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Normalized Conductivity
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MWM Monitoring of Weld Quality in
GTAW Ti-2 Welds at 400 kHz

.1

0.88
—&— Argon
0.96 .
—@— 0.21% air
0.94 —&— 0.60% air
0.92 —— 0.97% air
0.9 —¥— 0.26% CO2
' —e— 1.0% CO2
0.88
0.86 T T T T 1 1 T T 1
O 4 i2 16 20

. 8
2 6 10 14 18

Position across a Weld

FIG. 48

ot pem o m mmmp ) e 7 e g
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Normalized Conduclivily
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Effect of Argon Contamination by
Air on Normalized Conductivity of
Autogeneous GTA Ti-2 Weld
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Effective Relative Perme

Effective Relatjve Permeability
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—#—Barrel 5, Orientation 1
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FIG. 54a

FIG. 54b

FIG. 54¢

FIG. 54d

FIG. 54

Depth from
surface

1.36E+00 4 v I { ln“?

1 34E+00 :
0.03in. &/ { )
1.32E+00 4

—— 1 MHz
—&— 3.98 MHz

1.30E+00 ' {
30E+ / f

1.28E+00 +— Depth
from _ % {
1.26E+00 Tsuirface \‘\ e

0.01in v

1.24E+00 -
0 0.5 1 1.5

N

FIG. 54b

SURSTITUTE SHEET /RULE 248)



64/64

FIG. 54c

Conducitivity Ratio

1.1

1.08 R

1.06

¢ 7
|

4
0.98 = . 1
0 0.5 1
FIG. 54d
SUBSTITUTE SHEET (RULE 25)

o




Lh

—
(2]

20

t~)
(W]

EDDY-CURRENT SENSOR ARRAYS

BACKGROUND OF THE INVENTION
The technica] field of this invention is that of nondesmructive materials

characterizaﬁon, particularly quantitative, model-hased characisrization of surf: ce,

face, and bulk materia] condition for flat and curved parts or components

using eddy-current sensors. Characterization of bulk material condition includes (1)

v

measurement of changes in materia] state caused by fatigue damage, creey damage,

thermal exposure, or plastic deformation; (2) 2ssessment of residual stresses and
applied loads; and ( 3) assessment of proce sing-related conditioss, for example from
shot peening, roll burmnishing, thermal-spray coatng, or heat treatment. It also
includes measurements Characterizing material, such as alloy type, and material

states, such as porosity and temperature. Characterization of surface and

near-surface conditions includes meastrements of surface roughness, displacement

or changes in relative position, coating thickness, and coating condition. Each of

these 2lso inchudes detection of o Scromagnetic property changes associated with
single or mulriple cracks. Spatially periodic field eddy-current sensors have been
used 1o measure foil thickness, characrerize coatings, and measure porosity, as well
as o measure property profiles as a function of depth into 2 part, as disclosed in TU.S.
Pat. Nos. 5,015,951 and 5,453,689,

t sensing involves the excitation of 2 conducting

+
A

winding, the primeary, with an electric current source of prescribed frequency. This

r is intentionally placed ia closa

e e . - =
bermeadsility) ol nearby materials. When the SEnsor ¥
PIOXIILY 16 2 {25t material, the physicel properties of the meterial can bs dedizsd

. B N Yorsream 1 o e PN LU
=0 measursments of the fmpedance berwesn +18 primacy and secondary windings.
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Traditionally, scanning of ed y-current sensors across the marerial surface is then

sed to derect flaws, such as cracks.
T the inspection of structural members in an aircraft, power plant, eic., it is
desirable to detect and monitor material damage, crack initiation and crack growth

due 1o fatigue, creep, stress corrosion cracking, ste. in the earliest stages poss

=

order 1o verify the integrity of the strucrurs. This i particularly critical for zging
areraft, where military and commercial aircraft are being fiown well beyond their

original design lives. This rnqmres increased inspsction, maintenance, and 1 repair of

ircraft components, which also leads to escalating costs. For example, the useful
life of the current inventory of aircraft in the U.S. Air Force (e.g., T-38, F-16,
C-130E/H, A-10, AC/RC/KC-135, U-2, B-3 » B-1B, B-52H) is being extended an
additional 25 years ar least [Air Force Association, 1997, Committes, 1997].
Similar inspection capability requirements also apply to the lifstime sxtension of
engine comronents [Goldfine, 1998].

Safely supporting life extension for stuctures requires both rapid and cost
effective inspection capabilities. The necessary inspection capabilities include rapid
mapping of fatigue damage and hidden corrosion over wide areas, reduced
requirsments for calibration and fieid standards, monitoring of difficult-to-access
locations without disassembly, continnous on-Iine moniioring for crack initiation
and growth, detection of cracks baneath mu tiple layers of marerial (e.g., second

layer crack detscti on). and earlier detection of cracks beneath fastener heads with

;
fewer false alarms. In general each inspection capzbility reguires 2 different sensor

configuration.

The use of eddv-current sensors for nspection of criical locations is an
integral ccmponsnt of the damage olerence and ratirement for cause methods used
1or ccmnmercial and military aireraft. The acceptance and successitl implementation

fvies

of these methods over the last Thras ecades Zas enabled 1% sxtension and safer

peration for numerous aircraft, The comresponding accurmulation of farigu g

DEratl
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Iemain in service beyond original design life and, for miliary aircraft, because
¢xpanded mission requirements €Xpose structures to unanticipated loading scenarios,
New Iife extension Programs and recommended repair and replacement activities are
often excessively burdensome because of limitations in technology available today
for fatigue detection and assessment. Managars of the Aircrafi Structaral Integrity
Program (ASIP) ars ofiep zaced with difficuir decisions 2o either replece components
on a fleet-wide basis or Introduce costly inspection pro grams.

Furthermore, there i growing evidence thar (1) multiple site damagé or
multiple element damage may compromise fail safety in older aircraft, and (2)
significant fatigne damage, with subsequent formation of cracks, may occur at
locations not considered critical in original tatigue evaluations. In application of

damage tolerance, inspection schedules are often overly conservative because of

limitations in fatigue detection capability for early stage damage, Evan 8o, limited

inspection reliability has led to numerous commercial and mititary component
faihires,

A better understanding of crack initation and short crack growth behavior
aiso affects both the formulation of damage tolerancs methodolegies and design
modifications on new aircraf and aging aircraft, For safe-life components, designed
to last the life of the aircrafi, 10 inspection requirsments are typically planned for the
ifs. Life extension programs have inwoduced TeGuirements to inspect
these “safe-life” components in service since g €Y are now operating beyond the

Life. However, there are also numerous examples of components

originally designed on a safe-lifs basis that have faileg prior to or near their

originaily specifed design lifs on both military and commercial aircraft.
o .

For safe-life components that 1GSTNOW be managed by damage tolerance

87085, periodic inspections zre generally far more costly than for components

originelly designed with planned inspections. Oftep ¢ 1e highest cost is associated

~h A+ 1 - £ - - AAA < 5 f 1
Wi disassembly and surface preparation “\daronally, readiness of the fles; is
i Toes ¥ 2T on Atema,
ICEC mission envelonss as iy orai. age

and inspection requirements becoms mors burdensome.

M -2 -ammo Foss = e PPN N . = e et TR LAy
IMSOECLOn Uncovars Lf'.?lg’_'l: damage 18 more togth 2nc e RN <Spasl, O Thd

Thus, mspection of these locations w Ithout

.- LIS, Il
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mors ikely replacemen is requirs
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disassembly and surfacs preparation is of significant advanrage; also, the capability
to detect fatigue darnage at early stages can provide alternatives for component
repair (such as minimal material removal and shotpeening) that will permit life
extension at a lower cost than current practice.

In general, fatigue damage in metals progresses throngh distinct stages
These stages can be characterized as follows [S. Surssh, 19983: (1) subswuctural and

microstructural changes which cause nucleation-of permanent damage, (2) creation

of microscopic cracks, (3) growth and coalescence of these microscopic flaws to

form ‘dominant’ cracks, (4) stable propagation of the dommant macrocrack, and (5)

structural imstability or complete fracture.

Although there are differences of opinion within the fatigue analysis
community, Suresh defines the thizd stage as the demarcation between crack
initiation and propagation. Thus, the first two of the above stages and at least the
initial phase of Stage 3 are generally thought of, from a practical engineering
perspective, as the crack initiation phase.

In Stage 1, microplastic strains develop at the surfacs even at nominal
stresses in the elastic range. Plastic deformation is associated with movement of
linear defects known as dislocations. In a given load cycle, 2 microscopic step can

form at the surface as a result of localized slip forming a “slip line”. These slip lines

appear as parallel lines or bands commonly called “persistent slip bands™ (PSBs).

Slp tand intrusions become swess concentration sites where microcracks can

davalop.
Historically, X-ray diffraction and electrical resistivity are among the few

nondestructive methods that have bssn explored for detection of fatigue damage i

the initiation stages. X-ray diffraction methods for detection of

to microcracking have been investigated since the 1930°s {
1939] . In these tests, fatigne damage was found 1o be related to Giffraction line

1974] and Waiss and Oshida
“ha

U
i
l

 OOAT e 2 e Ve
1984] beve further developsd the X-roy diffaction ms
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that in high strength aluminum alloys the probability of fatigue failure is zero for
dislocation density ratios of 0.6 or below. However, it is generally impractical 1o

make such measurements in the feld.

Electrical resistivity also provides a potential indication of cumulative

fatigue damage. This is supported by theory, since an increase in dislocation density

results in an increass in slecivical r= istivity. Estimatss suggest that, in the case of

aluminum, depending on the increase in the density of dislocations in the
fatigne-damage zone, the resistivity in the fatigne-affected rsgion may increass by
up to 1% prior 1o formation of microcracks, These estimates are based on

o . ~ va 11
iti the fatigue-damage zone up 10 berween 2(10" cm

cm”® and a resistivity factor of 3.3(10°% ((or? [Friedel, 1964].

SUMMARY OF THE INVENTION
Aspects of the inventions described herein involve novel inductive sensors

of the near surface properties of conduc cting and magnetic

for the measurement of
materials. These sansors uss noval winding geometries that promote accurate

modeling of the response, eliminate many of the undssired behavior in the response

of the sensing elements in existing sensors, provide increased depth of sensitivity by

eliminating the coupling of spatial magnstic field modas that do not penetrate deep

Al

into the material under test (MUT), and provide enhanced sensitivity for crack

detection, localization, crack orientation, and 1 ength characterization. The focus is

specifically on material characterization and also the detsction and monitoring of

ack fatigue damage, as well as detection and monitoring of cracks, and other

DTECT:

o

v P ~ .
material asgragalion Lom tesths g SErvice SXposure.

Mehods are described for forming eddy current sensors having primary
ial. In one

windings for imposing a spatially periodic magnetic Geld into a test materia

embodiment, the primary windin g incorporates paralle] extended winding segments

kol

The drive coils ars

1.

rormed by adjacent extended portions of individuai driva coils,

configimed so thes the currerr passing through a adjacenr extended winding segmen:s

isin

. . e -
d in szries to 2n0ther IZLSJGUI—.:‘Z coacuciorn 2
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second plane. The conducting meanders ars spatially offset from one another so that
the current passing through adjacent extended winding segments is again in 2
common direction.

For sensing the response of the MUT to the periodic magnetic field, sensing
elements are located within the primary winding. In one embodiment, the sensing
elements have extended portions parallel to the extended portions of ths primary
winding and link incremental areas of magnetic flux withiz each half meander. The
sensing elements in every other half~wavelength are connected 1ogether in series
while the sensing elements in adjacent half wavelengths are spatially offset, parallel
to the extended portions of the primary. The sensor can be scanned across the
surface of the MUT to detect flaws or the ssnsor can be mounted on a pert for
detecting and determining the location of a flaw. Preferably, the longest dimension
of the flaw will be substantially perpendicular 1o ths extended portions of the
primary winding.

Methods are 2lso described for forming circular eddy current sensors having
prmary windings for imposing 2 sparially periodic magnetic field into a test
material. The spatial pattern can be created from a plurality of concentric circular
segments, where current flow through these segments creates 2 substantially

the radial direction. The

42!

1%5]
gs}

0
g.
O
=3
&
=
E

circularly symmetric magnetic feld that i

response of the MUT to the megnetic field is dstected with one or more sensing

clements placed berween each concentric loop.
t are conceniric with the

¢ sensing elements may

Tmtan el aramttaTier ATmmad T am R AN A A ~ LT A 2 =
10Im a suosiantialiy closed ioop other than as a circle %o follow a contour in ths
matental under est
The s=nsing elements can ba digmbuted throughout the primary windinge
=1 f= r -

1 2 : : : xriFhs 1 I3
meanders. In ons embodiment, 2 smgls sensing element is placed within sach half
wavalencth af tha ~—mo— Rt ebne Q ATAIE CUTSEY comnentang fom Ra maaSa 10
wavolCilgul O tNe T iimd_‘_\/ 130271 T, ._,ep:& Lo OLLLiJuL COnEeClions Can cemadaet
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primary winding segments. The sensing elements can have the same angular
dimensions and, in every other half wavelength can be comnected together in series
to provide a common output. These are examples of circular spatially periodic field

eddy-current sensors. These circular s=nsors can be used in either a surface mounted

OT scanning mode.
Another embodiment of an imaging sensor inclndes 2 primary winding of
parallel extended winding segments that impose a sparielly periodic magnetic field,

with at least two periods, in a test substrate when driven by electic corrent. The

peri
array of sensing windings for sensing the response of the MUT includes at least two
ngths of the primary winding. These
sensing windings link incremental areas of the ma gnetic flux and are offset along the
length of the parallel winding segment to provide material response measurements
over different locations when the circuit is scanned over the test material ina

direction perpendicular to the extended winding segments. To minimize unmodeled

etfects on the response, extra conductors can be placed at the ends of the sensing
elements and within the sndmost primary winding meanders, and the ssnsing
elements can be spaced at least a half-wavelength from the ends of the primary
winding. In addition the distance from the sensing slements to the ends of the

primary winding can be kept constant as the offsat spacing betwsen sensing
elements within a single meander is varied.
An image of the material properties can be obrained when scanning the

sensor in 2 dirsction perpendicular to the exiended portions of the primary winding.

