INSPECTION METHOD AND SYSTEM USING MULTIFREQUENCY
PHASE ANALYSIS BACKGROUND The invention relates generally to
inspection technigues and more particularly to a method and system for
performing subsurface defect inspections using a multifrequency phase
analysis eddy current technique. A number of different non-destructive
inspection techniques have been proposed such as ultrasonic testing
(UT), eddy current inspection techniques and surface acoustic
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Eddy current techniques are performe ect anomalies in material
surfaces as well as to detect anomalies deep within material surfaces.
B@&@QB@WQSpectlon techniques are also used for inspecting coated
materials. It is desirable to inspect forged parts using non-destructive
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detect flaws in the region of approximately 1.5mm or less near the surface
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referred to as the "UT blind zone." In order to overcome the
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onfl uration. However, the addition of this material generally
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etecting surface and near surface defects because the
anqiNedies ARsgrstihisiestfyiM sueetraiddyfyrent inspection techniques are also

used for ingpecting coated materials.

It is desirable to inspect forged parts using non-destructive techniques such as eddy
current techniques. As is known to those skilled in the art, ultrasonic testing (UT)
utilizes a pulse-echo method to detect flaws inside forged materials. However, even
with the use of special probes and pulser instrumentation, UT techniques generally
cannot detect flaws in the region of approximately 1.5mm or less near the surface of
the material of the part to be inspected. This region is commonly referred to as the

“UT blind zone.”

In order to overcome the disadvantages of UT inspection and to add flexibility to the
manufacturing process, 0.050 inches (or about 1.27 mum) material is added to the final
part configuration. However, the addition of this material generally increases the

manufacturing cost due to material waste and production time.

On the other hand, eddy current inspection techniques are capable of detecting surface
and near surface defects because the electromagnetic energy is concentrated in a

shallow zone at the surface. However, these techniques typically exhibit a poor signaﬁ



shallow zone at the surface. However, these techniques typically exhibit a
poor signal 1 to noise ratio (SNR) for small flaws under the surface due to
an "electromagnetic skin effect,” which limits the penetration of eddy
currents into the material under test. The pulsed eddy current technique
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noise ratio and improves the near surface detection in deeper locations
Systeffihin the part to be inspected, is therefore desired. BRIEF
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inspecting a part, the methaod comprising: agplying a plurality of
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performing a multifrequency phase analysis on the multifrequency
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part RPRYiIRGestep iBehGeffRlkRlity of eddy currents in the part, wherein the
multifrequency response signals are generated by the eddy currents

induced in the part with the eddy current probe, and wherein performing

RRIEreyRyttiraguency phase analysis comprises: identifying a reference data
set, wherein the reference dataset comprises at least two frequency
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response signals to_determing a plurality of processing parameters; and,,
probgﬁ&ﬁﬂbemrg &ngggiwgof multifrequency response signals for the part being

inspected; and and performing a multifrequency phase analysis on the multifrequency
response signals; wherein the probe is an eddy current probe, wherein the applying
step induces a plurality of eddy currents in the part. wherein the multifrequency
response signals are generated by the eddy eurrents induced in the part with the eddy
current probe, and wherein performing the multifrequency phase analysis comprises:
identifying a reference data set, wherein the reference dataset comprises at least two
frequency response signals, and wherein the at least two frequency response signals
comprise distinct frequency ranges; mixing at least two frequency response signals to
determine a plurality of processing parameters; and, applying the processing
parameters to a multifrequency response signal dataset to generate a noise-filtered
dataset; the method further comprising using the multifrequency phase analysis to

inspect a subsurface of the part.



parameters to a multifrequency response signal dataset to generate a
noise-filtered dataset; the method further comprising using the
multifrequency phase analysis to inspect a subsurface of the part. 2 An
alternate aspect of the present invention provides a method for performing
An Subshifagedefest inspecdiens usiegirgdyeiRRts thRtMethed performing
comprising: applying a plurality of multifrequency signals tg an eddy .
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axaset; and using the noise filiered ataset to inspect a subsurface of a
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currents in a part, for performing an jnspection of the part; an edd :
and BEtoR R PIET: BODISY 3 (S U AT SPRES wiTll S e st ise
filtereddeALHI S Uit i Losfiguredfa ppply a plurality of multifrequency

excitation signals to the eddy current probe to generate a plurality of
multifrequency response signals; and a processor configured to analyze
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rforming a multifrequenc se analysis, to inspect a subsurface. of
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inspaedereat ehdpascinvedayeinrtbat refaranedt coupled to the eddy current probe,
wherein the eddy current instrument is configured to apply a plurality of
multifrequency excitation: signals to the eddy current probe to generate a plurality of
multifrequency response signals; and a processor configured to analyze the
multifrequency response signals from the eddy current instrument by performing a
multifrequency phase analysis, to inspect a subsurface of the part. wherein the
processor is further configured to; identify a reference dataset, wherein the reference
dataset comprises at least two frequency response signals, and wherein the at least two
frequency response signals comprise distinet frequency ranges; mix the at least two
frequency response signals to determine a plurality of processing parameters; and
apply the processing parameters to a multifrequency response signal dataset to generate

