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FAI LURE BACKGROUND OF THE | NVENTI ON The present disclosure rel ates
generally to ultrasonic, non-destructive testing nethods and, nore
particularly, to an ultrasonic inspection nethod and system for determ ning
I nci pi ent mechani cal failure. Many nechanical failure nodes include a
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above certain threshold sizes, and within certain specified regions, may

be det ect ed BACKGROUND OFtTHES BuvgNaosddy current techniques. For exanpl e,
in conventional ultrasound harnonic imging, ultrasound signals or pul ses

are transmfted at fundanmental frequencies, and echo signals are received
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of an identif.ied crack sgg ifies the part hgs exhausted its life.
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desirable to be able to detect inc anage | e part 1S st
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I nci pi ent rr%ﬁﬂfaanén%ﬁi arLgtlmlt lcj)% ﬁfe remains once cracks are observable.

Cracks that are above certain threshold sizes, and within certain specified regions,
may be detected by existing ultrasound or eddy current techniques. For example, in
conventional ultrasound harmonic imaging, ultrasound signals or pulses are
transmitted at fundamental frequencies, and echo signals are received by a transducer.
Discontinuitics, such as cracks, can be detected when their echoes are greater than

that of the background noise.

Unfortunately, by the time a crack can be detected through such methodologies, the
part has essentially failed. For example, fatigue cracks in titanium objects become
detectable when only about 10% of life is remaining. The presence of an identified
crack signifies the part has exhausted its life. Additionally, the presence of cracks in a
particular part may prevent that part from being repaired and retumned to service.
Thus, it would be desirable to be able to detect incipient damage while the part is still

. repairable.

There are at least two noteworthy applications in which incipient mechanical failure
analysis can be applied. The first relates to detection of incipient dwell-time fatigue
- In titanium alloy aircraft engine compressor forgings, and the second relates to
detection of creep damage in structural applications such as aircraft engine and land

gas turbine airfoils and disks. Dwell-time fatigue arises from the anisotropy of




anal ysis can be applied. The first relates to detection of incipient
dwel | -tine fatigue in titaniumalloy aircraft engi ne conpressor forgings,
and the second relates to detection of creep damage in structural
applications such as aircraft engine and |land gas turbine airfoils and

di sks. Dwell-tinme fatigue arises fromthe anisotropy of | nodulus and
limted slip systeps in titanium Thus, if cyclic stresses (near the yield

stress) arulsAnddunifd: shipneysiemsiiptisanium o Thps, dheypkicistrasses (1eanthgridelds

el asti cal : A r t - L. Lingi Vi

crystall gg?%gﬁ%rgﬁ rl}egﬁl‘tﬂg% ?%Iﬁ tgmﬁﬂéisﬁg?ggglgg?%?y’ @ﬁ}é %gdﬁ%ﬁ él’lggicéftlfggéml n

addi ti on to ddfmecnydagmess domytolikgir mdplide icrystallegrdpliig oventadomw ivarrespdet tonot . Thi s

li ed licaly. |l ead.to bujld f high str, t i
Cor ool Shy3Pl e BEaddlicht Rom§ Breimsmyathastmblaticgameoy ity 081 Cor ai ns
can cracIflobyThi@Ipe@c\éégﬁpplaefa%r&gEéaliibtéﬁﬂ 1&4d%h R lalﬁ_??iﬁ{}%ﬁlﬁtﬁ%éeh at %gg]n@? e

il
premature failure of the pa wever, dwe fatigue
det ect ed cplpnglibqundariese chvm iunfarerabhit oricntddegraini ar @lonyrefcdcains esrentack BRI EF
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enbodi ment, the nethod includes insonifying the object with wultrasonic

energy atr&K 8BSt ed fundanental frequency. Anplitude data may be acquired
fromthe insonified object at the fundanental frequency and at the second

har noni CB@‘IEpImg‘dmgﬁgglgt(n%f eryfoﬂnd a non-|linear acoustic inmage nmay

be generated fromt ata at the fundanental frequency and the
- second harnonic frequency. According to a first aspect of the present
i nvent.i olhe tdbeve diwugreddindedthar meawimdks end deficiencies of the prior art are

overcome or alleviated by a method for determining incipient mechanical failure of an
object. In an exemplary embodiment, the method includes insonifying the object with
ultrasonic energy at a selected fundamental frequency. Amplitude data may be
acquired from the insonified object at the fundamental frequency and at the second
harmonic of the fundamental frequency, and a non-linear acoustic image may be
generated from the amplitude data at the fundamental frequency and the second

harmonic frequency.

According to a first aspect of the present invention, there is provided a method for
determining incipient mechanical failure of an object, the method comprising:
insonifying the object with ultrasonic energy at a selected fundamental frequency;
acquiring amplitude data from the insonified object at said fundamental frequency
and a second harmonic of said fundamental frequency; and generating a non-linear
acoustic image from said amplitude data at said fundamental frequency and said
second harmonic frequency, wherein said acquiring amplitude data is implemented
with a broadband transducer having a center frequency at about 1.5 times said
fundamental frequency. |

According to a second aspect of the present invention, there is provided a method
. for determining incipient mechanical failure of an object, the method comprising:
insonifying the object with ultrasonic energy at a selected fundamental frequency

using at least one of a backscatter scan and a surface wave scan; focusing a broadband
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determ ning incipient mechanical failure of an object, the nethod
conprising: insonifying the object with ultrasonic energy at a sel ected
fundanmental frequency; acquiring anplitude data fromthe insonified object
at said fundanental frequency and a second harnonic of said fundamental
frequency; and generating a non-linear acoustic inmage fromsaid anplitude
data at said fundanental frequency and said second harnonic frequency,
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generating a non-linear acoustic image fromsaid anplitude data at said
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fundamental frequency and a second harmonic of said fundamental frequency;

digitizing and storing said amplitude data at said fundamental frequency and a second

harmonic of said fundamental frequency; and generating a non-linear acoustic image

from said amplitude data at said fundamental frequency and said second harmonic

- frequency; wherein said insonifying the object with ultrasonic energy is implemented
with an excitation pulse having a pulse length of at least 10, wherein A is the

wavelength of the excitation pulse at said fundamental frequency.