The sensing elements can provide absolute or differential responses, which can

provide a differsnce in MUT properties parallel to, perpendicular 1o, or at 2n
ks p p > L

mtermediate angle to the sxtended portions of the primary winding.

The sparially periodic sensors can be fabricated onto tl=xible, conformable
p A

substrates for the inspection of curved parts. Altermerively, the sensors can be

rotecuve or
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Tke sensors can be mounted against article surfeces for the isfection of
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lifi-off, the MUT temperature, and the MUT permeability can be varied.
Measurement grids or databases can be used to dstermine the electrical and
geometric properties of interest at the location measured by each sensing element.
The electrical or geometric properties can also be correlated to other properties of
interest for the MUT, such as crack size or depth. Multiple fr=quency measursments

can also be performed to determine broperty variations with depth from the surface

oi the MUT.
In one embodiment, damage near fasteners can be monitored with spatially

periodic field eddy-current sensors, The sensor should be mounted near the fastener
so that damage in the MUT can be detected through changes in the electrical
properties measursd with the sensor. The sensor can be mounted beneath the
fastener head, between structura] layers attached by the fastener, or at both ends of
the fastener. The damage may be in the form of a crack. Circular spatially periodic
sensors having hollow center regions can surround fasteners to detect and locate

dzmage that may emanate radially. Mounted on, or within a cylindrical support

material in the form of a washer facilitates mounting under a fastener head. The

suppori material may also support compressive loads. The damage from nearpy

fasteners can bs meritored simula eously with multiple sensors. Each sensor can

have a single, absolure outpuf, or pairs of sensor responses can be usad to provide

differential responses. Similarly, for mu tiple sensors, the drve conduciors mey be

anta,

connected with a2 common drive signal or the sense conductors may be connscrs
together for a common output connsction,

Methods ar= also described for creating databases of measurement responses

databases for converting sensor responses

H

=1y

or multipie layer sensors end using these

into properties of the MUT. Tha TesSponses can b dstermined from enalytical, finire

S+l PO iy * a
dilISrancs, or s slement modals.
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damage can take the form of a fatigue crack or pre-crack damage. Once the crack

has formed, the sensor can be usad to monitor the changs in crack length with the
number of fatigue cycles. Multiple frequency measurements can provide a measure
of crack depth. These changes in material properties can be monitorsd with multiple
Sensors to cover several inspection areas and create spatizl images of the damage. In
one embodiment the sensor s a spatially periodic field eddy current sensor and the
MUT 1s a metal. Alternatively, the sensor couid be a dielectrometer and the MUT a
dielectric material or composite. In another embodiment sither eddy current sensors
or dielectrometers can be mounted under patches or bonded repairs.

For the fabrication of fatigue standards, the geometry of the fatigue articles
can be altered to shape the stress distribution so that the farigue damage initiates
underneath the sensor. This can be accomplished by thinning the center section of
typical dogbone specimens, by providing reinforcement ribs on the edges of the
specimen to prevent edge cracks from forming, and by providing radius cutouts on

1 -] o~ P, b - ot
the sidss of the thinned center section.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages of ths invention
will be apparent from the following mors particular description of preferred
embodiments of the invention, as illuswated in the accompanying drawings in which

1lre rat: Dy AT Iyt - <1 o~ IS, S, - ) . f—
Iike reference characters refer to the same parts throughout the differsnt views. The
drawings are not necessarily to scale, emphasis instead being placed upon

illustraring the principles of the invention.
FIG 1 is a plan visw of 2 Mzandering Winding Magnerometer sersor.

FIG 2 is an illustration of the M{WM measursd conductivity depsndence on

nercenraoag nfotal

1 -~ : o halmen omA afar Foll s —aeb “n X2 AT
nous-giass specimens before and afier fatigue testing to varions percentagss of total
L PP Py
angus 1s
,
Tt g e . .. U e
FIG 4 is en illusTation of wvo-dimensiogel MM m=asured ehsoliate
ey Adey e . ~ ~ta cr1mfyas AL 1. dann RPN, Vale Bk 3 Sndmr oy
conduchvicy scans elong the sutface of 2 elvmisurs alicy 2024 bending Z2tigns
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coupon with extended portions of the windings (a) perpendicular to macrocrack

orientation (i.e., perpendicular to the bending moment axis) and (b} paralle! to

macrocrack orientation.

FIG 5 is an illustration of two-dimensional MWM measured absoluts
conductivity scans along the surface of a military aircrafi component with windings
orientsd (2) perpandicular and (b) paraliel 1o the bending momer axis.

FIG 6 shows scans of bi-directional maghetic perfrieability along two
ic stainless steel specimens. One specimen was not fatigue tested and the
other specimen was fatigue tested.

FIG 7 is an illusirarion of multiple frequency measursments on
fuselage as the MWM is scanned (a) horizontally abovs the lap joint bur beneath the
passenger windows and (b) vertically from a window to the lap joint.

FIG 8 is (a) a plan view of a sensing element and MWM-Array with one
meandering primary winding and an array of secondary sensing elements with

connections 1o sach individual element and (b) an expanded view of the sensor

windings.
FIG 9 shows an illusiration of six MWM-Arrays mounted inside and on the

surface of a fatigue test coupon.

EIG 10 shows an MWM-Array mounted inside a fatigue test coupon.

FIG 11 shows an example of the MWM measured conductivity variatio

13

cerith T e e
WIld 1augus level.

o~y YT . 1~ -
G 12 shows an example of the MWM measured -0 variatios

A

fatigue level.

FIG 13 shows an sxemple of the MWM measurad conductivily variation
with early stage fatigue damage
FIG 14 shows the MWM mz=asurag conductviry variation with fatigue cycles
for spacimens {2) %3, (b) 34, end (c) #32
FiG 15 shows the MWM measured conductivity varizzion with sensing
element position for specimens (2) #3, (b) F34, and (¢) 732
igorithm 70T dstection 07 the onset of
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FIG 17 illustrates the relationship between the MWM measured conductivity

changes and crack length estimated from SEM.

FIG 18 shows an enginesring drawing for a fatigue specimen having a

reduced thickness center section and reinforcement ribs on the sides.
FIG 19 shows an engineering drawing for a fatigue specimen having 2

reduced thickness center section and symmetrical radius cutours on both sides of the

raduced thickness arsa

FIG 20 shows an enginesring drawing for a fatigue specimen having a

duced thickness center section, reinforcement ribs on the sides, and symmetrical

FIG 21 shows (a) a farigue test configuration with the MWM-Array mounted
2t a steel] fastener installed on the Al 2024 test specimen and (b) a side view of the
fatigue test configuration.

FIG 22 is an illustration of the use of an MWM sensor for measuring crack
length near a fastaner, .

FIG 23 is (2) a plan view of a linear MWM-Array for crack detection and
ietermining crack location and (b) an expanded view of a sensing element in the
lineer MWM-Array.

FIG 24 is (a) a plan view of an MWM-Rosstis for crack detection and
detzrmining crack circumierential (azimuthal) location 2nd (b) an expanded view of

some of the winding connections in an M WM-Rosstre.

IG 25 shows an eddy-current array moumnted bsiween layers of a stucturs.

b

(&3
G 26 shows an eddy-current array mounted underneath a fasiener.

i
=1

FIG 27 is (a) a plan visw of an MWM-Roserts for crack detscfion and crack

length measuremsnt and (b) a1 expanded view of some of the winding connections

n an MWM-Rosetie.
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FIG 30 shows a plan view of a tanered MWM-Array.
FIG 31 shows an expanded view of an absolute sensing element.

FIG 32 shows an expanded view of a diffsrential sensing element.

FIG 33 shows an expanded view of a differential sensing element.

FIG 34 shows an alternative method for connecting to an absolute sensing

elsment.

T 2 mesndsia

T 2 IMSangasiy Driiary *IicIng.:

‘O')

G 35 iHusmates an alte

Adicr, 3 .
tive design 1

o

FIG 36 shows a measurement grid for 2 layered winding design.

FIG 37 illustrates a design for cross-connecting the meanders of the pﬁinary
winding which greatly reduces the necessary number of bond pad connections.

FIG 38 is (a) a plan view of a multi-layer electrode géomctry and (b) an
expanded view of the winding segments.

FIG 39 is a plan view of a sensor similar to that shown in FIG 38, except the
grouping of sensing elements cover different sections of the meandering primary
footprint.

FIG 40 is a schematic plan for a layered primary winding design.

FIG 41 is an illusmration of the temperature dependence of
measured electrical conductivity.

FIG 42 is an illustration of the absolute conductivity data from repeate
MWM scans in slois (2) 22 and (b) 23 of a Stage 2 fan disk.

FI IS ani

TWM and UT. Encircled slot numbers denote cracks detected by the MWM

reduction in the normalized condnctivity
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FIG 48 shows MWM measurement scans across a “clean” weld and acress

contaminated titanium welds.

FIG 49 illustrates the effect of shielding gas contamination on the

normalized conductivity of titanium welds.

FIG 50 iflustrates several measurement scans across three engine disk siots,
along with nominal detection thresholds.

FIG 51 illustrates the variation in the normalized conductivity due to the
formation of cracks in engine disk slots.

FIG 52 illustrates the effective relative permeability variation with position

along the axis of gun barrel

=

FIG 53 illustrates the MWM measured effective relative permeability in twi

o

regions and possible behavior between the two regions along the axis of 2 25 mm

diameter partially overheated gun barrsl.
FIG 54 illustrates hidden crack detection and sizing in a nickel-based alloy

sample, using a two-Tequency method.
sample, using a two-frequency method

DETAILED DESCRIPTION OF THE INVENTION
A description of preferred embodiments of the mvention follows.

To saiely support life extension for aging structures and 10 reduce weight and

maintenance/inspection costs for new structures requires both rapid and cost

of
of crack

effecrive mspection capabilities. In particular, continuous monitoring

uires the permanent mounting of sensors to the component

mitiation an

u
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being monitored and severely limits the usefulness o calibration or referenice

standards, especially when placsd in difficalt-io-access locations on aging or nsw
SITUCTLTES.

Permanent end surface motnung of conventional eddy-current sensors 1s not
periormed. One reason for this is the calibration requirements 1ot the me2Surements
and enother is the varizbility between probes. Convenuonal eddy-current techniqus
require varying the proximity of the sensor (or It-0:) to the test material oF

~ - . k] at - - < N ~
configure the squipment sermings and display. For sxampiz, for crack dsiection the
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left, so that cracks or other material property variations appear on the vertical axis.
Affixing or mounting the sensors against a test surface precludes this calibration
routine. The probe-to-probe variability of conventional eddy-current sensors
prevents calibrating with one sensor and then reconnecting the instrumentation to a
second (e.g., mounied) sensor for the test material measurements. Measured signal
responses from nominally identical probes having inductance variations less than
2% have signal variations greater than 35% [Auld, 1999]. These shoricomings are
overcome with spatially periodic field eddy-current sensors, as described herein, that
provide absolute property measursments and ars reprodﬁced reliably using
micro-fabrication techniques. Calibrations can also be performed with duplicate
spatially periodic field sensors using the response in air or on reference parts prior to
making the connection with the surface mounted sensor.

The capability to characterize fatigue damage in structural materials, along
with the continuous monitoring of crack initiation and growth, has been
demonstrated. A novel eddy-current sensor suitable for these measurements, the
Meandering Winding Magnetometer Array (MWM™-Array), is described in U.S.
Pat. Nos. 5,015,951, 3,453,689, and 5,793,206, The MWM is a “planar,”
conformable eddy-current sensor that was designed to support quantitative and
autonomous data interpretation methods. These methods, called grid measurement
methods. permit crack detection on curved surfaces without the use of crack
standards, and provids quantitative images of absolute electrice] proper
(conductivity and permsability) and coating thickness without requiring field
(i.e., calibration is performed in “air,” away fom conducting
surfaces). The use of the MWM-Array for farigus mapping and on-line fatiga
monitoring has also been d=scibed [Goldfine, 1993 NASA]. i
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primary winding 10 having extended portions for creating the magnetic field and
meandering secondary windings 12 within the primary winding for sensing the
response. The primary winding is fabricated in a square wave pattern with the
dimension of the spatial periodicity termed the spatial wavelength (. A currenti, is
applied to the primary winding and a voltage 7, 1s measured at the terminals of the
secondary windings. The secondary elements ars pulled back from the connecting
portions of the primary winding to minimize end =ffect coupling of the magnetic
field and a second set of secondary windings can meander on the opposite side of the
primary or dummy elements 14 can be placed between the meanders of the primary

try of the 25 described in pending application

10 maintein the symmetry of
09/182,693. The magretic vector potential produced by the current in the primary
can be accuraiely modeled as a Fourier series summation of spatial sinusoids, with
the dominant mode having the spatial wavelength (. For an MWM-Array, the

responses from individual or combinations of the secondary windings can be used io

e o S . - ~ .
plurality of sense signels for 2 singls primary winding consiruct as
r = S J 5

provide a
described in U.S. Patent 3,793,206.
The MWM structure can be produced using micro-fabrication techniques

typically employed in integrated circuit and flexible circuit manufacture. This

results in highly reliable and highly repeatable (i.e., essentially identical) sensors,

. P . - 4 .
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which has inherent advantaoss over the coil

wn

sensors. As indicated by Auld and Moulder, for conventional eddy-current sensors
“nominelly identical probes have bsen found to give signals thar differ by as muc
as 35%, even though the probe inductances were identical to betier than 294" [Auld,
1999]. This lack of reprocucibility with corventional coils introduces severe

e.g., matchad sensor/calibretion block

tion (eiching) technigues
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which makes the MWM sensor geometry well-suited to surface mounted or
embedded applications where calibration requirements will be necessarily relaxed.

An efficient method for converting the response of the MWM sensor into
material or geometric properties is to use grid measurement methods. These
methods map the magnitude and phase of the sensor impedance into the properties to
be determined and provide for a real-time measurement capability. The
measurement grids are two-dimensional databases that can be visualized as "grds”
that relate two measured parameters to itwo unknowns, such as the conductivity and
lift-off (where lift-off is defined as the proximity of the MUT to the plane of the
MWM windings). For the characterization of coatings or surface layer properties,
three-dimensional versions of *he measurement grids can be used. Alternatively, the
surface layer parameters can be determinsd from numerical algorithms that
minimize the least-squares error betwesn the measursments and the predicted
responses from the sensor.