a noise-filtered dataset.
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dataset comprises at least two frequency response signals, and wherein
the at least two frequency response signals comprise distinct frequency
ranges; mix the at least two frequency response signals to determine a
plurality of processing parameters; and apply the processing parameters
DR AGamdtifrequency response signal dataset to generate a noise-filtered
dataset. 2a DRAWINGS These and other features, aspects,.and . ,
Thesg pchiaifes SratepreRtihvalti VAT AsEE ot BetheFSTRHSFSITBE WER
becothte fRiRWInaHelRler dassripiioidBdeadWithaileferenceitadheis read with
accompanying drawings in which Jike characters represent like parts
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througlsRactesysiers Whaerforming subsurface defect inspections, in
accordance with the present technique; Fig. 2 is an illustration of the
inspection by a probe through a coated surface in an exemplary
Fig. InBpactionpaibHsingeeebhguareispkidios is/a@:Hl dstrptianrefitigesubsurface
application of multifrequency excitation signals to a probe for inspection
defect g e TN TRSIRLEE Y, Bﬁlfn?:?de%% %ﬁ%ﬁ%ﬁblary flowchart including
exemplary logic for performing eddy current subsurface defect
. Inspections usjng multifrequency phase analysis, in. accordance with the
Fig. {risctind WGHATHTED s By SIS Pt of B e h ST Aoy o1
exenrPMECORIRIBHG patiRbgy Rlibdescrepresenting subsurface defects; Fig. 6
depicts images generated as a result of the application of a single
frequency eddy current on the exemplary inspection part illustrated in Fig.
Fig. 5;ikFigs TIHepwisimdgas gepieraiod as midstiipkihe agplicatonighals to a
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probe for inspection’of an exemplary nspection part;

Fig. 4 is an exemplary flowchart including exemplary logic for performing eddy
current subsurface defect inspections using multifrequency phase analysis, in

accordance with the present technique;



phase analysis on the exemplary inspection part illustrated in Fig. 5; and
Fig. 8 is an illustration of the detection of a subsurface crack on an
exemplary inspection part, using multifrequency phase analysis.
DETAILED DESCRIPTION Fig. 1 is an illustration of an exemplary
inspection system for performing subsurface defect inspections, in
accordance with the present technique. As shown in Fig. 1, inspection
system 10 includes an eddy current probe 12, an eddy current instrument
Figl4 iand dlpsbebssarfk®. Heepbidy cupmmioprobe tdnisiconfigunaditer inflicies
curr, ' inspection part 18, for performing an inspection of the
repgegrgtxilg.éf %gﬁp?%ggqé.ge&rﬁ’ay have any conventional configuration, and is
. Suitably coupled to the eddy current instrument 14 by an electrical cable
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14 is configured to apply multifrequency excitation signafs to the eddy
. cyrrent.probe 12 to generate a number ultifrequency response
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and the eddy current probe 12 onto a multi-axis computer numerically
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_three orthogonal translation axis movement of the probe 12, along
inspRgEeraRes Xsivg Arlificentetivriziasrotipiyaibund one or more of the three
translation axes as required for the particular inspection part 18. The

DeroRe, HresfeRr imay e accurately positioned relative to the inspection
part 18 and moved along with all the required degrees of freedom in

: y
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inspae% Ilgl% %ytsrigm”%t%g&%ﬁ%” & éggﬁ Qlen ! Q}%lg {52 Th eddy current instrument 14
and a processor 16, The eddy current probe 12 is configured to induce eddy currents
in an inspection part 18, for performing an inspection of the part 18. The probe 12
may have any conventional configuration, and is suitably coupled to the eddy current
instrument 14 by an electrical cable 15, for conducting an eddy current inspection in a
conventional manner. In accordance with the present embodiment, the eddy current

instrument 14 is configured to apply multifrequency excitation signals to the eddy

current probe 12 to generate a number of multifrequency response signals.

In certain embodiments, an eddy current inspection of the inspection part 18 may be
automated by mounting the inspection part 18 and the eddy current probe 12 onto a
multi-axis computer numerically controlled scanner 20. The scanner 20 may be
typically configured for a three orthogonal translation axis movement of the probe 12,
along the three axes X, Y, Z, with rotational motion around one or more of the three
translation axes as required for the particular inspection part 18. The probe, therefore,
may be accurately positioned relative to the inspection part 18 and moved along with

all the required degrees of freedom in accordance with the software conventionally
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the eddy current instrument 14. In accordance with a particular
embodiment of the present technique, and as will be described in greater
detail below, the processor is configured to perform a multifrequency
phase analysis to detect subsurface defects within the inspection part 18.
In particular, the processor 16 is configured to identify a reference dataset
comprising at least two frequency response signals. The reference
dataset is formed from a multifrequency response dataset. In a particular
pro@abecihanthetbeatier 260 UERCYCsigRaBIanapiise bistvittdieguanay external
ranggs.u'}'lﬂesgg%cessor 16 is 11:1).thher configured to mix the two frequency
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the processing parameters to the entire multifrequency response signal
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created in the coil of an eddy current prgbe when the probe is moved into
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andiwirentsiy adaesidadey theapresence of a discontinuity or a crack in the
inspection part. The altered eddy currents produce a secondary field,
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Referring to Fig. 2, the probe 12 is positioned above the inspection part 18. The
inspection part 18 includes a metallic coating 22 (or other conductive coating) formed
on a substrate material 24. The substrate material may comprise nickel based alloys
or other conductive metals, for example. Reference numeral 26 represents a defect
located under the metallic coating 22. The defect 26 may be representative of a crack,
void or disbond within the inspection part 18 caused by fatigue or corrosion, resulting
in a detectable change in the metallic coating 22 or in the base material of the
inspection part 18. As will be appreciated by those skilled in the art, eddy current
techniques are based on the principle of electromagnetic induction. Eddy currents are
induced within the material under inspection by alternating magnetic fields created in
the coil of an eddy current probe when the probe is moved into proximity with the
material under test. Changes in the flow of eddy currents are caused by the presence
of a discontinuity or a crack in the inspection part. The altered eddy currents produce
a secondary field, which is received by an eddy current probe coil or by other type of

