
 

AIM l'ln basic properties of metallic glass oatetisls are reviewed vith
e-Ihasis on characteristics applicable to hydrnphoue design. These include
annealing nut—its, stress-unguetir effects and geouerrical configurations.
Haguetoatrictive principles are _also reviewed and a membrane hydrophone
proposed and analysed. Seasnred results are presented but agreaneut is poor
reflecting the difficulty in characterising the nterial properties.

1. Introduction

Metallic glasses are mrphoos (non-crystalline) alloys in Iihich very rapid
cooling fr:- the nelt causes t1: nterisl to solidify before crystallisation
can take place. Th alloys discussed in this paper are of the basic cmpoaition
1.1!, iaere 1' represents one or mre transition mtals like Fe, Hi, to nnd H
repmaltl oeralloid elsseuts such as a. Si. c. P and Al (I). Basic properties
of these alloys intlude very bifi penmbility (n, > 100000), very low coercive
forte (l‘z 0.] Ala). high tensile strength. and potentially cheap production.
the purpose of this paper is to review these properties and to investigate the
use of Intallic plus in hydrophnne designs.

Aralrfllnos asterials can be produced by a number of unthnds ihich achieve
the very rapid cooling rates («ache/s) necessary to avoid crystallization. The
last popular techniqu is filamentary casting in which uolteu material is
ejected through an orifice under gas pressure onto the cooled surface of a
rotating drun. ly this mans. ribbons of width in the range 0.1-180unu.
thickness 5-50,: and any lilnetets long can he produced at rates of up to
zhlnin. Imr such ribbons teal to have asmooth and curved upper surface, a
flat and dinplal lower surface ad high internal stresses.

enlicatinua of the ribbon fall into too min tatgories (2). The first is
in pol-er devices Idlere losses can be reduced by up to 5—5 tines over 31 grain
oriented silicon iron. Secondly the excellent Isgnetic and mechanical
properties an the laterial suitable as a general replatuent for nickel-iron
alloys with appliestinna shell as magnetic shields. electronic delay lines.
recording Mada, witches afi stress transducers.

2. martin of Ietallic Classes

2.1 Basic marries

The basic properties of an rr-ertial alloys Era Vtcouuschmlxe and
Allied Meal are wired in fable 1 (3A5). lwever attnal results vary
considerably ua a function of upetit biaa field and frequency. The ribbons
can gnerally be described as soft Eerrusgnetic nterials with a low
saturation flux density. Thy an be out, film, etched. soldered or spot
aided and can be bent thrush radii of curvature as null as 1-.
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2.2 Magnetisation and Magnetostriction

The magnetic and magnetostrictive properties of metallic glasses can all be
described qualitatively by principles applicable to crystalline materials (1).
The shape of the magnetisation curve is determined by the different
anisotropies (or short range order) within the material of which
strain-magnetostriction anisotropy is particularly important. In as cast
ribbons domain studies show a complicated ‘labyrinthine' structure which
changes under the influence of strain and magnetic field. This implies
substantial boundary displacement during magnetisation (see Ref. 6 for a
complete discussion of ferromagnetic domains in crystalline solids).

Changes in the magnetic moment exert forces on the atomic structure to
produce small dimensional changes. Volume magnetostrictiori is usually small in
comparison to the Joule effect which describes the length change in the
direction of magnetisation. The opposite process, the Villari effect, is a
change in magnetisation with stress as shown by the set of hysteresis loops for
Vitrovac 7505 in Figure l. The stress therefore has the same aligning character
as an external field (5) but is very difficult to quantify (see Ref. 7 for a
discussion of crystalline materials and Ref. 8 for amorphous alloys).

l‘lagnetostriction in amorphous alloys varies according to composition from
around -lprm for EenJCoauflilsn P”; to around Ollppm for Fawn" (1). For
transduction purposes, the materials with largest magnetostrains are most
sensitive and correlate well with iron content. Discussion in the remainder of
this paper is therefore limited to materials such as VitrovsI: 7505
(FeeI Bu sihcz), Hetglas 260556 (Femlus si,_5c,) and Hetglas 2605 (Feanfln).

2.3 Variation in Progerties with Annealing and Stress

Remarkable improvements in the magnetic properties of metallic glasses can
he achieved by heat treatment. Much of this improvement can be attributed to
the relief of internal strains introduced in the casting- process and generally
results in a lower coercive field, increase in remanent to saturation
magnetisation ratio, increase in permeability and lower losses.

The annealing temperature is limited by the onset of crystallisation which
. in turn is a function of both temperature and time (see Ref. 1, p.A7B). Further

improvement is obtained by annealing in a magnetic bias field at or above the
Curie temperature so that stress relief preceeds magnetic anneal (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 ller‘. l0). After anneal, the complex domain structure disappears leaving
only a few domain walls and a magnetisation process that is predominantly
rotational (11).