An advantage of the measurement grid method is that it allows for zeal-time
measurements of the absolute electical properties of the material. The database of
the sensor responses can be generated prior to the data acquisition on the part itself,
so that only table lookup operation, which is relatively fast, needs 1o be periormed.

1 for ths individual elements in an array so that

- . 1 -
Furthermors, grids can be generated 10

each individual element can be lifi-off compensarted o provide absolute property

measurements, sach as the elecirical conductivity. This again reduces the need for

sxtensive calibration standards. In contrast, convexntional eddy-current methods that

use empirical correlation tables thar relate the amplitade and phase of 2 lift-off

compensated signal 1o parameters or propsrties of imtarest, such as crack size or
haréness, require extansive calibrations and insument preparaiion.

. . . PSP T T
fticue demage wrior to the formaton of cracks dstectable by acironal

d “dog-bons" shaped specimens
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measurements detect fatigne damage at less than 50 percent of the specimen’s
fatigue life. For Type 304 stainless steel specimens, the decrease in effective

conductivity starts much earlier (which can be attributed to a change in magnetic
v = =

permeability due to a gradual formarion of martensite of deformation) and continues
to decrease, almost linearly, with increasing fatigue life fraction, as defined by the
cycle ratio N/NG, i.e., (cumulative cycles)/(cycles to failure). The nonlinearity of the
damage with cumulative fatigue life for Al 2024 in a typical bending fatigue coupon
is well depicted by MWM measurements illusirated in both FIG 2 and FIG 3.

FIG 3 shows the ability of an MWM sensor 1o detect the sparial distribution

e 1 o = 1a
amage as the sensor was scanned along the length of coupons expesed to

fully reversed bending. These measurements reveal a pattern of fatigus damage
focused near the dogbone specimen transition region for both the 70 and the 90
percent cumulative Iife specimens. The minimum conductivity at the 3 cm point on

the specimen that reached 90 percent of its fatigue life corresponds precisely with

uqQ

ege maasursments were aken w with a sensor havin

. . ~ .- .
£ i0Caulon O & Visibie Cracy. iDn

Er

a foorprint of 1 inch by 1 inch. The presence of a damaged region in the vicinity o

“the crack is indicated by the depressed conductivity near the crack, even when the

crack is not under the footprint of the sensor. Thus, bending fatigue produces an

area damaged by microcracks prior to the formarion of a dominant macrocrack, and
that damaged area is dstectable as a significant reduction in the MWM measured

conductvity. Photomicrographs have shown that clusters of microcracks, 0.001 to

0.003 inches deep, begin to form at this stage. Although detectable with the MWM,
these microcrack clusters, termed wide-spread faticue damage (WFD), were not
~ersent life

J WL Wl

derectable with liquid pensirant testing, except at the very edge of the 90

specimen. This seme behavior has been observed for MWM measursments on

military and commercial aircraft swuctiral members.
FIGS Za and 45 provide two-dimensional images of the measursd

conductivity over the 90 percen i fatigue specimen with the MWM in two

diffsremt orisntedons. Inmthis o2ss, the MWM foo

' ad s -

. i s P Ny
When the extended porions of the MWM windt
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perpenciculer io the cracks, the MWM has maximur s2

2nd ricro ¢rack clust



. ———————— e

10

f—y
N

20

t
W

-18-

oriented parallel to the crack, the MWM has minimum sensitivity to the macrocrack
and microcrack clusters (FIG 4b). The directional dependence of the sensor
response in the fatigne damaged area adjacent to the macrocrack indicates thar the
microcracks that form at early stages of fatigue damage are highly directional and, in
this case, are aligned with the bending moment axis. Similar measurements on
coraplex aircraft structural members have shown similar behavior at early stages of

fatigue damage, before detectable matrocracks havs

med. Note that the

)-l)

microcrack density and size increases are indicated by a larger reduction in the

MWM absolute conductivity measurements. Thus, as expacted, the microcrack size

and density increase near the coupon edges and are lower at the center.

a1

Similar two-dimensional images of the measured conductivity have bsen
obtained on actual military components. FIGS 3a and 5b show the surface scan

mapping of fatigue damage on a military aircraft bulkhead for MWM windings

segments oriented both perpendicular and parallel to the bending moment axis. One

portion of the bulkhead was found 1o contain a localized conductivity excursion

characteristic of early stage fatigue microcracking. A coaventional eddy-c*l'*=‘1f

inspection of this area found only discrste macrocracks. However, the width of the

rea of the MWM measured reduced conductivity beyond the macrocrack area

ihdicates thar there is a region of microcracking in addition to the discrete
macrocracks.

Ferigus damage can also create variations in the magnetic permeability, as
indicated in

FIG 6 for two austenitic stainless steel specimens. One specimen was fatigue

tested while the other was not. Surface scans with the MWM windings oriented
perpendiculer and parallel to the length of the specimens show a bi-Girectional
magnetic permeebilily in the farigued specimen. The magnstic susesptibility is
lzrgest in the loading dirsction as the fatigue zlisrs the microsiructurs of the stzinless

stzel, creating a megnetic phase szch 2s martensite it
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detected several areas with substantial conductivity variations that could be

identified as areas of wids-spread fatigue damage, i.€., sxtensive fatigue

icrocracking. FIG 7a shows a horizontal scan several inches above the top fastener

microcracki
row of the lap joint. The MWM measured conductivity has minima that correspond
consistently with the vertical edge locations of the windows. Thus, substantial
bending fatigue damage was detected by the MWM several inches above the lap
joint fastener rows. The bending fatigue coupon data suggest that this region is
beyond 60 percent of its fatigue life, although it probably does not contain
macrocracks which would be detectable with conventional differential eddy-current

\ i
FIG 7b shows a verdcal scan down th

methods or with liquid penetrant testing. FI

(%]

panel. The damage begins near the bottom of the windows and increases steadily,

with the maximum damage occurring at the fasteners. A key observation from these

measurements is that this damage is detectable more than six inches away from the

fasteners. It was later verified that cracks near fasteners were correlated with

. e~ ST i -
ity found by the M WM several mches awzy Irom any

fasteners had been in areas similar to those ideniified by the MWM dstection of

distributed demage awey from the fasieners.

informarion -hat can be used 1o improve the selection of patch location and size,
thereby potentially improving the reliability of the repairs aad reducing foliow-on

maintenance costs. The MWM measured conductivity information may also be
wsed to identify specific regions that require fastensr inspeciions, as well as 10

support inspection, mainienance scheduling and redesign efforts. This is mportant

s oS
peay

because the locations of thess ersas ars not always Intuitive, since the srucwural

response is affected by design features such 2s win

and doublers, and by mainienancs features SuUCA asp

~
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back from the primary winding connectors 252 and the gap between the leads to the
secondary elements are minimized. This flexible array can be inserted into 2 hole
within the gage section of 2 fatigue specimen to monitor crack initiation and initial
crack propagation or placed flush ageinst a surface to monitor crack propagation.
FIG 9 shows an example application of six MWM-Arrays from FIGS 8a and

nside a hole and four mounted on the adjacent flar side

-t — - - 3 -
8b with two mounied iz
z, Loy - ~a g At Y A —mmnz-a N ROTLES AL AP PRy ~
surfaces of 2 fatigue test covpen. The MWM-Arays mounted within ths hele can

be used to detect shallow part-through wall cracks (e.g., tunneling cracks that have
nitiated inside the hole but have not propagated to the outside surface). The
MWM-Arrays can also be placed around the circumference of a cylindrical or
hyperbolical gage section. Mulfi-frequency MWM measurements can provide
diagnostic information to monitor crack propagation in both length and depth
directions. The MWM-Arrzays on the sides are used once a "corner" or through-wall
crack (i.e., one that has rsached either or both outer surfaces) forms. The crack
length can be inferred from the MWM measured effective conductivity since the
MWM measursd conductivity change correlates with crack length, as shown for
example in FIG 17, even for relatively short surface cracks and for cracks deeper
than the MWM penetration depth. The correlation with length is expected 1o be
even more robust for through-wall cracks so that a single sensing element MWM
may be used for regions outside the hoie as well. This type of application is suitable
for monitoring crack propagation with fatigue cycles (da/dN) during complsx
component testing. For exemple, monitering of wide areas (e.g. between skins) In
c ossible optically or with potential drop methods.
This MWM capebility can provide & new tool to demonstrars damage tolerance of
t2bli burdensoms inspection and retizsment for tims policies.

an on-line capability

34 Jocated 21 the center of 2 1-inch wide by 0.25-inch thick (25.4 mm wide Dy
6.35-mm 7hick) specimen 30 mede of en alvyinum (A1 2024-T351) alley. The Jat
specimens with tangentizily niended fllets 31 betwsep the tast secticn 2nd the grip
ends wers tested under constent cvolic sTess amplitude In tension loading. The
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central hole represenis an elastic stress concentration factor of 2.4. The
MWM-Array had eight sensing elements (1 mm by 2.5 mm in area) located at 1-mm

increments along the array length in the periodic direction. Six of the eight elements

ntact with the iniernal cylindrical surface of the hole while the

two outermost elements were intentionally outside the hole. The fixture 36 holds the

were mounted in co

MWM-Array inside the hole and the probe electronics 32 for amplifying and
multiplexing the measured signals to allow continuous monitoring throughout the
test. Several specimens were run to failure to determine the response throughout the

fatigue life, i.e., from crack initiation to failure, while fatigue tests of other

LA _ ~ £ s e 4 L. _
Spec imens were St TOppea at various stages oI cracyk mitiaticn and propagation, as

o

illustrated for example in FIGS 11 through 15.
FIGS 11a, 11b, 12a, and 12b show the MWM measurements during a fatigue
test. The third element channel failed in this first test so the dara for the third

element is not provided. FIGS 11a and 11b show the absolute electrical

conducrtiviry measurements for each element of the MWM-A=ay. FIG ]
the conductivity as 2 function of the number of fatigue cycles for each element while

FIG 11b shows the conductivity as a function of the element position across the

thickness of the drilled hole for several fatigue levels. The pronounced decrease in
0 cycles indicates crack initiation. The crack appears to

-

conductivity at around 25,00
2 the first alemeant 1o exhibit a2 decrease in the

initiate near Elemeant

conductivity. The crack then quickly propagaies to the edge at Element 1 and then

gradnally propagaies o the other edge and is detected by Element 6. This particular

test was stopped when Element 6 began to detect ths crack. Upon an examination

with an optical microscope &t magnification of 100 umes, no crack was apparent on

the outer surface near Element 6.
FIGS 12a and 12b show the ifi~0i¥ measurements for sach elzment of the

MWM- Array using a eniform property model. FIG 12a shows the lift-ofasa

funcsion of the number of farigne cycles for each element while FIG 12b shows the

Yif-0ff as 2 funcrion of the element pesition across the length of the cylindrice! hole

for severa: fatigue levels. The initiai decrease and isveling of tne Lfi-0iI data durng
i Pim o7 A5 ™ ac
an cvcles) Tilusiraiss the “seiing’ of e MWM as
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stage testing shows the effect of the opening of the crack. Although this lift-off data
shows that the uniform property model can represent the crack, mmproved models of
crack interactions with spatially periodic field sensors should enhance crack
detection sensitivity and also provide depth measurements. Also, monitoring of

“effective lifi-off” signals using the MWM- Array for deep cracks (over 0.1 inches)
provides information about the ¢ ‘compliance” of large cracks and may be useful for
crack depth estimates.

The ability to continuously monitor fati gue specimens while being loaded
provides a capability to create samples with very early stage fatigne damage. FIGS
132 and 13b show the response of an MWM-Array inside a Al 2024 fatigue test
specimen and provide an image of the crack initiation and growth as a function of
fatigue cycles and position. In this case the specimen was removed from the test
after the decrease in MWM measured conductivity indicated the formation of a
sizable crack at one location within the hole (Element 2) and the possibility of
microcr, ac:kmcT at multiple locations along the 2xis of the hole (Elements 1 and 3).
Metallography performed on this specimen after scanning electron microscopy
(SEM) identified a crack near Element 2 about 0.034 inches deep and substantially
smaller cracks further away from Element 2. The SEM examination of the area

monitorsd with the MWM- Array revealed multi-site damage with predominantly
axial cracks ranging from 0.004 inches to over 1/16 inch in length. Adjacent to the
sizable crack detected by the MWM, the SEM sxamination revealed a series of
intrusions paralls] to the crack and normal 10 the machining marks from reaming.
These intrusions might be associzred with persistent slip bands (PSB). The uniform

reduction in absolute conductivity across the six se ensing elements 2s the fat atigns

coupon warms up (with increasing load cycles) is disiinguishable from the local

ual elements and allows for compensation of

r::

ductions in conductivity by indivi
urs variations dur ring the measurement. Thermocouples, thermisto=s or

4
Er
o
@
f
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other temperature monitoring methods czn be used for this temperaturs correction.