According to a fourth aspect of the present invention, there is provided a system for
determining incipient mechanical failure of an object, comprising: a broadband
transducer for insonifying the object with ultrasonic energy at a selected fundamental
frequency through at least one of a backscatter scan and a surface wave scan; said
broadband transducer focused so as to detect amplitude data from the insonified
object at said fundamental frequency and a second harmonic of said fundamental
frequency; a pulser receiver for receiving detected signals from said transducer; and a
data acquisition computer for storing said amplitude data at said fundamental
frequency and a second harmonic of said fundamental frequency in a digitized format;
wherein said stored amplitude data at said fundamental frequency and said second

harmonic frequency is used to generate a non-linear acoustic image, and wherein said
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transducer so as to detect anplitude data fromthe insonified object at
said fundanental frequency and a second harnonic of said fundanental
frequency; digitizing and storing said anplitude data at said fundanental
frequency and a second harnonic of said fundanental frequency; and
generating a non-linear acoustic inmage fromsaid anplitude data at said
fundament.al frequenc sai d second har equenc wher ei sald
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br oadban
-harmonic frequency is used to generate a non-linear acoustic image, and wherein said

transducer emits an excitation pulse having a pulse length of at least 10\, wherein X is

the wavelength of said excitation pulse at said fundamental frequency.

2b




transducer for insonifying the object with ultrasonic energy at a selected
fundanental frequency through at | east one of a backscatter scan and a
surface wave scan; said broadband transducer focused so as to detect
anplitude data fromthe insonified object at said fundamental frequency
and a second harnoni c of said fundamental frequency; a pulser receiver for
recei ving detected signals fromsaid transducer; and a data acquisition
conput er -&ﬁﬁH@E§¢%5W§@Nalaﬂ%ﬂiDB@@VH&G& at said fundamental frequency and
a second harnonic of said fundamental frequency in a digitized format,
wher el n s@lrdrial & g Adbl wl%vﬂggesgméreiﬁ%kg AR AL AdRO Gy @D sal d
second harnonrc frequehcy Is u to generate a non-l1near acoustic inmage,
and wher eeverddiigures:r ansducer emits an excitation pul se having a pul se

| ength of at least | OX, wherein X is the wavelength of said excitation

pul se at ,sai d,fun tal frequency. 2 I DESCRI PTI ON ,OF THE W NGS
ot or 1 g e it BRER HloBryn HESUFHERS wied i JotoPm e e S Hifer e

al i ke in fiilige ob@VeHjadt, iftiadetr@sice hitiifertbddimentdf tkintird@ham i | lustrating a
met hod for determ ning incipient nechanical failure of an object, in
accordance wth an enbodi nent of the invention; Figure 2 is a schematic

~ di agr am- Figuie £ isip sehymatc diagrpn dfustrating ameramplanygystea thatagay be usedgPenent t he
. inci pi ent : : ] i d N

acoor dandmierieRr it heibRht eGP RN fBaR Sy hcblh [ FUE Fin
schenmat i aaddrdande piithtastugtherexxpap bathy pedestcinvdimohng a regi on of | atent

nmechani cal damage therein; Figure 4 illustrates an object disk that

contains_a regj on of hapi cal damage; and . Figure 5 is an e |lary 2fo
Lo fo anbleTide SPaaaicnliy dRicty a| Sremlemy chisriaR#tng ¢ rhgon of latent

mechanical damage therein;

Figure 4 illustrates an object disk that contains a region of mechanical damage; and

Figure 5 is an exemplary 2f; to fy amplitude ratio intensity plot corresponding to the
object disk of Figure 4.

DETAILED DESCRIPTION OF THE INVENTION

Disclosed herein is a method for non-destructive detection of those regions of an
object in which mechanical failure is incipient (i.e., prior to actual nucleation of a
micro-defect). Briefly stated, the method includes insonifying a subject part at an
input frequency or frequencies, and noting those regions of the part in which there is a

higher-than-background generation of harmonics of the input frequencies. This

information may be generated and displayed by scanning a part in a manner similar to



obj ect disk of Figure 4. DETAILED DESCRI PTI ON OF THE | NVENTI ON Di scl osed
herein is a nethod for non-destructive detection of those regions of an

~object in which mechanical failure is incipient (i.e., prior to actual
nucl eation of a mcro-defect). Briefly stated, the nmethod incl udes

i nsoni fying a subject part at an input frequency or frequencies, and
noting those regions of the part in which thereis a .
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t han just tletransentied. i ntensity of all sound reflected or transmtted.

Referring initially to Figure 1, there is shown a bl ock diagram
erm ning incipient nechanical failure of

illustrati n%ﬁ? met hod .. 100_f or de%l ( (
an obj ect, B HREFRUHBCFEHh thersds dhoveme theck diagiamydisirating armethedt hod
100 begins apo RdrQfekeri®ang ifbiNBhch qf e S e d, as
wel | as the par tfi cul ar ?%/;l)el%ygh scgﬁ’“ﬁl@g@}‘{‘éﬁu‘?gﬁg‘gﬁﬁﬁ%@, accgré%%sec‘g{tﬁgp ). The
type of scafmbpdimeni of therinyentionddfhermethed! 10@$eginoat bloek |1 02 ahivdicioh tedthe

area of int t wigh re t to the surface of the object. Then, at bl ock
104, a sui f‘é‘ﬁ%@"%#@m@&ﬁ%ﬁfﬁﬁi & Well 4 tBePEHEHIaF iogre BRAN (#- SBHOETEAYGI 1 est
frequency, baksang). TR 56 8P turfllf bd B&eﬁiﬂﬂ%ﬂﬁ&ﬁ?&n hE GOURBE Y 2f O,

are detectabl e. For exanple, a broadband transducer having at [east a -3dB
~ bandwi dt h othefagsa efniatesest evitherespeas dodimcsurfaoe ofilibeibbijtetsf Bhahatblbchd 0dphe to

]E gagﬁgi t2 ¢ g. Ju?tﬁi)’l%efﬂmgﬁﬁg} A se eoctedasrlllc(j:h "t %ioﬁlethebﬁgga%ﬁgr}tgletgset e?]iugrPca}lrl, %o, %}ld both
the second harmonic of the fundamental frequency, 2f, are detectable. For example,
a broadband transducer having at least a -3dB bandwidth of fy, and a center frequency
of about 1.5fy should be able to transmit a focused beam at fo, and receive

backscattered signals at both f; and 2f;.