Change in magnetic properties by strain-magnetostrictio'n anisotropy is also
sensitive to sample geometry. Luborsky and Becker (12) have found that the
properties of ribbon wound toroids vary with toroid diameter, winding tension,
ribbon width and also number of laminations and direction of winding. This is
due to both compression and tension caused by bending stresses, ribbon toroids
showing predominantly compressive behaviour. Generally compressive stress in a
positive magnetostriction material acts to increase the coercive force.
decrease the remanent to saturation magnetisation ratio and decrease the
permeability in the as cast state (13). However Poisson's ratio effects and
internal stresses from the quenching process all interfere to complicate the
final stress distribution.

Hetallic glass toroids also show large effects due to leakage flux (see
Ref. lb for a discussion of leakage flux in thin magnetic materials). This is
shown in Figure 3 where the flux detected around 10 layer toroids (Vitrovac
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7505, 25).“: thick, 10mm wide) of Ail-100mm diameter varies as a function of
pick-up coil position relative to a small drive coil, each coil of length 15m.
Detected flux was also found to vary withnumber of layers but surprisingly not
with pick-up coil diameters up to Mm.

3. hagnetostrictive Hvdrophones

3.1 Theory

A polarised (magnetically bi'assed) magnetostrictive material exhibits
linear piezamsgnetic action under small signal excitation for which the
follouing pair of equations is valid (15)-

s, a 5331', 4- d,,s, (1)

53 " an?) * Pi)“: (2)

where H, is the magnetic field in the hiassed direction (in this case the long
axis of the ribbon) and T, is the stress in this direction uhich produces a
strain S3 and flux density 3,. The piezomagnetic constant d". the elastic
compliance 5%” at constant B or B and the permeability at constant stress rug,
are defined as the partial derivatives of S, H, B and T from equations 1 and 2.

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

"i: ' “is (“'33 “is (3)

and 5?, - s',‘,(1-k’”) _ (A)

3.2 Piezomagnetic Constants for Hetsllic Glass

The results of measurements by Brouha and van der Horst (16) are shown in
Figures 4-6 for as quenched Penn's Si.s 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. leeks and Clifton
Hill (17) have obtained even better results by optimally annealing hetglas
260556 for 10 minutes at 369 'c in a transverse magnetic field of 0.6 HA/m.
They achieve a maximum coupling coefficient of 0.9 and a d” coefficient of
almost 500 ng/N. This coefficient is about 50 times larger than that of
nickel. Further they report a figure of merit, as defined by Hoollett (lfl) to
reflect the sensitivity and impedance of a sensor material, of gnd” -
dg, lug; - 325 x 10‘” m [N for one can is. This compares with a figure of merit
for ceramic (PITA) of around 72 a 10“ lz/N. On this basis, metallic glass is
4.5 times a better aenlor than ceramic. '

3.3 Eguivalent circuit

The equivalent circuit representing an acoustically small magnetic field
hydrophone with a single dominant resonance is shown in Figure 7. This circuit
ia the current analogue of an electric field device and possesses the dual
receiving characteristics shown in Figure 8. For the flat, low frequency
current response region, the circuit reduces principally to ind active
components for which the coupling coefficient can be written

40 Pruc.l.O.A. VOIG Part3 (1984)
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kl - L2 /(Ls + L‘z) (5)

The free field voltage and current sensitivities are

:49 nails/u (6)

s5 - rag/(a; + talus o L;)‘)“" (1)

where A is the active area ot‘ the device, a is the electromechanical
transformation ratio and u is the angular frequency. L: and or are not usually
evaluated explicitly but are combined in the piezoelectric d coefficient and
relationship between acoustic pressure and stress in the material

Perhaps due to the difficulty in characterising metallic glass. very few‘
practical sensors have been reported. Hohri et al (19,20) have described two
types of force or shock transducers using both toroidal cores and a stretched
ribbon. Savage and Spano (ll) have described a strain gauge or hydrophsne
operating by deflection of a composite beam and also derive expressions for a
hydrostatic version of this configuration. High hydrostatic figures of merit
(g.d - 1 ~10": val/N) are claimed for this mode without the use of pressure
release materials. Indeed the nature of the ribbon allows it to be stretched
around a variety of formers and the performance of a membrane device will now
be described.

lo. Performance of s Hagnetos ctive Membrane Hydrophone

h.l Construction

In general, beam or membrane designs era the best transformers of applied
stress to longitudinal strain compared with hydrostatic nodes or cylindrical
tubes etc. of a similar size. For this reason, the membrane design shown in
Figure 9 was chosen. The transducer consists of two UPVC (low permeability)
blocks into which a rectangular recess measuring 30mm x 12.5mm x 3mm deep was
cut. Each recess was covered and sealed with a single layer of cling film. 10
layers of 'as cast' Vitrovac 7505 ribbon, each layer measuring approximately
80mm x 10mm IZSpm thick were placed on top of the cling film and clamped at
each end of the recess. The whole section between the clamps was then
encapsulated in polyurethane to a depth of around 2am sealing the ribbon over
the air gap with minimal restriction to deflection. .