IGS 1-:3, 140, 14¢, 132, 155, aad 15¢ show " the normalized electrical
Tatigus test specimens. Specimen 5 was a 7075
=34 were Al 2024 alloys. In order to help

lrac] Lo 3 ] o 3 o & . e -
trsshold for dstection of faftigue damage, thess t=sts were stooped 2



different levels of conductivity reductions. In the case oi Specimen #32, the fatigue
test was stopped when the M VM conductivity drop (relative 1o the “background”
Ievel at neighboring channels) at Channels #2 angd 3 were considered indicative of
either microcrack formation or advanced stages of fatigue damage accumulation
5 prior to formation of microcracks. These samples were examined thoroughly with

an SEM by scanning the surface of the hols at magnifications up to 1,000X across
the entire area momitorsd during the fafigue fasts Wil MWM=ATrays. A number of
areas were examined at higher magnifications, up to 10,000X. The SEM
examinations are extremely time consuming, since one must cover Substantial

10 surface area looking for cracks on the order of 0.002 inches and smaller. Since the

cracks for each of these specimens did not reach the outside surfacs of the

component, it appears that the monitoring capability with the MWM-Array allows

tests to be stopped with varions crack sizes within the hole and particularly at

various early stages of "prs-crack” accumulated fatigue damage, during the "short

"

crack" growth stage 2s well 25 during "long crack” growth stage,

ot
W

SEM examinations confirmed the presence and locations of cracks in the

specimens. SEM sxaminarions of Specimen #34 revealed a fow microcracks,

g

ranging from 0.0004 to 0.0036 inches (10 1o 90 (m) on the surface of the hole
monitored by MWM. The 0.0036 inch long intermittent crack was in the area
20  monitored by Elements 3 and 4 ofthe MWM. A crack in this locarion is consistent
ith the MWM response of FIGS 14b and 15b, Ap €xamination of Specimen 234
by an NDE Leve] 3 Inspector, USIng a very sensitive conventional eddy-currant
probe, did not reveal any crack-Iike indications in the arag moaitored by the
MWM-Array during the fatigue rest. However, the sddy-cutren: examination

detecied small crack-Tike indications on the Opposite side of the hole that was not

RS
W

provides an additional coniirmaton
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monitored by the MWM-Array. T
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aditional eddy-current method but detectable
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ther microcracks not detectable by 2

and detected by MWM sensor should havs existed op ths side moni
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examinations performed on Specimen #5 indicated two cracks, which is consistent
with the MWM data of FIG 15a. SEM examinations of Specimen #32 revealed a
few cracks ranging in length from 0.0005 to 0.006 inches (12 t0 150 (m), with two
distinct cracks that were less than 0.002 inches long. The Jongest detected crack was
Intermittent, i.e., consisted of a few adjacent continnous cracks. Assurning a
semicircular geometry for the cracks, the estimated depth of individual continuous
cracks ranging-in length from 0.0005 to 0.0024 inches {12 to 60 (m) would be
between 0.00025 and 0.00125 inches (6 and 30 (m).

FIG 17 summarizes the results on the tested specimens in terms of crack

length compared to the MWM meastred data. The data for specimens #32 and #34

re difficult to analyze because there are multiple crack indications and the longer
cracks (e.g., the 0.006 inch long crack in specimen #32) appear to be intermittent
(i.e., formed from several shorter cracks). F urthermore, the depth of penetration of
the MWM magnetic fields at 1 MHz is on the order of 0.003 inches so that cracks
shallower than 0.003 inches will produce 2 MWM conductivity dependence based
on depth as well as length. For these cracks, a hi gher frequency measurement (e.g. 6
or 10 MHz) is expected 10 provide a more relizble measure of crack length as well as
a better signal to noise for improved sensitiviry to microcrack detection. Multnle
frequency measurements should then allow for estimating crack propagation in both
length and depth directions.

The reliable detection of the onser of fatigne damage and the mumber of
cycles to crack initiation, N,, can be performed automatically using trend detzction
algorithms. An example detection algorithm is to use a simple hypothesis test to
build a first set of staristics (e.g., standard deviations) for the no damage MWM
beginring of the test and also 2 second set of staristics for a

conductivity data at the

moving window of most recent data. This gr uping oi data is illustrated in FIG 15
for an example conductivity variation with number of fiigue cycles. The data must

first be corrected for thermal drif}, either by using thermocouples or by filzering the

(nearly linear) temperature wend from the damaoe related conductivity changes vs.

1 “t T Tae A A al I R - L I : s
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e

would determine the confidence level of the statement that “the most recent data
shows a conductivity drop not related to metal temperature changes, compared to the
earlier no dzmage data.” The confidence level will depend on the statistical
separation of the two sats of data. Similar techniques are commonly used to detect
downward trends in noisy data, such as the stock market. An automated test is an
improvement over the humen interpretation of visual data as human operators
typically have an expectation of results, based on prior knowledge of the coupon
material or expected number of cycles to initiation, that can influence the results.

Another aspect of the invention described here relates to unique geometries
for fatigne specimens that in entionally shape the stress distribution so that the
damage initiation sites will lie within the area under inspection by a surface mounted
eddy-current sensor.

With a traditional dogbone design, fatigne damage starts in the middie of the
specimen but is not localized along the length of the samples. Thus, there is no
guarantss that the fatigue damage will initiate beneath ths surface mounted sensor.
The new specimen geometries described here, and illustrated in FIGS 18, 19, and 20,
localize fatigue damage both lengthwise to ensure it occurs in the reduced center
section of the specimen 30 and in the middls of the reduced thickness center section
in order to avoid cracks at the edges of the gage section. The lengthwise localization
is accomplished by thinning across the center poriion of the specimen 301.
Reduction of the formation of cracks at the edges is accomplished with

einforcement ribs along the edges 302 and/or with symmetrical radius cutours 303
on both sides of the specimen, above 2nd below the gage section. FIG 18 shows a
dogbone specimen 300 with ¢ nning at the cemier section of the speciman 301 and
reinforcement ribs 302, The thinning at the center section can also be accomplished
with cutout sections on each side in order to avoid bending moments. FIG 19 shows
a dogbone specimen 300 with thinning at the center of the specimen 301 with radius
th sides of the thinmed section. FIG 20 shows a do gbone specimen
500 with thinning at the center section 301 and both reinforcement ribs 302 and
radius cutouts 303. Each of these designs significanily reduces the strasses at the

edges and thereby prevents initiation of 1211gue damage 2t the edgss in ths sarly
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FIGS 21 through 41 illusirate new embodiments for the MWM-Array sensor
structure and applications of these structures. These embodiments provide greater
sensitivity to the flaws being investigated and can be apphied to both surface
mounting on and scanning across test marterials.

FIGS 21a and 21b show a sample configuration for the detection of cracks
near fasteners with MWM sensors mounted on the surface. A steel fastener 42 is

attached to the fatigue test coupon 40 of Al 2024 ata semicircniar notch. The

- mounting bracket 44 holds the MWM sensor against Th surface of the test coupon

tnrouohout the duratlon of the tension-tension fatigue test. The electronics package
46 provides signal amplification of the sensing elements in the MWM sensor, as
necessary. MWM sensors can be permanently mounted at fasteners in
difficult-to-access locations and elsewhere.

FIG 22 illustrares the positioning of an MWM sensor 16 near 1e hole 63
used for a steel fastener 67. A crack 61 formed beneath he fastener as a result of the
tension fatigue load cycling on the test coupon of FIGS 21a and 21b. The crack 61

originally initiated at the notch of the hole beneath the head of the fastener and was

detected when it extended appr oximately 0.070 inches (1.75 mm) beyond the edge

of the fastener head 65. Howsver, this crack propagatzd only 0.020 inches under the

(=]
footprint of the sensor array defined by the region covered by the active sensing

element, as illusirated in FIG 22. The signal measurad by the MWM, and hence ths

effective conductivity and lift-0f measured by the sensor, will change as the crack

propagates across the sensing elements 18. Orienting the sensor so that the extended

portions of the windings are perpendicular to the crack provides maximum

sensitivity to the presence of the crack, as illusirated in FIG 4a. The earliest

detection of the crack occurs as the crack tiz approaches the position of the end-most

.
e

at it is desirable 10 locate the first sensing element

E,h

sensing element. This suggests

(as opposed to & dummy slement, denored t by 14 in FIG 1) as close as possible to the

r element

i:x'
?‘
i

A Jr}

edgs of the primary winding meanders. Although eiiminating
on the edge will influence the ability to peform 2n sir calibratio Ne2suTS;

can provide an earfier indication of the presence of 2 crack beneath &

4
J

Furthermore, although this MWM sznsor does not locats the & position of the cra

2long 2 meznder, the length of *he crack can ba estimarsd Som the reduction in
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effective conductivity as the crack propagates across each individual secondary
element,

FIG 23 illustrates an alternative embodiment for an MWM-Array. This
Iinear sensing MWM-Array has a primary winding 32 for creating a spatially
periodic magnetic field for mterrogating the MUT and a plurality of secondary
elements 54 along the length of each meander. The primary winding 52 is split into
two parts, with lead corinsetons 66 and 68 on either side of the sensor. This
configuration for the primary winding uses two conducting loops to impose a

. e

spatially periodic magnetic field, similar to the single Joop meandering winding 10
of FIG 1. This configuration minimizes the effects of stray magnetic fields fom the
lead connections to the primary winding, which can create an extraneous large
inductive loop that influences the measurements, maintains the meandering winding
pattern for the primary, and eifectively doubles the current ithrough the extended

portions of the meanders, as will be discussed with reference o FIGS 35, 37, and 40.
enerated

g

Secondary elements that couple to the same direction of the magneiic field
by the primary winding, such as elements 54 and 36, are connected with connecrions
70, perpendicular to the primary winding meander direction, so that the sum of the
secondary element responses appears at the winding leads 64.

To provide complete coverage when the sensor is scanned across 2 part or

h

when a crack propagetes across the SensoT, perpendicular to the extended portions o

w

the primary winding, secondary elements 58 in adjacent meandsrs of the primary ar

ofiset along the length of the meander. The dummy elements 60 are usad to

-

maintain the perjodic symmetry of the magnetic field and the extension clements 62

are used 10 minimizs & fferences in the coupling of the magnetic Seld to the vardors
sensing elements, as described in Patent Application 09/182,653. Additional

primary winding meander loops, which only contain dummy elements, can also be

es of the seasor 1o help maintain the eniodicity of the magnetic

e <1

placed at the edg

deld for the sensing slements nearest the sensor edges. The secondary slements zre

tion portions 53 of the primary winding meandars to

.1 a - e "
set back Fom tha CIrOss-Conmsas

e . - ~n .
XIMmMIze enc sffects on the measvrsments.
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S seconcary elements are perpendicular 1o the
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multi-layer structure in fabricating the sensor. The sensor of FIG 23 has the layer
containing the primary winding 52 separated from a layer containing the secondary
windings by a layer of insulation, Generally, layers of insulation are also applied to
the top and bottom surfaces of the sensor to electrically insulate the primary and
secondary windings from the MUT. All of ths leads to the secondary elements can
also be reached from one side of the sensor. In conirast, the basic sensor geomeiry
of FIG 1 has a single Iayer sfricture and connections to secondary elements, when
placed on opposite sides of the primary winding meanders, require access to both

sides of the sensor.

i
A

X
|& N

o

2 T merae L] mom e e .
3a 23b over the sensor geometr Vo

An advantage of the sensor of FIGS

k

FIG 11is thatit can detect cracks and determine the crack location within the
footpritit of the sensor. When a crack propagates perpendicular to the primary

rd
winding meander direction, only the secondary elements directly over the crack will

sense a significant change in signal or reduction in effective conductivity. As the

crack continves to propagate, the signal from additional econdary elements will bs

affected. In principle, the crack length can be dstermined from the reduction in
effective conductivity. In contrast, the secondary elements 12 of FIG 1 span the
length of the primary winding and cannot distinguish the crack position along the
length of the meander.

FIGS 24a and 24b show g circularly symmetric embodiment of an
MWM-Array. This MWM-Rosette or periodic field eddy-current — rosette

(PFEC-Rosette) maintains the spatial periodicity of the magnetic field in the radial

\r

direction with primary winding 82. The cheracteristic dimension for this radial

spatial periodicity is the spaiial wavelength. Ths plurality of secondary elements 84,
86, and 88 nrovide complete coverage around the circumfersnce of the sensor and
> P g

can be used to detect cracks end determine the crack location, The gap 89 betwss

the primery winding conductors 85 and 87 is minimized to reduce any stray

magaetic fields from affecring the meosurements. FIGS 272 and 27b show 2

circularly symmezic variation of a standard MWM-Atray. As with FIGS 243 and
= 0 maingains the sparial periodicity of the magnetic feld

~ <3 o PRSI
440, 10e primary winding 9

o

ents 92, 94, 96, and 98 provids complste

. < g 1S et Y - < .
i teradial direction. The secondary elsments 82, 94, I

verage around the circumference of the sensor and czn bs nsed to d
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and determine the crack length. The first active sensing (secondary) element is
located as close as possible to the inside of the sensor to enable early detection of
cracks. The primary winding 90 is fabricated onto one side of a substrate 91 while
the secondary elements 92, 94, 96, and 98 are fabricated onto the opposite side of
the substrate. Individual connections 93 are made to each of the secondary elements

\ Iternatively, the

t oh sla

for independent measursments of the response of each element.
et signal from all of the elements can be obtained by connecting the loops together.

The roserte configuration is most useful for crack detection and location
around circularly symmetric regions, such as around fasteners. The rosene
configuration can also be used in areas where the stress distribution and the crack
initiation point and growth direction may not be known because of complex
component geometry or service related repairs.

The MWM-Array configurations of FIGS 23a, 242, and 27a can be surface
mounted on a part, as has been demonsirated for the standard MWM and
MVv"I\{-Amay of FIGS 1, 82, and 8b. This mounting can take the form of a clémp or
pressure fitting against the surface, or the sensors can be mounted with an adhesive
and covered with a sealant. Since the MWM sensors do not requirs aa intimate
mechanical bond, compliant adhesives can be used to improve durabiliry.

The MWM sensors embodied in FIGS 1, 8a, 23a, 242, 27a, 38a, 393, 46 and
47 can also be packaged on a roll of adhesive tape. Individual lengths of the tape
may be cut to meet the length requirements of particular application. For example, a
single strip of tape containing numerous MWM-Roseties may be placed along a row
of fasteners relatively rapidly. Electrical connections can be made 1o bond pads for
the individual sensors or groups of sensors. When mounted against a surface, the
adhesive can be provided along one surface of the supporting membrane to bond the
selected length of the sensor array to a part to be tested. When mounted betwee
layers, the adhesive should be provided along both the wpper and lower sxposed

2, such as
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joint or under repeirs using composites or metal dorblers,

- 1 L -
stween layers of 2 lap joint or umderr2

wagathlsr writh o aseia—r ~ar ather Jilare ~n crinmarT ~AmImTescITe 1nadAs Thic ig

possibly with 2 geelazy or other Sllers oo support comprassive Ioads, This 1s
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lnsirated 1 the cross-sectional view of FIG 25 for MWM-Arrays 266 embedded in
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the sealant 262 between structural panels 260 and around a fastener 264. It also
follows that the rosetie configurations can be formed into "smart" washers that can
be placed directly beneath the heads of fasteners. This is illustrated in the
cross-sectional view of FIG 26 for an MWM-Rosette 272 placed bstween the head
of a fastener 270 and a structural panel 260. The sealant 262 may be placed between
the structural panels, between the MWM-Rosette and the fastener head, or over the
entire fastener head.

