAL VeRititp R titemABliAHasdd ugdaliRE tisagcat | east a
portion of the ultrasonic wave at a second |ocatiqgn on the nmaterial;

det er ni rheteeat the first lasationc ands thel pesgndy fasaidoro padk theatimgofoflishhef g erial from
the detggted W dtasgni ¢ wave. [c051 5. The method of claim4, wherein the
determ ning step conprises: neasuring the tine of flight of the ultrasonic
wave;, 12 det eletarmining athleast ongictysellogrhphie boeitationaff théreatemiab niiledingased upon

the di stance . between the.fir Jpcation and the second | ocati on and the
time of %F%ﬁﬁpmg?%ﬁﬁgc&ﬂ?9$%g%%989mave; and determ ning at |east one

crystall ographic orientation of the material utilizing the |ongitudi nal

vel ocity t he erigl. 06] 6, .The nethod of claim4, wherein the

ul t rason‘cggl\/vave cShpri ?bg e °§&ff°é&&'80‘s k‘?hﬁ‘r‘?i“ntge P[EW@?'P%WH%@%&?&S havi ng a

| ongi t udi gatacy sHimeiitg/lohgiaidiias wad ePRAViHENY longifidal Reodityith@niydepeydenal | ogr aphi ¢

orientation of the nateri?l, ut not upon_the . '
upon the primary crystallographic orientation of the material, but not upon the

secondary crystallographic orientation of the material.

[c07] 7. The method of claim 4, wherein the material comprises at least
one ofi a directionally solidified material, a single crystal material, and a

polycrystalline material.

[c08] 8. The method of claim 4, wherein the material comprises a gas

turbine engine component.

[c09] 9. The method of claim 8, wherein the gas turbine engine
component comprises at least one of: a turbine blade, a combustor liner, and a blade

outer air seal.

[c10] 10.  The method of claim 4, wherein the method is utilized via at
least one of: (a) while the component is on-wing; (b) while the component is in a
production environment; (c) while the component is in an engine overhaul facility; (d)
while the component is in a material salvage facility; and (e) while the component is

in a re-work facility.
[cl1] lt.  The method of claim 4, wherein the at least one

crystallographic orientation is determined via at least one of: a contact technique, an

immersion technique, and a bubbler technique.
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secondary crystallographic orientation of the material. [c07] 7. The nethod
of claim4, wherein the material conprises at least one of. a directionally
solidified material, a single crystal material, and a polycrystalline
material. [c081 8. The nethod of claim4, wherein the material conprises a
gas turbine engine conmponent. [c091 9. The nmethod of claim8, wherein the
gas turbine engine conponent conprises at |east one of. a turbine blade, a
conbustor liner, and a blade outer air seal. [c10] 10. The nmethod of claim
4, wherein the nethod is utilized via at |east one of: (a) while the

conponenfe4fs ON-WiBY; (Dlysidni Ies hORUGRTRRNRNCit Ofidd dtradhRUMFhREON
envi ronnment’ (c) while the conponent i's in an engine overhaul facility; (d)
whi | e t hekimmingdoegitudingl waveonrpmatedial] comyrigimge facility; and (e) while the

conmponent is i - dlity. [ell] I'1. The nethod of claim4,
wherein the am‘{l]téﬁsgﬁl%g)r%gg 5@%&& al l ographic orientation is determ ned via at

| east one of :anaulgasohi@ctave dethetogaa an | mrer si on techni que, and a bubbl er
techni que. 13 012{, 1 A.Sﬁsttﬁmf r.nmeasuri nlﬁ' t he vel.ocity of an ultrasonic
surface ski a0y 1BnTHSTTUNRG, MoaXFIocty O AR WHASONC SUEEF; WIMMINgG () t v asoni ¢
wave en [ohgitudiral wdlé othe materiadive detector; and nmeans for determ ning the

vel ocity of an ultrasonic surface skimmng | ongitudinal wave on the
material. [c13] 13. The systemof claim 12, further conprising nmeans for

det er mi n'[m]nat | east OrmeChystdn! d0GLARNIE, FikRAt &nhRRingl nidafs Bt eri al
utilizi ng the velocity of the ultrasonic surface skipnm ng 1l ongi tudi nal
wave. etermining at least one crystallographic orientation of the material utilizing the

velocity of the ultrasonic surface skimming longitudinal wave.

[c14] 14.  The system of claim 12, wherein the ultrasonic wave emitter is
capable of emitting ultrasonic waves at a predetermined angle with respect to the

surface of the material.

[c15] 15.  The system of claim 12, wherein the ultrasonic wave detector is
capable of detecting at least a portion of the ultrasonic surface skimming longitudinal

wave at a predetermined location.

[c16] 16.  The system of claim 12, wherein the apparatus comprises at
least one of: a contact configuration, an immersion configuration, and a bubbler

configuration.

fcl17] 17. A method for determining the velocity of an ultrasonic surface
skimming longitudinal wave on a material, comprising:

providing the system of claim 12; and

determining the velocity of the ultrasonic surface skimming longitudinal wave

on the material using the system.

[c18] 18. A method for determining at least one crystal orientation of a
material, comprising:

-

providing the system of claim 12; and
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(cl41 14. The systemof claim 12, wherein the ultrasonic wave emtter is
capable of emtting ultrasonic waves at a predeterm ned angle with respect
to the surface of the material. (c15] 15. The system of claim 12, wherein
the ultrasonic wave detector is capable of detecting at |east a portion of
the ultrasonic surface skinmmng |ongitudinal wave at a predeterm ned

| ocation. (cl6] 16. The system of claim 12, wherein the apparatus conprises
at least one of. a contact configuration, an inmersion configuration, and a
bubbl er configuration (cl71 17. A method for determining the velocity of
an ultrasonic n din rial, conprisin
provi di ng thec%§s %ﬁ%ﬁ¥§£%qu %ﬁap&%%%Jo 8?#?&%%%’ yﬁ%ﬁﬁggt?9 of tﬂg °
ultrasonic surface skinm ng |ongitudinal wave on the material using the
system [c181 18. A method for determining at |east one crystal orientation
of a material, conprising: providing the systemof claim12; and 14
determ ning at | east one crystal orientation of the material using the
system 15
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