sensors in the eddy current probe, which converts the altered secondary magnetic field
5



sensors in the eddy current probe, which converts the altered secondary
magnetic field 5 measurement to an electrical output, which may be
subsequently recorded on a strip chart. Flaws or defects may be
indicated if the electrical signal exceeds a predetermined voltage
threshold. An eddy current machine operator may then infer the size of
flaws from the signals recorded on the strip chart or output device of the
system. Fig. 3 is an illustration of the application of multifrequency

megXaiation sighadictaricaprabgdorihspestionbel abexasnplansdospertan strip
art. Although Fjg.. 3 uses twp eddy. current frequencies, the present
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systmeordance with embodiments of the present technique, the application of
multifrequency eddy currents on the inspection part, results in the
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different frequencies. The additional information provided by the
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|ns§ections using multifre uenﬁ ﬁhase analysis, in accordance with the

parh i SsMERSEHARRAS! I LB SfiflFPEASTARD A Gigag- g ance with
emBplieshto an eeldypeeneantiprabrye, intuceppdytiziirentsinl G dasaRSiQddy

part. In step 52, multifrequency response signals ar, erated. The
curfiiget BRTRRHIRS b ddSA ol ABSGEHITAIOR B e FaTiigaiiey and

phagspéfisesignalespimydiefoei@iciednt frequencies. The additional information
provided by the multifrequency eddy current along with phase information is used to
reduce undesired signals, enhance the desired signal to noise ratio and provide
additional discrimination to reduce false calls, in a manner as will be described in

greater detail below.

Fig. 4 is an exemplary flowchart including exemplary logic for performing eddy
current subsurface defect inspections using multifrequency phase analysis, in
accordance with the present technique. In step 50, multifrequency excitation signals
are applied to an eddy current probe to induce eddy currents in an inspection part. In
step 52, multifrequency response signals are generated. The number of frequencies
needed for the generation of the multifrequency response signals, may be selected
based on the number of undesired noise features to eliminate. In a particular
embodiment of the present invention, the selected number of frequencies is greater
than the number of undesired noise features to eliminate with an assaumption that, a
flaw in the sample under test and any non-relevant indications to be suppressed do not
cause the same phase and magnitude change in the eddy current signal at different

frequencies, or alternatively, the eddy current probe response in X-Y plots at different
6



based on the number of undesired noise features to eliminate. In a
particular embodiment of the present invention, the selected number of
frequencies is greater than the number of undesired noise features to
eliminate with an assumption that, a flaw in the sample under test and
any non-relevant indications to be suppressed do not cause the same
phase and magnitude change in the eddy current signal at different
frequencies, or alternatively, the eddy current probe response in X-Y plots
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one embodiment, the generated multifrequency response signals are
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a dataset that is relatively free from defects but dominated by undesired
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where the two frequency response signals comprise distinct frequency
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acdONE i XORXIEILARER (MO tddcd dataset comprises at least two
x2(t)=kd(t)Xd(t)L(0d(t)+oed(t))+kn(t) Xf(t)Z(e"(t)+AO,(t)) (2) where fi andf2

frequpney errepRBse xas Iy vaiy dherdMorEaurRs RAPANFoSHEglie ePrise
disBRAYFRGIEN,IRSReSTOM XY ARy SRISSERL e AUV WESBbresented as

response signals corresponding to the frequencies fi and 12 at position (or
foligays) t, Xd(t) represents the magnitude of flaw in the response signal, X(t)
represents the magnitude of undesired

St x(O)=X,020,()+ X,(6)£8,(1) (1)
fii B0 =k OX 00,00+ A6,0))+ k, ()X, (1)£(6,0) +46,(1) @)

where f] and f represent two exemplary eddy current frequencies for a two-frequency
eddy current inspection, x)(#) and x»(f) represent the eddy current response signals
corresponding to the frequencies fi and f2 at position (or time) ¢, X4(f) represents the
magnitude of flaw in the response signal, X,(7) represents the magnitude of undesired
noise features in the response signal, &44(r) represents a coefficient reflecting a change
in the magnitude in the response signal, k,(¢) represents a coefficient reflecting the
change in the noise in the response signal, £04(f) represents the phase angle of the
flaw in the response signal, Z£0,(f) represents the phase angle of undesired noise
features in the response signal, AG4(?) represents the phase change of the flaw in the
response signal and AG,(7) represents the phase change of the undesired noise feature
in the response signal. In one embodiment, the two frequencies, f; and f; are selected
such that AGN-AGy(?) is in a range from about 135° to about 225°. In a particular
embodiment, the two frequencies f; and f; are selected, such that Agy(1)-AG,(f) = 180"
7



