| NSPECTI ON METHOD AND APPARATUS FOR DETERM NI NG | NCI PI ENT  MECHANI CAL

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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cracks and failure. O the overal r.\Vi [ ge of a part, only a
smal | amount of life remains on@éﬁgmﬁg‘@rg@%ﬁvabl e. Cracks that are
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 transmtted at fundanental frequencies, and echo signals are received
by a transduti¥Presept displasyra ielatee genegal bhtoadtresoniek ron-destrupiévediesting roethodiee n
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has essent i ahtipichtinkeldnickbfailacanpl e, fati gue cracks in titanium objects
becone detectable when only about 10%of life is remaining. The presence

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
repai r abl e. occurrence of observable cracks and failure. Of the overall service lifetime of a part,

only a small amount of life 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




There are at |east two noteworthy applications in which incipient

mechani cal failure analysis can be applied. The first relates to detection
of incipient dwell-tine fatigue in titaniumalloy aircraft engine
conpressor forgings, and the second relates to detection of creep danage
in structural applications such as aircraft engine and |and gas turbine
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determ ni ng i nci pient mechanical failure of an objec In an exenpl ary

enbodi meRTaCK PFESHet hod i ncl udes i nsonifying the object with wultrasonic
energy at a selected fundanental frequency. Anplitude data nmay be acquired

from t he gRIEPMEI@APPROR OF @FEMW fgental frequency and at the second

har moni ¢ of the fundanmental frequency, and a non-linear acoustic inage my
~be generated fromthe anplitude data at the fundanental frequency and the
second The above discussed and other drawbacks and 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
2




har moni ¢ frequency. According to a first aspect of the present invention,
there is provided a nethod for determ ning incipient nmechanical failure of
an object, the nmethod conprising: insonifying the object with ultrasonic
energy at a selected fundanental frequency; acquiring anplitude data from
the insonified object at said fundanental frequency and a second harnonic
of said fundanental frequency; and generating a non-linear acoustic inage
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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; 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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determ ning incipient mechanical 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
anplitude data fromthe insonified object at said fundamental frequency
and a second._ harnoni ¢ of said fundanental frequency;, digitizin nd
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har moni ¢ @dquégdyd fundanental frequency; and generating a non-linear
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-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.
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br oadband transducer has a center frequency of about 1.5 tines said
fundanental frequency. According to a fifth aspect of the present
invention, there is provided a systemfor determ ning incipient nechani cal
failure of an object, conprising: a broadband 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

br oadbanPBRIEFERERPHENQEITHoDRAWENGSt ect anpl i tude data fromthe

insonified object at said fundanental frequency and a second harnonic of
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sai d anplsttaiddigiatsa at sai d fundamental frequency and a second harnoni c of
sai d fundanmental frequency in a digitized format, wherein said stored

anpl i tude.dat a.at 'g.fund tal freguenc nd.sai d second . harnonic
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fundanmental frequency. 2b BRI EF DESCRI PTI ON OF THE DRAW NGS Referring to
~ the exenpl@¥§2dy assheiatigieeim illyskating anexameplaysystomibataganbe keditp t he
. several Eif St thelif [ . : ' i, i ' sl for
determ ni ng}éfr%cf Tohleeln%{f)%%c g‘ﬁslllag%ﬁgi ?afqgllr?gfggé%?h éllrllétgﬁ ge}got%‘lfﬂﬂlﬁln1al ccoirlggnce W th
an enbodiaomndanot wither furtharuspenn pf thegpuesentinvéntianschemat i ¢ di agr am
illustrating an exenplary systemthat may be used to inplenent the
e Pl e e DA fhaticdlly Hebickd SRS dnolary  shiost Bavite & Tegiof 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



accordance wth a further aspect of the present invention; Figure 3
schematically depicts an exenplary object having a region of |atent

