ABSTRACT The basic properties of metallic glass materials are rceviewed with
emphasis on characteristics applicable to hydrophone design. These include
amnegling Creatmemts, stress-magnetic effecrs and geonetrical configurations.
Magustostrictive principles are also reviewed and a wmenbrane hydrophone
proposed and analysed. Measured resulcs ace preseated but agreement is poor
reflecting the difficulty in characrecisiaog the material properties.

1. Iacroduction

Metallic glasses are asorphous {uon-crystalline) alloys in which very rapid
cooling from the melc canses the material to solidify before crystallisation
can take place. The alloys discussed in this paper are of the basic composirion
Te Hyy where T represents cne or more transition wetals Rike Fe, Hi, Co and ¥
represents petalloid elesents sach as B, Si, C, P and Al (1). Basic properties
of these alloys include very bigh permeability (a, > L00000)}, very low coercive
farce (B,= 0.3 A/o), high teasile sctrength, acd potentially cheap production.
The purpose of this paper is to review these pruperties and fo investigate the
use of metallic glass in hydrophone deaigns.

Agorphous materials can be produced by a vumber of methods wvhich achieve
the wery capid cooling rates (~10%°c/s) tecessary to aveid crysrzllization. The
gost popular techaiqoe i3 filsmentary casting in vhich oolren material is
ejected through an orifice under gas pressure oato the cooled surface of a
votating dron. By this mesns, ribbons of width in the range 0.1-180mm,
thickness 5-50)m and oany kilometers long can be proaduced ar rates of up to
2km/uin. However such ribboos teud to have a saooth and curved wpper surface, a
Eflat and diopled lower surface and high ioternal stresses.

Applications of the ribbon Fall into twn main catgories (2). The Eirst is
in power devices uhere losses can be reduced by up to 54-5 times over 3% grain
oriented silicon iron. Secoudly the excellent wmagoetic and mechanical
properties make che macerial suitable as a geoersl replacement for nickel-iron
alloys with applications such as magaetic shields, electronic delay lines,
recording heads, evicches and stress transducers.

2. Properties of Metallic Gl

2.1 Basie Properties

The basic properties of some commercial alloys from Vecuumschmelze and
Allied Chemical sre summarized in Table 1 (3,4,5). However actual results vary
cousiderably as a function of magnetic bias field and Erequency. The ribbons
can geoerally be described as soft ferromagnetic omaterials with a low
satoration flax density. They cas de cut, punched, etched, soldered ar apoc
welded aod can be beot through radii of corvature as =zall as lam.
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2.1 Magnetisaction and Magnetostriction

The magnetic and magrecostrictive properties of merallic glasses can all be
described qualitatively by principles applicsble to crystalline matecials (1),
The shape of the magnerisation curve is determined by the diiferent
anisotropies (or short range ovder) within the  material of which
strain-magnectostriction anisotropy is particularly important. In as ecasc
ribbons domain studies show a complicated 'labyrinthine' sctructure which
changes under the influence of strain and magnetic field. This implies
substantial boundary displacement during magnetisation {see Raf. 6 for a
complete discussion of ferromagnetic domains in crystalline solids).

Changes ia the wmagnetic moment exert forces on the atomic structure to
produce small dimensionai changes. Volume magnetostriction is usually small in
comparison to the Joule effect which describes the length change in the
direction of magnetisation. The opposite procesas, the Villari effect, is a
change in magnetisation with gtress as shown by the set of hyastaresis loops for
Vierovac 75053 in Figure 1. The stress therefore has the same aligning character
as an external f£ield (5) but is very difficult to quancify (see Ref. 7 for a
discussion of cryscalline materials and Ref. 8 for amarphous allays).

Magnetostriction in amorphous zlloys varies according to composition from
around -l2ppm for Fey,Co,;Wijpsy Py, o around +3ippm for FeyB,, (l). For
transduction purposes, the materials with largest megnetostrains acre most
sengitive and correlate well with iron content. Discussion in cthe remainder of
this paper is cherefore limited to materials such as Vitrovac 7505
(Fey; Byy $i,C3), Mecglas 26055C {Feg, Byys S5ijCy) and Merglas 2605 (Fegg By ).