noise features in the response signal, kd(t) represents a coefficient
reflecting a change in the magnitude in the response signal, k"(t)
represents a coefficient reflecting the change in the noise in the response
signal, ZOd(t) represents the phase angle of the flaw in the response
signal, LB" (t) represents the phase angle of undesired noise features in
the response signal, AOd(t) represents the phase change of the flaw in
the response signal and AB"(t) represents the phase change of the
In whdiasimedroistcitature théhfapspensesignal; lmdng embeghmednts the the
frequencies, f, andf2 are selected such that AOd(t)-AB"(1) is.in o
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the frsgaeenciasaft abd f2 are selected, such that AOd(t)-AB(t) = 180". 7 In
addition, the selection of the frequency ranges f and f2 corresponding to
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desired within the inggection part 18. In step 56, the two frequency
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arameters correspond to the coefficients, kd(t) and k,#). As will be
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. component. In one embodiment, mjxing the two. fre enc%/ response
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AOd(t) = A6"(t) = B(t) and kd(t) = k"(t) = k(t), x2(t) becomes k(t)xi(t) with a

hase rotatjon, §|i condition repres nstg 5 %Ity arity”, namely that the
fgddtﬁ%gﬁ:kr‘égfix@& [%Qﬁgg’hié%& rigl)o‘tg )iﬂfﬁﬁ ’?é(ét reduencies is collbear
after a phase angle
When A&y(r) = AGy(H) = 0(H) and ky(t) = k(1) = K1), x2(f) becomes k()x)(f) with a
phase rotation, this condition represents the “collinearity”, namely that the eddy
current response in X-Y plots at different frequencies is collinear after a phase angle

rotation. In some embodiments, a time shift operation may also be performed on at

least one of the frequency response signals.

A mixed frequency response signal is then obtained as shown in equation (4) by
subtracting the first frequency response signal from a rotated and scaled second
frequency response signal. As shown below, the rotated second frequency response
signal x"; (¢) is scaled by the coefficient 1/k,(¢) on both sides and subtracted by the

frequency response signal x(f) to obtain a mixed signal x2(f).

Mixing f, and fy: X(t) =X, (1) K, (1} — %, (1)

- ’;_d%Xd (1).2(0,(6) + 5B (6) ~ AB, (1))~ X, (1) £6,(1)
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rotation. In some embodiments, a time shift operation may also be
performed on at least one of the frequency response signals. A mixed
frequency response signal is then obtained as shown in equation (4) by
subtracting the first frequency response signal from a rotated and scaled
second frequency response signal. As shown below, the rotated second
frequency response signal x'2 (t) is scaled by the coefficient 1/k1(t) on
both sides and subtracted by the frequency response signal xi(t) to obtain

As aamMede@igntaithﬂ(é) rdtiKing 5n@mdafﬂigt2(é)3ﬁatﬁ)ﬂkaﬁtbizﬁ(tﬁactor in Eq. (4) is
elum dfttg ﬁgdguﬁgd%é%\g}o (tglﬁ%d(t&@) K Egtzesupi Ig(f\qpi)rotagon 'and

'rotation and NG operat ARG Attt
scalehmmtedwfienmeerﬁ&mmequwl@m@ m@mawdmemd@wlh@ptbeassmg

ar£8}9tté9£] % eﬁ% ro%%gp ) I&%sﬁg[%g %ur%s RAli2 Zﬁreqen%s undesired

generate ase bnt processing parameters. In' gener this process
noisnifdatizesia fesitdvaleaitohyrepmsents gnde sifed thoisefeatpestinthe
two frequency response signals, after the mixing operation. In step 58, the

In SEPORSSIRG RBERMRISIARLRIBRL IR SISRoE REB 3BRIRAIRIIRE RIS entire

multifrequency response signal dataset generated by equation (4) to

mulRGUARCY FORANSHIRGRH dataE e NSTHAbRYERIREGEHEY by BrBSRISIaRRISe-

filtdreh@atiictha rosuliantpeicenittersdidatasalicampiizes DB realand noise-
imaginary components with improved signal to noise ratig. In step 60,

filtered fatatRt FBIRRSED RO ACAhARE T MARGTPRIROBRSH el fRTqNed signal

to nogiseatkidtered dataset. Further, in this step, a phase analysis is performed
on the noise- filtered dataset, where an offset is applied to the horizontal

onent to suppress n0|se SItIVIt Th .data from.the i
I T P TR e bt dasmoise
ﬁltcad@llﬂetwabu|s‘6nrthnatuenttmsrewpceifalmeaauslyss wiéliperformed on the noise-

filtered dataset, where an offset is applied to the horizontal component to suppress
noise sensitivity. The data from the phase analysis contains information correlated
with the defect, and provides additional discrimination to reduce false calls. As will
be appreciated by those skilled in the art, when the phase changes are different (A&4(¢)
# AfL(f)) and the magnitude changes are different (ki(f) # ki(f)), the mixed signal,
x12(f) represents a flaw signal with the undesired feature noise climinated. In
accordance with one embodiment, the phase 8(f) and its rotation A8(¢) with frequency
are functions of the probe position while scanning over the flaw. As a result, the
residual between the noise terms in equations (1) and (2) is substantially reduced but
not necessarily zero at different positions or time (f) after multi-frequency mixing, and
therefore the mixed signal retains desired flaw signals and provides an improved

signal to noise ratio.