~nmechani cal danage therein; Figure 4 illustrates an object disk that
contains a region of mechanical damage; and Figure 5 is an exenplary 2fo
to fo anplitude ratio intensity plot corresponding to the object disk of
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wave, backscatter). The type of scan w1, in turn, erm ned based on
- the | ocati ote@fea of interest with respect to the surface of the object. Then, at block 104, a

suitable transducer is selected such that both the fundamental test frequency, f, and
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 area of interest with respect to the surface of the object. Then, at

bl ock 104, a suitable transducer is selected such that both the
fundanmental test frequency, fo, and the second harnonic of the fundanent al
frequency, 2fo, are detectable. For exanple, a broadband transducer having
at least a -3dB bandwidth of fo, and a center frequency of about 1.5fo
shoul d be able to transmt a focused beam at fo, and receive backscattered

signal s at bﬂﬁ[@ £ O_Zj . The transducer may include a pair of confocal
el ements fo me curvature to a common focal zone. A thinner
of the two ¢ Bekl el_e’r nts may be wused to receive the signals at 2fo,

and as a matching layer for the transmtting el enment. By using confocal
el enents, t 1L e t o can ive.t fundanment al, freguency
in pul se- ech%(;,cglgng fjht}elé raE%V& vﬁ%%gltgpesn%‘ﬁf ‘?%12,? FaRie g &3@8#&“@&? ni c.
I n one enbodémtbainput fesd atphe fundanenthyframesxcistiagi on is inplenented via a
pul se radio frequency (RF) driver, using a nunber (N) of wavel engths of
t he fundamaﬁt al .fre%uency aks bhe i nput burst. The pul se | ength should be
sel ect ed | ohgPERYRGMOVoto blgek 106 of Fimsad, mastherhil 80 contymicarty dmiging thel se
POVEr  SPect puicferbH thi SiAkbY u re
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with respect to the anplitu requency € ot her
hand, the pobiset, theripam glometny, aldhelimegollimetand pulseantpubiedngbmsntst Fat at he

mat eri al regi on roduci t he .echoges ntai ni ng both.. fundanental and
second har ng%c%écaé%ﬁ%?%nﬂfg, H?“éd?%géﬁq}ﬂgl & IP?%#?%P%F‘PWS‘&%@@C@G faedoes by
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i nput insonification pulse is given by the ‘expression: 4 sin r fo
f7)} the excitation pulse length. Thus, for example, using a 104 input pulse, the 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.




[(N~/fo Xfo -f A Accordingly, the above expression shows that a suitable
nunber of wavel engths (X) for the input pulse at the fundanental frequency
is 10X. Proceeding now to block 106 of Figure 1, nmethod 100 continues by
designing the paraneters of the scan itself, including for exanple, the

| ayout area and volune of the object, the beam geonetry, and the
line-to-line and pul se-to-pul se increnents. For a backscatter inage, the

transducer shpubghcbginbReREGE at s&fa‘?;gsbvtaté) A bC hl"i‘énsﬁlli'@elr RCRousdd® Qﬂtah

t hereof corresponds to a depth 1 n the object that Is at Teast twce
length of tswéficientinuaterionl qpeiter Soeasgtmlncmﬂashe fsmfacexmvpl(er Ragleigh waft«:)%
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t he object. e -6dB beam di anmeter at frequency 2fo is approximately equal

to 1.03% F/ of theniepwiencitationwnsietheigygatek surbice mave pulsdris isedated entmh froat thef o,
and is thus I eSsp d by 1.03 (c/2fo)(F/d); wherein c is the velocity
of the acoﬁe?tcreg%(cglﬁgpg Pn the material of the object; F is the focal

| ength of the transducer lens; and d is the dianeter of the transducer

I ens. Furt h&egadiess ofichadgpt ofabad afplemehted) e rbadimstuBREofi@imagdaskeeat t er
scan is apprﬁg mately equal to 4%&@/d)2 or 4(c/2fo)(F/d)2, The vol ume
from whi ch CRECSEFEAHUIFMY Woh Mangehbas citwrey applindg data. ethkoth fasad derasi s

defined by Elﬁﬁu-ﬁt%&?:{‘fi’lo?lf‘l & d&fbﬁgH%e IEQﬁt %%9 in ﬁ{r&}épci t%?hér%lnaﬁel.sr%% er