2.3 Variation in Properties with Annealiug and Stress

Remarkable improvements in rhe maguetic properties of metallic glasses can
be achieved by heat treatment. Much of this improvement can be actributed to
the relief of intermal strains intrvoduced in the cascting: process and generally
results in & lower coercive field, incresase in remanent rco saturacion
magnetisation ratio, increase in permeability and lower lossas.

The asnnealing temperature is Llimited by the onset of crystallisation which
in turn i3 a Eunction of both temperature and time {see Ref. !, p.478}, Further
improvement is obcained by annealing in a magneric bias fiald at or above the
Curie temperature so chat stress celief preceeds magnetic amneal (9). However
even small amounts of crystallisation degrade transducer performance as shown
by the variation of coupling coefficient with anneal temperature in Figure 2
(from Ref, 10). After anneal, the complex demain structurs disappears leaving
only & few domain walls and a magnetisation process that is predominantly
rotational (11).

Change in magnetic properties by scrain-magnetostriccion anisotropy is also
sensitive te sample geometry, Luborsky and Becker (12) have Found that the
properties of ribbon wound toroids vary with toroid diameter, winding tension,
ribbon width and alsa number of laminationz and direction of winding. Thia is
due to both compression and censiom caused by bending stresses, ribbon toreida
showing predominancly cowpressive behaviour. Genarally compressive stress in a
pesitive magnetostriction material acts to increase the coercive focce,
decrease the remanent to psaturation maguetisation ratio and decrease the
permesbilicy in the a3a cast state (13). However Poisson’'s ratic effects and
internal stressas from the quenching process all intecfere to complicate the
final stress discribution.

Metallic glass toroids also show large effects due to leakage flux {see
Ref. 14 for a discussion of leakage flux ia thin magretic materials). This is
shown in Figure 3 where the flux detected around 10 layer torsids [Vicrovae
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7505, 25pm thick, 10mm wide) of 40-100mm diameter varies as a FEunction of
pick-up coil position relacive to a small drive coil, each coil of length [Smm.
Deteczed flux was also found co vary with number of layers but surprisingly noc
with pick-up coil diameters up to 42mm,

3. Magnecostrictive Hvdrophones

3.1 Theory

A polarised (magnetically bisssed) magnetostrictive material exhibits
linear piezomagnetic action under small signal excitacion for which the
following pair of equations is valid (13).

Sy = s}y Ty + dy 4, (n

By = dy Ty + plH, (2)

whare H, is the magnecic field in the biassed directicn (in this case the long
axis of the ribbon) and Ty is cthe stress in chis direction which produces a
strain 8, and flux deansity B,. The piezomagnetic conatant dy;, the elastic
compliance s?f at comstaat A or B and che permeability at constant stress p;,
are defined as the partial derivatives of 5, H, B and T from equations 1 and 2.

The wmagnecomechanical coupling coefficient describing the basic energy
conversion capability of the material is given by

z T gl
ki; = diy/u)ysf; (3)

and s, = s?,(l-k%i) _ (4}

3.2 Piezomagnetic Constanta for Metallic Glaass

The results of measurements by Brouba and van der Borst (16) are shown in
Figures 4-6 for as quenched Feyy By Si; ribbon and material annealed for 30
minutes at 300 °C under different bias field orientations, Similar results have
been obtained by the author for as quenched Vitrovac 7505. Meeks and Cliftona
Hill (17) have obtained even better results by optimally annealing Metglas
26055C for 10 minutes at 369 *'C in a transverse magnetic Field of 0.4 MA/m,
They achieve a waximum coupling coefficient of 0.9 and a dy; coefficient of
almost 400 aWb/N. This coefficieat is about 50 times larger Chan that of
nickel. Furcher they report a figure of werit, as defined by Woollatt (18) te
raflect the sensi:ivi:g and impedance of a sensor material, of 334y =
af, /uly ® 325 x 10°') @!/N for ome sample. This compares with a figure of merit
for ceramic (PZT4) of around 72 x 10-'? w!/N. On this basie, wetallic glass is
4,5 times a better sensor than ceramic,