The transducer may include a pair of confocal elements focused by the same
curvature to a common focal zone. A thinner of the two confocal elements may be
used to receive the signals at 2f;, and as a matching layer for the transmitting element.
By using confocal elements, the transmitting element can receive the fundamental

frequency in pulse-echo, and the receiving element can receive the second harmonic.

In one embodiment, the input insonifying excitation is implemented via a pulse racllior
frequency (RF) driver, using a number (N) of wavelengths of the fundamental
frequency as the input burst. The pulse length should be selected long enough so that
the second harmonic component of the pulse power spectrum is sufficiently
attenuated (e.g., by about 20 dB or more with respect to the amplitude of the
fundamental frequency). On the other hand, the pulse length should also be selected
short enough so that the material region, produéing the echoes containing both
fundamental and second harmonic éomponents, is resolvable from the entfy—surféce
- echoes by the transducer. An approximation of the power spectrum amplitude of the

RF input insonification pulse is given by the expression:
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The transducer may include a pair of confocal elenments focused by the sane
curvature to a common focal zone. A thinner of the two confocal elenents
may be wused to receive the signals at 2fo, and as a matching | ayer for the
transmtting element. By using confocal elenents, the transmtting el ement
can receive the fundanental frequency in pul se-echo, and the receiving

el ement can receive the second harnonic. |n one enbodi nent, the input

i nsoni fying ﬁﬁﬁ j;XyLJﬁpinplenented via a pulse radio frequency (RF)
driver, usi of wavel engt hs of the fundanental frequency as
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line-to-line and pul se-to-pul se increnents scat
transducer SEc¥ridation pubssaengthatThas pls iekimples using thED. inpet ;ﬁulmaalthe area of

interest should be at least 20A below the surface of the object in order to isolate the
desired first and second harmonic signals from the area of interest from reflected
signals at the surface of the object. The -6dB beam diameter at frequency 2f; is
approximately equal to 1.03\ F/d: wherein the wavelength A refers to the wavelength
at 2fy, and is thus also expressed by 1.03 (c¢/2f;)(F/d); wherein ¢ is the velocity of the
acoustic signals in the material of the object; F is the focal length of the transducer
lens; and d is the diameter of the transducer lens. Furthermore, the depth of focus of
the transducer for a backscatter scan is approximately equal to 4A (F/d)%, or
Ac/285)(F/d)%.

The volume from which the second harmonic echoes are received by the transducer is
defined by the second harmonic wavelength, aﬁd is substantially smaller than the
region insonified by the input fundamental frequency. The difference in length of
depth of focus can be accommodated by setting the signal-gate (the time region over
which a signal is recorded from each pulse) to be that of the depth of focus of the
second harmonic, or shorter; the difference in cross sectional area of focus can be
accommodated by suitable amplification of the second harmonic signal, where the
value of that amplification will be selected after consideration of the nature of the

material microstructure and how that microstructure scatters sound.




| ength thereof corresponds to a depth in the object that is at |east twce
the length of the excitation pulse length. Thus, for exanple, using a 10%
i nput pul se, the area of interest should be at |east 20% bel ow t he surface
of the object in order to isolate the desired first and second harnonic
signals fromthe area of interest fromreflected signals at the surface of
the object. The -6dB beam di aneter at frequency 2fo is approxi mately equal
to 1.03% F/ diorp&ieii I fers. t @t | en at.. 2f o,
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from which the second harnmoni c echoes are received by the transducer is
defined by tof¢hesiapeireacitatiomsnetcthaba gitehgtrface awadte pelssisbslated imtitng fomntheer
than the regj | nifjed by the input fundanmental frequency. The

di fference ine&e}ﬁ}gﬁ%&g#ﬂs&epth of focus can be accommobdated by setting the
signal -gate (the tinme region over which a signal is recorded from each

pul se) to bRkeghdlesobf tietydepthcal ihplenienell, theaeSREQNdlHRASII® MuggesOsf hBOr ter ;
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the material mcrostructure a how't hat m crostructure sca r
For gener at and2fjeignaisimay be sbtafned én wanignbefraf eays. hin diicanisboditknt, Sefpstgsed at
a sufficie i cal aperture s gs to include the surface wave, (or

t pune .
Rayl ei gh m‘@@)@wf%{@f%ﬁ? u Pé*?te?h@le o¥14 Ao pieptls beferq thy sigaals are digitized poij nt
I's placed ahndstsiélifih Gla8Alacquisition computer. For each image taken, 8 bits (or more) per

pixel may be used to represent the amplitude data at each of the two frequencies.

Alternatively, the output of a pulser receiver in communication with the transducer
may be coupled to a waveform-digitizer such that the entire gated waveform for each
ultrasonic pulse is acquired and stored in a data acquisition file. In this embodiment,
the digitization rate should be at 8f; (or more) for the entire gated signal to be
recorded. Thus, for 10 pulses, about 80 bytes are needed for full waveform

acquisition and processing in software.