than the region 1nson nput
di fference amd Rfrsigdalsahay blepbﬂmmﬂ ifi @Qusnbea o f hay@cﬁpﬁﬁmdﬁb@ﬁml@m sepdratag t he

si gnal - gat eggrt(ﬁe stfl rg% re(%1 over V\/gl ch a signal is recorded from each

pul s e) to b 23s fifters 18 %%pﬁie@pt thg do,and 3o pignals before the signals are digitized
and stored in a data acquisition 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:
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wherein A; is the amplitude of the second harmonic frequency (2f;) component, A, is

the amplitude of the fundamental frequéncy (fo) component, k = 2nfy/c, ¢ is the

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




second harnonic, or shorter; the difference in cross sectional area of
focus can be 3 acconmmopdated by suitable anplification of the second

har moni ¢ signal, where the value of that anplification will be selected
after consideration of the nature of the material mcrostructure and how
that mcrostructure scatters sound. 5 For generating/detecting a surface
wave i nmage, the transducer is focused at a sufficient nunerical aperture
SO0 as to i ngphtdetdrireprssentiag ehefovs depth (B baclgbatwaven) or Akl deftcighgl€a The
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isolated in time from rect i on pul se. Regardl ess of the type

of scan inplenmented, the resulting ultrasonic inmages of the object are
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illustrated_in block .108 of Eigure 1. As is discussed.i.n further detai
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2fo signals before the signals are digitize and sfored in a aya

acqui si t i ontacbigplighérthe Fegionsaehhighed2ft &k &namplitbile saticpror moaye ilspanclugd xel may
b dt . l it { a.at h . the t ' .
A tor nat i vePSSERE anblSs TR Sobffl LU o GBF o lintaainlBudd BOSHTHE e

transducer sd¥eyd henealtdndduhdndnhd eheéd¥dd gi tizer such that the entire
gated waveform for each wultrasonic pulse is acquired and stored in a data

acquisition_file. In this enbodinment, the digitization rate should be at
Ho (or nor eYigPts 2 iha sehematic dagam dlughating & peemplagopgtem 26 jkat mat be Oa,

pul ses, aboy.48Q) %I)l@ﬁleﬁ{ %@q&qsgn{ %ecil%il:alvv?a\(lﬁf‘eori@pection 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




acqui sition and processing in software. Once the anplitude data at fo and
2fo is acquired, it is processed in order to produce a non-linear acoustic
i mge, as shown in block 110. CGenerally, this non-linear acoustic inage is
presented as ratio of the anplitude of the second harnonic signal and the
square of the anplitude of the fundanental frequency signal. In one
specific enbodinent, a "beta" image is constructed in accordance wth the

expr essi on: h® PR eRaEY daffoctssd o lwidamaged biareapf] the tabgech 390 thetke ivk t he
d h 11G. . 2f Al i t | it f th
F undanent o T EHIESAERE Yo SRl nERRRAN iMlorsSh b bUFMETBRL' GEmSeth o

the acousti hagi, guhehshé mpubendrdy & foalised@for 8anARdaekion 304, the ir&uﬁir%%ﬂﬁ.\tng 6
parameter representing the focal depth (of a backsScatter scan) or the entry
circle (of #enaywilhhevee sicatioant sgaenddearmonis compesrat #ssastpted Hrrewitivage, a

spatial der4 ' [ f [ IjLe .al so d.

i nal 1y, o Ty ien R, B IeadihIn i SORHE LR PRINE 550 RIDVENERT,

i dentify ragplinde of sdtioghdsimafio sighalk araomididasekefor aidifierit Aficchasies Shige
remaining |jfe. of &121% ob‘logctia. .The assessnent may include, for_ exanple, a
graphi ¢ di sIOFaRPISn 1B FEdror, thereds shpvacan ebjestalisk 40 thatrontains 4 wgion 2o

hi ghest 2f aPiRhideu i | SO i le, .

present at i glﬁ%(glr?g%ym S é(l) "?lﬁgés at'?fag g%ya\flgltl?o\?leh%%} é’e%gﬂ?rfltll%negt;foamngl i tude
rati os of tHeamphtadataassnisriissed nbovey rapporesnifdligfesetfy enfiaaplinfdegatiemadyi s a

schematic di agr illustrati an ex | ary, system 200 that nay be .used to
i mpl ement t e‘%Fﬁg‘%‘eﬁ'i %ﬁtélﬁ@eﬁ SRl a&%ﬁ?f&ﬂ@@ﬁéﬁ@@%ﬁ%fm@famﬁe{ty plot

of Figure 5.