The technique for performing subsurface or blind zone defect inspections using the
multifrequency phase analysis technique developed in accordance with the present
technique enhances the signal to noise ratio and improves the near surface detection in
deeper locations within the part to be inspected. In addition, the above technique can

be used for a wide variety of applications, including, but not limited to, detecting
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be appreciated by those skilled in the art, when the phase changes are
different (AOd(t) # AB" (t)) and the magnitude changes are different (kd(t)
# Ick(t)), the mixed signal, x12(t) represents a flaw signal with the
undesired feature noise eliminated. In accordance with one embodiment,
the phase 9(t) and its rotation AO(t) with frequency are functions of the
probe position while scanning over the flaw. As a result, the residual
between the noise terms in equations (1) and (2) is substantially reduced
defbuts mw@@Swhﬂ'i‘ftinemCht@'fwtemapmgms ﬁ)mimbOQl) dftethickness of the
wel#]a gty ‘,'I%%GS%{ <A0gs Ihersiare '%?af“ AR1908), %‘%@%‘i’?&&ﬁ%ﬂl a

W Ssignals an €s an improve S|gna o nblse ratio. T
weaettmitud fz@uapegfdﬁhﬁqr@ bebsepfatiemoblthe pamditiefedidmspdutindswithout

rerrﬂﬁ}ﬂ%ﬂ?ﬁe PLEReaVeNGRRRRSe ’?H@%%'évt@% &@,‘QGXQ{OQ&G Be used for

accordance with the present” technique enhances the signal to noise ratio
megfiei g steivess tife the drlistfaeecdatdillely.invisrse ghe 1bEat oFm1Gvithiie tagrange

betReEht0-bodRBRRGLEE (40 Addition otherabayg technique can be used for a

wide variety of applications, including, but not limited to, detecting 9

defects in welds, wherein such defects can pearth oughout the
As LB SO B B To COREL A o RO B egaplications

illupadted shdhdascribsgaibeatiwivitty piculbaindatiantieoptiigiddcle tpgropriate
inspection fthe part has to be conduct d without ,removing the
ex Rt Eoding. RGN o ARLET:dH Al B ect P Hiasu BHgh

gﬁj‘mmsn@ thigl bdmdmmmeanltstlﬂegs@h&mﬁh@lbhn&mmm ifioa iadementing
.0-0.0 0 |n hes E&or abo 1524 mm). s WI|| ﬁlﬁp'% |ate
Stratet

Eog‘oyt o“s"e‘%i%%e ”é’rt FEs 3 ed oy %pB?c%ﬁS%s |

usedndcdescccbeﬂcabmvwmhlhtymnaﬁwmﬂsmtb systeer peaformadtby\ap propeiatend

tlljltabletmogle in a programmed computer or hardware electronics.
exegu & Ne ins
prog rammlng will comprise a listing of executable instructions for

|mplement|ng logical functions. The listing can be embodied in any
In therapriest riadigiecrsdiashmgue, the computer-readable medium is any means

that can contain, store, communicate, propagate, transmit or transport the instructions.
The computer readable medium can be an electronic, a magnetic, an optical, an
electromagnetic, or an infrared system, apparatus, or device. An illustrative, but non-
exhaustive list of computer-readable mediums can include an electrical connection
(electronic) having one or more wires, a portable computer diskette (magnetic), a
random access memory (RAM}) (magnetic), a read-only memory (ROM) (magnetic),
an erasable programmable read-only memory (EPROM or Flash memory) (magnetic),
an optical fiber (optical), and a portable compact disc read-only memory (CDROM)
(optical). Note that the computer readable medium may comprise paper or another
suitable medium upon which the instructions are printed. For instance, the
instructions can be electronically captured via optical scanning of the paper or other
medium, then compiled, interpreted or otherwise processed in a suitable manner if

necessary, and then stored in a computer memory.
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use by or in connection with a computer-based system that can retrieve,
process and execute the instructions. In the context of the present
technique, the computer-readable medium is any means that can contain,
store, communicate, propagate, transmit or transport the instructions. The
computer readable medium can be an electronic, a magnetic, an optical,
an electromagnetic, or an infrared system, apparatus, or device. An
illustrative, but non- exhaustive list of computer-readable mediums can

Thmtda;}rdécma ébegricaroonm ection f{etentrohic) havindetne imsmotiemim?ng the

mu? Qllgn%? ml%étg dﬁﬁﬁ?%@iﬁ?}g é g %ﬂa egr}georm ACRRMAS srt¥ageRdA‘ 11\1/1I )the
etic), & read-on y memor ‘f (gmagn ?Ig) an erasa
folbm@@nmrézmetmdxenﬂplmemory (EPROM or Flash memory) (magnetlc)
an optical fiber (optical), and a portable compact disc read-only memory
BCARRIM) (optical). Note that the computer readable medium may
comprise paper or another suitable medium upon which the instructions