Once the amplitude data at £ and 2f; is acquired, it is processed in order to produce a
non-linear acoustic image, as shown in block 110. Generally, this non-linear acoustic
image is presented as ratio of the amplitude of the second harmonic signal and the
square of the amplitude of the fundamental frequency signal. In one specific

embodiment, a "beta" image is constructed in accordance with the expression:

8 Y 4, 8c*

(et i

wherein A; is the amplitude of the second harmonic frequency (2f;) component, A, is
the amplitude of the fundamental frequency (fy) component, k = 2nfy/c, c is the

velocity of the acoustic signals in the material of the object, and a is a scanning
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depth beneath the entry surface to resolve the surface wave fromthe direct
reflection of the input excitation such that a gated surface wave pulse is
isolated in time fromthe direct reflection pulse. Regardless of the type
of scan inplenented, the resulting ultrasonic inmages of the object are
acquired in a manner that captures anplitude data. at both fo and 2fo, as
illustrated in block 108 of Figure 1. As is discussed in further detai

her ei naf t er patdaeetdraeprasesitids chesfogalalepthn@y a baclabittdr 866h) o tike ditrylsdrcleofof ways.
I n one enbodi nent, separate _handpass filters are used to detect the fo and
2f 0 si gnal s SBE#GETERVEREN); dmaddition bo gengrating @ petaintes: Hinatial deriyativg upage

acqui si tion ¢ aEYtShten&aks £ lebggggoé{ugg%n, 8 bits (or nore) per pixel may

be used to represent the anplitu t each of the two frequencies.
Alternatively, the output of a pulser receiver in communication with the-
transducer Fmallybes coaph énl blackal g uibé qrocediedi arplénde data tshased ttheidenttfiyr e

ated waveform for..each L trasonic.,pulse.is acquired.and,stored |h a data
Soqui si t1 on“1891 O HRENER: 2o & foammuned mieror frsgreihesaraunns ifeokhs gblscbe at
Ho (or nor eJrhé Qéseldifent HalyiBclOdd, §6r Slagiind a][ Bapfic disPEY HES colbPUS gralyQbalk Ca.

pul ses, about 80 bytes are neeo’l_ed for ‘ful wavef orm acquisition” and
processi ng inhigblightethe reghpmeot highestpify taideandplitadaratioy aarmday flso iiscladgai r ed,

it is proce ' rder. t roduce, a.._non-Jlinear ..acoustic inmge shown
| bi otk 118 eaRnfbis of i SRy hE Bt RER A el PG 0B e

rati o of theconPhirinedR: £ fhfBmsRe0 HbghalicpRni ¢ signal and the square of the
anplitude of the fundanental frequency signal. In one specific enbodinent,

a "beta" inpge is.constructed in accordance with the expression: 2 (ak2) (Al
aaft 2f oc AVIRILE Yiep srhematic diagiam disirptingien sxenaplarysistsm 2AQ thasipey be

frequency (gd8) toC %B@H)%Hﬁ ’théo‘]inéiﬁient mechanical failure inspection method 100, in
accordance with a further aspect of the present invention. The system 200 illustrates a
first broadband transducer 202 configured for a backscatter scan and a second
broadband transducer 204 configured for a surface wave scan. In either case, the
return signals detected by transducer 202 or transducer 204 are received by a pulser

recetver 206 and amplified by amplifier 208.

As stated previously, separation of the f; and 2f, signals may be carried out through
_the use of a first bandpass filter 210 centered at f and a second bandpass filter 212
centered at 2fy. An additional amplifier 214 may be used to amplify the signals
passed through the 2f; bandpass filter 212. A pair of peak detectors 216, 218 receive
the filtered signals from f; bandpass filter 210 and 2f, bandpass filter 212,
respectively. Then, the f and 2f; signals are digitized by A/D converters 220, 222
and stored by data acquisition computer 224 for subsequent production of a non-linear
acoustic image based on the f and 2f; amplitude data. As indicated by the dashed
lines in Figure 2, the amplified signals from the pulser receiver 206 may alternatively
be inputted into a waveform digitizer 226 for Fourier analysis thereof, and the

digitized amplitude data directly stored into the data acquisition computer 224.

Figure 3 schematically depicts an exemplary object 300 having a region 302 of latent

mechanical damage therein. As shown by a first set of input and output signals, when




the anplitude of the fundanental frequency (fo) conponent, k = 22cfo/c, ¢
Is the velocity of the acoustic signals in the material of the object, and
ais a scanning 6 paraneter representing the focal depth (of a backscatter
scan) or the entry circle (of a surface wave scan). In addition to
generating a beta imge, a spatial derivative inmage of the beta
intensities may al so be produced. Finally, as shown in block 112, the
processed aHsl iNpUt €neray aisi focussd don Sundaeraged’y arqae gifoths abfechi3@hethterefivato fo

anpl i tude rat i Q.f0r N mai ni. ng. i f.e of .fhe object The assessnment
rra_rr§ i ncl udeﬁéél %Fglg%%%lﬁg:%%ecg?%gmo% gﬁkoébo%ﬁnéﬁ%@wé %?naa;r e qler ¢
hi ghl'i ght t hend; eieanbe fipube@dtep is Bbesedon Qaraifidi regide 3021 the resaftinFBdutHltsS O

include a presentation/analysis of the spatial derivative of the
non-1inear &Ml Vilhdaratd significant,second chavmnonis wompenaah dssositrdrihrewith.
frequenci esynld Qifeh sgaﬂrl%d,atllgg{"ﬁ:@{id % ig'tﬁ? ro? ot L(Jn%"eié&ﬁfl '8 SIS y
system 200 that nay be use o) |rrpr1 enen e I ncipient® mechani c ai |l ure
i nspecti on amplitade 206scond hafnaoe dignsle ayé tdndaddies fob @icifiafendchadicalRilyeesent
i nvention. The, sys;tgm 200 illustrates a  first broadband_ transducer 202
confi gur ed P&#tionsy b Kigusg ¢.dhergdnshompnobieetshisk 400 balueatiinsa wavmiderof204

configured ﬁlgéhaﬁ-capggrggée el CRSSr ; | I's
detected by tranlsducer O\ﬁ%&@ﬁgﬁg#ggg%%@?ogre rreglté%eggﬁ%“g&ﬁﬁfo%gg