= -

As will be appreciated, the above 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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accordance wth 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 receiver 206 and anplified by
anplifier 208. As stated previously, separation of the fo and 2fo signals
may be car r ttedpavticularherohglimenthisolssed af the beést stodeasodragdated forecar@id} aent er ed
at to and a,second.bandpass filter, 212 centered at 2fo. An additional

anpl i fier 29U Hgotemn Wi feinyentiop wikleinglugs aflemboduuenis #ﬁmaﬁ hideot o
bandpass fik Eogg%fw?mﬁﬁh%kgh&peak detectors 216, 218 receive the
filtered signals fromto bandpass filter 210 and 2fo bandpass filter 212,
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 imge 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 nmay alternatively be
inputted into a waveformdigitizer 226 for Fourier analysis thereof, and
the digitized anplitude data directly stored into the data acquisition
conput er 224. Figure 3 schenmatically depicts an exenplary object 300 having
a region 302 of latent nechanical damage therein. As shown by a first set
of 1 nput and output signals, when 7 the input energy is focused on
"undamaged" areas of the object 300, there is a negligible anobunt 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 ated
therew t h.




Thus, when scanned, those locations in the object corresponding to a
relatively high anplitude of second harnonic signals are candi dates for

i nci pient mechanical failure locations. In Figure 4, there is shown an
obj ect disk 400 that contains a region 402 of nmechanical damage. Through
t he scanning and non-linear inmage generation of fo and 2fo anplitude data
as discuzgigﬁ%?ove, regi ons of highest 2fo to fo anplitude ratio nay be

i dentifi di spl ayed, such as shown in the exenplary anplitude
intensity plot of Figure 5. As will be appreciated, the above descri bed
met hod and syst exetiidd@sH HBBESInSIFOHcEhier OhedRAnaN $1ifude bfSah @bjeb them t the
generation of the anplitude data in a specific manner. For exanple, it is
cont enpl aakpd spmprisinger conbi nations of 2fo and fo anplitudes (linear or
non-linear) may be used in the scanning nethod, so long as regions in

b n on S RE B et ofle Al alR Wit RABGIMANALES, O

backgr oun ere I's a strong spatial vari abi y "6f harnonic
intensity) are identified as regions of mechanical damage (e.g., incipient
dwel | -t i mequinng goplitudedag&pom the awodified lopjecpatstid fimiansinth ffeqidngy end s

i nci pi ent can 2@ det.ect ed ﬁgge rﬁl'abhg and, earlier than through

convent i BRETORE BARMFTHy ksaidiindamenta %eé?l P Ate reliable operation of the
part, as well as allow for |longer inspection intervals for certain

- appl i cat igemgatidydd R Bhiear Rodustic iMYgdRomBREGhRGudOdae be k4Tl fendattichabi | ity for
repair and return to service, in which a neasure of assurance is provided

t hat repﬁﬁeﬁ‘&#wﬂ%%%dchﬂdh@ﬁnoﬁléﬁfrewn%ﬁenature nucl eati on of cracks from
i nci pi ent damage present (and heretofore undetectable). Wile the
inventio i .t f Ljent, it
R L R R R
made andhaving 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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equi val ents nmay be substituted for el enents thereof w thout departing from
the scope of the invention. In addition, nmany nodifications may be made to
adapt a particular situation or material to the teachings of the invention
wi.t hout departing fromthe essential scope thereof. Therefore, it is

i ntended that the invention not be limted to 8 r the particul ar enbodi nent

di scl osed. as tfhe pheBdd BPERIA P vaRiatad f96ni @éttwitﬁ Ritfasémiyent i on,
but that the invention will include all enbodi nts allln mnthln the