For |nst e the instructions can be e nically captured
A G R e R e i D S A 5 T beirtace
defﬁuerpneaadeaemﬁbiarwm;mmmspeﬂ |nfagwtablerrnﬂnnmnbmeﬁaasamr@m}y
hen store com uter memor 10 The tech ue for rforg1 P%
1ns C f1on % Ib 11‘1 n ishaley 0 ole re resenty %ﬁ LE])( SIe t
surface or HeraEt mspec asing & mult requenc
inslpxtw;sm amﬂl?@mstﬁﬁhmumé dmsﬂtzseuh@érélmwduaﬂmrdllbmnmeﬁ im tthyeplate 32
of tft%”%\!énsgln r:? rH nah a?s)éar?a}%ee§4 E’ﬁlrl\é%lﬁEISc s Cli‘g\%%n Pg rg(o 01 s 30
ifrequency phase analysis was applleg ect su surfa ec S
of d;nrmm)déﬁéﬁldr)‘iﬁﬁ%p@dﬁé’h Mﬁ"ﬂgﬁ%‘ mamiloudicatiom shahagicemplany top

plaégggﬁi%ﬂﬂ Bas%z?&ﬂ BngR %ft»QQé%Stﬁ%H#es%Hé"}ggﬁ ma;‘;%ialan

ts. The Inspection part OIS rlcated on Titanium
0.0¢0phizabta 10 phackisss diahibkrieppRtahdaneArdmadb0dlitécds 1 Fhaed the

AatRUGAESLOWE AMREARHAMONAIES 3%.060" beneath the top surface of the top
plate 32.

he

Fig. 6 depicts images generated as a result of the application of a single frequency
eddy current on the exemplary inspection part illustrated in Fig. 5. A single frequency
eddy current inspection was initially conducted with the benchmark of ultrasound
inspection. It was observed that 10MHz conventional ultrasound has a good detection
capability for all sizes of flat bottom holes, which are 0.060" or deeper (shown in
image 39). For flat bottom holes that are 0.010" deep, the detection of flaws using
ultrasound proves to be inadequate (shown in tmage 38), compared to an eddy current
inspection at 1MHz (shown in image 40). The eddy current inspection with an
absolute probe can barely detect a 0.023” {lat bottom hole at a depth of 0.050”, even
with a probe diameter of Smm (shown in image 41). As will be appreciated by those
skilled in the art, the detection of subsurface defects may be based on a number of
factors such as the particular frequency range that is applied to the inspection part, the
probe size and the probe sensitivity. A lower frequency and larger probe is generally
capable of deeper penetrations within the part to be examined. A higher frequency

yields a better eddy current sensitivity and a lower frequency yields a lower eddy
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of diameter 1/64", 1.5/64", 2/64", 3/64", 4/64" are introduced on the bottom
of the top plate 32, with a spacing of half an inch between them. The flat
bottom holes are 0.040"in height. The thickness T of the top plates, range
from 0.050" to 0.10" and the flat bottom holes 36 are located at 0.010" to
0.060" beneath the top surface of the top plate 32. Fig. 6 depicts images
generated as a result of the application of a single frequency eddy current
on the exemplary inspection part illustrated in Fig. 5. A single frequency
cureghdyresproesd.inshediiomuras ihitialbeconduetpebbithulive henehamarikeofon the

Senléllg% ogg rérggl%%%trilon. It was observed that 10MHz conventional
ultrasound has a'good detection capability for all sizes of flat bottom

holes, which are 0.060" or deeper (shown in image 39). For flat bottom

Fighdledethels draage1eengesed thie dlctsetion dheapslissiien wifrasowhidbisaeasy
phdQ DghiAGe PAIR{SBANL RMAGE3RInCARPHRIIAAN RORYLCUTENE 1

inspection at 1MHz (shown in image 40). The eddy current inspection with
frequengh et pIsBeaR B ) Tbtoptrh WrdesinfpeBiswoTyR hoRs tatmedaping

proBE G050 m SYRaitbra PIORE ABMEIRI OERMR NN N HNRIR A PaR Bsing

will be arggeciated by those skilled in the art, the detection of subsurface

freqheisies Way Hk Hazdrf PnkiberRsah b rihs eenductivs paarsitigs of the
insfkREYaNGYrtange batismaied tihedgspeaionaky the R0b8EIZeIaNG as
the probe sensitivity. A lower frequency and larger probe is generally
apPEaaElsr Gébifer phtrdadnd StRFRHVRE: p Rt becusEsirnBe . ANy the
O~(resirentyhyidigsia betar BHEY euienNtERNSHNEY @iftRAIWBeRHRIHEREYtwo
ields a lower edr(%y 11 current response. FUcheémore,t e size of the
frediCy AEPMRE AN 1 SehSRigTaRPPEsofifloneFiglerlaisicle be
approRigesdenedalegas avkestlsabdhetrpplitationef asatddFBaueRayichhaget
analysis on the exemplary inspection part illustrated in Fig. 5. A multi-

AR GUARLD Sy RIS TSUARRA A BT e TR Frder indpEERsHpagaximizes
the peifedneREA1SID G uation (4). For other noise features within the 50mil zone, the

phase difference is smaller in locations closer to the surface, and the yield gets
relatively suppressed. As may be further observed, the signal to noise ratio in the
multi-frequency real component image 44 or imaginary component image 45 is
improved compared to images run at single frequencies, 200 kHz (shown in image 42)
or 500 kHz (shown in image 43). The signal to noise ratio in the MFPA phase image
46 shown in Fig. 7 is improved because further phase discrimination is obtained, after
the noise reduction of real and imaginary components with multi-frequency mixing, in
contrast to the phase images 42 and 43 generated with the single frequency eddy
currents 200 kHz or 500 kHz as shown in Fig. 7. It was also observed that at a depth
of 50 mil, a 500 kHz eddy current has a poor sensitivity for those flat bottom holes. It
was further observed that with a frequency 200 kHz, deeper penetration renders better
detection at a depth of 50 mil than at 500 kHz. As may be observed from Fig. 7, the
multifrequency phase analysis technique developed in accordance with the present
invention reduces overall noise due to material variation and other noise. It was also
observed that the smallest 0.016" flat bottom hole under a depth of 50mils was