recei ver 208, amglitadpidafa asdlideyssadpbovd, sagi@GHf highest 2 adfy prplineleshtyg may
separation of. the.fo an fo signals _may be carried out through  the use of
a first bar}%?plgefi}lﬁ?dl i iy <o MR s AriD thy, g emplaEP SRSty Ploter 212
centered atoffifireAn additional anplifier 214 nmay be used to anplify the
signals passed through the 2fo bandpass filter 212. A pair of peak

detectors 216, 218 receive the filtered signals fromto bandpass filter
210 and 2f cAbwHbpagrpetiatedr the mbove described method and system embodiments should

not be construed so as to limit the generation of the amplitude data in a specific
manner. For example, it is contemplated that other combinations of 2fy and f,
amplitudes (linear or non-linear) may be used in the scanning method, so long as
regions in which the calibrated intensity of a harmonic strongly deviates from
background (or in which there is a strong spatial variability of harmonic intensity) are
identified as rggions of mechanical damage (e.g., incipient dwell-time fatigue
damage).  Accordingly, parts in which failure is incipient can be. detected more
reliably and earlier than through conventional techniques. This will permit more
lreliable operation of the part, as well as allow for longer inspection intervals for
certain applications. Moreover, parts may be inspected to determine suitability for
Tepair and return to service, in which a measure of assurance is provided that repaired
parts will not fail by premature nucleation of cracks from incipient damage present

~ (and heretofore undetectable).

While the invention has been described with reference to a preferred embodiment, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without departing from the scope
of the invention. In addition, many modifications may be made to adapt a particular
situation or material to the teachings of the invention without departing from the
essential scope thereof. Therefore, it is intended that the invention not be limited to
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respectively. Then, the to and 2fo signals are digitized by A/D converters
220, 222 and stored by data acquisition conputer 224 for subsequent
production of a non-linear acoustic inage based on the fo and 2fo
anplitude data. - As indicated by the dashed lines in Figure 2, the
anplified signals fromthe pul ser receiver 206 may alternatively be
inputted into a waveformdigitizer 226 for Fourier analysis thereof, and
the digiti dedpatigilart endieodiiatet dsdesed lay thé best dnodet conteneplatad foracmyisy dwton

conput er 224. Figure schemati cal ]y depjcts an exenpl ary j ect..30Q having
a region 308UHPVCHHQKbut Hfﬁﬁn&a}ﬂoaawi@@c{q#@@kliqmﬁomgﬁaﬁﬁﬁ{a@ within set

of input ang, gbpgknﬁ?gﬂﬁh%kmﬂ@en 7 the input energy is focused on
"undanaged" areas of the object 300, there is a negligible amount of

second harnonic distortion on the output signal. On the other hand, when
the input energy is focused on damaged regi on 302, the resulting out put
signal wll have a significant second harnoni c conponent associ at ed
therewith. Thus, when scanned, those |ocations in the object corresponding
to arelatively high anplitude of second harnonic signals are candi dates
for incipient mechanical failure locations. In Figure 4, there is shown an
obj ect disk 400 that contains a region 402 of nechanical damage. Through

t he scanning and non-linear image generation of fo and 2fo anplitude data
as di scussed above, regions of highest 2fo to fo anplitude ratio may be
identified and di splayed, such as shown in the exenplary anplitude
intensity plot of Figure 5. As will be appreciated, the above descri bed
met hod and system enbodi nents should not be construed so as to limt the
generation of the anplitude data in a specific nmanner. For exanple, it is
contenpl ated that other conbinations of 2fo and fo anplitudes (linear or
non-1linear) nmay be used in the scanning nethod, so |ong as




regions in which the calibrated intensity of a harnonic strongly deviates
from background (or in which there is a strong spatial variability of
harrmonic intensity) are identified as regions of mechanical damage (e.g.,
incipient dwell-tine fatigue damage). Accordingly, parts in which failure
is incipient can be detected nore reliably and earlier than through
conventi %Nichni ques. This will permt nore reliable operation of the
part, as s allow for longer inspection intervals for certain
applications. Mreover, parts may be inspected to determne suitability for
repair and retAimkticd $&F Wéte@nining WMiiHéht amBBAGIAE fAfuré 9T BBfRcl, Sh@r Ovi ded
that repaired parts wll not fail by premature nucleation of cracks from
i nci pi entedegpEpsisi€ent (and heretofore undetectable). Wile the
i nvention has been described with reference to a preferred enbodi nent, it
wll be y : I i i nges may be
made andlﬁﬁggﬂf?l&gia%nﬁ%%&?mg%é%hﬁg t% g?:%? é‘%gs %?Jt%q %ﬁ%?%lﬂ?hfgﬁg Jg?m t hout
departing fromthe scope of the invention. In addition, many nodifications
may be nmadguiting adplptidadasafivincth amsonified whjecioat said fomdaarcntd] fiequdniog abdachi ngs
of the i nventid n_w t.ho%ﬁﬁﬁartiﬂglér omthe . essential scope thereof.
Ther ef or & Se§¢ {8 GH i HVEND: 8M not be limited to 8 r the
parti cul ar enbodi nent di scl osed as the best node contenplated for carrying
~out  thi geheimbiptd Adh-likdsk abdidtic iMegd AY@MNEaidAnplithde Q4 latigd Eldagrhadi ment s
falling within the scope of the appended claims. 9 CLAIMS 1. A nethod for
determ nﬁ?@uqnﬁxmwsme%hmc freduens¥e of an object, the nethod
conpri si ng:

' wherein said acquiring amplitude data is implemented with a broadband transducer

having a center frequency at about 1.5 times said fundamental frequency.

2. The method of claim 1, wherein said non-linear acoustic image is generated by
using a ratio of said amplitude data at said second harmonic frequency and the square

of said amplitude data at said fundamental frequency.