scope of ¢Re8Y dpivatieraented Hithgn @cwmmwlselhavmmpwé@l lemgth of

i nci pien api gal ] e t hod,, co

|nson|fy&hgﬁ%ﬂéﬂo jé%%a&#ﬁﬁaﬁﬁgrggJﬁ?CS%%%P5€ g?ﬂg %égg@tgg&#uﬁ%anenta
frequency; acquiring anplitude data fromthe insonified object at said
-fundamental 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
acquiring anplitude data is inplenmented with a broadband transducer having
a center frequency at about 1.5 tines said fundanental frequency. 2. The
met hod of claim 1, wherein said non-linear acoustic inage is generated by
‘using a ratio of said anplitude data at said second harnonic frequency and .
the square of said anplitude data at said fundanental frequency. 3. The
met hod of claim2, wherein said non-linear acoustic inage is a beta imge
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constructed in accordance wth 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 fundanental frequency (fo), k = 2irfolc,
wherein c is the velocity of the acoustic signals in the material of the
object, and a is a scanning paraneter. 4. The method of claim 1, wherein
sai d tramggh&Rly. i s al so used for said insonifying the object with
ultrasonic energy. 5. The nmethod of claim 1, further conprising

i mpl ementing at | east one of a backscatter scan and a surface wave scan
10 6. Thé- net &8 wethed sif plam Ghwheiemn i @l beeksertier ey seitetrandeesr i t h

Ct . A ) . . . |
engt n ofocuet] B ehh i HEBbRG: Bt W'\ AR, BEGh o8 o RURE (B ille? P10
pul se at ssidacd of tindsjeant 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.leas bout 202, with respect to an, outer . surface
of the o jept&%g.meﬂF%fi%‘fl?‘}BHg’o‘%a’hf?lgifﬁ{ g5 rERh Sp riraSAYey & C‘és(?ﬁn sai d
transducgs ad & jhOeHS AL RSRIGSwAR dﬂﬁM&lé&ﬁhBﬁﬁébﬁﬁG@nﬁ?&ﬁLc“ tical angle of
the insonified material.” 90 The nethod of claim8, wherein for a surface

scan, said transducer is also focused so as to isolate a surface wave from
a direct 9 ef | dbeimethgd ¢ claim 8, wherein for a surface scan, said transducer is 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




10. A method for determining incipient mechanical failure of an object, the
nmet hod conprising: insonifying the object with ultrasonic energy at a

sel ected fundanental frequency wusing at |east one of a backscatter scan
and a surface wave scan; focusing a broadband transducer so as to detect
anplitude data fromthe insonified object at said fundamental frequency
and a seg@pria%ignRb&ib2hd $3hukdNHAE REREr ﬁ%&i@éﬁ@f REVabott 95t firRbdGai@nd
storing said anplitude data at said fundanental trequency and a second

har moni c fwdamgntd! freqvsaesent al frequency; and generating a non-linear
acoustic image fromsaid anplitude data at said fundanental frequency and
said second h LC Jf reequ . I Ny.sal r er has a
center fPiquontyiopogsseinEY whidul 88 B ial S e R HERRRRG T ThS
met hod oby akidigna #dlio othaid mmphaidd daenat! daite sdcofd Buighdric fFgaehcysandether m ned

by using a ratjo, of sai nplitude data at said second harnonic frequency
and the SEHREL atﬁifaf%l?i}tﬁ‘?f‘d%& #saifupdamental feegpenyundanent al  frequency. 12.
The nethod of claim 11, wherein said non-linear acoustic inage is a beta

i mage copst r Ughedhdihh@SE eARNCS WididintAfl AIRIRSS RPusti inTigRNS)a(BEl) 49

af ~A12 wherein A2 is the anplitude of said second harnoniC frequency (2fo),
Al i s 't hienagemohstrusthd infaceondanica mdthrtbetepressicmquency (fo), k=27rfo/c, wherein
c is the velocity of the

ﬁ_[ 8 Jﬁ 8’4,
ak* \ 4t ) anaf?a?)

