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Advances in magnetoresistive (MR) type sensors igeoa new technique for nondestructive
evaluation NDE of metal structures. GMR and GMIsses provide high sensitivity and reduced
size, with GMI sensors also adding capabilitiesigh frequency range of measurements. Being
produced with thin film processing techniques, t@nufacturing cost of these sensors is low. An
example is considered of detecting defects in edntircuit boards. System details and
experimental results are provided. Computationadefing validation is introduced based on finite
element as well as method of moments analysis.
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1. Introduction

Nondestructive evaluation (NDE) is essential for ensurirg ititegrity of various
engineering systems. Examples of such systems include ptams, natural gas and oil
industry, pressure vessels and aircraft. Evaluatiosuch systems starts during the
manufacturing process and continues along their life span tctdét initiation of
defects in metallic parts due to corrosion or fatigueckga Conventional inspection
techniques, such as eddy-current inspection using coil ntagetdrs, x-radiography,
ultrasonic, and acoustic emission suffer from limitationkein areas such as: difficulty in
locating hidden subsurface defects, use of bulky hazaetpupment, insufficient spatial
resolution, slow speed of inspection, high cost of equipragt complexity of analyzing
the data output by such systems.

This paper discuses the use of sensitive giant magséttve (GMR) and giant
magnetoimpedance (GMI) sensors in imaging the magnetic figfits MMR sensors have
been used for advanced applications including high density of h’Gmagnetic
recording, Everitt, et &l. MR sensors have also been suggested for use in nomtigstru
evaluation as in the system introduced by Rempt, froninBaempany using an array of
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eight sensors in examining aircrafA GMR based rotating probe system is introduced in
NASA Langley Research Center, as explained by Wincheski. et

A new NDE application using MR sensors related to prirgeduit board PCB
inspection is considered. PCB inspection has been gedgesing eddy-current testing
probe? Spin-valve giant magnetoresistance SV-GMR sensorbeas shown to be
successful in inspecting defects on both the top and bottomdéyegh density double
layer PCB> This paper examines inspection of meander type coil sutte ase used in
high-frequency excitation for eddy current testing of nileads. Details about MR
sensors are introduced next followed by inspection probtemuiation, and simulation
as well as experimental results.

2. Magnetoresistive and Magnetoimpedance Sensors

Magnetoresistive sensor technologies offer significant d¢egas in NDE systems. A
key advantage of MR sensors is in flat frequency respertending from dc to few
MHz,” making them particularly attractive for low-frequency andiltirirequency
detection for deep-flaw detection and depth profiling. Tddrced size of these sensors
helps detect small and deep flaws which are usually one ofaeagnitude smaller than
surrounding features of the object. MR sensors are mass cpday thin film
processing techniques similar to integrated circuit nmsiufing, Jander et &land thus
fabrication process is compatible with silicon circuithtealogy, allowing integration of
sensors having on-chip signal processing. MR sensors cdy leagiroduced in dense
arrays for rapid, single-pass scanning of large areaslofhpower consumption of MR
sensors enables the assembly of compact sensor araysaviety of substrates. Arrays
have been fabricated with sensor spacing as small as’5

One type of MR sensors is the high sensitivity giant magesistive (GMR) element.
Large magnetic field dependent changes are possible inilthifdrromagnetic/non-
magnetic multilaye?. The GMR phenomenon was first observed in 1988, in France by
Albert Fert!° and independently in Germany by Peter Gruenbérglhe two scientists
were granted Nobel Prize in physics in 2007 for this disgov&he principle of GMR is
to obtain a change in resistance for thin ferromagneterseencapsulating a nonmagnetic
layer according to the direction of magnetic moments.hdftivo ferromagnetic layers
possess parallel magnetization moments, there will $sedeattering for electrons at the
interface. There will be thus longer free path arsd lesistance. The opposite is true if
the magnetic moments in the ferromagnetic layers aipaaallel. GMR sensors provide
a 98% linear output from 10% to 70% of full scale, a larggnetoresistive effect (13%
to 16%), a stable temperature coefficient (0.14% pert&@)perature tolerance (150 °C),
and a large magnetic field range (0 to 300) Gauss asédlled in Ref. 12

Giant Magnetoimpedance GMI sensors have been introduceahtlyece High
resolution of the order of 18 Tesla has been obtained using these sensors. GMI probe
with 0.1 mm sensing part was fabricated and present&:finl3, where the probe was
shown to detect fields up to 1 GHz frequency range.
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3. Static Inspection

Caoil structure is shown in Fig. 1 with a defect in the mefBhe inspection depends on
injecting dc current in the metal part and testing the magfietd with a GMR sensor.
The sensor type suggested for use in the experimentgd setmanufactured by NVE
Corporation? part number AA003-02 with the following specificationatsation field

is 50 Oe, linear range 5-35 Oe, and die size is 411xtb8The sensor is formed as a
Wheatstone bridge of four resistors of W/ k 20%. Two resistors are shielded from
surrounding magnetic field while the others are exposed tdnohta output voltage
proportional to applied field. The sensitivity of thenser ranges from 2-3.2 mV/V-Oe.
Am image of two sensors on top of Saudi coin is shown inZ=ig.

The architecture of the sensor depends on a multilayer seucidiere anti-
ferromagnetic coupling occurs between two layers in muétilastructure. As a result
these sensors are not affected by extremely lagtgsfiat temperatures below 300°C, and
will resume normal operation after the large field is rerdove

Fig. 1. 3D view of the metal part to be inspected.