Since processing of the measured responses through ths measursment grids

provides the capability for each sensing element to be individually lifi-off

. et = ES 1 H M L e .t )
compensated 2nd access to each element is not required for calibration, the sensor

can be covered with a top coat of sealant to provide protection from any hazardous

environments. Furthermore, the sensor can intentionally be set off a surface, or
fabricated with a porous (or liberally perforated) subsirate marerial, to avoid or
minimize interference with the environment causing the corrosion process to occur

ous monitoring and inspection for sirsss

.
o fr ey

on the surface and to provide continu
corrosion cracking or corrosion fatigue.

FIG 28 illustrates zn example configuration in which two closely spaced
MWM-Rosettes 97 are placed around two fasteners 99. The fasteners are also nzar a

corner fitting 101. This is meant 1o illustrate that the rosettes can operate when next

il L

to one anotner, and they can be driven either simultaneously or sequentially. The
winding pattems for the primaries help cancel the magnetic fields outside the
footprint of each sensor so that the cross-coupling of fields between rosettes is
minimal. A distributed architecture can be used for the electrical connections to
each of the rosettes. The elecronics 103 can be distributed so that sach rosetie has

independent amplification end conmection cables. Aliermatively, multiplexing or

t each of the individual sensing slements, as appropriate, can

reduce the number of independent amplifiers and cables. The electromnics can be

~

the opposite end of the conneciing cables, far

& 1 imo + canry T 3745
1Tom 102 $2nsing Slgments, as necessary. In addiuch,

oy L mera T A S A & 2 Finam =a] = -+ 3
made fiat and fexible for embedding in the structure so thet reledvely few signal
n 2 requirasd for sach rosstie
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These configurations, particularty when a lLied in a surface mount
(=4

application, provide new capabilities for fatigue damage monitoring. For example,

there is a stated requirement in both military and commercial sectors to more

accurately determine the number of cycles to crack Imitiation, N,

fatigue behavior of new zllovs and to ualify produc

, in fatigue test
coupons and component tests. For coupons, this is necessary to deiermine the

tion runs for materials used in

aircraft structures. For fatigue tests of complex swuctures, determination of both the

number of cycles to crack initiation-and mornitoring of crack propagation and crack

propagation rates, da/dN (depth vs. 6ycles) and dUAN (length vs. cycles), is required

and would provide essential information for both aging aircraft management and

newer aircraft design and modification. When cracks initiate in difficuli-to-access

locations, however, crack propagation rates can not be det

ermined during fatigue

testing. Thus, either costly disassembly is required during fatigus tests, or very

conservative damage tolerance-based inspection scheduling for in-service aircraft

will result. Surface mounting of the s

requirement and allows for more periodic insp=ctions.

winding 214

ensors substantially redunces the disassembly

FIG 29 shows an alternative embodiment for  sensor 212 having a primary

and a plurality of sensing elements 216 mounted oo a common

substrate 213. The sensing elements 218 of the sensing elements 216 on one side,

those in the channels opening to the bottom of FIG 29, are smaller sensing elem

ents.

The sensing elements 218 are offset, starting at the top on the left of FIG 29. The

offset is perpendicular to the scan direction to support image building of the “crack”

rssponse. The staggering of the secondary positions rovides for comnlete coverace
fo-to] =3 o —

when the sensor is scanned over the MUT in a direction perpendicular to the primary

meanders. Individual connections to each of the staggered secondary elements 216

torl

also support the construction of images of the measured properies. Elongate
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property image obtained from the smaller sensing elements. FIG 46 and FIG 47
show two additional embodiments for linear sensor arrays where a single primary
winding creates the imposed magnetic field and individual connections are made to
each secondary element in the array.

FIG 30 shows a schematic for a multilayer sensor arrey that provides high
imaging resolution and high sensitivity to hidden macrocracks and distributed
microcracks. This deep penetration array design is suitable for the detection of
hidden fatigne damage at depths more than 0.1 inches. The sensor array .contains a
single primary winding 104 and an array of secondary or sensing elements designed
for absolute 106 or differential 108 measurements as described below with respect to
FIGS 31 and 32. In this tapered MWM- Array current flow through the primary
winding creates a spatially periodic magnetic Seld that can be accuraiely modeled.
The voltage induced in the secondary elements by the magnetic field is related to the
physical properties and proximity to the MUT. Except for the rightmost sensing
elements, two sensing elements are located within each meander of the ¢ primary
winding. The absolute elements are offset in the x direction Gom other absolute
elements to provide an overlap and complete coverage of the MUT when the array is
scanned in the v direction. Similarly the differsntial elements are offset from one
another to also provide complete coverage
uses a single primary winding that extends beyond the

Q

This sensor als
sensing elements in the x and y directions. This has the specific advantages of
eliminating the problem of cross-coupling between individually driven sensing

elements and reducing parasitic effects at the edges of the seasor. These parasitic

etfects are further reduced by the introduction of passive, dummy elements that

maintain the periodicity of the sensor geometry. These elements are illustrated in

x

riG 30 in the end meanders 110 and within the meanders containing the sensing

elements 112.

Furthermors, i

(drive) winding is large enough to minimize coupii

{
magnstic field modes. As aresult, the sensin
od=

sensitive to the dominant periodic mode. Thi

sensitivity to the properties of an MUT.



The design of the sensor in FIG 30 also minimizeg differences in coupling of

the magnetic field to the sensing elements. The taper of the primary winding in the
y direction maintains the distance between the sensing elements and the edge
segments of the primary winding 114 and 116. This also effectively balances the

5 fringing field coupling to the electrical leads 118 for connecting to the sensing
elements. These leads are kept close together to minimize finging field coupling.
The leads for the primary winding 120 are kept close together to minimize the
creation of fringing fields. The bong pads 122 and 124 provide the capability for

. connecting the sensor to a mounting Sxture. The trace widths for the primary

winding can also be increased to minimize ohmic hearing, particularly for large

-t
<D

penetration depths that require low frequency and high current amplitude
excitations.

In order to maintain the Symmetry for the sensing elements, multiple layers
are required for the winding patterns. In FIG 30 #he primary winding is fabricared

oz one side of an slectrical insulator 102 while the secondaries are deposited onto

!--I
U

the opposite side of the insulator. The three-layer structure is then sandwiched
between two additional layers of insulation, with adhesives bonding the layers
together. This deposition can be performed using standard microfabrication
techniques. The insulation used for the layers may depend upon the application.

Yers can be a flexible materiz] such as
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Kapton™ a polyimide available from E. I. DuPont ds Nemours Company, while for

high temperamre a Iications the insulatine layers can be a caramic st ch as alumine.
o EN t 7

Although ths use of multilayer s=psors and senso- arrays is widespread in the
litereture, one unique approach here is the offsat combination of absolute and

differsnzial elerents within a meandering winding stwucture that providss a spatally

o
h

periodic imposad magnetic field and has been designed 10 minimize mnmodalad
this design ere that (1) it 2llows complets

coverage with both types of sensing slements when the array is scannsd over an

-

MUT, (2) the resoonss of the Incividual slements can b= acenr

Town opn? te F tha AATTT ag ond
llowing quencizative -ieasurements of ths MUT properties end
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winding, the design of FIG 30 illustrates how the layout of the primary and
secondary windings can provide improved measurement sensitivity.

FIG 31 shows an expanded view of one of the absolute sensing elements
106. Electrical connections to the sensing loop are made through the leads 130 and
the bond pads 122. The dummy elements 132 maintain the periodicity of the
winding structures and reduce element to element variability. The distance between
the-primary winding segments 134 and the secondary winding segments 136 ¢am be
adjusted to improve measurement sensitivity, as described in Patent Application
09/182,693. 1t is particularly advantageous to have this distance as large as possible
when attempting to detect deep defects, far from the surface. With each absohite
sensing element independent of the response of the other elements, the measured
signal can be processed with measurement grids, as described in US Patent
5,543,689, to independently measure the local material property and proximiry to the
MUT. The measured properties from zach absolute sensing element can then be
combined together to provids a two-dimensional mapping of the marerial properties.

FIG 32 shows an expanded view of two differential sensing elements 140
placed adjacent to one another, betwsen two primary windings 142. Bach
differential element includes two sensing coils 144 with associated connection leads
146. The meandering pattern of the leads provides essentially the same coupling
areas and fields across the sensizg region between the sensing coils. Dummy
slements 148 are placed on the sides and between the pairs of differential coils
closest to the center of the sensor in the x direction to farther minimize any
differences between the coils. By meintaining the symmetry between the coils and
the sensing leads, the coil differences can be ‘aken ar the bond pads 124 or with
the absolute coils, the gap spacing

' M 1< 3 : 1o
glectromcs external to the sensor itself, Similar o th

-

betwssn the primary windings and the secondary coil can bs adjusted and oprimized

Tor a particuler meastursmant application. When scanned in s y dirsction, the
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ofiset of these slements in the x direczion provides

two-dimensional mappin g ot the differential rasponse, whi
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FIG 33 shows an alternerive orisntation fo- ‘he differential ss sing elements

ra 3y o pdam S 1.3 = 3ot A1y T wpraan 10 1A/ ~L

140 betwsen the primas rwindings 142, In this cass, the individnel wondngs 144 of
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the sensing elements are placed symmetrically on opposite sides of the centerline
between the primary windings and perpendicular to the extended portions of the

"

primary windings. In this orientation the ditferential response is parallel to the scan

i

direction for the sensing array.
This combination of both differe ential and absolute sensing elements within

the same footprint of 2 meandering primary winding is novel and provides new
Imaging capabilities. The difFe rential elements are sensitive to sli ght variations in
the material properties or proximity while the absolute elements provide the base

properties and are less sensitive to small property variations. In one embodiment,
of

f Sy

vr - LL, S ona ~e 2 3 o = 1
the raw differential sensor me casurements can be combined with one, some or al

the raw absolute meesurements 1o provide another method for creating a
two-dimensional mapping of the absolute materia] properties (including layer
thicknesses, dimensions of an object being imaged, and/or other properties) and
proximity. In another embodiment, the property and proximity information obtained

% . - 1 r < w <
om the absoluts measursments can be d as inputs for models that relats the

P

differential response to absoluta property variations.
FIG 34 shows an expanded view of an alternative method for connecting to
an absolute sensing element 304. Electr ical connactions to the sensing loop are
made through the leads 310, which are offset from the centeriine 314 between
adjacent conductors for the primary winding 302. A sscond set of leads 316 are
offset the same distance from the centerline on the other sids of the centerline and
connscted together 1o form a flux iinking Ioop with conductor 318. The connecton

leads 310 to the sensing element are then connesied to the seconé set of leads 316 in

a differential format 1o so that the fux Iinked by the second set of leads o ssentizlly
subtracts from tbe flux linked by the Jeads 1o the sensing element. This is
particularly usefil when the sensin g elements are made relatively smail 1o provide a
nigh spatial resolution and the Sy (or ar=a) linked by the loop created by the
connection leads becomes ¢ mparable to the fiux (or ars2) of the sensing e Lmu

Ihe distancs 312 barwaan the cross-connection 318 on the s=cond gat of leads znd

the sensing element should be reinimized to ensure that the fuy link

_
s nearly cormpletsly canceled, Dumry elemenis cza
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One of the issues with planar eddy-current sensors is the placement of the

current return for
spatially distant from one another, which creates an exiraneous and large inductive

the primary winding. Often the ends of the primary winding are

loop that can influence the measurements. One embodiment for a layout for a
primary winding that reduces the effect of this inductive loop is shown in FIG 33.

The primary winding is segmented with the width of each segment 150 determining

he spatial wavelength &. The segments of the primary winding are commected to
bond pads 154 through leads 152, where the leads are brought close together to

minimize the creation of stray magnetic fields. After wrapping the leads and bond

ding, the individual segments as then

re
7

pads behind the face of the primary w

ES
Ua

?

connected together in series. The arrows then indicate the instantaneous current
direction. The spacs behind the sensor array can be filled with rigid insulators,
foam, ferrites, or some combination of the above. This three-dimensional layout for

the sensor effectively creates 2 meandering winding pattern for the primary with

e . ' . £ 2 .. ) o - + £} 2
effecavely twice the currept in the extended portions of each segment 2nd moves ths

large inductive loop for the primary winding connections far from the sensing
region. The sensing elements 156 and dummy elements 158 are then placed in
another layer over the primary winding. This design can also be applied to the
tapered MWM array format of FIG 30, where the primary windings become
rapezoidal loops.

Grid measurement methods can also be applied to multi-layer sensor
constructs. For example, FIG 36 shows a measurement grid for the two layer MWM
sensor of FIGS 38a and 38b. This measurement grid provides a database of the
sensor response (ths transimpedance between the secondary winding voltage and the

primary winding current) to variations in two parameters to be determined. In FIG

T T Ll 3 Ll a o Py | ~ Fecrsdvs L QAT anT
the li5t-6i¥ and {hs test material conductivity. The sensor

ted with a model which iterates each parameter

WAOSTS SXIeNSiVE rSISrence paris ars avallavle which spa= ¢

s
interest, empizical responses can be used o crezie the g
T 3 vy e T ~ - L - I3
$SnsOr responss on 2 12st marenial, the parzmeter vaiues are determined by
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An alternative method of making conmections to the various components of
the primary winding elements is shown in FIG 37. In this case, the
cross-connections 180 between the various segments of the primary winding reduces
the number of bond pad connections 154 for the primary windings. This greatly
simplifies the electrical connections to the sensor as only four bond pads are
required, independent of the number of meanders in the footprint of the sensor. The
same concept can be applied for the secondary elements, as the connections 182
indicate. This is usefil whenever a combination of secondary elements is desired or
independent connections to each of the secondary elements is not required. FIGS
38a and 38b iltustrate another exampie of the "split" primary winding design.
Dummy elements 132 near the ends of the sensing elements are also included in this
case. Furthermore, the dummy elements 158 are extended along almost the entire
length of the primary winding loops in order to maintain the desi gn symmetry.