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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acoustic signals in the material of the object, and a is a scanning
paraneter. 13. The nethod of claim 10, wherein said transducer is al so used
for said insonifying the object with ultrasonic energy. 14. The net hod of
claim 10, wherein for a surface scan, said transducer is focused so as to
i nclude the Rayleigh wave critical anglé of the insonified material. 15.

The neth of ¢laim14, erejn for .a surface. scan, said transducer is al so
focused sd'as W%P%toé%llguirq’]w%\?@ f‘i‘@gﬁpélgo‘i“:ae%‘?m?gefqlé@mp RdGave. 16.

The met hadataobt edidi fihddmendhlefréqRnERiadld 4 9édohd i MEmend &t SHill MndRh&Geanp! i t ude
data at said fundanental frequency and a second harnonic of said

f undanentisquenaydy ireplemenisd pppg sipEefoun-apelysig seftwarest bandpass filter
centered at said fundanmental frequency and a second bandpass filter

e enaY of A i aRGO0: WRlRn G Mol dmoRABMINNAL I BONBRGY ok 2 1

The nethod of clalm10, wherein I'zing and storing sard anplitude
data at gwéthod comtjmiseret al frequency and a second harnonic of said
fundamental frequency is inplenented usi ng wavef orm anal ysis software. 18.

A et hod .f or.determ ning i.nci pi ent. nmechani cal .fai]ure of an_object, the
ret hod caNBrIERRgh SRl Wfafte SiFaR e q teieded MiSaReetlattigrey: o

sel ect ed usiagdarEBsitionk of h BEHURDANr stanlalg alirth@aPIveQRsm;0f a backscatter scan
and a surface wave scan; focusing a broadband transducer so as to detect

anplitude data fromthe insonified og ect at said fundanental frequency
and a sed@ptging hsadbangstransdurer smaaie detsrt amplityde datp; 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;
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digitizing and storing said anplitude data at said fundanental frequency
and a second harnonic of said fundanental frequency; and generating a
non-|inear acoustic image fromsaid anplitude data at said fundanenta
frequency and said second harnonic frequency; wherein said insonifying the
object with ultrasonic energy is inplemented with an excitation pul se

havi ng a l.se lLength of at.least 10A, , wherein 7v_is_the wavel ength of
t he e>g<’ci tsg’tél Q;ﬂa%pgira%({uggﬁ fﬁc?ﬁﬁa&aﬁéltﬂ _Ql?te?traéﬁﬂg?é@ati@oml"ﬁ% pseRHsA of cl ai m
18, wher &jbfect @f s@dDRAEERGHIICeeAty afBhhebbRNRAMEREC bB saifl HHEREAL 2 depth

within the object of at |east about 20X, wth respect to an outer surface
of the odfjageency?0. A systemfor determining incipient mechanical failure of
an object, conprising: a broadband transducer for insonifying the object

W th uItra]ﬁl?syé' . tal frequency through at
| east one o g%’g@g‘;@% %tglr g%ﬁ&gér@q%j aﬁs%@?@%%%%& Juc rcgﬁ? 12 sai d broadband
transducer focused so as to detect anplitude data fromthe insonified
obj ect ata dath chcfjuisii@mecdnaputérr foqueadyg agid anplécdndataastnedid duedansdaiad
fundanmental freguency; ul ser _receiver for receiving,.detected signals
f rom sai dAPSIFHIE oo hatmeis of anetal eamsugien digtizediorse sai d
anplitude data at said fundamental frequency and a second harnonic of said
f undamentyterdis Saides6td iafpitdlicOddid € 6hid HilBimental IR, BoMLySRddsatd 0&c@flq anpl i t ude
data at said fundanental frequency and said seconél

