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Introduction

In this paper a new magnetostrictive delay line-ugetfor sensor applications is
proposed. The tri-layer set-up consists of an inoglindrical copper core, an
intermediate thin insulating layer and an outecuinferential magnetoelastic thin film.
Packaging reasons require a coating-insulatingr lagetop the set-up. Different Fe-Ni
compositions have been tried for the magnetostactiim. Characterization of the
devices showed that negative magnetostrictive fibpsrated as a magnetostrictive
delay line set-up, even without magnetic and heaatinent. Concerning positive
magnetostrictive films, heat treatment was necgssarallow the propagation and
detection of elastic pulses.

Magnetoelastic devices have been used for manyngeagplications [1]. Among them,
the magnetostrictive delay line (MDL) technique laéso been used for the realization
of sensing elements, like position and stress sen&mad-cells, pressure gauges, field
sensors, non destructive testing etc. An incrgasiterest towards the realization of
more sophisticated sensors based on this techradge exists, able to measure
mechanical quantities with competitive levels otemainty [2]. Having as motivation
the above mentioned targets, a magnetoelastic elé&as been conceived, which is able
to operate as MDL.

The magnetoelastic device

The schematic of the magnetoelastic element istitited in Figure 1. A cylindrical
conductor is used as the substrate of an insuldaggr, on which a cylindrical
magnetostrictive film is deposited as shown in Fegd(a). Passing pulsed current
through the inner conducting wire results in traisng pulsed circumferential
magnetic field at the outer magnetoelastic filmclsdield results in local micro-
elongation or stresses due to the magnetostriefiect which, more or less, cancel each
other due to the magnetoelastic uniformity of theeofilm as shown in Figure 1(b).
Local break of the magnetic symmetry results ima@al break of the symmetry of the
dynamic micro-strains, as depicted in Figure 2{ajs generating an elastic pulse,
which propagates along the length of the film, jled that such a propagation can take
place (Fig. 2(b)). The propagating pulse can beived by means of a pulsed voltage
output induced at a search coil at the one endhef device, due to the inverse



magnetostriction effect (Fig. 2(c)). The time pimsitof this pulsed voltage indicates the
position of the magnet and its amplitude indicates amplitude of the local magnetic
field non-symmetry. This effect can be caused synall permanent magnet travelling
along the length of the device or by a local maigrfetld anomaly. Therefore, it can be
seen that such a device can be used as eitheiopfdigplacement sensor or distribution
NDT sensor on magnetic surfaces.
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Figure1l. The MDL device. Figure 2. Operation of the MDL.

The realization of such a device took place inftilwing three steps. The first step
was the development of the insulating interfaceedaypetween conductor and
magnetoelastic film. Although at the beginning th&s been obtained by using a 0.1
mm copper wire thermally oxidised at ~580 for 10 minutes, thus resulting in a
relatively thin oxide layer, with acceptable geornwal characteristics, for repeatability
and automatic production purposes, a magnetroriespug device was used to deposit
SiO; film on the same 0.1 mm copper wire. Measuremehtkis oxide film thickness
using cross section metallographic microscopy,ltegun a thickness of im + 10 nm,
which is considered as acceptable.

Next step was the deposition of the magnetostaativcumferential thin film, using the
same magnetron sputtering facility. Our reportadt fexperiments were realised by
depositing Fe-Ni alloys. The geometrical unifornofythe cross section of the films was
also determined by cross section metallographicosgopy and was found to beufn

+ 20 nm. XRD structural characterization on the pemwdf the deposited
magnetostrictive film indicated amorphous statepdnallel, elementary magnetoelastic
measurements where performed in parallel with &iratcharacterization using SEM in
order to determine the optimum conditions of filnis.was found that the most



significant structural problem was the generatibreracks on the magnetoelastic film.
In cases that films suffered from such surfaceksdige the ones illustrated in Figure 3,
it was impossible to develop films on which elaspialses could propagate with
acceptable repeatability and output gain. The kessilts (films without defects having
some magnetoelastic response) have been fountiiierdf thickness lower thanzn.

The third and final manufacturing procedure wasadbating of the magnetic films with
a protecting-insulating layer for packaging purposerials for such deposition were
realized by depositing Sidilm. In such a development, a significant problesas the
appearance of “point” defects (as illustrated igure 4), which introduced stresses on
the surface of the film. The absence of such defecs realized by controlling the
coating deposition parameters, the key one beiagriial vacuum conditions before
the coating deposition. Finally, the best procedfreoating deposition was if it took
place just after the magnetic film deposition. Begrin mind that a heat treatment is
necessary to minimize coating-magnetic film inteefastresses in order to obtain
acceptable elastic wave propagation and detedienfinal device was heat treated in
~450C for 10 minutes. Problems of overheating, like times observed in Figure 5,
could cause increase of such interface stressemicé& coated film offering good
magnetoelastic behavior and shape induced anisoisojtustrated in Figure 6.
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Figure 5. Micrograph of unsuccessful thermdfigure 6. Micrograph of a film, after
treatment after coating. successful treatment.