: An embodiment of an MWM-Array with multiple sensing elements is shown
in FIG 39. The primary winding meanders 230 havs connections simnilar o the
primary shown in FIGS 38a znd 38b. Secondary element connections 232 are made
to groups of secondary elements 236 that span diiferent regions of the primary
winding structure so that scanning of the array over an MUT in a direction parallel
to the meanders of the primary provide measurements of spatially distinct areas.
Dummy elsments 234 and 238 help minimizs parasitic coupling between the
primary and secondary elements to improve air calibrations.

Another embodiment for a layout of the planar primary winding reduces the
eifect of the primary winding inductive loop as illustrated in FIG 40. The sensing
windings 172 with dummy elements 170 are sandwiched between a meandering
winding 162 in the first layer and a second meandering winding 168§ in the third
layer, with electrical insulation berween each layer. Vias 164 between the first and
third layers provide en elecical connettion berween the mesnders, The connsctions

t0 the primary are made at the bond pads such 25 160. When stacked together, the

) .- - . .,
12 =~ AoTihwara amd trae &r ~ha 1~ tacitr
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MWM-Azrays by uilizing ths accuratzly modsled and reproducible arrey
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and measurement grids so thar extensive sets of refersncs parts are notrequired. An
initial "air" calibration is performed prior to mounting on the surface. This involves
taking a measurement in atr, for sach array element, and then storing the calibration
informarion (e.g., in a computer) for later reference afier mounting the sensors.
After the sensor has been mountad to a surface, the insirument and probe electronics

can be calibrated by connecting to a duplicate sensor so that an air calibrarion can be

performed. After conmiecting the siface motnted sensor to the insrumentation, the

sensor operation and calibration can be verified by measuring the Iifi-off at each

element. The sensor is not operating properly if the lifi-off rea iings are too high,

which may result from the sensor being detached fom the surface, or if th

measurement points no longer fall on a measurement grid, which generally

corresponds to a lack of continuity for one of the windings. A final verification
mnvolves comparing baseline measurements to other measurement locations that are

not expected to have fatigue damage or cracks. This reference comparison can
S such as
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verify sensor operation and may assist in compensating f
wemperature drift. This may invoive using elements of the array that ere distent from
the areas of high stress concentrazion.

The electrical conductivity of many test materials is also temperaiure
dependent. This temperature dependence is usually a noise factor that requires a
correction 10 the data. For example, FIG 41 shows 2 representative set of
conductivity measurements from the elements of e MWM-Array of FIG 8 inserted
inside 2 hole in a fatigue test coupon as the coupon temperamre is vazied and
monitored with a thermocouple. The MWM was des; gned 10 be insensitive to

A AL Lo atrea Ao AAanse— I I Q Patent N\he < /52 £
varialions i its owan ismperature, as describad in U.S. Patent Nos. 5,453,689 end

3,793,206 and U.S. Patent Application No. 09/1 82,693. The temperature of the

‘. . ~ N
— -ty A core eritia
€4 10 2 vanely o ways: wita th
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room, with the mechanical loa iing as the component is fatignad, by grasping it with
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Thermally induced changes in the electrical conductivity also provide a
mechanism for testing the integrity of the sensor. Heating the test material locally,
in the vicinity of the MWM-Array should only lead to a change in conductivity, not
Lift-off, when the array is compressed against the part. Monitoring the conductivity

changes with temperature, without significant lift-off changes then verifies the

n

calibration of the sensor and also that the sensor elements themselves are intact.
Another component of the life extension pro gram for aircraft is the rapid and

cost-effective inspection of engine components such as the slots of gas turbine disks
and spools. Cracks often form in regions of fretting damage. The fretting damage

0 oftenlsadsto false positive crack detections with conventional eddy-current sensors,
which severely limits the usefulness of conventional eddy-current sensors in this
inspection. For a number of disks/spools, ultrasonic (UT) inspection is the current
standard inspection method. The current UT threshold for “reliable” detection of
cracks in fretting damage regions is thought to be batwsen 0.150 znd 0.250 inches

5 but there is an ongoing need reliably detect smailer cracks, possibly as small as
0.060 to 0.080 inches in length. The JENTEK GridStation( System with the
conformable MWM eddy-current sensor and grid measurement methods offers the
capabilizy to detect these small cracks in fretting regions, while eliminating the nesd
for crack calibration standards other than to verify performance. Calibration can be

erformed with the sensor in the middle of any slot on the engine disk. A scan of
o

<

this slot is then performed first to verify that no crack existed at the caiibrztion
location. Then all slots on a disk are inspected withourt recalibration.

For the inspection of nonmagneric disks, such 2s titenium disks, absolute
electrical conductivity and proximity (lifi-off) measuremesnts can be performed with

MWDM seasors. When a crack within a slot is sncountered, it manifests itself by a

W

distinct and repeatable drop in conductivity, FIGS 422 and 425 shows an example
f'repeated inspections on the same slots for a Stage 2 fan disk. No calibration

ofrep
standards wers used to perform these inspections.

Jarcad avon el ™
Selgcld zrea wWwithm a <3
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and was the only calibration required for the inspecti - e sl

length 1 within approximately 0.08 inches Fom th ge. T
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performed in an incremental mode, where the sensor positioned is moved in
increments of 1 to 2 mm, or in a continuous mode, where a position encoder
automatically records the sensor position as the sensor is moved along the slot.

FIG 43 shows the results of the slot inspection in all 46 slots, with some slots
showing the characteristic decrease in conductivity associated with a crack. Both
FIGS 42a, 42b, and 43 present the absolute electrical conductivity without any
normalizarion. The data from FIG 43 after motmalization to accotmr for edge effects
are given in FIG 44. The slots that contained a distinct conductivity decrease and
indicate the presence of a crack are marked in the legend for each plot. The arrows
mark the slots where the UT inspection reported reject indications; the slots where
the MWM detected cracks while the UT indications were below the reject threshold
0f 30% are encircled. In addition to conductivity vs slot location information, the
grid measurement methods provide lifi-off vs slot location information. The lift-off
data appear to indicate the extent and relative severity of fretting.

Table 1 compares the findings of the MWM inspections with the UT
mspection. The UT report identified rejected indicetions (>30%) in nine of the 46
slots (slots # 9, 10, 11, 13, 22, 34, 35, 36, and 45). The disk slots had regions of
fretrmg damage and, accoraing to the UT inspection report, some of the slots
contained cracks in the fretting damags regions. In contrast, the MWM with Grid
msthods reliably detected cracks within fretting damage regions in 14 slots,
mncluding all nine slows with rejected UT indications and five additional slots (slot #
1, 8,14, 23, and 41). For verification, the well-known procedurs for teking acerate
replicas, that provide a "fingerprint" image of the surface, wes adapted for the

characterization of the surface condition within the slots. These replicas confirmed

S.

the MWM findings and showed imagss of cracks in fretting demage region
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TABLE 1

Comparison of crack detection by MWM with reported UT indications for an F110

Stage 2 fan disk.

Slet§{ UT UuT MWM Crack Length as | Distance from
# | Accept | Response Detection Verified slot edge to the
ance % by Replicas nearest crack tip
I | Adccepri 23 Yes (E) 0.I6¢in" - 0.23 inz
2 | dccept | 20 | ?(AJART/ERT) 0.05 in. 0.16 in.
3 | Accept 20 ]\‘To (4) No cracks No cracks
4 } Accept 20 No (4) ~0.015 in. 0.26 in.
5 | Accept 23 No (4) 0.045 in. (0.20 in.
6 | Accept 20 2(A/ERT) 0.686 >0.12in.
7 § Accept 22 No (4) No cracks No cracks
& | Acecepr 21 Yes (E) 0.16 in. 0.32 in.
9 | Reject 34 Yes (E) 0.20 in. 0.26 in.
10 | Reject 116 Yes (E) 0.21m. 0.2 ix.
11 | Reject 52 Yes (E) 0.221in 0.28 in.
12 | Aecepr 9 No [4) Posslbl'y <0.015 0.44 m.
12 | Reject 47 Yes (E} 028 0.20 in.
14 | Accept 13 Yes (E) .13 0.22 in
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15 | Aeccept 10 No (4) Possibly 2 0.22 in. j
adjacent cracks
(combined length
(0.03 in.)
16 | Accept 10 ? (A/ART/ERT) | 0.005 to 0.015 in. 0.13in.
long intermittent
cracks over 0.15
in
17 | Accept 12 No (4) No cracks No cracks
18 § Accept g No (4) No cracks No cracks
19 | Adccept 9 No (4) Possibly one 0.03 0.29 in.
in. crack?
20 § Accept 10 No (4) No cracks No cracks
21 } Accept 10 No (4) No cracks No cracks
22 § Reject 63 Yes 0.44 in. 0.18in.
23 | Accept 15 Yes 0.19 in 0.16 in.
29 | Accept 7 ?No (4) 6.005 o 0.025 in. 0.29 in.
" long intermittent
cracks over (0.165
30 | Accept 7 ? {A/ART/ERT) Twe adjacent 8.26 in.
cracks (comb.
length (0.04 in.)
plus owo 0.05 in.
cracks
33 | 4ecepr 17 ?(4/4RT) Possibly 2 cracks,
0.02 in. eack,
abouz 0.1 in.
apart
54 ¢ Rejecr 20 Tes (J. 3¢ in. J.25 i
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35 } Reject 68 Yes (0. 440 in 0.16in
36 | Reject 54 Yes Not replicated Not replicated
41 | Aceept 12 Yes 0.15 in, 0.36in.
45 | Reject | 4] Yes 0.15 in. . 0.21 in.

Note: A —aceept; E — svaluate (subject to an evaluarion for Iepair/retre decisions); ART — accept on
retest; ERT - evaluate on retést. These dscisions depend on the threshold setfings in fhe application

module.

Additional measurements were also performed 10 illustrate the use of an
encoder for determining the position in 2 slot and sequential thresholds for
determining the acceptability of a disk slot A typical set of measurement scan
results is illustrated in FIG 30. The normalized electrical conductivity, measured
with the MWM, is plotted against the sensor position, measured with the linear
encoder. For each scan, the initial position of the sensor in the slot is set vistally,
usually by aligning a "corner” of the shutile with the top surface of the slot. The
conductivity is then measured as the shutile is passed through the slot at a
reasonably constant rate. The presence of a crack in the slot causes 4 reduction in the

electrical conductiviry as the sensor approaches the slot edge; as the sensor leaves

the effective electrical conductivity dips and becomes

frada)

the slot and goss off the edge,

very large (eventually going off of the measurement grid). The measured electrcal

conductivity is normalized by the average conductivity near the center of the slot,

prior o reaching the region of interest near the slot edge. Typically, the averaging

was performed over the 0.8 to 1.3 inch rzgion while the edge of the slot was in the

1.7 to 1.9 inch region; based on a limited number of scans, averaging from 0.5 10 1.3

inches does not appear to affect the measurement results. Although the cracks in
some of the siots extend from the edge into the averaging region, the signal obtzined

¥

Trom the cracks stll fall ints the "avaluate' rzgion or the response, a5 describe
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denoted by the labels A1 and A2 in FIG 50, In the decision process, each slot scan
is compared to the two thresholds. A1 is the Retest/Evaluate threshold while A2 is
the Acoept/Retest threshold. If the normalized conductivity is above A2, then the
decision is ACCEPT (e. g, both Al and A2 pass). Ifthe normalized conductivity is
5 below Al on the initia] scar, the slot is thought to contain a flaw and EVALUATE
is the final decision (e.g., both A1 and A2 do not pass). If the minimum normalized
conductivity falls befveen Al and £7 (e.g., Al pass, A7 does not pass), the slot
must be retested several times. Then the average of the inspection scans is used to
reach a decision on the slot. Now, if the zverage is below A2, the final decision is

10 EVALUATE upon retest, Otherwise, the outcome will be ACCEPT upon retest. In

the case a slot is acceprad upon retests, a supervisor concurrence and signature are
required. Thus, for the case of “ACCEPT,” no further action is required other than
making a record. For the cass of “RETEST,” the slot has o bs re-inspected several
tmes. The Retested slot will then be Iabeled as either Accept or Evaluate,

“EVALUATE” means that the siot is Likely to have a significant flaw that nesds to

[y
W

be svaluated by other methods.
These thresholds are besed on statistics for the disks being measured and the

training set population. In this case, the threshold level A1 was set to provide an

Evaluate decision for 2 0.16 inch long crack while the threshold level A2 was set to

20 be near the minimum i normalized conductivity for 2 0.080 inch long crack. Asthe
1y g

number of disks and slots inspected incrsases, the threshoid Ievels can be derermined

with statistical methods based on the probability of detection for a given crack size,

Representative threshold Isvels are A1=0.9972 and A2=0.993

The minimum in the normalized conductivity for 21l of the slots on a disk are

at

illustrated in FIG 51. The column bars denote the average values while the error

o
W

bars show the standard deviation of the measuremerts. The effect of altering the

threshold ievels can be seen. The Al (lower) threshold is typically set so that larger

1 ter than 0.1 inches long) ars svaluated aiter the first scan. The A2

,
- ra {ora
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(upper) threshold is set 1o Clirerenuate the smaller cracks Som
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an A2 threshoid that passes through (or nzar) ths amo
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characterized (e.g., replicated), better statistics can be applied to determining the
thresholds that should be used for dsiection of a given crack size.