detectable in Fig. 7, using the multifrequency phase analysis technique.
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probe of 5mm in diameter. Experiments were conducted on the inspection
part using frequencies of 500 kHz and 200 kHz. Based on the conductive
properties of the inspection part, the corresponding skin depth at 500 kHz
and 200 kHz was approximately 0.036" and 0.058" respectively, which
covered the range of the 0-0.050" of the depth of the blind zone. The
phase difference between the two frequency responses for a flaw at a
depth of 0.050" can be calculated to be approximately 189 degrees,
FigwRids smbstastiaties the driteftacstatedodibovvabwdiabesciaelt AOsHex&bplary
insRBANAIANE JOM Aholl 136 o aboutizas Tis.criterion maxipyzes the
et Sl EGUaH oS AT FoP Shief HoTSE et SRS tm gHe pws an
exepgrierthespicbse gdfere Redeisisrnallendnaloddtiinswslaseimaghezsurfaed, as a
resﬁ'é‘%f"fl‘feyerl%%ga‘%}én r&@'é’&%}éf&ﬁﬁ%ﬁ%g%és DAy 08 fupher obsetved, the,
signal to naise ratio in the Mmulti-frequ ncy¥ea componentll age 2403t
Referengin annsssh gongrirvim agengss senpraivedcomemiedfolimag@acatiorabt a
i es ( in. or S i
T R A e Tl ael e
signal iy piks impeoire thp ddalide At A PHasepiserithisationpisrebainbe single
freRflBEIhgMQISeLadutian of real and imaginary components with
multi-frequency mixing, in contrast to the phase images 42 and 43
enerated with the single frequency eddy currents 200 kHz or 500 kHz as

ofNInES G IaESardo B IR RabaY S besin urspieiiands geswihed
herfﬂgfﬁﬁﬂﬂmdﬂﬂgaﬁmrﬁﬁaﬁm‘gﬁy Mnrma@ft@t t%@ﬁ@ QRIS HhWas. It is,
urther ohserved that with a fi-equen 00 kHz, deeper penetration
therglQe (0 R BPIGIISOT o4 L RBRATISES S Y AFF ATISBI 012 P0Y Pha pch
modifikaried fiahetiigees dhéxl hwilfifite teany sphaser analisisitrehnique
developed in accordance with the present invention reduces overall noise
due to material variation and other noise. It was also observed that the

smallest 0.016" flat bottom hole under a depth of 50mils was detectable in
Fig. 7, using the multifrequency phase analysis technique. 12

13



Fig. 8 is an illustration of the detection of a subsurface crack in an

exemplary inspection part, using multifrequency phase analysis.

Reference numeral 47 shows an exemplary inspection part. Reference

numeral 48 shows an image generated as a result of the application of a

single frequency eddy current on the inspection part 47. Reference

numeral 49 shows an image generated as a result of the application of a

multi-frequency phase analysis on the inspection part 47. As may be

observed, the signal to noise ratio in the MFPA image 49 is improved as

compared to the single frequency eddy current image 48. While only
Cl%ﬁﬂ@@ features of the invention have been illustrated and described

erein, many modifications and changes will occur to those skilled in the

art. Itis, therefore, to be understood that the appended claims are

intendled to ¢ovemal &ickishestificativis Gadnehzrbesayifatiavithin the

true spirit of the invention, 13 CLAIMS 1. A method for inspecting a part,

the method gematisinglanplyiag Arluralyeatmultifiamiesey axeiatiomnbe to

signals to a probe to generate a plurality of multifrequency response
LGRS BIRE et BRINYTapRGR et e rdrmiAg BRIt dogme)ed:
ardhase analysis on the multifrequency response signals ; wherein the

probe is an eddy current probe, wherein the applying step induces a

plurality, of eddy currents in the part, wherein the multifrequency response

signa %)éar%eégg%%fec? by qté St S %?‘ss fn u%g) ih the ﬁ?rt %@Hﬁﬁ%@uemy
regidype cugrent prolxesanthovhersin perfeddinguthenmuntifiee quienein phaseplying

. is,comprises; identifying a reference data set, wherein the . . _
e P e S BRI Tty WS Htituree

regpheseisighel aeleasttwocfidgusecyddosponsessighalsd cortiprisetdigtindie eddy
cﬁ%ﬂyﬁﬁ%,rﬁw&%ﬁrein performing the multifrequency phase analysis comprises:

identifying a reference data set, wherein the reference dataset comprises at least two
frequency response signals, and wherein the at least two frequency response signals

comprise distinct frequency ranges;

mixing at least two frequency response signals to determine a plurality of processing

parameters; and,

applying the processing parameters to a multifrequency response signal dataset to
generate a noise-filtered dataset; the method further comprising using the

multifrequency phase analysis to inspect a subsurface of the part.