M agnetoelastic response and discussion

Magnetoelastic measurements obtained as illustiatdd], using the standard MDL

characterization set-up. Magnetoelastic measuresweerte realized after setting a small
Nd-Fe-B permanent magnet at the middle of the filmerder to allow an elastic pulse
to be generated. Most of the as-cast uncoated aated films demonstrated poor



magnetoelastic measurements. In fact positive magtietive compositions illustrated
MDL behavior in the case of uncoated films, whilgated negative magnetostrictive
elements illustrated magnetoelastic response ev#owt treatment. These properties
were much improved by using heat treatment at 3D0for 1 hr and consequent
magnetic annealing at 36Q for 1 min and simultaneously passing 15 A pulsadent
with 1% duty cycle and 1 ms period, through theemeopper wire [4]. Indicative results
will be shown, for positive and negative magnetoste elements.

The MDL voltage output dependence on the pulsedtaian field is illustrated in
Figure 7, concerning uncoated Fe, Ni anghlNgo films. It can be seen that the positive
magnetostrictive films have a better responsepatih in all films a hysteretic behavior
is observed. Similar response can be observedguwr&i8, which illustrates the biasing
field dependence of the same films. The tensilesstdependence of these uncoated
films can be seen in Figure 9. The difference isifpee and negative magnetostrictive
films is clear.
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Figure7. MDL response dependence on  Figure8. MDL field dependence on
pulsed excitation field in biasing field in uncoated films
uncoated films.
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Figure 9. MDL stress dependence on Figure 10. MDL dependence on applied
tensile stress in uncoated films excitation field concerning coated films.

The response of the same magnetoelastic films efging changes significantly. Some
films, those with negative magnetostrictive behgvas above mentioned, operated even
without heat and magnetic annealing. This is aital to the different dependence of
the positive and negative magnetostrictive elemetas tensile stress. Positive
magnetostrictive elements, tends to orient theigmeic moments towards the applied



stress, while the opposite happens for the casehef negative magnetostrictive
elements. The coating insulating layer of S#&pplies a tensile stress on these films.
Therefore, the elastic signal in the case of pasitnagnetostrictive films becomes
smaller, while the opposite occurs for the cas@exjative magnetostrictive films. Of
course heat annealing and consequent magneticlangnbalps in different ways these
two kinds of magnetostrictive films. For the casé positive of denature
magnetostrictive films it removes the interfacesses and additionally re-orientates the
magnetic structure, increasing the magneto-mechbomupling factor, while for the
case of negative magnetostrictive films in affentfy the magnetic structure.

The MDL voltage output dependence on the pulsedagian field of coated Fe, Ni and
FesoNisp films is illustrated in Figure 10. It can be sed¢hat the negative
magnetostrictive flms have now a better respoasidough in all films a hysteretic
behavior is still observed. The biasing field resgm of Figure 11 is in accordance with
the results of Figure 10. The tensile stress degrasalof the coated films can be seen in
Figure 12. It is clear that negative films are adageous with respect to the positive
ones.
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Figurell. MDL field dependence of Figure12. MDL stress dependence of
coated films coated films

Parametric control of the other MDL properties l@@so been performed. Figure 13
illustrates the MDL voltage output dependence anphlsed excitation current width,
indicating the optimum required frequency bandwididr each type of film.
Temperature dependence of MDLs is given in Figude demonstrating remarkable
stability for this device up to 300. Finally, MDL resolution was measured following
the definitions and procedures given in [5], ilhasing a not significant difference for all
tested samples.

Bearing in mind to solve the problem of the hydieréehavior of this device, the
Barkuasen noise of these elements was analyzexbdlieved that Barkhausen jumps
are responsible for the most important part of higsteretic behavior of these films.
Such a magnetic noise could be decreased if tieeo$ithe magnetic domains or grains
decreases, keeping in mind that this is desirabléhke case of negative magnetostrictive
elements. Therefore, following the same manufaetuprocedure, we have developed
Co,oFesNb,SigB1s, which can be nanocrystalline after heat treatmkeaeping some
magnetoelastic properties. After coating it witlOSinsulating — protecting layer its
magnetoelastic response was unhysteretic withidithies of our experimental set-up.



This result signifies the impact of the developegtice in sensing elements based on it.
The use of such a device as position and load séendtustrated in Figures 15 and 16

respectively. The device has also been tested ndestructive testing, being able of

measuring cracks and defects in ferromagnetic aobss up to 3Qm.
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Figure 13. Frequency response of MDLs Figure 14. Temperature response of MDLs
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Figure 15. MDL set-up output dependence Figure 16. MDL set-up dependence on
on the displacement of a NdFeB permanent  torsion - tensile stress along the MDL, after
magnet set orthogonal to the MDL axis. magnetic orientation with AINiCo magnet.
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