FIGS 45a and 45b illustrate the crack length dependence of the minimum in
the normalized conductivity for the slots of Table 1which had been replicated. In
this case, three to 11 measurements were performed on each slot, Three differsnt
inspectors inspected each slot. The average and standard deviation for the
measurements on'each slot are illistrated in FIGS 452 and 45b, The vertical error
bars represent the standard deviations in the measurements between the operators
and illustrates the operator variability in the measurement results. The horizontal

srror bars denots the effective crack length due to multiple cracks or cluster

cracks greater than 0.005 inches long. The slot number is given on the right side o
each data point. The thresholds indicate the evaluate (A1) and retest (A2) levels for
the minimum in the normalized conductivity. Clearly, adjusting the rerest level (A2)

shightly will affect the probabiiity of detection of the smaller cracks, such as the

-,

0.080 and 0.050” long cracks (slots 6 and 2, respectively). The minimum

.

fud
of the detection thresholds znd the

variabiliry of the instrument, operators, and other noise factors. The detection
thresholds set the minimum 2llowabls reduction in the normalized conductivity for
an acceptable scan. Choosing thresholds beyond the measurement "noise" level that

minimizes the number of false indications also sets the minimum detectable crack

size.
The uss of MWM sensors and Grid msasurement methods can 2lso provide a

more meamingful assessment of weld quality than conventional inspection methods.

The high cost and complexity of titanium welding are cansed by special cleaning

and shielding procsdures 10 preclude contaminasion. Quality control of titanium

includes, emong other things, inspection for contamination. Currently,
tranium welds are accepted or rsieciad based on surface color mspection resuls,

even though the surface color has not be=n 1 mndi

contamination leval.

oo A L3

, A ol e <o £
A enous GTA welds were fabricared in
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ree levels of air contamination, and ™o levels of CO contamination. The

%
Tmeasurements were performed in 2 point-by-point “scanning” mods across each
weld so that each scan included the titanium, Grads 2 base metal, heat-affected

zones on each side of a2 weld, and weld metal. The footprint of the MWM sensor
was ¥ m. by % in.

FIG 48 shows an MWM measured electrical conductivity proiile across the
welds obtained at 2 frequency 400 ¥Hz. All measured conductivity values were

normalized by the maximum conductivity in the base metal. The dip in conductivity

23

In each curve corresponds o the weld metal, whereas fhé left and right “shoulders™

correspond to the base metal. In the specimen containing the weld fabricated with

pure argon as the shielding gas, the conductivity of the weld metal is only slightly
lower than conductivity of ths base meral. There is a general frend of conductivity

decreass with contamination level. This wend is illustrated in FIG 49, for excitation

frequencies of 400 kHz and 1.58 MHz, as air contamination in the shielding gas

reduces the conductivity of the titanivm weld metal. In this plot, the conductivity of
weld metal is normalized by the minimum msasured conductivity of weld fabricated
in pure argon.

Periodic fisld eddy-currant sensors can also be used to derect overheat

damage in gun barrels or other steel components that may be coated with another
material or uncoated.

As an example, msasurements were performed on *wo semi-cylincrical

samples from a longitudinally sectionsd 25-mm gun barrel. The section of this

=

particular gun barrel, locatsd between axial positions 8 in. and 24 in. away from the

~ad

{the rifling, had expsrienced overheating. Sample 2a (in FIGS 52 2nd 53)

was removed Tom the overheated ssction and from the part of the gun barrel

between the 7-in. and 16-in. axjal positions. Sample 5 (m FIGS 52 2nd 53)isa

section of the gun barrel not affected by overheating and from the part of the gun

barrel between the 41-in. and 51-in. axiz] positions. The gun barrels were made o7 2

Pate)

WUTS. in tac overhisaled secion, there was 2 distinct hea-affected zons

the hore whara 1) axiyler Lot SIP1FI A 1 A 1] o TF
arcund the bors where the resuling ferritic-bainitic microsirucure suggests the
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barrel was plated with electrodeposited chromium where the thickness ranged from
0.10 mm to 0.20 mm.

FIGS 52 and 53 show a representative set of MWM measurements on gun
barre] samples. These measurements were performed with a JENTEK GridStation
using magnetic permeability~lifi-off measurement grids at a frequency of 100 kHz.

Axial scans along the length of the samples were performed with the MWM sensor

. Y

windings oriented-both parattel (Orientation w1) and perpendicular (OHentation £2)
to the gun barre] axis. FIG 52 shows the results of the MWM axialiscans in terms of
effective relative fnagnetic permeability vs axial position (within each sample) along
the barrel axis. Note that the MWM is most sensitive to permeability in the
dirsction perpendicular to its longer winding segments. The data revsal that the
longitadinal effective permeability measured with Orientation #2 in Sample 5 (not
aifected by overheating) is higher than the wansverse permeability measured with
Orientation #1, indicating some anisotropy. The MWM data for Sample 2a show
that overheating dramatically increasad ths longitudinal effective permeabilin
measured with Orientation #2 in sample 2a compared to the transverse sffective
permeability, measured with Orisntation 21. FIG 53 shows the effective
permeability is plotted vs distance from the szar of rizling along the barrel axis. The
MWM measured resuits are shown in solic lines whils the dott=d Iines indicate a
possible trend in relative magnetic permeability in ths region betwesn Sample 2a
and Sample 3.

These measurements indicats that the MWM probe response was
characteristic of a ferromagnetic material. Note that the low-alloy steel is a
s

e

pleting

~

nonmagnstic unless the plating had been exposed o bigh temperatures for

ferromegnetic material whersas the electrodeposited chromivm
P

sufficiently long time to effect diffusion of iron into the deposited plating, Ata

frequency of 100 kHz, the estimated éspth of sensitvity in pure chromium is

estimated 10 be epproximarely 0.5 mm, which is greeter th

T

elecorodeposited chromium ol
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property changes caused by overheating. For rapid inspections of gun barrels,
cylindrical probes having MWM sensors in both paralle] and perpendicular
orientations can be used so that a single measurement scans provides both
measurements of the effective permesbility.

Periodic field eddy-current sensors can also be used to detect and quantify
the depth of subsurface cracks. Asan example, consider the measurement illustrated
in FIG 54. In this cass, two-frequency conductivity--lif-off measurements wers
performed on the back surface of a nicks! all oy sample having notches that simulate
crack-like flaws on the front surface. FIG 54 shows a schematic of the flav pattemn
in the sample and the MWM measured conductivity scan at two frequencies. A
simple ratio of the two-frequency absolute ¢ onductivity measurements (afier passing
the raw data through the two-unknown measurement grid) provides a robust
corrslation with distance from the flaw tip to the back surface. This method can be
used to detect and determine depth or distance to hidden cracks for both fatigue
cracks and, for some components, crackin ang associated with corrosion fatigue.

While this invertion has been particularly shown and describsd with
references to preferred embodiments thereof, it will be understood by those skilled
in the art that various changes in form and details may be made therein without

departing from the scope of the invention encompassed by the appended claims.
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presented et the Fourth Joint DoD/FAA/NASA Confersnce on Ao ging Aircraft, May
6, 2000.
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A method for monitoring damage at a fastener comprising:
mounting a spatially periodic field eddy-current sensor

to a test substrate near a fastener, and

sensing response of the test substrate to a magnetic

tield imposed by the eddy-current sensor

A method as claimed in Clam i where the sensor 1s mounied

under the head of the fastener.

A method as claimed in Claim 1 where the sensor is mounted

between the layers of the structure attached by the fastener.

A method as claimed in Claim 1 where a sensor 1s mounted at

both ends of the fastener.

A method as claimed Claim 1 where the sensor 1s a circular
spatially periodic field eddy-current sensor surrounding a

fastener.

A method as clauned in Claim 1 where the damage is 1n the

form of a crack.

A method as claimed 1n Claim 1 further comprising at least
two cireular spatially periodic field eddy-current sensors each
mounted around a fastener and a single cable connects the

drive and sense conductors to the data acquisition system.

A method as claimed m Claim 7 where the each sensor

provides a separate output.

A method as claimed in Claim 8 where the output is an

absolute property measurement.
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17.

A method as claimed 1n Claim 7 where the sense conductors
from pairs of sensing clements are connected together to

provide a differential measurement

connections are made to each sensor.

A method as claimed in Claim 1] where the sense conductors
are connected together to provide a common output

connection

A method as clazmed 1n CJ aim 7 where the drive conductors

are connected together to provide a common drve signal.

A 21 1 1 M bl 71 1T ] 1 1
: £
£ meNoa as claimed in Liamm i3 where the sense conauctors

are connected together to provide a common output

connection

A method as claimed 1n Claim I where the sensor 1s mounted
in a cylindrical support material shaped 1 the form of a

washer for mounting under a fastener head

A method as clarmed 1n Clamm 15 where the support materal

withstands compressive loads.

A method for estimating material properties from an inductive

$€Nsor comprising

sense windings in muitiple layers;

storing the measurement grids as databases of sensor
esponses to a predetermuned range of at least two unknown
properties; and

using the databases to convert sensor responses mnto

estimates of at least two unknown properties
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A method as claimed 1n Claim 17 where finite element

modeling is used to gencrate databases of responses.

A method as claimed 1n Claim 17 where analytical models are

3 o - databacps AFvan “
sed to generate databases of responses.

o

A method as claimed in Claim 17 where finite difference

modeling 1s used to generate databases of responses

A method of fabricating a damage standard comprising:

attaching an electromagnetic sensor to a cnitical surface of test

maternial,
mechanically loading the test material and measuring a change in the

electrical properties under the surface of the sensor; and

A method as claimed in Clamm 21 where the damage 15 a

fatigue crack.

A method as claimed n Claim 21 where the sensor 1S a
spatially periodic field eddy-current sensor and the test

matcrial is a metal.

A method as claimed 1n Claim 23 where the sensor 18 flexible

ES

for conforming to the shape of the surface of the test material

,_,
P!

A method as claimed 11

with multiple sensing elements for pro

C
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of the damage.

A method as claimed 1 Clatm 21 where the scnsc TiS a

dielectrometer and the test malterial 1s a dielectric matenal
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A method as claimed in Claim 23 further comprising the use

ofa temperamre measurement sensor fo correct for electrical

of multiple sensors to monitor multiple regions

A method as claimed in Claim 28 where the sensors mnclude
arrays with multiple sensing elements for producing spatial

images of the damage.

A method as claimed in Claim 22 further comprising the use
of a sensor to monitor the change 1 crack length with the

number of fatigue cycles

A method as claimed 1n Claim 22 further comprising the use

to monitor crack depth

‘ﬁ

of multiple frequency measurement

A method as claimed 1n Claim 22 where the damage 15

pre-crack damage.

A method as claimed in Claim 22 further comprising

mounting the sensor between layers of the test material.

A method as clarmed m Claim 23 3 further comprising the use

of a sealant to provide mechanica] support.

A method as claimed in Clamm 21 fur rther comprising s
the test material to create a stress distribution so that fatigue

damage mitiates under the sensor.

(D
3“
o

A method as claimed i Claim 35 wher cst matenal 1s
formed 1nto a dogbone shape and the center section 1s thinned

to localize fatigue damage.
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A method as claimed m Claim 36 where the test material

further comprises reinforcement ribs on the edges.

A method as claimed in Claim 37 where the test material
+

- A + + + | Fiha 1
rther comprises radius cutouts on both sides of the thinn

A method as claimed mn Claim 35 where the test material
further comprises radius cutouts on both sides of the thinned

section.

A test circuit comprising;
a primary winding having parallel extended portions for imposing a

spatially periodic magnetic field of at least two spatial wavelengths in

an array of sensing elements for sensing the response of the test
substrate to the imposed magnetic field, at least one sensing element
positioned between the extended portions of a half wavelength of the
primary windimg located every other half wavelength of the primary
winding, extended portions of the mdividual sensing elements being
parallel to the extended portions of the primary winding; and

& senes connection between the sensing elements in every other half
wavelength perpendicular to the extended portions of the primary
winding to group the mdividual sensing elements, the series
connection being in a different planc than the primary windings; and
separate output connections to cach of plural groups of scnsing

elements located along the length of the extended portions of the

A test circuit as claimed m Clarm 40 wherein the individual
sensing elements are located 1 at Jeast two adjacent half

wavelengths of the primarv windin g.

A test crreutt as claimed in Claim 4] wherein the individual

sensing elements 1 adjacent half wavelengths are spatially
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offset parallel to the extended portions of the primary

winding.

A test circuit as clarmed 1n Claim 42 wheremn the spatial offset
one half the length of an 1ndividual sensing eleme

1Q
10

to the extended portions of the primary winding.

A test cirewmt as clarmed m Claim 40 wherein all sensing
elements are positioned at least one half-wavel ength away
from the ends of the extended portions of the primary

winding.

A test circuit as claimed 1n Claim 41 further comprising
additional conductors near the ends of the spatially offset

nts, along the length of the extended pottions of
the pnimary winding, to marmtain the spatial periodicity of the

conductors.

A test circuit as claimed in Claim 41 further comprising
extensions of the endmost individual spatially offset sensing
elements between the sensing elements 1n the adjacent half

wavelength.

A test cireuit as claimed in Claim 40 where one individual
sensing element 15 located every other half wavelength to

provide a single response

1ee + e P Ol P A0 ol + Pe
A test circuit as clammed in Claim 40 where the sensing

clements are in a different plane than the primary windings.

A test circuit as claimed m Claim 41 where the array of
sensing elements has one individual sensin g element located
every other half wavelength but an array of sensing elements

located in adjacent half wavelengths
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A test circuit as claimed in Claim 40 where every other half
wavelength of the primary winding is connected together in

series,

3

n
)

4

4+ maamayeh o] 5 . : g
est circuit as claimed in Claim § wherein a sing
o

[

A
N
connector leads 1s connected to each set of pnimary winding

half-wavelengths.

A test circuit as claimed m Claim 40 where the primary
winding is distributed m two planes with extended portions of
the primary windings located over one another and the
connectors between the extended portions of the primary

windings offset by one half-wavelength.

A s
A

A EST Cire

element provides an absolute response.

A test circut as claimed in Claim 40 where at least one of the

sensing elements provides a differential response.

A test circuit as claimed 1o Clamm 40 that 1s conformablc to

inspect curved parts.

A test creutt as claimed 1n Claim 40 placed on a curved and

compliant substrate to inspect a curved part.

A test circuit as claimed in Claim 40 that is scanned across the

surface of a part for the detection of flaws.
A test circurt as claimed in Claim 57 where the Jongest
dimension of the flaw 1s substantially perpendicular to the

extended portions of primary winding.
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66.

68

A test crrcuit as clammed in Claim 40 that 1 mounted against

the surface of a part for detecting and determining the location

of flawsg

dimension of the flaw is substantially perpendicular to the

extended portions of primary windin g.