Fig. 2. Two sensors on top of a Saudi coin.
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To examine the sensor the magnetic field is recordedanring distance from a wire
carrying a dc current of 10A as shown in Fig. 3. Resultsemtecomparison of
normalized magnitude magnetic flux dendByersus distance from wire, compared to
analytical field values given as:

—m—
B=m )

Wheremny is the permeability of the free space determinedpad @’ Henry/m,| is the
current in Ampere, and is the normal distance from the wire in m.
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Fig. 3. Experimental validation of the GMR sensor.

Three-dimensional modeling is used to simulate this probleimite element analysis
is invoked to model the governing Maxwell's equations @f ¢bnfiguration under test.
Commercial finite element analysis package AHsys used in the solution of the
problem. Three element types are considered. Elernentssponding to air and crack
have nodal degree of freedom consisting of the three comporfghts magnetic vector
potentialA. Elements corresponding to the meander coil have JoalantialV degree
of freedom, in addition to the components Ax, Ay and Az. Tirel telement type is used
to deal with the infinite unbounded 3D nature of the problensingle layer is used on
the outer surface using semi-infinite elements with thaegrees of freedom
corresponding toA. Solenoidal formulation is adopted to automaticallyisatthe
solenoidal condition of zero divergence of current densithis type of formulation
results in nonlinear analysis with symmetric global matrix.

Figure 4 shows a plan view of mesh of the meander adibp of the dielectric substrate.
The size of meander coil strip width is chosen to be 5 muirtlse length is 5 cm. Total
number of elements is 119202 among which 114075 elements furgt tfpe, 2071 are
of second type for source, and 3056 are for semi-infeléenents. Source excitation is
done by applying current injection on the hot port of th&, avhile the other port is
grounded. The voltage degree of freedom is coupled on alknafdthe coil on the
source injection side.

Figure 5 presents vector map of current density in the airdee defect, illustrating
how current rotates around the defect. Figure 6 (a-c) shenchtinges in the x, y and z
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components of the magnetic flux dendBydue to the presence of defect. Two defect
types are considered, with 1 mm and 1.5 mm width, reispéct Defect length is fixed
at 3 mm, parallel to long arms of the coil.

Experimental testing was conducted on a meander type dbilvarious defects
shown as small rectangles in Fig. 7. DC current wastegein the coil and magnetic
field was detected to obtain A-scans. Figure 7 shows 4 lipes which a scanning was
done. Results in terms of sensor reading are shown in.Fig. 8

Fig. 5. Simulated current distribution arround tiedect.

4. Inspection with AC Signal

PCB circuits were also tested with AC excitation. anple circuit shown in Fig. 9 was
analyzed computationally as well as experimentally. Coatjpmtal modeling was
performed using method of moments MoM analysis, under IEB@ronment® The
simulated current distributions for both defect free andatige circuits are shown at 2
GHz in Fig. 10, and at 300 MHz in Fig. 11. The curneitt normally be high around
edges and thus around defects resulting in magnetic field commemtaround flaws that
could be detected using GMI.
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Fig. 7. Configuration of the coil, showing 4 lineleng which scans are performed.
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Fig. 9. PCB considered in analysis.
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Fig. 10. Current distribution with defect free sdenfleft) and defective sample (right) at 2GHz.
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Fig. 11. Current distribution with defect free sdenfteft) and defective sample (right) at 300 MHz.
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An HP 8510A network analyzer shown in Fig. 12 is used tpeicisthe circuit. The
signal is fed from one port of the analyzer, while theond port is connected to a coaxial
probe adaptor, placed normally on top of the circuit as showigir®F The transmission
S;; parameter is then recorded as shown in Fig.13. MoM lmgdesults of & is shown
in Fig. 14.

Fig. 12. HP 8510A Network Analyzer.
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Fig. 13. Experimental measurement values@p8rameter.
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Fig. 14. MoM modeling results ohbSparameter.

5. Discussions

Magnetic field maps can be used to monitor the statusetdlrstructures. The technique
depends on exciting the specimen by an ac or dc current aasdirimg the magnetic field
components using magnetoresistive sensors. Giant magnetoeesiatid giant
magnetoimpedance sensors have high sensitivity that allowstidet®f changes in
magnetic flux density values, due to the presence ofriabfi@aws.

Modeling results of the example of inspecting meander type dtil d¢ current
showed that there is a noticeable change in field valuescthdtl be detected with
commercially available GMR sensors. Inspection with AfDal also reveals that there is
more than 5 dB difference which could easily be defectéd wse of GMI sensor.
Discrepancies in absolute values of experimental and ingdeésults presented in
Figures 13 and 14 are related to the fact that the prothes isimulator had to be placed
under the defect and not on top of it as the experiments segrducted.

A setup was built to use the sensor in detecting metal flale. A-scans point to the
locations of defects. The orientation and the maghstiteresis of GMR sensors were
found to affect the reproducibility of the measurements famther investigation is
required to tackle these challenges.

One key advantage of MR sensors is that they can be batétafatrto obtain an
array structure. Design of 20 GMR sensors with 0.5 ritalhn a polyimide film was
suggested by Kataoka at al. at Shinsu UnivetSitifabrication of commercial GMR and
GMI sensor arrays would have a considerable impact baneing the applications of
these technologies in NDE.
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