3.1 Equivalent Cireuit

The equivalent circuit representing an accustically small maguetic field
hydrophone with a single dominant resonance is shown in Figure 7. This circuit
is the current analogua of an electric field device and possasses the dual
receiving characteristics shown in Pigure 8. For the flar, low frequency
current vesponse region, the circuit reduces principally to ind gtive
components for which the coupling coefficient can be written
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Kt =L /{Ls + Ly) ' )

The free field voltage and current sensitrivicies are

Mg ~wl;d/ (6)

Mg = Mo/(RE + Wi(Lg + L))" (7)
where A is the active area of the device, o i3 the electromechanical
transformation ratic and @ is the angular fraquency., L» and & are not usually

evaluated explicitly but are combined in the piezoelectric d coefficient and
relationship between acouscic pressure and stress in the material

Perhaps due to the difficulty in characterising metallic glaas, very few-

praccical sensors have been reporced. Mohri et al (19,20} have described two
types of force or shock transducers using bocth tovoidal cores and a stretched
ribben., Savage and Spano (11) have described s strain gauge ar hydrophone
operating by deflection of a composite beam and also derive expressions for a
hydroscatic version of this configuration. High hydrostatic figures of merit
{g.d = 1 10"  @l/N) are claimed for this mode without the use of pressure
release materials. Indeed the nature of the ribbon allows it te be stretched
araund & variety of formers and the performance of a membrane device will aow
be described.

4, Performance of a Magnetostrictive Membrana Hydrophone

4,1 Construction

In gemeral, beam or membrane designs are the best transformers of applied
stress to longitudinal strain compared with hydrostatic modes or cylindrical
tubes ecc. of a similar size. For this reason, the membrazne design showm in
Figure 9 was chosen., The transducer consists of twe UPVC (low permeability)
blocks inte which a rectangular recess measuring 30mm x 12.5mm x Jum deep was
cuc. Each recess was covered and sealed with a single layer of cling Film. 10
layers of 'as cast" Vicrovac 7505 ribbon, each layer measuring approximately
80mm x l0mm x 25pm thick were placed on top of the cling filw and clamped at
each end of the recess. The whole section becwean the ¢lamps was then
encapsulated in polyurethana to a depth of around 2mm sealing the ribhoa over
the air gap with minimal! restriction to defleccion. .

Around the ribbon and air gap of esch block, 500 turns of wire were wound
as a pick~up coil and 25 turns as a polarising coil. The two halves ware then
placed back-to-back with the coils comnected to cancel voltages produced by
external magnetic fields, Finally the whole device was placed inside an
oil-filled r¢ubber boot containing an eleectrical gauze screen. The boot was
sealed by a screw top with 'o* rings.

4.2 Analysig

Analysis of the tranaducer proceeds as for a ona dimensional tension
controlled (low Erequency) membrane under free field and uniform pressure
conditions. Restoring forces on the undetside of the membrane due to
compression of air in the recass and flexural rigidity are assumed negligible.
Both assumptions have been theoretically verified.

The analysis follows the energy method described by Timoschenko and
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Woinowsky-Krieger (21) in which strain is asaumed uniform across the membrane.
For & membrane of length 2a, cthickness h and Young's modulus E we obtain the
tension in response to a pressure P on one surface as

T e (! Y Pl (8)

Linearising equation 8 for a small signal pressure, the change in flux density
for constant external wmagnectic field is given by equation 2. Hence the voltage
genarated across a coil of ¥ furns gives the open circuit voltage sensitivicy

« 0.365 Nbhdgw [alE" (9)
3 h‘ By

where b is the ribbon width and Py, is the hydrostatic pressure. The fundamental
frequency of flexural resonance is given as for a flexible string

f = Uba.J‘l‘/cr (10)

wvhere o is the mass per unit area of the membrane.