3. The method of claim 2, wherein said non-linear acoustic image is a beta image

constructed in accordance with the expression:

ﬁ_[ 8 ) AZJ__ 8¢’ 4,
ak2 Alz i47£2af62412 )
wherein A is the amplitude of said second harmonic frequency (2fy), A is the

amplitude of the fundamental frequency (fy), k = 2nfy/c, wherein c is the velocity of

the acoustic signals in the material of the object, and « is a scanning parameter.

4 The method of claim 1, wherein said transducer is also used for said

insonifying the object with ultrasonic energy.

5. ‘The method of claim 1, further comprising implementing at least one of a

backscatter scan and a surface wave scan.
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insonifying the object with ultrasonic energy at a sel ected fundanent al
frequency; acquiring anplitude data fromthe insonified object at said '
fundanmental frequency and a second harnonic of said fundanental frequency;
and generating a non-linear acoustic imge fromsaid anplitude data at said
fundanmental frequency and said second harnonic frequency, wherein said
acquiri ng, anpithé uekehstBbA clafim | SRV IRAEA LB iﬁ%&rﬁﬁ@nﬁ%&aﬂﬂw%ﬁﬁ ansesGer  having
a center frequency at about 1.5 times said fundanental frequency. 2. The
met hod ofneBRiswmplempried Withaa; exchigion nultedhavingoupele langigel atéeagteff@\s ated by
using a ' ai ' t.a_ a .d s d_.har ' ency and
t he squa&gkk%}qéaﬁdtg%p |%%%gg§a aig é%ﬁ%hgﬁnﬁgﬁgn?é%a rggﬁg%%§&y3. The
nmet hod of claim 2, wherein said non-linear acoustic imge is a beta inmge
~constructed in accordance with the expression: fl(8 AZ 1 8c2A2 -laVllAlJ]
4, r2af 2A12 wherein A2 is the anplitude of said second harnonic frequency
(2fo), Al is the anplitude of the fundanmental frequency (fo), k = 2irfol/c,
wherein c is the velocity of the acoustic signals in the material of the
object, and a is a scanning paraneter. 4. The nmethod of claim1l, wherein
said transducer is also used for said insonifying the object with
‘ultrasonic energy. 5. The nethod of claim1, further conprising

i npl enenting at | east one of a backscatter scan and a surface wave scan
10 6. The nmethod of claim5, wherein said insonifying the object with
ultrasonic energy is inplenented with an excitation pul se having a pul se

| ength of at least 1 OX, '
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wherein ?, is the wavelength of the excitation pul se at said fundanent al
10a frequency. 7. The nethod of claim®6, wherein for a backscatter scan,
said transducer is focused to a depth within the object of at |east about
202, with respect to an outer surface of the object. 8. The method of
claim5, wherein for a surface scan, said transducer is focused so as to

i ncl ude udtay! ei gh wave critical angle of the insonified material. 9. The
met hod of c¢laim8, wherein for a surface scan, said transducer is also
focused so as to isolate a surface wave froma direct reflection wave. 10.

A net hod 7f or d&edpethed o dlaiei pi whereipe E95amibaekscatigr|sgie soid HARIBPECH, the
oo d oErer e . ; _ .
Te! oot e HERLELER acpPONAENAE PR B6Y, Wkl WPl Sh a2

sel ected uenc eas scatter scan
and a susfirdae ofeveolgemdn; focusing a broadband transducer so as to detect

anplitude data fromthe insonified object at said fundamental frequency

and a segond rmoni c. of said fundanental . frequency; digitizin nd
Storing Sad AREIIEIRCERE SvEEPR Th durfesr e er e franpoh iodedcond

har moni ¢ 39hs gahdulis At wé&e%iﬂ%%gl@éﬂhgﬁﬁgﬁiﬁkﬂ Rtcialon- | i near
acoustic image fromsai d anplitude data at said fundanental frequency and
sai d second harnoni c frequenc 11 wherein said broadband transducer has a

center fPequeddy Imth@sbgﬁtclaim% twheseinslar @ surfzaciasamnsaid transdipsn ds also

focused so as to isolate a surface wave from a direct reflection wave.

10. A method for determining incipient mechanical failure of an object, the

method comprising:

insonifying the object with ultrasonic energy at a selected fundamental frequency

using at least one of a backscatter scan and a surface wave scan;

focusing a broadband transducer so as to detect amplitude data from the insonified
object at said fundamental frequency and a second harmonic of said fundamental

frequency;

digitizing and storing said amplitude data at said fundamental frequency and a second

harmonic of said fundamental frequency; and

generating a non-linear acoustic image from said amplitude data at said fundamental

frequency and said second harmonic frequency,

11




11. The method of claim 10, wherein said non-linear acoustic inmage is
determned by using a ratio of said anplitude data at said second harnonic
frequency and the square of said anplitude data at said fundanent al
frequency. 12. The nethod of claim1l, wherein said non-linear acoustic
image is a beta inmage constructed in accordance with the expression: z
=(ak2) ( Adheftth @51&%@&(1%&[ %’aﬁsdﬁ%eﬂ Rad DReABP Fefitiiey Qff a%@indl Sexagdshar noni c
frequency (2fo), is the anplitude of the fundamental frequency (fo),
k=27rf o/ ﬁmdaménf@lﬁiefnlen@’the vel ocity of the acoustic signals in the
mat eriial of the object, and a is a scanning paraneter. 13. The nethod of
claim 10,4, whe t u soni ng the
obj ect Wll Iﬁ?!? %g%%dg)fé:%azrgsl% %% rel %a% ﬁﬁ%ﬁj %&H’S 1‘2?{&19%?(}3'& Er"gl}ééli] for a
surface bymragsara?ﬁotdf?ﬁ&ﬂmphwds iafac:séts@ﬁl saﬁn?iﬁaﬁﬁbmdﬂﬁi}eqdﬁlc%fwgdl??w Iel gh
wave critica gle of the insonjfied materia 15. The nmethod of claim 14,
wher ei n F‘B}afeaoéﬂ Kk apprlitadedpta eyl fupdaraenidldreqpencyt so  focused so as to
isolate a surface wave froma direct reflection wave. 16. The nethod of
cl ai m 1093 whergb MeRbcdof kR 7, Whdfl SiChbMEnSRI ModiR! intdddss gk at said
fundamental frequency and a seéond harnonic of said fundamental frequency
i s inpl eimeageadnsigictay ia ab¢ordanch anidythe sxpfredstosr cent ered at sai d fundanental
frequency and a second bandpass filter centered at said second harnonic of
said fundaé'e f]r equgng Ila 17. The method of claim 10, wherein said
ai
a