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

broadband transducer has a center frequency of about 1.5 times said fundamental

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;
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harmoni ¢ frequency is used to generate a non-linear acoustic inmge, and
wherein said broadband transducer has a center frequency of about 1.5
times said fundanmental frequency. 21. The system of claim 20, wherein said
non-|inear 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 SFB'Q alren frequency, 22.. The.system of claim 21, erein
said non-TI nte%érﬂagcous{e?%:mir&naeg%ng (gé{%a%e?lﬁnaq‘?ﬁﬁ éga](éeld?]l@sﬁ [ReFeE™ isﬂdfg%}ordance

wi th the exgpas Siltencenfergd atAZid ZufamentH GrejluchéyadndA2 wherein A2 is the
anplitude of said second harnonic frequency (2fo), Al is the anplitude of

t he fundanental , frequency (fo), k=27ro/c, wherein c is the velocity of the
acoustic %?%9%4 Eal}dﬁaﬁsﬁﬂt%?re@?“éw_’flgﬂeﬁﬁ@ddlﬁl@&fﬁm&ﬁﬂdd’“i%f ogivansnidy

par amet efsecqidt bafdhasy HIRM Qhtefd@ia Af  SUlRIC hinlddic JrSYid FaRaghafy Sai d
transducer is focused so as to include the Rayleigh wave critical angle of
t he insorfréquencyyat erial . 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 refl.ection wave. 25 The.system,of .claig 20, further conprising:
12a a fi r“sdfer%lgnoé]ﬁﬁ%%\gffﬂiei}%ﬁf B ?aé‘ié??ﬂnwgba&gl’aéét r?fegﬁ?ﬂvglq?‘i S&%i d pul ser
recei ver digitizell formatfor fangeassid ddid 8équessideéddshuddr. sai d f undament al

frequency; and a second bandpass filter for receiving detected signals from

SRR A NN L e R A R
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
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frequency; wherein outputs of said first and said second bandpass filter
are converted to said digitized format for storage in said data

acqui sition conputer. 26. The system of claim 20, further conprising
wavef orm anal ysis software for receiving detected signals fromsaid pul ser
recei ver said waveformanal ysis software further outputting digitized
anplitud I L[ e cy..and said egcond h ni ¢ of
o d  unaanaed s her BHRCE bR GEHR B i R RFen Phorput er
27. A syswhereihdris detveavelenpthg fisnidi gucienionpaish anistdfunllamkmaefrefueady. obj ect ,
conprising: a broadband transducer for insonifying the object with

ul trasonig, en al a sel ect f und ntal frequency through at | east one
of a backgcat ?@%y %&H’ 3?18133“ p FEREECR A0k @ Bagkssatter F5can.hyaid MBAKMCST ins ducer
focused spc@ed to al®pae lvithihet J&t SRlaf 1508 20), Qﬁﬂ?i’é(s &4 1o QR at said
fundanental frequency and a second harnonic of sai undanent al requency,
a pul ser sugeed efdhe oljectr ecei vi ng detected signals fromsaid transducer; and
" a data acquisition conputer for storing said anplitude data at said
fundanmental frequency and a second harnonic of said fundamental frequency
inadgitized format, wherein said stored anplitude data at said
fundanental frequency and said second harnonic frequency is used to
generate a non-linear acoustic imge, and 12b wherein said transducer enits
an excitation pulse having a pulse length of at least 1 OX,
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wherein ? is the wavel ength of said excitation pulse at said fundanent al
frequency. 28. The system of claim 27, wherein for a backscatter scan,
said transducer is focused to a depth within the object of at |east about
20X, with respect to an outer surface of the object. 12c | NSPECTI ON METHOD
AND APPARATUS FOR DETERM NI NG | NCI PI ENT MECHANI CAL FAI LURE ABSTRACT OF THE
DI SCLOSURE A net hod (100) for determ ning incipient nmechanical failure of
an obj ect i nédNSBEETIONSGRITHOM ANDAPPARATUSROR DETERMININGINCIYERT a

sel ected fundamental frequency is acquired (108) fromthe
i nsoni fied object at the fundan]éfm%eriEFAN a‘gﬁtfdm%d at a second harnoni c of
t he fundanental frequency, and a non-linear acoustic inmage is generated
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A method (100) for determining incipient mechanical failure of an object includes
insonifying the object with ultrasonic energy at a selected fundamental frequency.
Amplitude data is acquired (108) from the insonified object at the fundamental
frequency and at a second harmonic of the fundamental frequency, and a non-linear
‘acoustic image is generated (110) from the amplitude data at the fundamental

frequency and the second harmonic frequency.

Fig. 1
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