4.3 Results and Discussion

The measured frea field volctage and current sansitivities at a polarising
current of lA are shown in Figure 10 and the change in sensitivity with
polarvising curreat is showm im Figure 11, The main feacure of Figure 10 is a
large antiresonance at 62.5kHz iam borh the current and voltage sensitivities.
This cannot be easily explained but a likely cause is phase interference in the
device structure. Also visible is the approach of resonance below 10kHz (where
measurements became difficult in the tank used), an electrical resomance in Mg
ac 30kHz and a general 1/w fall--off in response between 20kHz and 120kHz.
Unfortunately with tha ribbon clamped at both ends, impedance loop measurements
show only electrical behaviour in this device.

In Figure 10, the low frequency voltage sensitivity is estimated from the
height of cthe resonance peak (= 20log,,Q) to be around =-215dB re lV/pPa at
10kHz. Using dimeansions given in section 4.1 and a static pressure of 10 kPa
(lm depth) equation 9 gives a value for dj; of 8.19 x 10-" Wb/N. Compared with
the resulta of Brouha (Pigure 6}, this figure is low by about 3 orders of
magnitude for the as quenched material. A static pressure test on the ribbon
with an mtegraung flux meter gave an effective d,, constant of
1,05 = 107 Wwu/N. In turn chis is around a factor of 5 worse than the values
calculated from the scatic curves for a straight ribbon in Figure 2.

Polar plots at 100kHz, where beamwidchs should nomically be 30° and 90" in
the two orthogonal plaames are shown im Pigure 12, These indicate that behgviour
is far from ideal and we can oaly conclude that poor device performance is a
combination of frequency and geometry effecta such as leakage flux and unequal
tension in all ribbon layers,

Comparison of this device with a ceramic membrane is l.napproprtate due to
the difficulty in Ffabrication of a thin ceramic, However a PVDF element could
be made in similar dimensions and application of equarion % gives a theoretical
sensitivity Mg = -155dB re 1¥/pPe for such a device. By comparison, the optimum
dyy values reported by Meeks for Metglas 26055C (Rei. 17) should give an M,
value of -145dB re LV/uPa at 10kHz!
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5. Conclusions

Metallic glasses with high iron content are potentially very cheap
magnetostrictive materials with excellant wmechanical and soft magnetic
properties, Magnetoscrictive properties are greatly improved by annealing in a
transverse magnetic Field and although heat rrearmeat embrittles the materizl
values of ‘coupling coefficient higher than 0.9 can be achieved. Optimally
annealed ribbons are 50 times more stress sensirive than traditional nickel and
possess a figure of merit 4.5 times greater chan PZT4 ceramic. However absoluyte
performance is very difficult ro prediec duye to wvariation in propercies with
stress, magnetic Field and effects of leakage flux.

Magnatostrictive hydrophones are current analogues of electric field
devices and in comparison are generally more robust with low output impedance.
The principal advantage of a wmerallic glass hydrophone is high potential
sensicivity where icts characteristics are suitable for driving long lengths of
cable without a preamplifier. Design configuraticns are Eflexible but further
work is necessary to achieve a. useful device.
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TABLES AND FIGURES

SYMBOL VITROVAC METGLAS
PROFPERTIES

UNITS | 7505 | w040 | 6025 | 2626 | 2605 | 2815

Composition FeylySL, | Feydly, [CoyFe, Fe Ni, |FegBo;y | FeyP, G
C, Mo, 5ngB.; j (MoSLB )y P.. B s

sat? Flux Density |Bs(T) 1.50- |0.80  [0.35 0.87  1.60 1.48
iRemanencelSar_‘! ; Br/2s(T) [0.8-0.9 10.8-0.910.8-0.9 | 0.45 0.51 0.40
Coercive Field He(Afm) [<& <l <0.4 “13typ
lCurie Temp. Te (K) 693 533 ls23 520 847 563
S8t Magnetest™. |As(10-8) |30 8 0.5 11 31 29
Density plig/m3) [7100 7400|7700 7500|7400 7700
Young's Modulus E{GFa) 150 150 150 ‘| la7 172 138
Stack Factor . |>0.8 >0.8 >0.8 »0.75
Resiativity a(10-3am) (130 135 115 130
’Tensile strength nT(GPaJ 1.5-2.0|1.5-2.0
[

TABLE 1 Typical Properties of Selected Amorphous Alloys (as casc)
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