digitizi n applitude data at said fundanmental frequency
and a secondakamyn cmzafaga f undanent al

wherein A; is the amplitude of said second harmonic frequency (2fp), A; is the
amplitude of the fundamental frequency (f;), k=2nfy/c, wherein ¢ is the velocity of the

acoustic signals in the material of the object, and a is a scanning parameter.

13. The method of claim 10, wherein said transducer is also used for said

insonifying the object with ultrasonic energy.

14, The method of claim 10, wherein for a surface scan, said transducer is focused

so as to include the Rayleigh wave critical angle of the insonified material.

15.  The method of claim 14, wherein for a surface scan, said transducer is also

focused so as to isolate a surface wave from a direct reflection wave.

16.  The method of claim 10, wherein said digitizing and storing said amplitude
data at said fundamental frequency and a second harmonic of said fundamental
frequency is implemented using a first bandpass filter centered at said fundamental
frequency and a second bandpass filter centered at said second harmonic of said

fundamental frequency.
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frequency is inplenmented using waveformanal ysis software. 18. A nethod for
determ ning incipient nmechanical failure of an object, the nethod
conprising: insonifying the object with ultrasonic energy at a sel ected
fundamental frequency using at |east one of a backscatter scan and a
surface wave scan; focusing a broadband ‘transducer so as to detect

anplitud ata.fromthe_.insonjfied .object. at.said fundanental frequency
and a segl hd ﬁT&]rer%Bg#%g@if Cgaé?jgiq’dﬁlf&%ﬁ{’él i lrz’é’&?éﬁcit‘?n% e eorhgdsnd
storing sdatdlapeglli fundenédilafiaduesdd dnd U deimmd lRmbhiROSEEREY PAdhnRensgCcoNd
harmoni ¢ of said fundanmental frequency; and generating a non-I|inear
acoust i c fresuereyis baplemerted Hypg Maeformatanalysis sefiwarundament al - frequency and
sai d second harnonic frequency; wherein said insonifying the object with
ul trasoniig en {Sq1 I&ﬁﬁﬂ |k n ! L-on.p i a pul se
| engt h ofl%ét %gg%thﬁdoﬁ d er féﬁf’ %ctlé]grﬁt Wga%\/%%\k/cteaftéf%\ﬁg{{}ﬁ %ﬂ‘ Er?toﬁge\é{é%ﬁ ation

pul se at msethal dammptsiment al frequency. 19. The nethod of claim 18, wherein
for a backscatter scan, said transducer is focused to a depth within the

obj ect of. at.dea abo 20X ith respect to.an ter surf.ace of the
ob) oot . 200y B8 he B VK windhare shciag e ricoiut fuprstol GeMYR8Y of an
obj ect, ucREREleaitREe ofla BAARERRNS AN AN 2 AERIe WAk scasoni fying the object with

ultrasonic energy at a selected fundanental frequency through at |east one

of a backscatter scan and a surface wave scan; 12
focusing a broadband transducer so as to detect amplitude data from the insonified

object at said fundamental frequency and a second harmonic of said fundamental

frequency;

digitizing and storing said amplitude data at said fundamental frequency and a second

harmonic of said fundamental frequency; and

generating a non-linear acoustic image from said amplitude data at said fundamental

frequency and said second harmonic frequency;

wherein said insonifying the object with ultrasonic energy is implemented with an
excitation pulse having a pulse length of at least 10A, wherein A is the wavelength of

the excitation pulse at said fundamental frequency.

19.  The method of claim 18, wherein for a backscatter scan, said transducer is
focused to a depth within the object of at least about 20}, with respect to an outer
surface of the object.

20. A system for determining incipient mechanical failure of an object,

comprising:

a broadband transducer for insonifying the object with ultrasonic energy at a selected
fundamental frequency through at least one of a backscatter scan and a surface wave

scan;

12




sai d broadband transducer focused so as to detect anplitude data fromthe
insonified object at said fundanental frequency and a second harnonic of
sai d fundanental frequency; a pul ser receiver for receiving detected
signals fromsaid transducer; and a data acquisition conmputer for storing
said anplitude data at said fundanmental frequency and a second harnonic of

said fundangntal frequency in a.digitized format; _wherein said stored

anpl i t udé®a rga%lang gﬁgﬁs‘ﬁlﬁ%&éﬁ%ﬁ‘# éP%f e ﬁ%ﬁ&}‘“fgaﬁﬁdes%ﬂtﬁgg@c@ﬁépsoﬂﬁe%ni c

f r equencybbidet up 8Mldt Rn@SNG A BeqeA@Nahd AeREoRL AXSidnfc bIRAR fuAdnMREr €i n sai d
br oadband transducer has a center frequency of about 1.5 tines sard

f undanentfgqueigyequency. 21. The system of claim 20, wherein said non-linear
acoustic image is determined by using a ratio of said anplitude data at

id | . f id |itude d
21 T uncaunr APRReErt AN A S0l ARHEE PurdRoA By ol e

non-1inear acoustic inage is a beta inmage constructed in accordance with
t he expr esditarmcqBisitionAGn2pubd fdradtering 4aid admpiRuidddari & &2d ifanddaeenadp! i t ude

of said cond har,noni ¢ frequenc 0),, Al is the anpl.itude of the
f undare nsﬁﬁeﬂ“?ﬂcgaﬁé ASgeqnd prmenio of ﬁﬁfﬁ%?@?ﬁ%@ﬂ ing djgifizged opnaf t he
acoustic signals in the material of the object, and a is a scanning

par amet efwhereln sdidestérsd taafpldideChaad 0 $0d AMBRRINMGI fRGuehSMldOSE s68Rd sai d
transducer is focused so as to include the Rayleigh wave critical angle of

t he i nsoMpFRELC fraquancyis used to gensraty 8 nemlipfarcicansticiRagatied siherdmsaid sur f ace

scan, sai i | s ogused so.as to,i.sol ate. urface,wave from
= direct 'b?og%if:%ﬁ%ﬁsﬁ%é\;}a% a gentér ﬁ'equency 3f WBout’1.5 &Y §aid fitdantental
frequency.