Around the ribbon and air gap of each block, 50° turns of wire were wound
as a pick-up coil and 25 turns as a polarising coil. The two halves were then
placed back-to—back with the coils connected to cancel voltages produced by
external magnetic fields. Finally the whole device was placed inside an
oil-filled rubber boot containing an electrical gauze screen. The boot was
sealed by a screw top with '0' rings.

6.2 Analysis

Analysis theof transducer proceeds as for a one dimensional tension
controlled (low frequency) membrane under free field and uni form pressureconditions. Restoring forces on the underside or" the membrane due to
compression of air in the recess and flexural rigidity are assumed negligible.
lath assumptions have been theoretically verified. .

The enalysia follows the energy method described by Timoschenlto and
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Hoinovsky-Krieger (21) in which strain is assumed uniform across the membrane.
For a membrane of length 1a, thickness h and Young's modulus B we obtain the

tension in response to a pressure P on one surface as

r - (A/h’)“ y p‘a‘ m1 (a)

Linearising equation 8 for a small signal pressure, the change in flux density
for constant external magnetic field is given by equation 2. Hence the voltage
generated across a coil of N turns gives the open circuit voltage sensitivity

(9)

where b is the ribbon width and P: is the hydrostatic pressure. The fundamental

frequency of flcxural resonance is given as for a flexible string

f - l/ha.J'l'/o- (10)

where o- is the mass per unit area of the membrane.

10.! Results and Discussion

The measured free field voltage and current sensitivities at a polarising
current of In are shown in Figure 10 and the change in sensitivity with
polarising current is shown in Figure ll. The main feature of Figure 10 is a
large antiresonance at 62.5“: in both 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 leHz (where
measurements became difficult in the tank used). an electrical resonance in M0
st 30“: and a general 1/0 fall- off in response between 20m: and lZOkHz.
Unfortunately with the 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 the resonance peak (ZZOIogWQ) to be around -215db re lV/pFa at
lokflz. Using dimensions given in section Ll and a static pressure of 10 no
(in depth) equation 9 gives a value for d” of 8.19 r 10‘" lib/N. Compared with
the results of Brouha (Figure 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 integrating flux meter gave an effective d” constant of
1.05 n 10" lib/N. In turn this is around a fsctor of B worse than the values
calculated from the static curves for a straight ribbon in Figure 2.

Polar plots at lOOsz. where benuwidths should nominally be 30° and 90' in
the two orthogonal planes are shown in Figure l2. These indicate that behaviour
is far from ideal and we can only conclude that poor device performance is a
combination of frequency and geometry effects such as leakage flux and unequal
tension in all ribbon layers. .

Comparison of this device with a ceramic membrane is inappropriate due to
the difficulty in fabrication of a this ceramic. However a PVDF element could
he made in similar dimensions and application of equAtion 9 gives a theoretical
sensitivity Ma - -l$5dl re lV/pPa for such a device. By comparison. the optimum
d,, values reported by heeka for hetglas 260556 (Ref. 17) should give an 31,
value of -llsSdl re lV/pPa at lOIHrI

42 Proc.l.O.A. VoIB P863 (1984) 
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5. Conclusions

Metallic glasses with high iron content are potentially very cheap
magnetostrictive materials with excellent mechanical and soft magnetic
properties. Hagnetostrictive properties are greatly improved by annealing in a
transverse magnetic field and although heat treatment embrittles the material
values of 'coupling coefficient higher than 0.9 can he achieved. Optimally
annealed ribbons are 50 times more stress sensitive than traditional nickel and
possess a figure of merit 4.5 times greater than PZTh ceramic. However absolute
performance is very difficult to predict due to variation in properties with
stress, magnetic field and effects of leakage flux.

Magnetostrictive hydrophones are current analogues of electric field
devices and in comparison are generally more robust with low output impedance
The principal advantage of a metallic glass hydrophone is high potential
sensitivity where its characteristics are suitable for driving long lengths of
cable without a preamplifier. Design configurations are flexible but further
work is necessary to achieve a.useful device.
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TABLE 1 1‘ 1:1an Pro erues cf Selected Amer hous Alloys (as cast)

Campos ition 1729,5135 LL Few‘lt“ ComFe‘ FewfliuI t
l C2 Hts-Snag 010515)” P-js )

.
sanf‘ Flux Density IBsU‘) 1.50. 0.50 0.55 0.37 1.50 ‘1.“
iRemanence/Satq gar/35m lam—0.9 Io.a-o.9 0.5.0.9 0.45 0.51 “0.40 .
Foal-Che Field Hc(A/m) Ids <1 |<0A ‘15cyp I
sum Temp. ram) 693 533 !523 520 6A7 I565
255:“. Magnetostn. “(10-6) :0 e ;0.5 11 31 529
“Denny !p(kg/m3) '7100 l 72.00 7700 7500 77.00 I 7700
Young's Modulus |E(GPa) 150 .150 150 ‘ 12.7 172 133
Stack Factor . >0.0 |>o.a !>o.a >o.75 5
'esistivtty IDuo-30".) no 135 Has 130 I
"l‘ensile strength army.) 1.5.2.o|1.5.2.o }
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