2. The method of claim 1, comprising selecting a plurality of frequencies
for the multifrequency signals such that AGy(t)-AB,(1) is in a range from about 133° to

about 225° wherein A&(t) is a phase change of a flaw response, and wherein AG,(t) is

the phase change of a noise feature.
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mixing at least two frequency response signals to determine a plurality of
processing parameters; and, applying the processing parameters to a
multifrequency response signal dataset to generate a noise-filtered
dataset; the method further comprising using the multifrequency phase
analysis to inspect a subsurface of the part. 2. The method of claim 1,
comprising selecting a plurality of frequencies for the multifrequency
signals such that AOd(t).-AB,,(t) is in a range from about 135 to about
225 wherein ABd(t) is a phase change of a flaw response, and wherein
ABL1(t) is the phase change of a noise feature. 14 3. The method of claim
L, wherein each of ine EQUENGY (GR00NSE, SINAIS. SOTRIRSS ATSAL: siavals
component and an Imaginary component, and wherein mixing the at_ 144
- colopsttwo frequenzyiraspofse sigrrissomprisesotatihy thephaserof @t at
least one frequency response signal. 4. The method of claim 3, further
comprising scaling the real component and scaling the imaginary
component of at least one frequency response signal. 5. The method of
claim 3, further comprising performing a time-shift operation on at least
one of the frequency response-signals. 6. The method of claim 3, further
comprising minimizing a residual corresponding to the processing
parameters, wherein the residuals represent undesired noise features in
the at least two frequency response signals. 7. The method of claim 1,
wherein mixing the at least two frequency response signals comprises
subtracting a first frequency response signal from a rotated and scaled
second frequency response signal. 8. The method of claim 1, further
comprising performing a phase analysis
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on the noise-filtered dataset, wherein the phase analysis comprises
obtaining phase information and magnitude information associated with
the noise filtered dataset. 9. A method for performing subsurface defect
inspections using eddy currents, the method comprising: applying a
plurality of multifrequency signals to an eddy current probe; generating a
plurality of multifrequency response signals from the plurality of
multifrequency signals, wherein the plurality of multifrequency response

lesignals dreireltidecspbamutkiiieduengyesnonatdatassihide NGt one
f_referergce free dataset comprising at least two frequency response
"SIk RmePs B eference free dataset is a subset of the

multifrequency response dataset, and wherein the at least two frequency
signats comphisendistidctf fieguéndytaagesnbbishixing:ling dideast ta@ponent
freguency.respo ignals to determine a plurality of processin
e s S B .
multifrequency response signal dataset to generate a noise-filtered image
dataset; and peribeHig of p%%l@é Anfydisrorrtneriidisefitbracieatasene-shift
oYY athe.bise filtered dataset i nseest a,subsurface of a part. 10.

An inspection system comprising: an eddy current probe configured to

induce eddy currents in a part, for_ performing an inspection of the part; an
eddyée;turren ?P‘?st‘?ﬁﬁrrf’é’rgt Bg FUG 1o tHE Edy OO RS WHERGI P gsidual

coedeyopidirgnivinisirproentiscentigiaet fo/apRly: ahpliraling R aplifequRnRGYed
nOclech’L[tattion sigtnals the eddy current grobe to generate a plurality of
MG eGEEHEY Fedpoh SV S RAYE Ghcsponse signals.
7. The method of claim 1, wherein mixing the at least two frequency

response signals comprises subtracting a first frequency response signal from a rotated

and scaled second frequency response signal.

8. The method of claim 1, further comprising performing a phase analysis
on the noise-filtered dataset, wherein the phase analysis comprises obtaining phase

information and magnitude information associated with the noise filtered dataset.

9. A method for performing subsurface defect inspections using eddy

currents, the method comprising:
applying a plurality of multifrequency signals to an eddy current probe;

generating a plurality of multifrequency response signals from the
plurality of multifrequency signals, wherein the plurality of multifrequency response

signals are included in a multifrequency response dataset;

identifying a reference free dataset comprising at ieast two frequency
response signals, wherein the reference free dataset is a subset of the multifrequency
response dataset, and wherein the at least two frequency signals comprise distinct

frequency ranges;



a processor configured to analyze the multifrequency response signals
from the eddy current instrument by performing a multifrequency phase
analysis, to inspect a subsurface of the part, wherein the processor is
further configured to: identify a reference dataset, wherein the reference
dataset comprises at least two frequency response signals, and wherein
the at least two frequency response signals comprise distinct frequency
ranges; mix the at least two frequency response signals to determine a
plurality of processing parameters; and apply the processing parameters
to a multifrequency response signal dataset to generate a noise-filtered

mgﬁ}%s%ltfelgt least two frequency response signals to determine a plurality of

processing parameters;

applying the plurality of processing parameters to the multifrequency response

signal dataset to generate a noise-filtered image dataset; and

performing a phase analysis on the noise-filtered dataset; and using

Loby 1 Ll

the noise filtered dataset to inspect a subsurface of a part.
10.  Aninspection system comprising:

an eddy current probe configured to induce eddy currents in a part, for

performing an inspection of the part;

an eddy current instrument coupled to the eddy current probe, wherein the
eddy current instrument is configured to apply a plurality of multifrequency excitation
signals to the eddy current probe to generate a plurality of multifrequency response

signals; and

a processor configured to analyze the multifrequency response signals from the
eddy current instrument by performing a multifrequency phase analysis, to inspect a

subsurface of the part, wherein the processor is further configured to:

identify a reference dataset, wherein the reference dataset comprises at
least two frequency response signals, and wherein the at least two frequency response

signals comprise distinct frequency ranges;

mix the at least two frequency response signals to determine a plurality

of processing parameters; and

apply the processing parameters to a multifrequency response signal dataset to

generate a noise-filtered dataset,
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