21.  The system of claim 20, wherein said non-linear acoustic image is determined
by using a ratio of said amplitude data at said second harmonic frequency and the

square of said amplitude data at said fundamental frequency.

22.  The system of claim 21, wherein said non-linear acoustic image is a beta

image constructed in accordance with the expression:

ﬂ_( 8 J 4, 8’4,
ak® \ A} i4712af02./412 j,
wherein A2 is the amplitude of said second harmonic frequency (2f), Al is the

amplitude of the fundamental frequency (fy), k=2mp/c, wherein ¢ is the velocity of the

acoustic signals in the material of the object, and a is a scanning parameter.

23.  The system of claim 20, wherein for a surface scan, said transducer is focused

so as to include the Rayleigh wave critical angle of the insonified material.

24.  The system of claim 23, wherein for a surface scan, said transducer is also

focused so as to isolate a surface wave from a direct reflection wave.

25. . The system of claim 20, further comprising;

12a




25. The systemof claim 20, further conprising: 12a a first bandpass
filter for receiving detected signals fromsaid pul ser receiver, said first
bandpass filter centered at said fundanental frequency; and a second
bandpass filter for receiving detected signals fromsaid pul ser receiver,
said second bandpass filter centered at said second harnonic of said

f undanent : rei.n tputs of said first and. said.second
bandpass Ti S% {e’grn%g?%qg%mo\gr}%gg 1%%8%{%?9%‘{ Sl%’ilaé? frf’?égaldf}?ﬁ%fec?lgfr’ §?18 e in said
dat a acqubandpasefilteosaatired at s2i@. fuddieneaysd firquakycdndi m 20, further conprising
wavef orm anal ysis software for receiving detected signals fromsaid pul ser
recei ver sai d‘?ﬂ\gvef or angl ysis software _further outputting digitized

anpl i t ude® P Bindpassdilics derarestyiae detesigd simiplsdrpm said pulssersspiyenaridoni ¢ of
said TUncRBRi Bhndpa8AURRE YoehRedS 1P TARE sbibrdhlnfii@ B SubaflenflOMPU €T -
27. A systemfor determning i1ncipient nechanical tailure of an object,

conpri si rfegquandy, oadband transducer for insonifying the object with
ultrasonic energy at a selected fundanental frequency through at |east one

of a bac ter Nean surface wav scan; id broadhand tr.gnsducer
focused siauh s s B0 B, 58 A48 oohiPs 1Rt Gre FRBaTe0ts bl ot e d
f undamentdagititeefpuancir ao@ginsRabdda hajuididiccoipual d fundamental  frequency;
a pul ser receiver for receiving detected signals fromsaid transducer; and
a data acgui Si]li on corrpfut er for storing said anplitude data at said

f undament28t he system of claim 20, further comprising waveform-analysis software for

receiving detected signals from said pulser receiver said waveform-analysis software

further outputting digitized amplitude data at said fundamental frequency and said
second harmonic of said fundamental frequency for storage in said data acquisition

computer.

27. A system for determining incipient mechanical failure of an object,

comprising:

‘a broadband transducer for insonifying the object with ultrasonic energy at a selected
fundamental frequency through at least one of a backscatter scan and a surface wave

. scan;

said broadband transducer focused so as to detect amplitude data from the insonified
object at said fundamental frequency and a second harmonic of said fundamental

frequency;
a pulser receiver for receiving detected signals from said transducer; and

a data acquisition computer for storing said amplitude data at said fundamental

frequency and a second harmonic of said fundamental frequency in a digitized format,

wherein said stored amplitude data at said fundamental frequency and said second

harmonic frequency is used to generate a non-linear acoustic image, and

12b




frequency and a second harnonic of said fundanental frequency in a
digitized format, wherein said stored anplitude data at said fundanenta
frequency and said second harnonic frequency is used to generate a
non-|inear acoustic inmge, and 12b wherein said transducer emts an
excitation pulse having a pulse length of at least 1 OX,, wherein ? is the

wavel engt . Sad i i - at i da tal.frequency. 28. The
system of‘mclﬁ}g?%%aﬂéﬁg r lgéd?lﬁ%]%f&é:ﬁgté@}%%%l% gin%sna allrrl’lrsnjqulégta Of ?aﬁ%%mér is
focused twhaxeideyis thewavilengthhe saidj excitativh palse heasd fimdementdDifequehdsh respect to
an outer surface of the object. 12c | NSPECTI ON METHOD AND APPARATUS FOR
DETERM NING | NCI Pl ENT HFEFHA@#CAHEEAI URE ABSTRACT OF THE DI SCLOSURE A

met hod (700) fol° Y&Et A SIEHG 47 TR dona dpgkicattar sean. td tgnsdiserolsj ect

i ncl udes fobwe@nb fayddpeh WitRirO#heCstjedM ' ted

f undanent al frequeé@y. Anp|i?ﬁ?ﬁ*ﬁg?é%%gy§§§3?9%§H?£8%§&?9§ﬁ?§%@£

i nsoni f i eyriaes efdhe ehjeethe fundanental frequency and at a second harnonic of
"~ the fundanental frequency, and a non-linear acoustic imge is generated
(110) fromthe anplitude data at the fundanental frequency and the second
harmoni ¢ frequency. Fig. 1 13
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