A test cireunt as claimed 1n Claim 40 where the [ift-off is

varied during calibration.

A test circuit as claimed in Claim 40 where the lift-offis

varied during measurements.

temperature 1s varied to vary the part conductivity for

calibration.

A test circuit as claimed in Claim 40 where the part under test

temperature 15 varied to vary the part conductivity for

measurements

A test circuit as claimed n Claim 40 where the part under test

permeability is varied using a bias field during calibration

A test circuit as claimed in Claim 40 where the part under test

permeability 1s varied using a bias field during measurements.

A test circuit as clammed in Claim 40 where measurements are
made at multiple operating conditions, including multiple

lift-offs, temperatures, or bias fields.

A test circuit as claimed 1 Claim 40 where measurements

grids with one or more dimensions are generated 1n advance

and nterpolate the electrical

and used as databases to look u

lae
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74.

and geometric properties of nterast at the location measured

by each individual sensing element.

A test circuit as claimed 1 Claim 68 where the electrical and
geometric properties at each sensing element

correlated with dependent properties of mterest.

A test circuit as clarmed 1n Claim 68 where the array 18

scanned to build 1mages of electrical properties across the

surface of a part.

A test circuit as claimed in Claim 69 where multiple

frequencies are used to measure property variations with

A test circuit as claimed 1n Claim 70 where multiple

frequencices are used to create three-dimensi onal tmages of
s o)

properties.

An apparatus comprising’

a primary winding of parallel winding segments that impose a
spatially periodic magnetic field, with at least two periods in a single
plane, in a test substrate when driven by electric current,

one or more sensing windings that link flux over regons of
incremental area along the length of a drive winding segment, with
the sensing elements located 1 a second plane, with a senes
connection between sensing clements 1 every other half wavelen gth;
and

leads to the sensing elements exitn g the sensor footprint 1n a

direction perpendicular to the direction of the drive winding

segments.

A test circuit comprising:
a meandering pnimary winding having concentric substantially closed

winding segments for imposing a spatia per
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the radial direction of at lcast two spatial wavelengths in a test

substrate; and

least one sensing element for sensing the response of the test
g

vy

substrate to the imposed magnetic field.

A test circurt as claimed in Claim 74, where the closed

winding segments are circular.

A test cireurt as claimed m Claim 74, where the closed

winding segments follow a shape in the material under test.

A test circuit as claimed in Claim 74, with at least one sensing
element positioned between the concentric circular segments
of a half wavelength of the primary winding and located every

e Tall 1 gy Al
Oiher nail W’&VEICTL,&U" Of e prnmary winding, an

-

extended portions of the individual sensing elements

primary winding

A test circuit as claimed in Claim 77 where a single sensing

element 1s placed within 1n each half wavelength of the

primary winding.

A test circuit as claimed 1 Claim 78 where separate output
connections are made to the sensing element in each half

wavelength.

~yr

A test circuit as claimed in Clamm 79 where at least two of

ot

he
sensing elements are connected together to provide a common

output.

A test circunt as clarmed 1 Claim 80 where all of the sensing

elements are connected together to provide single output
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89.

A test circuit as claimed in Claim 81 where the sensing

elements are i a different plane than the pnmary windings.

A test circuit as claimed in Claim 77 where the circumference

f at least tw

(@]

t two half wavelengths of the primary winding 1s
spanned by more than onc sensing clement and the sensing
elements spanning the same angular dimensions in every
other half-wavelength of the primary winding arc connected
together; and separate output connections are made to each
group of sensing elements spanning the circumference of the

primary winding.

A test circuit as claimed in Claim 83 where the sensing

elements are connected together with a series connection.

A test circuit as claimed in Claim 84 where the series

connections are 1n a different plane than the primary winding.

A test circunt as claimed 1 Claim 83 wherein the indrvidual
sensing elements are located n at least two adjacent half

wavelengths of the primary winding

A test circuit as claimed in Claim 86 wherein the individual
sensing elements in adjacent half wavelengths are rotationally

offset from one another

A test caircuit as claimed in Claim 87 wherein the rotational

~ I‘FS

otrisetis

element.

A test circuit as claimed i Claim 88 further comprising
extensions of the mner-most rotationally offset sensing

elements between the sensing elements 1n the inner adjacent

half wavelength.
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A test circuit as claimed in Claim 77 where the sensing

elements are 1n a different plane than the primary windings

A test circuit as claimed in Claim 74 that is conformable to

inspect curved parts.

A test circuit as claimed in Claim 74 placed on a curved and

compliant substrate to inspect a curved part.

A test circuit as claimed in Claim 74 that is mounted against a

surface of a part for the detection of flaws

A test circuit as claimed in Claim 77 where the part under test

temperature 1s varied to vary the part conductivity for

A test circuit as claimed in Claim 77 where the part under test
temperature 1s varied to vary the part conductivity for

measurements.

A test circuit as claimed in Claim 77 where measurements
grids with one or more dimensions are generated in advance
and used as databases to Jook up and interpolate the electrical
and geometric properties of interest at the location measured

by each individual sensing clement.

A test circuit as claimed 1in Claim 96 where the electrical and
geometric properties a

correlated with dependent properties of interest.

A test circuit as claimed in Claim 96 where the array 1s
scanned to build images of electrical properties across the

surface of a part.
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A test circurt as clatmed in Claim 97 where multiple
frequencies are used 10 measure property variations with

depth at each sensing element.

frequencies are used to create three-dimensional images of
properties.

A test circuit as claimed 1n Claim 77 wherein the sensing
windings link flux over regions of incremental area alon g the
length of a drive winding segment, the sensing windings are
located 1 a second plane with each sensing winding linking
magnetic flux every other half period, and the leads to the

sensing elements exat the sensor footprint radially,

~t
=1
O
4
=5
(¢
[oN
arms
janr
[¢]
o
e
o}
o]
(@)

3

1: 1
erpendicula

T

A test circuit as claimed 1n Claim 77 further cOmprising a

hollow center region for placement around a fastener shaft.

A test apparatus comprising:

concentric circular winding segments that impose a radial spatially
periodic magnetic field, with at least two penods 1n a single plane, in
a test substrate when driven by electric current; and

one or more sensing windings that link flux over each region bordered

by the drive winding segments and concentric with the dnve winding

segments.
A test circuit compnising;

a prumary winding of parallel exiended winding segments that impose
a spatially penodic magnetic field, with at least two periods, in a test
substrate when driven by electric current;

an array of sensing windings for sensing the response of the test
substrate to the imposed magnetic field, at least two of the sensing
windings 1n different half-wavelengths of the primary winding linking

I'areas of the magnetic flux and being offset along the
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lengths of the parallel winding segments to provide material response
measurements over different locations when the circuit is scanned

1 1n a direction perpendicular to the extended

winding segments; and
" .Y\f_\'

the sense windings confined to a single plane and the drive windings
o o l=)

confined to a single plane.

A test circuit as claimed in Claim 104 wherein the paraliel
extended winding segments of the pnimary winding are

formed by parallel extended portions of adjacent drive coils

A test circuit as claimed 1n Claimed 105 wherein every other
dnive coil 1s connected 1n series on one side of the primary

and the remamning drive coils are connected m series on the
P

A test circuit as claimed 1n Claim 103 wherem a single pair of
connector leads is connected to each set of primary winding

half-wavelengths.

A test circuit as claimed in Claim 104 where the primary
windmg is distributed in two planes with extended portions of
the primary windings located over one another and the
connectors between the extended portions of the primary

windings offset by one half-wavelength

A test circuit as claimed 1in Claim 104 where the sensing
emental areas are located in every other
half-wavelength while additional sensing windings that
extend along a substantial length of the primary windings are
located in the intermediate half-wavelengths of the primary

winding.
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A tesi circuit as claimed in Claim 109 where output
connections of at least two of the sensing windings of

substantial length are connected 1n series,

921

A test circuit as claimed in
are placed 1n the endmost half-wavelengths, without
secondary elements, to maintain the spatial periodicity of the

conductors 1n the test circuit.

A test circuit as claimed in Clarm 109 where extra conductors
are placed at the ends of the sensing elements to maintain the

spatial periodicity of conductors 1n the test circuit.
A test circutt as claimed in Claim 109 where the sensing

the winding side opposite the connector leads to provide

essentially equivalent couplhing of magnetic flux between

offset sensing windings.

A test circuit as clarmed m Claim 104 where the sensing
windings are offset a distance one-half the length of extended
portions of the sensing windings so that sensed responses

cover overlapping areas.

A test circuit as claimed in Claim 105 where the array of
sensing windings has at least one sensin g coil every half
wavelength, distance between sensing coils within an adjacent
pair of extended portions being increased by the length of the

sensing cols ar least each half wavelength, each individual

sensing coil having separate output connectors.

from the ends of the sensing coils to the connectors between

the extended portions of the primary 1s kept essentially
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constant as the distance between the sensing coils is

increased.

A test circuit as claimed in Claim 116 where the sensing coils

A test circuit as claimed m Claim 116 where the sensing coils
provide a differential response to the material properties

paraliel to the extended windings

A test circuit as clarmed in Claim 116 where the sensing coils
in every other half wavelength provide an absolute response
to the matenial properties while the sensing coils i the

mtermediate half meanders provide a differential response to

A test circuit as claimed 1n Claim 119 where extra conductors
are placed in the endmost half-wavelengths, without
secondary windings, to maintain the spatial periodicity of the

conductors 1n the test circuit.

A test circurt as claimed 1n Claim 119 where extra conductors
are placed at the ends of the sensing elements to maintain the

spatial periodicity of conductors in the test circuit.

A test circuit as claimed 1 Claim 119 where extra conductors
are placed between the 1nner coils for pairs of differential
elements to ensure that each individual coil 1

the same conductor pattern.

A test circuit as claimed in Claim 122 where the individual

coils for the differential elements are separated by more than a

coil length
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the differential elements is rotated so that the coils
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A test circuit as claimed in Claim 124 where the rotated

differential clement is perpendicular to the extended windings
P

of the primary

A test circuit as claimed m Claim 116 where measurements
grids with one or more dimensions are generated in advance
and used as databases to look up and interpolate the electrical
and geometric properties of interest at the location measured

by each individual sensing element.

A test circuit as claimed in Claim 126 where the electrical and

geometric properties at each sensing element location are
correlated with dependent properties of interest.

A test circuit as claimed in Claim 126 where the array 18
scanned to build images of electrical properties across the

surface of a part.

A test circuit as claimed mn Claim 127 where multiple
frequencies are used to measure property variations with

depth at each sensing element

frequencies are used to create three-dimensional images of

properties.

A test circuit comprising:

a meandenng primary winding having extended portions for 1mposing

a spatially periodic magnetic field of at least two spatial wavelengths

n a test substrate; and

o
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a sensing winding array of sensing ¢lements, with a sensing element
positioned every half wavelength of at least two spatial wavelengths
between respective adjacent extended portions of the primary winding
for sensing the response of the test substrate to the imposed magnetic
field, the sensing elements ncluding sensing coils for linking flux
over incremental areas between adjacent extended portions, at least
one absolute sensing coil every half wavelength and at least two
differential sensing coils every other half wavelength, distance
between sensing coils within an adjacent pair of extended portions
being mcreased each wavelength, each individual sensing coil having
separate outptt connectors, distances from the ends of the sensing
coils to connectors between the extended portions of the primary

being substantially constant as the distance between the sensing coils

18 1ncreased.

A test circuit as claimed 1 Claim 126 wheremn the extended

[e]

f the primary winding are formed by individual

i

portions
drive coils having parallel extended portions with every other
drive coil connected in series on one side of the primary and
the remamning drive coils connected 1n series on the opposite

idixd

side of the primary.

A test circuit as claimed 1n Claim 116 that 1s conformable to

inspect curved parts.

A test circutt as claimed in Claim 116 placed on a curved and

compliant substrate to inspect a curved part.

A test cireuit as claimed in Claim 128 where the part being

scanned is an engine disk slot.

A test circuit as claimed 1 Claim 135 where two or more
sensing coils are located at the same position along
half-wavelength but 1n different half-wavelengths of the

rimary to provide property measurement redundancy at a

j3g8s1
| el ey X
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coils are located at the same position along a half wavelength
1

10
138 A test circuit as claimed 1n Claim 117 further compnsing

connection leads to the sensimg element that are offset from
the centerline of the half meander, a second loop having
extended portions substantially parallel to the connection
15 leads and symmetrically located on the opposite side of the
centerhine, and with a differential connection between the

sensing element and the second loop

. . . - o~
A {Sst Circuit as ciaimed in o

ot
)
N

20 connection leads to the sensing element that are offset from
the center h d
extended portions substantially parallel to the connection
leads and symmetrically located on the opposite side of the
oo,

centerline. and with a differential connection between the

2

25 sensing element and the second loop

140 An eddy-current sensor for creating a spatially peniodic
magnetic ficld of at least two periods comprising:
a primary winding having parallel extended winding segments and
30 driven by an electric current; and
each half wavelength of the primary windings being formed by an
individual drive coil having parallel extended portions with every
other drive coil connected in series on one side of the primary and the

remaining drive coils connected in series on the opposite side of the

35 primary

141. A method for creating a spatially periodic magnetic field, with

at Jeast two periods, for eddy current sensors comprising’
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providing a primary winding of parallel extended winding segments,
each parallel extended winding scgments being formed by parailel

extended portions of adjacent individual drive coils;

and counterclockwise directions such that curren
immediately adjacent extended portions of the drive coils are 1n
common directions and a spatially periodic magnetic field, with at

least two periods, is imposed in a test substrate.

A method as claimed in Claim 140 wherein a single pair of
connector leads is connected to each set of primary winding

half-wavelengths.
A method as claimed in Claim 141 further comprising

over two planes, the extended windings of the primares
located over one another and the connectors between the
extended portions of the prnimary windings offset by one

half-wavelength.

A test circuit comprising a plurality of adjacent individual
drrve coils having parallel extended portions with current flow
1n any adjacent extended portions being in a common
direction and 2ll the drive coils together imposing a stationary
periodic magnetic field, with at least two periods, in a test

substrate.
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